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v

  The hematopoietic stem cell (HSC) fi eld has continued to grow and become more sophis-
ticated with each passing year. Methods for isolation of HSC and progenitor subsets and a 
variety of single cell and molecular technologies have led to a greater understanding of the 
heterogeneity within the phenotypically defi ned HSC subsets. The fi rst two editions of 
Hematopoietic Stem Cell Protocols are very thorough resources in the user-friendly Methods 
in Molecular Medicine format. This is the third edition of Hematopoietic Stem Cell Protocols 
and aims to provide timely protocols in the HSC fi eld while continuing the tradition. This 
edition teaches major new technologies that have advanced the state of the art in the fi eld 
and promise to drive research in many unexpected and exciting ways in the future. 

 The fi rst chapter is an overview that ties the other chapters together into a larger picture 
of the HSC landscape. 

 The methods chapters include similar categories to the last editions but with entirely 
new approaches and innovative insights. The author list is made up of leading researchers 
who have made major contributions toward these technical advances and who have pro-
vided a much needed resource for new stem cell investigators. 

 We thank all of the contributors for their time and effort. It has been a pleasure for both 
co-editors to work with the contributing authors on this project. To provide updates in the 
fast paced HSC fi eld is an important endeavor. We have specifi cally focused on the HSC 
population and did not focus directly on the stem cell-associated niche which comprises a 
new fi eld in itself and deserving of a separate edition. We are delighted to have organized 
this information into a comprehensive and essential resource. It is our hope that this 
resource will be a critical addition to all laboratories seeking to isolate and characterize 
HSCs for research and for therapeutic applications. 

Atlanta, GA, USA Kevin D. Bunting, Ph.D.
 Cheng-Kui Qu, M.D., Ph.D. 

   Preface   
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Kevin D. Bunting and Cheng-Kui Qu (eds.), Hematopoietic Stem Cell Protocols, Methods in Molecular Biology,
vol. 1185, DOI 10.1007/978-1-4939-1133-2_1, © Springer Science+Business Media New York 2014

    Chapter 1   

 The Hematopoietic Stem Cell Landscape 

              Kevin     D.     Bunting      and     Cheng-Kui     Qu    

   Abstract 

   Hematopoietic stem cells (HSCs) play critical roles in regulating normal blood cell development. Although 
initially these cells were mysterious and diffi cult to study in isolation, those obstacles have progressively 
been rolled away in just a few decades to reveal a heterogeneity of repopulating activity, cell proliferation, 
and energy metabolism within defi ned stem cell populations based on drug transporter and cell surface 
marker expression. A wide range of new technologies have driven innovative discovery of the regulators of 
HSCs and continued to move the fi eld forward toward a full view of the landscape of single HSCs at the 
gene and protein levels. It is the goal of this overview chapter to summarize the array of techniques 
included in the third edition of  Hematopoietic Stem Cell Protocols  which will aid investigators in the fi eld.  

  Key words     Hematopoietic stem cell  ,   Flow cytometry  ,   Embryonic stem cell  ,   Retroviral vector  , 
  Hematology  

1       Overview 

 The hematopoietic stem cell (HSC) has been of great interest for 
many decades due to the proven therapeutic potential. Limitations 
in the number of HSCs have always been the main drawback to a 
wider application of HSC-based therapies. Therefore, methods to 
better enrich these cells and to understand their biology have risen 
to the forefront of the fi eld in an attempt to increase either the 
number in vitro or their repopulating capacity in vivo following 
transplantation. It is the goal of this chapter to briefl y summarize 
the major techniques that are covered in this book. Rapid advances 
in our understanding of the biology of HSCs are driven by these 
techniques which extend well beyond the basic handling and 
manipulation of HSCs and progenitors.  
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2     Stem Cell Enrichment and Heterogeneity 

 There are multiple sources of HSCs for experimental study including 
fetal liver and adult bone marrow, and it is thus important to be 
able to accurately separate the HSCs from their microenvironment 
and isolate them for further characterization. This is especially dif-
fi cult in embryonic development as the niche(s) are not defi ned to 
the degree that they are in adult bone marrow. Cao et al. (Chapter   2    ) 
summarize their technique for isolating fetal and newborn HSCs 
from various tissues. The location from which HSCs are isolated 
makes a big difference in the preservation of the self-renewal versus 
differentiation profi le. Increased lymphoid lineage priming has 
been described in fetal liver versus bone marrow HSC using a tech-
nique called single-cell PCR. In the chapter by Teles et al. (Chapter   3    ), 
the single-cell PCR profi ling technique is described in great detail 
in order to permit the investigator to assess the heterogeneity of 
the isolated HSC population. 

 Another measure of the quality of the isolated HSCs is mea-
surement of the functional characteristics. These are more classi-
cally defi ned phenotypes including cell cycle status and survival. 
Furthermore, the ability to mobilize HSCs back out of the niche is 
clinically very important for isolation of normal HSCs for trans-
plantation and may also be very important for stimulating dormant 
leukemic stem cells into the circulation where they are more vul-
nerable to chemotherapy. The chapter by Hoggatt et al. (Chapter   4    ) 
describes the techniques for HSC mobilization in mouse models 
and offers tips and advice on how to make these experiments more 
consistent and reproducible. Likewise, the chapters by Chitteti 
et al. (Chapter   5    ) and Dong et al. (Chapter   6    ) provide advanced 
fl ow cytometry-based assays for characterizing the response of 
HSCs to extracellular cues derived from the niche.  

3     Molecular and Cellular Characterization of HSCs 

 Efforts to better understand HSC biology have been catalyzed by 
the advent of technologies capable of analyzing the whole genome. 
In the chapter by Raghavachari (Chapter   7    ) the technique of gene 
expression profi ling is described, with emphasis on the coding 
region-specifi c mRNAs. In addition, regulation of gene expression 
secondary to changes in microRNA (miR) and DNA methylation 
changes is highlighted in the chapters by Park (Chapter   8    ) and 
Begtrup (Chapter   9    ). Once expressed, the critical biology occurs at 
the protein level, and thus proteomic based assays are required to 
discover changes in protein expression or posttranslational modifi -
cation. Kocabas et al. (Chapter   10    ) describe how to characterize 
metabolic changes in HSCs using fl ow cytometry-based techniques. 

Kevin D. Bunting and Cheng-Kui Qu

http://dx.doi.org/10.1007/978-1-4939-1133-2_2
http://dx.doi.org/10.1007/978-1-4939-1133-2_3
http://dx.doi.org/10.1007/978-1-4939-1133-2_4
http://dx.doi.org/10.1007/978-1-4939-1133-2_5
http://dx.doi.org/10.1007/978-1-4939-1133-2_6
http://dx.doi.org/10.1007/978-1-4939-1133-2_7
http://dx.doi.org/10.1007/978-1-4939-1133-2_8
http://dx.doi.org/10.1007/978-1-4939-1133-2_9
http://dx.doi.org/10.1007/978-1-4939-1133-2_10
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The chapter by Bradley et al. (Chapter   11    ) describes how the 
NanoPro 1000 instrument can be applied to the study of small 
numbers of fl ow cytometry-sorted hematopoietic stem/progenitor 
cells in normal and leukemic hematopoiesis.  

4     In Vitro Assays and Differentiation 

 Ultimately it is functional analyses that are critical for defi ning 
newly identifi ed and isolated stem cell subpopulations. The chapter 
by Mills et al. (Chapter   12    ) starts back at the reprogramming stage 
in the development of induced pluripotent stem cells and teaches 
how to push these cells toward hematopoietic fates. Most commonly, 
studies of normal or leukemic stem cell populations start with cells that 
are already hematopoietic committed. Sontakke et al. (Chapter   13    ) 
describe how to study leukemic transformation of HSCs by using 
patient-derived tissues in long-term expansion culture and also 
incorporation of genetic modifi cations in order to develop useful 
animal models of human leukemia. Another major goal in the fi eld 
is the ex vivo expansion of normal HSCs for the purpose of trans-
plantation. This goal requires the HSCs to self- renew and maintain 
their ability to home and engraft into the appropriate niche. 
Endothelium constitutes one of the key niche components that 
have been characterized in recent years. Doan et al. (Chapter   14    ) 
describe methods to isolate and expand HSCs based on culture 
with an endothelial cell-derived factor called pleiotrophin. Likewise, 
Aha et al. (Chapter   15    ) demonstrate that HSCs can be cultured 
with endothelial cells using microfl uidic engineering technology as 
a novel method for achieving HSC expansion in vitro.  

5     Transplantation Assays and Imaging Engraftment 

 Transplantation is the gold standard assay for normal and leukemic 
stem cells. The chapter by Yamamoto et al. (Chapter   16    ) provides 
a new method for clonal analysis of transplanted HSCs in recipient 
mice. The localization of HSCs near bone and osteoblasts was one 
of the fi rst descriptions of HSC/niche interactions. The chapter by 
Wu et al. (Chapter   17    ) provides key methods for in vivo intravital 
imaging of HSC engraftment in the mouse skull. Furthermore, 
human HSC engraftment requires an immunodefi cient host in 
order to achieve engraftment. Aryee et al. (Chapter   18    ) provide 
the method for effi cient immune system development following 
transplantation of human HSCs into mice. He et al. (Chapter   19    ) 
demonstrate methods for studying the homing and lodgement of 
HSCs using in vivo imaging of murine HSCs expressing a Scl- 
tTA:H2B-GFP reporter.  

The Hematopoietic Stem Cell Landscape
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6     Genetic Modifi cation 

 The fi nal series of chapters in this book highlight the next generation 
of methods for genetic modifi cations of HSCs for further biology 
studies and also for therapeutic applications in gene therapy. 
Ciuculescu et al. (Chapter   20    ) highlight the key methods for intro-
ducing retroviral vectors into mouse and human HSCs. Van Til 
et al. (Chapter   21    ) provide a similar focus but rather using the 
lentiviral vector system which is more complicated but has a number 
of advantages. Beard et al. (Chapter   22    ) describe high- throughput 
genomic mapping of vector integration sites in gene therapy studies. 
Finally, barcoded vector libraries using retroviral and lentiviral 
systems are described by Bystrykh et al. (Chapter   23    ) as a novel 
tracking system for studies of hematopoiesis.  

7     Conclusions 

 Altogether the techniques described in this book enable a full 
characterization of the molecular circuitry controlling HSCs. 
Continued understanding of the biology of HSCs is likely to lead 
to more rapid advances in therapeutics for a wide range of benign 
genetic disorders of hematology and for treatment of hematologic 
malignancies.     
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    Chapter 2   

 Investigating the Interaction Between Hematopoietic 
Stem Cells and Their Niche During Embryonic 
Development: Optimizing the Isolation of Fetal 
and Newborn Stem Cells From Liver, Spleen, 
and Bone Marrow 

              Huimin     Cao    ,     Brenda     Williams    , and     Susan     K.     Nilsson     

   Abstract 

   Hematopoietic stem cells (HSCs) are maintained in a particular microenvironment termed a “niche.” 
Within the niche, a number of critical molecules and supportive cell types have been identifi ed to play key 
roles in modulating adult HSC quiescence, proliferation, differentiation, and reconstitution. However, 
unlike in the adult bone marrow (BM), the components of stem cell niches, as well as their interactions 
with fetal HSC during different stages of embryonic development, are poorly understood. During embryo-
genesis, hematopoietic development migrates through multiple organs, each with different cellular and 
molecular components and hence each with a potentially unique HSC niche. As a consequence, isolating 
fetal HSC from each organ at the time of hematopoietic colonization is fundamental for assessing and 
understanding both HSC function and their interactions with specifi c microenvironments. Herein, we 
describe methodologies for harvesting cells as well as the purifi cation of stem and progenitors from fetal 
and newborn liver, spleen, and BM at various developmental stages following the expansion of hematopoiesis 
in the fetal liver at E14.5.  

  Key words     Hematopoietic stem cells  ,   Hematopoietic development  ,   Liver  ,   Spleen  ,   Bone marrow  

1      Introduction 

 In the past 30 years since the term “niche” was coined by Schofi eld 
[ 1 ] for the adult BM microenvironment in which hematopoietic 
stem cells (HSCs) reside, adult HSCs and their niche have been 
extensively investigated. To date, this has resulted in a huge body 
of literature identifying a number of cell types and extracellular 
matrix molecules as components of the niche that play a role in 
HSC regulation. 

 Hematopoiesis develops embryonically in an age-dependent 
and microenvironment-controlled process, with fetal HSC 
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migrating through multiple sites. Initially, in the mouse, primitive 
hematopoiesis starts in the yolk sac at E7.5 [ 2 ] and gives rise to 
erythrocytes. Hematopoiesis then becomes defi nitive, demonstrat-
ing multi- lineage reconstitution capacity, with evidence suggesting 
a contribution from the aorta-gonad-mesonephros (AGM) region, 
yolk sac, and placenta [ 3 – 5 ]. HSCs are fi rst detected in the fetal 
liver at E11.5 [ 6 ], where they expand at E14.5 [ 7 ] prior to migrat-
ing to the BM at E16.5, the permanent location for hematopoiesis 
throughout adulthood [ 6 ]. In addition, the spleen is a temporary 
fetal hematopoietic organ from E12 shortly after birth [ 8 ]. Besides 
inherent intrinsic properties, fetal hematopoiesis receives extrinsic 
cues whilst residing within specifi c microenvironments [ 9 ]. 
However, unlike adult BM, the interaction between fetal HSCs 
and their niche during hematopoietic development has not been 
thoroughly investigated and hence remains poorly understood. 

 Herein, we describe methodologies for harvesting cells as well 
as the purifi cation of stem and progenitors from fetal and newborn 
liver, spleen, and BM at various developmental stages following the 
expansion of hematopoiesis in the fetal liver at E14.5. These meth-
odologies have been utilized to identify key interactions between 
HSC and specifi c developmental niches and assess their roles 
in HSC regulation.  

2    Materials 

      1.    Timed mated embryos or newborn pups.   
   2.    Sterile #11 surgical blade and #3 handle.   
   3.    Sterile straight surgical scissors (16 cm Kelly).   
   4.    30½G needle attached to a 1 ml syringe.   
   5.    Sterile micro-dissecting knife (12 cm knife).   
   6.    Sterile micro-dissecting scissors (100 mm).   
   7.    Sterile fi ne tweezers.   
   8.    Sterile beveled forceps.   
   9.    Phosphate-buffered saline (PBS): pH 7.2, 310 mOsm 

( see   Note 1 ) supplemented with 2 % serum.   
   10.    Sterile 100 mm tissue culture petri dish.   
   11.    Sterile 35 mm tissue culture petri dish.   
   12.    Dissecting microscope.      

      1.    PBS (pH 7.2), 310 mOsm.   
   2.    PBS (pH 7.2), 310 mOsm supplemented with 2 % serum.   
   3.    50 ml Conical polypropylene centrifuge tube.   
   4.    3 ml Syringe plunger.   

2.1  Isolation of Liver, 
Spleen, and BM

2.2  Disaggregation 
of Liver, 
Spleen, and BM

Huimin Cao et al.
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   5.    40 μm Nylon cell strainer.   
   6.    Sterile straight surgical scissors.   
   7.    3 mg/ml Collagenase I (we use  Clostridium histolyticum ) in 

PBS made fresh on the day of use.   
   8.    3 mg/ml Collagenase I/4 mg/ml Dispase II ( Bacillus polymyxa , 

neutral protease) in PBS made fresh on the day of use.   
   9.    37 °C Orbital shaker (Eppendorf Thermomixer comfort model 

#5355 000.011).   
   10.    18- and 21-gauge needles attached to 1 ml syringes.   
   11.    Sterile mortar and pestle.   
   12.    Hemocytometer and microscope equipped with phase- contrast 

or an automated cell counter (Sysmex model KX-21N).      

      1.    300 ml Density media: Nycoprep Universal: 60 % (w/v) in 
water, 1.310 g/cm 3 , 580 mOsm mixed with 300 ml 20 mM 
tricine-NaOH (pH 7.2) and 676.6 ml of 0.65 % NaCl. Confi rm 
that osmolarity is 265 mOsm and density is 1.077 g/ml at 
room temperature. 20 mM Tricine-NaOH is made by diluting 
3.584 g of tricine in 900 ml milliQ water and adjusting the 
volume to 1 l and pH 7.2. 0.65 % of NaCl is made by adding 
6.5 g of NaCl to 900 ml milliQ water and adjusting the 
volume to 1 l. Both the 20 mM tricine-NaOH and the 0.65 % 
NaCl should be sterile fi ltered before use.   

   2.    Cannulas attached to 10 or 20 ml syringes.      

      1.    Lineage depletion antibody cocktail: A mixture of optimally 
titrated purifi ed rat anti-mouse antibodies recognizing the cell 
surface antigens: B220, Gr-1, and Ter119 ( see   Note 2 ) in PBS 
(pH 7.2), 310 mOsm supplemented with 2 % serum (antibody 
concentrations are all ≤1 μg/ml) ( see   Note 3 ).   

   2.    Polypropylene 5 ml round-bottom tubes.   
   3.    Magnetic Dynal beads working buffer: PBS, 310 mOsm sup-

plemented with 2 mM EDTA, and 0.1 % (w/v) fraction 
V bovine serum albumen (BSA; pH 7.4).   

   4.    4.5 µm Diameter sheep anti-rat IgG Dynabeads (Dynal Biotech 
ASA, Oslo, Norway).   

   5.    Microtubes.   
   6.    Dynal MPC-S magnet for 2–20 ml samples or MPC-L for 

1–8 ml samples.   
   7.    Tube rotator or similar suspension mixer, allowing both tilting 

and rotation at 4 °C (we use a MACSmix Tube Rotator placed 
in a fridge).      

2.3  Density Gradient 
Separation

2.4  Lineage 
Depletion

Optimizing Isolation of Fetal Hematopoietic Stem Cells
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      1.    HSC antibody cocktail: A mixture of optimally titrated 
allophycocyanin- cyanine 7 (APCCy7)-conjugated rat anti- 
mouse B220, Gr-1, CD3, and Ter119 ( see   Note 4 ); Pacifi c 
Blue™ (PB)-conjugated rat anti-mouse stem cell antigen 1 
(Sca-1); AlexaFluor ® 647 (AF647)-conjugated rat anti-mouse 
c-Kit; fl uorescein isothiocyanate (FITC)-conjugated rat anti- 
mouse CD48; and phycoerythrin (PE)-conjugated rat anti- mouse 
CD150 in PBS (pH 7.2) and 310 mOsm supplemented with 
2 % serum (antibody concentrations are all ≤1 μg/ml).   

   2.    Sterile polypropylene 5 ml round-bottom tubes.   
   3.    Polystyrene, round-bottom tubes: 5 ml with 40 μm cell strainer 

cap. The cap is swapped to a 5 ml polypropylene tube for fi lter-
ing cells.   

   4.    Flow cytometer with sorting capability equipped with fi ve 
solid- state lasers (355, 405, 488, 561, and 635 nm). Band-pass 
fi lter settings for the detection of fl uorescence for FITC, PE, 
AF647, PB, and APCCy7 are 528 ± 19, 605 ± 20, 660 ± 10, 
460 ± 25, and 780 ± 30, respectively. We use a 70 mm nozzle, 
sort at 30 psi, and drop delay frequency of 61 kHz for HSC 
sorting.       

3    Methods 

      1.    House fi ve sexually mature female mice in one cage ( see   Note 5 ) 
with mouse chow and acidifi ed water ad libitum.   

   2.    Tease females with bedding from the male for 3 days prior to 
mating ( see   Note 6 ).   

   3.    Time mate by placing the females into the male’s cage late in 
the afternoon for 12 h ( see   Note 7 ).   

   4.    Separate the mice, and check each female for the presence of a 
vaginal plug. This is designated as 0.5 days (E0.5).   

   5.    Confi rm the pregnancy between E12.5 and E14.5.   
   6.    Check pups’ birth twice a day from E18.5. The day when pups 

are born is designated as day 0 (D0) and then sequentially as 
D1, D2, D3, etc.      

       1.    Euthanize pregnant mouse by cervical dislocation. Remove 
uterus by opening the abdominal cavity and cutting away the 
connective tissue.   

   2.    Isolate single embryos from the uterus by gently cutting and 
dissociating the outer muscular uterine layer and yolk sac. 
Remove the placenta, and euthanize each pup by decapitation 
(individual institutional animal ethics requirements may vary).      

2.5  Hematopoietic 
Stem Cell 
Fluorescence- 
Activated Cell Sorting

3.1  Timed Mating

3.2  Mice Harvesting

3.2.1  Embryos

Huimin Cao et al.
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      1.    Euthanize pups by decapitation with a sharp pair of scissors.       

       1.    In a 100 mm petri dish separate the abdominal and hind 
 portions using a surgical blade.   

   2.    Using 30½G needles attached to 1 ml syringes (for embryos) 
or fi ne tweezers (for newborn pups) remove other organs 
from the posterior end of abdominal portion to expose the 
liver and spleen.   

   3.    Under a dissecting microscope, use a pair of 30½G needles to 
remove any extra tissue attached to the liver and spleen 
( see   Note 8 ) and place in a 35 mm petri dish containing 
PBS–2 % serum (Fig.  1a ).

             1.    Lay the hind portion belly down in a 100 mm petri dish, and 
remove the skin with scissors to expose the transparently red 
long bones (femur and tibia).   

   2.    Under a dissecting microscope, carefully remove muscles from 
the bones using a micro knife and/or a pair of micro scissors.   

   3.    Dislocate the femur from the hip and knee, and cut the foot off 
the tibia at the ankle. Keep bones in individual groups 
( see   Note 8 ) in separate 35 mm petri dishes containing PBS–2 % 
serum ( see   Notes 9  and  10 ) (Fig.  1a ).       

        1.    Gently push embryonic livers through a 40 μm strainer on top 
of a 50 ml centrifuge tube with the plunger of a 3 ml syringe.   

   2.    Wash cells in PBS–2 % serum by centrifuging at 400 ×  g  for 
5 min at 4 °C.   

   3.    Decant supernatant, and resuspend the cell pellet in 10 ml 
PBS–2 % serum.   

   4.    Refi lter the cell suspension through a 40 μm strainer into a 
new 50 ml conical tube.   

   5.    Perform a cell count.      

3.2.2  Newborn Pups

3.3  Isolation 
of Liver, Spleen, 
and Long bones

3.3.1  Liver and Spleen

3.3.2  Long Bones

3.4  Single-Cell 
Suspensions of Liver, 
Spleen, and BM

3.4.1  Embryonic Livers

  Fig. 1    Fetal organs and bone harvest. ( a ) Images show fetal liver, spleen, and femur. ( b ) Comparison of bones 
before and after grinding with a mortar and pestle       

 

Optimizing Isolation of Fetal Hematopoietic Stem Cells
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      1.    Transfer newborn livers into a 50 ml conical tube and chop 
fi nely with a pair of long surgical scissors.   

   2.    Add 1 ml Collagenase I for each minced liver, and agitate for 
5 min at 37 °C in an orbital shaker, 750 rpm.   

   3.    Repeatedly fl ush livers through an 18-gauge needle and then a 
21-gauge needle until a single-cell suspension.   

   4.    Add 40 ml PBS–2 % serum, and fi lter through a 40 μm strainer 
into a new 50 ml conical tube.   

   5.    Wash cells twice in PBS–2 % serum by centrifuging cells at 
400 ×  g  for 5 min at 4 °C.   

   6.    Decant supernatant, and resuspend the cell pellet in 10 ml 
PBS–2 % serum.   

   7.    Perform a cell count.      

  Process embryonic and newborn spleens as for embryonic livers 
( see  Subheading  3.4.1 ,  step 1 ), except resuspend the cells in 5 ml 
PBS–2 % serum.  

      1.    Transfer bones into a sterile mortar.   
   2.    Grind bones with a pestle ( see   Note 11 ).   
   3.    Remove the supernatant and fi lter through a 40 μm strainer 

into a 50 ml conical tube.   
   4.    Further grind bones if not dissociated into small fragments 

(Fig.  1b ). Rinse the crushed bone fragments with PBS–2 % 
serum, and fi lter the supernatant as in  step 3 , until all bone 
fragments become white. Top up the 50 ml tube to 50 ml with 
PBS–2 % serum and set aside on ice until  step 9 .   

   5.    Transfer the crushed bone fragments into a new 50 ml conical 
tube containing Collagenase I and Dispase II (1 ml per 12–18 
bones) and place at 37 °C in an orbital shaker, 750 rpm, for 
5 min ( see   Note 12 ).   

   6.    Add 20 ml straight PBS to the digested bone fragments, and 
shake vigorously for 20 s.   

   7.    Filter the cell suspension through a 40 μm strainer into a new 
50 ml conical tube.   

   8.    Repeat  steps 6  and  7 , and fi lter cells into the same 50 ml coni-
cal tube. Top the tube with 10 ml PBS–2 % serum.   

   9.    Centrifuge the cell suspension tubes (from  steps 4  and  8 ) at 
400 ×  g  for 5 min at 4 °C.   

   10.    Decant supernatant, resuspend pellets, pool cells in 10 ml 
PBS–2 % serum, and perform a cell count.       

3.4.2  Newborn Livers

3.4.3  Spleens

3.4.4   BM

Huimin Cao et al.
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      1.    Top up each cell suspension to 20 ml with PBS–2 % serum 
( see   Note 13 ).   

   2.    Underlay 10 ml Nycoprep using a cannula attached to a 10 or 
a 20 ml syringe.   

   3.    Centrifuge the gradients at 600 ×  g  for 20 min at room tem-
perature with no deceleration.   

   4.    Using a 10 ml pipette, collect mononuclear cells from the 
interface between the PBS–2 % serum and the Nycoprep solu-
tion and place in a new 50 ml conical tube.   

   5.    Fill the tube with PBS–2 % serum and centrifuge at 400 ×  g  for 
5 min at 4 °C.   

   6.    Decant supernatant, resuspend cells in 10 ml PBS–2 % serum, 
and perform a cell count.      

      1.    Pellet cells by centrifuging at 400 ×  g  for 5 min at 4 °C.   
   2.    Stain cells at 1 × 10 7  cells/ml in the cocktail of lineage markers 

on ice for 20 min.   
   3.    Wash cells with PBS–2 % serum by centrifuging at 400 ×  g  for 

5 min at 4 °C to remove unbound antibodies.   
   4.    Resuspend cells in 2 ml PBS supplemented with 2 mM EDTA 

and 0.1 % BSA and transfer into 5 ml sterile polypropylene 
tube. Perform a cell count ( see   Note 14 ) and set aside on ice 
until  step 10 .   

   5.    Resuspend Dynabeads.   
   6.    Place the required volume of Dynabead suspension, to give 

half a bead per cell, into two individual 1.7 ml microtubes. The 
optimal number of Dynabeads per cell has previously been 
established as half a bead per cell with the depletion repeated 
with a second half a bead per cell [ 10 ].   

   7.    Remove the azide from the Dynabeads by adding 1 ml of 
2 mM EDTA with 0.1 % BSA into each aliquot and mixing 
well. Place the tubes in the magnet for 1 min prior to decant-
ing the supernatant and move from the magnet.   

   8.    Repeat  step 7 .   
   9.    Resuspend the Dynabeads in 500 μl 2 mM EDTA with 0.1 % 

BSA.   
   10.    Add the fi rst aliquot of washed Dynabeads to the cells, and mix 

well.   
   11.    Incubate the mixture with gentle tilting and rotation for 5 min 

at 4 °C.   
   12.    Place the cells in the magnet for 2 min.   
   13.    Transfer the supernatant containing the unbound cells to a 

new 5 ml sterile polypropylene tube.   

3.5  Density 
Separation for BM, 
Liver, and Spleen

3.6  Lineage 
Depletion

Optimizing Isolation of Fetal Hematopoietic Stem Cells



16

   14.    Rinse the rosetted bead–cell complexes with 1 ml 2 mM EDTA 
with 0.1 % BSA and place in the magnet for 1 min prior to col-
lecting any residual unbound cells to the collection tube used 
in  step 13 .   

   15.    Add the second aliquot of washed Dynabeads into the 
unbounded cell suspension.   

   16.    Incubate the mixture with gentle tilting and rotation for 
10 min at 4 °C.   

   17.    Place the cells in the magnet for 2 min.   
   18.    Transfer the supernatant containing the unbound cells to a 

new 5 ml sterile polypropylene tube.   
   19.    Rinse the rosetted bead–cell complexes with 1 ml 2 mM EDTA 

with 0.1 % BSA and place in the magnet for 1 min prior to col-
lecting any residual unbound cells to the collection tube used 
in  step 18 .   

   20.    Measure the total volume of the unbound lineage-negative cell 
suspension, and perform a cell count.      

      1.    Pellet cells by centrifuging at 400 ×  g  for 5 min at 4 °C.   
   2.    Stain cells at 1 × 10 7  cells/ml in the HSC antibody cocktail on 

ice for 20 min.   
   3.    Add 3 ml PBS 2 % serum, and fi lter the cell suspension through 

a cell strainer into a new 5 ml sterile polypropylene tube 
( see   Note 15 ). Centrifuge cells at 400 ×  g  for 5 min at 4 °C to 
remove unbound antibodies.   

   4.    Resuspend cells at 25–30 × 10 6  cells/ml in PBS–2 % serum 
( see   Note 16 ) and place on ice until sorted.   

   5.    To set up HSC sorting by fl ow cytometry, the following sam-
ples are required for each tissue being sorted ( see   Note 17 ).
   (a)    0.5–1 × 10 6  Unstained cells to set voltage for forward scat-

ter, side scatter, APCCy7, PB, AF647, PE, and FITC.   
  (b)    Individual tubes containing 0.5–1 × 10 6  cells stained with 

APCCy7, PB AF647, PE, and FITC for compensation 
controls.   

  (c)    0.5–1 × 10 6  Adult BM cells stained with HSC antibody 
cocktail as a positive control.    

      6.    Run the cell samples stained with HSC antibody cocktail and 
sequentially gate through FSC-H versus FSC-A, SSC-A versus 
FSC-A, SSC-A versus APCCy7, AF647 versus PB, and FITC 
versus PE (Fig.  2 ). Fetal HSCs phenotypically are defi ned as 
lineage + Sca-1 + c-Kit + CD150 + CD48 − .

       7.    Sort cells at predetermined optimal input speed and collect 
into culture medium or PBS–2 % serum depending on the 
functional assay requirement.      

3.7  HSC FACS

Huimin Cao et al.
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  Since fetal hematopoiesis is a developing process, maturation, expan-
sion, and migration occur at different time points and in different 
organs. Hence, the strategies for isolating fetal HSC are not always 
the same. The optimized time points and methodologies for tissue 
harvesting, single-cell preparation, and HSC enrichment are sum-
marized in Table  1    .

4        Notes 

     1.    This osmolarity is appropriate for murine cells and results in 
better cell recovery.   

   2.    Mac-1 is excluded from the lineage depletion antibody cocktail 
due to its previously described presence on fetal and newborn 
HSC.   

   3.    In order to obtain accurate and high-quality fl uorescence- 
activated cell sorting (FACS) profi les, proper titration is required 
for all antibodies. The optimized working concentration 
allows the optimal separation of positive cells from negative 

3.8  Summarized 
Optimizing Isolation 
of Fetal and Newborn 
Liver, Spleen, and BM 
at a Variety of 
Developmental Ages

  Fig. 2    HSC gating strategies for fl ow cytometry. HSCs are sequentially gated through single-cell gate, nucleated 
cell gate, and lineage-negative cell gate and then selected as Sca-1 + c-Kit + CD150 + CD48 −        
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cells without causing any shift for isotype control from 
unstained.   

   4.    B220, CD3, Gr-1, and Ter119-APCCy7 are included to 
exclude residual lineage-committed cell contamination.   

   5.    Co-housing females results in individual estrous cycles being 
synchronized.   

   6.    The murine estrous cycle is 4–5 days, with ovulation on the 
third day. Therefore teasing females 3 days prior to mating will 
produce the maximum number of pregnancies.   

   7.    Only using female mice that are confi rmed to be actively in 
estrous can increase the success of the timed mating.   

   8.    Due to the size of embryos and newborn pups, a number of 
organs need to be pooled to provide suffi cient cells. Table  2  
shows the number of organs required for harvesting 50 × 10 6  
single cells from different organs at a variety of ages.

       9.    It is very diffi cult to clean embryonic and newborn bones as 
they are extremely soft and even gentle squeezing will result in 
the loss of marrow. As a consequence, holding the muscle 
around the bone whilst cleaning works best.   

   Table 1  
  Optimized methodologies for fetal and newborn HSC isolation   

 Organ  E14.5–16.5  E17.5  E18.5  D0–D4  D5–D8 

 Liver  Observation time 
points 

 HSC isolation  – 

 Methods summary  Mash with plunger through 
a 40 μm strainer 

 Density separation 
( see   Note 18 ) 

 Mince with scissors 
 Digest with Collagenase I 
 Flush with 18G and 21G 

needles 
 Filter through a 40 μm 

strainer 

 – 

 Spleen  Observation time 
points 

 –  HSC isolation 

 Methods summary  –  Mash with plunger through a 
40 μm strainer 

 Density separation 
 Lineage depletion 

 BM  Observation time 
points 

 –  HSC isolation 

 Methods summary  –  Grind with a mortar and pestle 
 Digest with Collagenase I and Dispase II 
 Density separation 
 Lineage depletion 

Huimin Cao et al.
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   10.    As the cellularity of both the femur and tibia is low, the humerus 
is also often collected. We have experimentally shown that 
there is no signifi cant difference in the cellularity or the HSC 
frequency between a femur, tibia, and humerus at E18.5 and 
D1–8 bones.   

   11.    The processing of fetal and newborn BM is different from 
adult BM [ 11 ] in that due to their tiny size they are not sepa-
rated into central and endosteal fractions.   

   12.    5 min is experimentally determined for ideally digesting bones, 
since after 5 min there is a progressive loss of c-Kit and Sca-1 
[ 12 ], which are important surface markers for isolating HSC.   

   13.    The maximum number of cells per tube for a density separa-
tion is 2 × 10 8 .   

   14.    The maximum number of cells per tube for a Dynal bead sepa-
ration is 3 × 10 8 .   

   15.    As these cells tend to clump easily additional refi ltering may be 
required immediately prior to sorting.   

   16.    25–30 × 10 6  Cells/ml is the ideal concentration for obtaining 
optimal yields and purity when sorting cells on our Infl ux1 cell 
sorter.   

   Table 2  
  The number of organs required for harvesting 50 × 10 6  cells   

 Mouse age  No. of livers  No. of femurs  No. of spleens 

 E14.5  6  _  _ 

 E15.5  2  _  _ 

 E16.5  2  _  _ 

 E17.5  2  _  _ 

 D0  3  220 a   40 

 D1  5  160 a   30 

 D2  5  120 a   20 

 D3  4  80 a   15 

 D4  4  60  7 

 D5  _  30  4 

 D6  _  30  3 

 D7  _  20  3 

 D8  _  15  2 

   a Calculated based on observed cellularity  

Optimizing Isolation of Fetal Hematopoietic Stem Cells
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   17.    For convenience and saving our enriched cell samples, we use 
un-fractionated single cells for the compensation controls. 
Furthermore, CD45-conjugated antibodies are used for com-
pensation as CD45 is highly expressed on un-fractionated cells.   

   18.    Fetal liver HSCs are not enriched by lineage depletion, as 
E14.5 fetal liver cells do not express lineage antigens at high 
levels. Such a population only begins to appear after E16.5, 
but still comprises a very low proportion.         
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    Chapter 3   

 Single-Cell PCR Profi ling of Gene Expression 
in Hematopoiesis 

              José     Teles    ,     Tariq     Enver    , and     Cristina     Pina    

    Abstract 

   Single-cell analysis of gene expression offers the possibility of exploring cellular and molecular heterogeneity 
in stem and developmental cell systems, including cancer, to infer routes of cellular specifi cation and their 
respective gene regulatory modules. PCR-based technologies, although limited to the analysis of a 
 predefi ned set of genes, afford a cost-effective balance of throughput and biological information and have 
become a method of choice in stem cell laboratories. Here we describe an experimental and analytical 
protocol based on the Fluidigm microfl uidics platform for the simultaneous expression analysis of 48 or 96 
genes in multiples of 48 or 96 cells. We detail wet laboratory procedures and describe clustering, principal 
component analysis, correlation, and classifi cation tools for the inference of cellular pathways and gene 
networks.  

  Key words     Single-cell quantitative RT-PCR  ,   Microfl uidics  ,   Hierarchical clustering  ,   Principal compo-
nent analysis  ,   Machine learning  ,   Random forests  ,   Logistic regression  ,   Correlation-based gene networks  

1      Introduction 

    Understanding the gene expression programs that regulate distinct 
cell states and the fate transitions between them is central to the 
successful delivery of regenerative medicine. An important part of 
this challenge lies in the prospective isolation of pure cell compart-
ments [ 1 – 3 ] to reveal the transcriptional signatures of rare popula-
tions [ 4 ]. However, it is also increasingly clear that fl uctuations in 
the molecular composition of individual cells, i.e., molecular 
‘noise’, can contribute to cell potential and fate [ 5 – 9 ], and explo-
ration of transcriptional heterogeneity requires single-cell methods 
of gene expression analysis. 

 Early attempts of single-cell transcriptional profi ling relied on 
end-point multiplex RT-PCR using oligo-dT-based reverse 
 transcription [ 10 ] or target-specifi c reverse transcription and 
amplifi cation with sets of nested primers [ 11 ] for a small number 
of genes. While limited to qualitative analysis of transcriptional 
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composition, these approaches were instrumental in advancing the 
notion of multi-lineage primed states in hematopoietic stem and 
early progenitor cells [ 11 ,  12 ] as well as in supporting alternative 
hierarchies of hematopoietic lineage specifi cation [ 1 ,  3 ]. However, 
quantitative approaches are required to capture the full spectrum 
of fl uctuations in gene expression level and, signifi cantly, to begin 
to reveal regulatory networks through pairwise correlation analysis 
of gene expression. 

 An early attempt at quantitative analysis of gene expression in 
defi ned hematopoietic populations, namely relatively pure hema-
topoietic stem cells, used global amplifi cation and hybridization to 
microarrays [ 13 ]. While valuable in demonstrating the ability to 
capture biological variation of gene expression above technical 
variation, the analysis was limited by the small number of cells sur-
veyed and did not afford a clear separation between cellular and 
molecular heterogeneity. Indeed, the cost associated with method-
ologies of global gene expression profi ling limits the number of 
cells analyzed and compromises full appreciation of the data. 

 Quantitative RT-PCR is a more cost-effective alternative, par-
ticularly with the development of microfl uidic devices that mini-
mize the volume of reagents used and maximize the numbers of 
cells and genes inspected per run. While it does not allow 
transcriptome- wide analysis of gene expression, and the conclu-
sions are necessarily biased by the identities of the genes studied, it 
is possible to analyze tens to hundreds of genes deemed relevant 
on the basis of prior knowledge or preliminary experiments to 
arrive at biologically meaningful conclusions. Identifi cation of new 
cellular compartments [ 4 ,  14 ], inference of molecular mechanisms 
of lineage decisions [ 8 ,  15 ], and inference of small regulatory net-
works [ 14 – 16 ] are recent examples of applications in the hemato-
poietic fi eld. 

 Several platforms—Fluidigm Dynamic Arrays, TaqMan Array 
Cards, and NanoString nCounter—are currently available for 
single- cell expression analysis, and they all rely on an initial step of 
target-specifi c amplifi cation. Transcript detection and quantifi ca-
tion are based on qPCR technology in the case of Fluidigm 
Dynamic Arrays and TaqMan Array Card methods and on hybrid-
ization of barcoded probes in the case of NanoString nCounter. In 
the absence of pre-amplifi cation, nCounter technology allows 
direct quantifi cation of the number of copies for each transcript, 
but this information is impacted by the effi ciency of the pre- 
amplifi cation reactions in single-cell applications. Application of 
the technology to single cells is very novel [ 14 ], and it has recently 
been used in hematopoiesis as confi rmatory but not as an explor-
atory tool. 

 Fluidigm and Array Card technologies use quantifi cation by 
PCR, which allows for relative quantifi cation of transcripts. 
Absolute amounts of RNA and copy numbers can in principle be 

José Teles et al.



23

estimated against pre-quantifi ed standards; however, in the case of 
single-cell analysis these can only be indicative rather than defi ni-
tive, as they are not extracted through in-well cell lysis and have 
not been routinely used. Fluidigm Dynamic Arrays allow for the 
best high-throughput analysis (96 cells × 96 genes vs. a maximum 
of 8 cells in an Array Card) and constitute the most widely used 
method. As such, the experimental protocols in this chapter refer 
exclusively to the Fluidigm platform. The analytical tools are appli-
cable to other methodologies.  

2    Materials 

      1.    DEPC-treated or RNase-free water: Aliquot and store for a 
long term at −20 °C.   

   2.    IGEPAL CA-630 (SIGMA): Prepare 10 % solution in DEPC-
treated or RNase-free water; aliquot and store long-term at 
−20 °C.   

   3.    RNase inhibitor (e.g., RNase OUT Recombinant Ribonuclease 
Inhibitor, Invitrogen).   

   4.    CellsDirect One-Step RT-PCR kit (without ROX) (Invitrogen), 
 one-step protocol only .   

   5.    Platinum Taq polymerase (Invitrogen),  one-step protocol only .   
   6.    Superscript ViLO cDNA synthesis kit (Invitrogen),  two-step 

protocol only .   
   7.    T4 gene 32 protein,  two-step protocol only .   
   8.    TaqMan PreAmp Master Mix,  two-step protocol only .   
   9.    Exonuclease I,  two-step protocol only .   
   10.    TaqMan Universal PCR Master Mix.   
   11.    2× Assay Loading Reagent (Fluidigm).   
   12.    20× Sample Loading Reagent (Fluidigm).   
   13.    20× TaqMan assays for genes of interest—up to 96 (Applied 

Biosystems).      

      1.    0.2 ml Non-skirted 96-well PCR plates.   
   2.    Optical PCR adhesive fi lms.   
   3.    Disposable 96-well plate plastic lids.   
   4.    1.5 ml Microfuge clear tubes, RNase and DNase free.   
   5.    Light-touch ergonomic micropipettes (a good choice is the 

RAININ LTS system, including an 8-channel 1–10 μl micropi-
pette) and corresponding tips.   

   6.    48.48 or 96.96 Dynamic Arrays for Gene Expression 
(Fluidigm): Note that a 192.24 Dynamic Array format (192 

2.1  Reagents

2.2  Microfl uidics 
Chips and Plasticware

Single-Cell PCR Profi ling of Gene Expression in Hematopoiesis



24

samples × 24 assays) is also available, but requires specifi c 
instrumentation and is not discussed in this chapter.   

   7.    Control Line Fluid (two syringes with 0.3 ml—48.48, or 
0.15 ml of fl uid—96.96 format (Fluidigm)).   

   8.    Clear (“invisible”) adhesive tape.      

      1.    Refrigerated benchtop centrifuge with plate adaptors.   
   2.    Thermal cycler, preferably with multiple block capacity.   
   3.    Integrated Fluid Circuit (IFC) Controller MX (for 48.48 

arrays) or HX (for 96.96 arrays) (Fluidigm).   
   4.    Biomark Reader (Fluidigm).      

      1.    Genesis [ 17 ] (  http://genome.tugraz.at/genesisclient/ 
genesisclient_download.shtml    ).   

   2.    Matlab and Matlab Statistical toolbox (MathWorks).   
   3.    R software for statistical computing (  http://www.r-project.org/    ).   
   4.    Rattle graphical user interface for R [ 18 ] (  http://rattle. 

togaware.com/    ).       

3    Experimental Procedures 

 Carefully read  Notes 1 – 6  at the end of this chapter, as they high-
light simple procedures that should be adhered to in order to mini-
mize amplicon contamination during pre-amplifi cation and 
quantitative PCR setup. 

   Although the technicalities of fl uorescence-automated cell sorting 
do not fall within the scope of this chapter, most experiments will 
require prospective isolation of defi ned hematopoietic cell 
 compartments and single-cell deposition into lysis buffer or alter-
natively directly into the one-step RT/pre-amplifi cation reaction 
mix (as detailed in Subheading  3.2.2 ). Given the low frequency of 
highly purifi ed stem and progenitor hematopoietic compartments 
as well as the possibility of multiple-way sorting into tubes, but 
not plates, we recommend that a maximum number of cell types 
be bulk-sorted into tubes containing medium with serum or 
serum substitute, with the individual populations subsequently 
single-cell deposited onto 96-well PCR plates containing the 
appropriate buffer. 

 Each plate should include at least two wells into which no cells 
are deposited as well as three or more serial multiple-cell controls 
in duplicate wells for internal validation of the single-cell results. 
It is recommended that a maximum of 50 cells are used for any 
multiple- cell control, as the PCR can saturate above this cell num-
ber for the most abundant genes. 

2.3  Instrumentation

2.4  Software

3.1  Single-Cell 
Collection

3.1.1  Cell Sorting

José Teles et al.
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 Prior to cell deposition, it is crucial to verify the alignment of 
the plates with the automatic cell deposition unit at two opposite 
corners and to ensure that the stream is directed at the center of 
the wells by test sorting 25–50 cells at different plate positions 
while keeping the plate covered with a clean lid. Sorters should be 
set on single-cell mode to prevent doublet deposition. In our expe-
rience, this sorting mode will use a fi ve- to tenfold excess of cells, 
and a deposition effi ciency of over 85 % is to be expected. 

 Plates should be covered with optical adhesive fi lm and vor-
texed at maximum speed for 15–30 s to ensure effi cient cell lysis 
and can be kept on ice for short periods (e.g., while depositing 
additional cells). The plates should then be centrifuged in a pre-
cooled centrifuge for 1 min at 2,000 ×  g  and either frozen at −80 °C 
for later use or processed immediately.  

  Although it is possible to sort cells directly into the reverse- 
transcription reaction buffer, we recommend that cells be initially 
sorted into a detergent-containing lysis buffer to maximize RNA 
extraction. This procedure also adds fl exibility to work organiza-
tion, as lysis plates can be frozen long-term at −80 °C prior to 
processing. 

 The lysis buffer can be prepared up to 24 h prior to cell deposi-
tion and stored at −20 °C. If prepared on the day of the experi-
ment, lysis buffer-containing plates can be kept at 4 °C or on ice 
until use. 

 The reagents required for a 96-well plate (including a 10 % 
reagent excess) are indicated below:

 RNase OUT 40 U/ml  5.3 μl 

 IGEPAL/NP40 10 %  21.1 μl 

 DEPC-treated or RNase-free H 2 O  396.0 μl 

 Total  422.4 μl—USE 4 μl per well 

   When using a two-step reverse transcription and pre-amplifi cation 
protocol ( see  Subheading  3.4 ) use this modifi ed version of the buf-
fer in order to keep reaction volumes as low as possible.

 RNase OUT 40 U/ml  5.3 μl 

 IGEPAL/NP40 10 %  21.1 μl 

 Superscript VILO RT 5× reaction mix  105.6 μl 

 DEPC-treated or RNase-free H 2 O  290.4 μl 

 Total  422.4 μl—USE 4 μl per well 

   The buffer mix should be prepared in a PCR hood, with 
reagents maintained on ice during preparation; it is possible to 

3.1.2  Cell Lysis

Single-Cell PCR Profi ling of Gene Expression in Hematopoiesis
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keep the tubes or the plates at room temperature for short periods 
for convenience. After aliquoting the lysis buffer, plates should be 
covered and centrifuged at 2,000 ×  g  for 1 min in a centrifuge pre-
cooled to 4 °C.   

  One-step target-specifi c reverse transcription (RT) and pre- 
amplifi cation are appropriate for murine primary hematopoietic 
cells as well as hematopoietic cell lines of human and mouse origin. 
It has also been used successfully in the analysis of non- 
hematopoietic cell types, including, among others, early stages of 
mouse embryonic development, mouse embryonic stem cells, and 
induced pluripotent (iPS) cells and normal and cancerous human 
epithelia [ 9 ,  19 – 21 ]. However, we and others have not been able 
to apply this method to single human primary hematopoietic cells 
[ 22 ] and thus describe an alternative two-step random primer- 
based RT and target-specifi c pre-amplifi cation method that allows 
amplifi cation of human primary hematopoietic material (Fig.  1 ). 
The two-step method is signifi cantly more expensive, although the 
recent introduction by Fluidigm of small cell (5–10 μm)-capture 
microfl uidics chips for execution of reverse transcription and pre- 
amplifi cation steps on their C1 Single-cell Auto-prep System may 
allow for cost reduction and potentially for increased sensitivity 
and reduced variability of the reactions. However, a comprehensive 
comparison of one-step versus two-step reactions on PCR plate 
versus microfl uidic chip formats is currently still lacking. Potential 
downsides of the microfl uidic chip format are (1) the inability to 
analyze more than one cell type in the same run in the absence of 
strong fl uorescent reporters than can be localized by microscopy 
on the chip and (2) the inability to store single cells in lysis buffer 
for later use.

   Independently of the method used, we recommend that ‘no-RT’ 
reactions, where the reverse transcriptase is omitted from the reaction 
mix, are included for every gene set or in every plate. This allows 
quantifi cation of genomic DNA detection in intron-less genes and, 
where primer design is not intron-spanning, attests to the specifi c-
ity of the detection where exclusive detection of the mRNA species 
is expected. Note that ‘no-RT’ reactions can be run simultaneously 
with RT reactions on a plate, but not in the C1 chip format. 

  We recommend the use of TaqMan assays (unlabelled primers +  
fl uorescently- labelled probe with quencher moiety) for single- cell 
applications, as in our hands, single primer pairs with intercalating 
fl uorescent dyes such as SYBR or Eva Green often result in nonspe-
cifi c amplifi cation of multiple products and impair data quantifi ca-
tion at cell numbers lower than 10 to 30. However, specifi city may 
be enhanced by the use of nested primers as recently published in 

3.2  Multiplex 
Reverse Transcription 
and Pre-amplifi cation

3.2.1  Assay Mix 
for Multiplex Analysis

José Teles et al.
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  Fig. 1    Single-cell gene expression profi ling by quantitative RT-PCR on a microfl uidics platform: experimental 
and analytical workfl ow (see [ 15 ] for analysis panels)       
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a comprehensive single-cell RT-qPCR study of surface markers and 
regulators in mouse hematopoiesis [ 14 ]. Nested primer strategy 
was indeed central to early non-quantitative single- cell RT-PCR 
strategies and ensured specifi city of end-stage products [ 11 ]. 

 Prepare 1:96 dilutions of the TaqMan assays of interest 
by mixing equal volumes of the assays (commercially provided as 
20× or 18 μM each primer and 3 μM probe) with either an equal 
total volume of RNase-free water (48.48 format) or no water 
added (96.96 format). Make up enough volume for all the chips 
planned with the same primer cocktail. Mix can be stored long-
term at −20 °C.  

   Prepare RT/pre-amplifi cation and “no-RT” reaction mixes in a 
PCR hood while keeping reagents on ice. 

 RT + pre-amplifi cation mix—per well:

 Cell lysate  4.0 μl 

 CellsDirect 2× Master Mix  7.5 μl 

 TaqMan Assay Mix 187.5 nM  2.5 μl 

 Superscript III/Platinum Taq Mix  1.0 μl 

 Final volume  15 μl—aliquot 11 μl per well 

   No-RT control mix—per well:

 Cell lysate  4.0 μl 

 CellsDirect 2× Master Mix  7.5 μl 

 TaqMan Assay Mix 187.5 nM  2.5 μl 

 Platinum Taq 5 U/μl  0.4 μl 

 DEPC-treated or RNase-free H 2 O  0.6 μl 

 Final volume  15 μl—aliquot 11 μl per well 

   Thaw (if working from frozen lysates) and centrifuge plates to 
collect contents at the bottom of the wells prior to removing the 
fi lm cover. Aliquot 11 μl of the reaction mix into each individual 
well, and mix gently by pipetting. Use a different tip in each well 
and align the box of pipette tips to mirror the plate layout in order 
to prevent cross-contamination of samples. Cover the plate with 
adhesive optical PCR fi lm and spin down at 4 °C to collect con-
tents prior to thermal cycler run. 

 Cycling conditions are as follows:

   50 °C, 1 h (Superscript III reverse transcription).  
  95 °C, 2 min (inactivation of reverse transcriptase and activa-

tion of Platinum Taq polymerase).  

3.2.2  One-Step Reverse 
Transcription 
and Pre-amplifi cation

José Teles et al.
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  22 or 25× (95 °C, 15 s; 60 °C, 4 min): Use a target number of 
20–22 cycles for hematopoietic cell lines and 25 cycles for 
primary mouse bone marrow cells; refer to discussion in 
Subheading  4 , Experimental Procedures.  

  25 °C, 10 s (end step).    

 Centrifuge plate to collect contents, and keep amplifi ed material 
at −20 °C until the quantitative PCR run to prevent evaporation.  

  Prepare RT and ‘no-RT’ reaction mixes in a PCR hood while keep-
ing reagents on ice. 

 RT mix—per well:

 Cell lysate  4.0 μl 

 T4 Gene 32 Protein 10 mg/ml  0.12 μl 

 Superscript VILO RT Enzyme Mix  0.15 μl 

 DEPC-treated or RNase-free H 2 O  0.73 μl 

 Final volume  5 μl—aliquot 1 μl per well 

   ‘No-RT’ mix—per well:

 Cell lysate  4.0 μl 

 T4 Gene 32 Protein 10 mg/ml  0.12 μl 

 DEPC-treated or RNase-free H 2 O  0.88 μl 

 Final volume  5 μl—aliquot 1 μl per well 

   Thaw (if starting from frozen lysates) and centrifuge plate and 
heat at 65 °C for 90 s to denature the RNA molecules; cool plate 
rapidly on ice, centrifuge in a precooled centrifuge to collect dena-
tured lysates at the bottom of the wells, and keep on ice until 
addition of reaction mix. Only remove fi lm cover at this stage. 

 Aliquot 1 μl of the reaction mix into each individual well and 
mix gently by pipetting. Use a different tip in each well and align 
the box of pipette tips to mirror the plate layout in order to prevent 
cross-contamination of samples. Cover the plate with adhesive 
optical PCR fi lm and spin down at 4 °C to collect contents prior to 
thermal cycler run. 

 Thermal protocol conditions are as follows:

   25 °C, 5 min.  
  50 °C, 30 min.  
  55 °C, 25 min.  
  60 °C, 5 min.  
  70 °C, 10 min.  
  25 °C, 10 s (end step).    

3.2.3  Two-Step Protocol: 
Random Primer-Based 
Reverse Transcription

Single-Cell PCR Profi ling of Gene Expression in Hematopoiesis



30

 Centrifuge plate in a precooled centrifuge to collect contents 
in the bottom of the well and keep on ice until addition of pre- 
amplifi cation reaction mix.  

  Prepare pre-amplifi cation reaction mix in PCR hood during the 
reverse transcription run; keep reagents and reaction mix on ice 
until use. 

 Pre-amplifi cation mix—per well:

 Reverse-transcribed material  5.0 μl 

 TaqMan Assay Mix 187.5 nM  5.0 μl 

 TaqMan PreAmp Master Mix 2×  10.0 μl 

 Final volume  20 μl—aliquot 15 μl per well 

   Remove fi lm cover after centrifugation and immediately prior 
to addition of pre-amplifi cation reaction mix. Aliquot 15 μl of the 
reaction mix into each individual well and mix gently by pipetting. 
Use a different tip in each well and align the box of pipette tips to 
mirror the plate layout in order to prevent cross-contamination of 
samples. Cover the plate with adhesive optical PCR fi lm and spin 
down at 4 °C to collect contents prior to thermal cycler run. 

 Cycling conditions are as follows:

   95 °C, 10 min (activation of AmpliTaq Gold polymerase).  
  25× (96 °C, 5 s; 60 °C, 4 min) (cDNA amplifi cation; use 25 

cycles as a reference number and refer to Subheading  4 , 
Experimental Procedures, for additional discussion).  

  25 °C, 10 s (end step).    

 Centrifuge plate to collect contents, and keep amplifi ed mate-
rial at −20 °C until the quantitative PCR run to prevent evapora-
tion. Optionally, the pre-amplifi ed material can be treated by 
exonuclease I digestion to remove single-stranded DNA, i.e., non- 
annealed primers and probes. Addition of exonuclease I mix and all 
subsequent steps should be performed on the bench to avoid con-
tamination of the PCR hood with amplifi ed material.  

  Exonuclease I mix—per well:

 Pre-amplifi ed material  20.0 μl 

 Exonuclease I reaction buffer 10×  0.5 μl 

 DEPC-treated or RNase-free H 2 O  3.25 μl 

 Exonuclease I 20 U/μl  1.25 μl 

 Final volume  25 μl—aliquot 5 μl per well 

3.2.4  Two-Step Protocol: 
Target-Specifi c 
Pre-amplifi cation

3.2.5  Two-Step Protocol: 
Exonuclease I Treatment

José Teles et al.
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   Remove fi lm cover after centrifugation of pre-amplifi ed mate-
rial, taking care to do it away from working bench. Aliquot 5 μl of 
the exonuclease I reaction mix into each individual well and mix 
gently by pipetting. Use a different tip in each well and align the 
box of pipette tips to mirror the plate layout in order to prevent 
cross- contamination of samples. Cover the plate with adhesive 
optical PCR fi lm and spin down to collect contents prior to ther-
mal cycler run. 

 Thermal protocol conditions are as follows:

   37 °C, 30 min.  
  80 °C, 10 min (inactivation step).  
  25 °C, 10 s (end step).    

 Centrifuge plate to collect contents, and keep amplifi ed 
material at −20 °C until the quantitative PCR run to prevent 
evaporation.   

  The last step in the single-cell analysis of gene expression is a con-
ventional quantitative PCR performed in a microfl uidics chip that 
allows the partitioning of each pool of multiplexed pre-amplifi ed 
cDNAs into 48 or 96 individual reactions. 

 The Fluidigm Gene Expression Dynamic Arrays give repro-
ducible readings at  Ct  values between 5 and 27, and the number of 
pre-amplifi cation cycles as well as the level of dilution of the pre- 
amplifi ed material should be optimized to fi t most or all of the 
reactions within this range. Fluidigm recommend a minimum 1:5 
dilution of the pre-amplifi ed material, and we have indicated the 
target numbers of pre-amplifi cation cycles that in our experience 
meet these criteria. However, it should be noted that we have ana-
lyzed low-level expression events at the outset of lineage specifi ca-
tion [ 8 ], and it is therefore likely that lower numbers of 
pre-amplifi cation cycles be required for the detection and quantifi -
cation of more abundantly expressed gene targets. 

 Prepare the pre-amplifi ed material and the gene-specifi c assays 
in 96-well plate format that can be used for direct correspondence 
with chip locations as shown in Fig.  2 . If using a 48.48 Dynamic 
Array format, arrange the samples on the right- and the assays on 
the left-hand side of the master plate to load directly onto the chip. 
In the case of a 96.96 chip format, two 96-well master plates are 
necessary, one for assays and the other for samples.

    Centrifuge the plate containing the pre-amplifi ed material to col-
lect contents at the bottom of the wells, and remove fi lm cover 
away from the working bench. Keep plate covered with a clean 
disposable plastic lid, either on ice or at room temperature. Due to 
well-to-well inequalities in reaction volumes and the possibility of 
evaporation during the thermal cycler runs, we recommend 

3.3  Gene-Specifi c 
Quantitative PCR 
Analysis

3.3.1  Preparation 
of Pre-amplifi ed Material
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 performing the dilution into a new plate by adding 1 μl of cDNA 
to the appropriate volume of DEPC-treated or RNase-free water 
(e.g., 4 μl for a 1:5 dilution) while maintaining the original plate 
layout. Centrifuge at 2,000 ×  g  for 1 min to collect contents at the 
bottom of the wells. 

 Prepare the sample loading reaction mix (48/96 samples):

 20× Sample loading reagent (yellow cap)  156/312 μl 

 2× TaqMan Universal PCR Master Mix  15.6/31.2 μl 

 Final volume  171.6/343.2 μl—aliquot 
3.3 μl per well 

   Aliquot 3.3 μl of the sample reaction mix into each well of a 
master plate; use a multichannel pipette to add 2.7 μl of the diluted 

  Fig. 2    Fluidigm Dynamic Arrays loading scheme depicting direct correspondences between cell locations on a 
96-well plate and on the chip       
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sample into each individual well, and maintain the original plate 
layout. Mix gently by pipetting. The plate can be kept at room 
temperature all through the preparation.  

  Aliquot 3 μl of 2× assay loading reagent (blue cap) into each assay 
well of the 96-well master plate. Add each 3 μl of individual assay, 
and mix gently by pipetting. The plate can be kept at room tem-
perature throughout the preparation. Centrifuge the master plate 
or plates after setup and load onto the chip as soon as possible.  

  Priming and loading of the chip are performed on a Fluidigm IFC 
Controller block (MX block for 48.48 chips, and HX block for the 
96.96 format). 

 For priming, 0.3 ml/0.15 ml of control line fl uid pre-aliquoted 
into a disposable syringe is loaded onto chambers of a 48.48 or a 
96.96 chip, respectively. Gently pull back the plunger, tap the 
syringe to remove all the air bubbles, and then carefully release the 
plunger to fi ll the syringe tip with line fl uid; clean the surface with 
a tissue. Load the chamber by pressing the syringe fully into the 
chamber valve and dispensing the fl uid slowly while tilting the 
chip; note that failing to completely depress the valve or brisk load-
ing will cause the fl uid to overfl ow. Ensure that the surface of the 
chip is clean of fl uid before loading onto the IFC controller block, 
and follow the touch screen instructions. Priming will take approx-
imately 10 min for a 48.48 chip and 20 min for the larger format. 

 Load the assay and sample mixes onto the primed chip as soon 
as possible after priming. Follow the scheme in Fig.  2 , and load 
5 μl into each micro-well. Loading at a slight angle into the lower 
third of the micro-well and using the fi rst stop position of the 
micropipette will minimize bubble formation. Check the chip care-
fully for bubbles, and remove these with the help of a large-bore 
(e.g., 1,000 μl) tip. Load onto the IFC controller, and follow the 
touch screen instructions. Loading will take approximately 1 h for 
the 48.48 chip and 90 min for the 96.96 format. 

 At this stage, switch on the Biomark Reader and computer, 
and launch the Biomark Data Acquisition software to switch on 
the lamp, which will require about 20 min to warm up. 

 At the end of the loading run, the chip should be moved as 
soon as possible to the Biomark Reader to execute the PCR step. 
Ensure that the surface of the chip is free of dust specks by using 
clear “invisible” tape, and remove the tape at the bottom of the 
chip; check for debris, and clean them with a tissue. Follow the 
instructions on the Data Acquisition software to start the run. We 
suggest inspecting the initial chip calibration photographs to 
ensure that no debris, visible as irregular bright spots, is present. 
Should debris be present, it is appropriate to abort the run, clean 
the chip again, and restart.   

3.3.2  Preparation 
of Gene-Specifi c Assays

3.3.3  Priming 
and Loading 
of Microfl uidic Chip

Single-Cell PCR Profi ling of Gene Expression in Hematopoiesis
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    Gene expression data can be retrieved using Fluidigm PCR Analysis 
Software. Data are given as  Ct  values as well as Δ Ct  values to one 
or more chosen references, and the software allows for manual 
inspection of the amplifi cation curves. Data are displayed as tables 
readily exportable into Excel as well as heatmaps of  Ct  or Δ Ct  val-
ues as per the chip layout. Threshold detections can be calculated 
automatically, either globally or on a per gene basis, or they can be 
customized. Similarly, default settings for amplifi cation curve qual-
ity can be customized, and curves can be failed or passed manually 
upon inspection. 

 We recommend automatic calculation of  Ct  values and default 
settings for amplifi cation curve quality, with customized decisions 
on individual reactions upon manual inspection of the curves. This 
is particularly important if using an intercalating dye (e.g., 
EvaGreen chemistry), as the software does not take into account 
the number or the identity of peaks in the melting curves. 

 Additional important quality controls are as follows:

    1.    Exclusion of reactions with  Ct  values close to background detec-
tion in no-template controls (no-cell wells); we typically exclude 
reactions less than two cycles different from background.   

   2.    Exclusion of reactions with  Ct  values >30, as detection is spuri-
ous and unreliable; we have found that  Ct  values between 27 
(Fluidigm’s recommended cutoff) and 30 are reproducible for 
the large majority of genes, and include them for the benefi t of 
low- level transcript detection. In practical terms, it is very rare 
to retrieve threshold amplifi cations later than cycle 30 that 
have passed all additional quality controls.   

   3.    Exclusion of cells or wells where one or more of the control 
genes (we typically use three or four) are not detected.     

 Data can then be used as either  Ct  values or Δ Ct  values to one 
or more reference genes for downstream analysis.  

  Clustering methods make use of the data to systematically group 
individual cells according to similarities in gene expression across 
all genes, allowing the identifi cation of molecularly homogeneous 
subpopulations. Clustering can also be employed to group genes 
with similar expression patterns across cells, defi ning molecular sig-
natures of a subpopulation. 

 We have used the Genesis software [ 17 ] to perform clustering 
analysis in our data. Step-by-step instructions are provided below, 
with background statistical context on the relevance of each step of 
the analysis.

    1.    Standardize gene expression values for each gene. For each raw 
expression value ( x ) subtract the mean ( μ ) and divide by the 
standard deviation ( μ ) calculated over all expression values 
measured for that particular gene:

3.4  Data Analysis

3.4.1  Preliminary Data 
Processing and Quality 
Control

3.4.2  Clustering Analysis

José Teles et al.
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  Genesis: 

 –   “Adjust” > “Mean Center Genes” followed by “Adjust” > 
“Adjust Genes by SD.”   

  
x

x


 
    

      2.    Calculate distance between individual cells based on their mea-
sured gene expression levels. Pearson correlation measures the 
level of linear dependency between expression levels of any two 
cells, while Euclidean distance calculates the geometric distance 
between two cells using their gene expressions as coordinates.

  Genesis: 

 –   “Distance” > “Pearson correlation” or “Distance” > “Euclidean 
distance”      

   3.    Perform agglomerative hierarchical clustering analysis. The 
method builds clusters from bottom to top by systematically 
pairing the most similar genes in a stepwise manner according 
to the previously computed distances. In our experience, both 
distance metrics provided similar results.

  Genesis: 

 –   “Analysis” > “Calculate Hierarchical Clustering”      
   4.    Defi ne agglomeration rule as complete linkage or average link-

age. Agglomeration rule sets the reference for how the dis-
tance between newly formed clusters is calculated: complete 
linkage uses their most distant points (in this case, genes or 
cells), while average linkage uses the mean distance between all 
pairs in each cluster.

  Genesis: 

 –   In the Hierarchical clustering window, “Agglomeration 
rule” > “Complete linkage clustering” or “Average linkage 
clustering” ( see   Note 7 ).      

   5.    Cluster genes with similar expression patterns across all cells 
and/or cluster cells with similar expression patterns across all 
genes. The latter case is more useful in characterizing different 
cell populations.

  Genesis: 

 –   In the Hierarchical clustering window, “Calculation 
parameters” > “Cluster genes” or “Cluster experiments” 
( see   Note 8 ).       

Single-Cell PCR Profi ling of Gene Expression in Hematopoiesis
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    Principal component analysis (PCA) allows the visualization of 
how individual cells position themselves in space in relation to 
each other on the basis of the similarity between their gene 
expression profi les. These representations have the potential to 
identify subpopulations of cells that are transcriptionally simi-
lar. Such subgroups usually have broad correspondence with 
clusters defi ned by hierarchical clustering as described in 
Subheading  3.4.2 . 

 In practice, PCA reduces the high-dimensional space com-
posed by the gene expression data (one dimension per gene) into 
a low-dimensional space, keeping most of the information of the 
original dataset and allowing more convenient data representations 
in two- or three-dimensional plots. The method consists of linearly 
transforming the gene expression data onto an alternative coordi-
nate system, projecting it along the directions (or principal compo-
nents) that retain the highest amount of variance from the original 
dataset: the fi rst principal component is the projection that retains 
the most variance, the second component is the orthogonal pro-
jection that retains most of the remaining variance, and so forth. 
All principal components are linearly uncorrelated with each other, 
and typically the two or the three fi rst principal components are 
used for data representation and analysis. We have used Matlab to 
perform PCA in our data and provide sample code below.

    1.    Prepare matrix  data , with individual cells in rows and corre-
sponding gene expression values in columns. Additionally 
 prepare vector  geneNames  with the labels for all the gene names 
in the same order as they appear in  data .   

   2.    Perform PCA.    

  Matlab: 

 –   Command  [coeff,score,latent] = princomp(data)  calculates the 
principal component coeffi cients (or loadings) ordered by 
decreasing component variance (coeff), principal component 
scores (score) corresponding to coordinates for representation 
in the principal component space, and eigenvalues of the covari-
ance matrix of  data  (latent), which contain information on the 
percentage of variance explained by each principal component.  

 –   Plot 1: Percentage of variance explained by each component:
    explainedVariance = 100*latent/sum(latent);   
   fi gure(1)   
   pareto(explainedVariance);   
   xlabel(‘Principal component’);   
   ylabel(‘% Explained variance’);      

3.4.3  Principal 
Component Analysis

José Teles et al.
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 –   Plot 2: Individual cells projected in principal component space 
( see   Note 9 ):
    fi gure(2)   
   plot(score(:,1), score(:,2),‘or’);   
   xlabel(‘PC1’);   
   ylabel(‘PC2’);      

 –   Plot 3: Gene contributions for position of cells along principal 
component space:
    fi gure(3)   
  text(coeff(:,1),coeff(:,2),geneNames);  
   xlabel(‘PC1’);   
   ylabel(‘PC2’);         

  PCR expression data from a large number of individual cells has 
the potential to suggest regulatory relationships between individ-
ual genes. The level of correlation between two variables provides 
a measure of dependency, which in the case of gene expression can 
indicate direct or indirect regulatory effects. 

 A number of methods can be used to compute pairwise cor-
relations, with Pearson product moment and Spearman rank cor-
relations as two of the most common choices. Spearman correlation 
is a nonparametric method: data are ranked before correlation is 
computed, and as a consequence variable dependency is quantifi ed 
as the strength of monotonic trends (increasing or decreasing). 
This is in contrast with Pearson correlation where expression val-
ues are used directly, making the method potentially more sensitive 
to PCR technical variation and the presence of outliers. We and 
others [ 15 ,  16 ,  23 ] have found the nonparametric nature of 
Spearman correlation to be a considerable advantage in analyzing 
our data. We have used Matlab to perform correlation analysis in 
our data and provide sample code below.

    1.    For each gene pair, select all cells for which expression was 
detected in both genes, and store the corresponding expres-
sion values in two columns,  data1  (expression for gene 1) and 
 data2  (expression for gene 2). Each row will correspond to a 
different cell.   

   2.    Calculate the Spearman rank correlation using the gene expres-
sions stored in  data1  and  data2 .

  Matlab: 

 –   Command  [rho,pval] = corr(data1, data2, ‘type,’ ‘Spearman’)  
calculates the correlation coeffi cient (rho) and  p -value 
( p val) for a given gene pair.      

3.4.4  Correlation 
Analysis
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   3.    Select signifi cantly correlated genes using the following 
parameters: Spearman correlation ≥0.4;  p -value ≤0.01 (99 % 
signifi cance level); and correlation calculated over a minimum 
of ten cells ( see   Note 10 ).    

    Machine learning methods can be used to extract information 
from the dataset that is not intuitive upon visual inspection. In 
particular, predictive classifi er models can be trained with gene 
expressions from individual cells to discriminate between different 
populations. Identifi cation of genes with high discriminant power 
can suggest potential functional roles in processes involving these 
populations. 

 Random forest classifi ers are part of a family of nonlinear 
classifi ers and can be considered an ensemble learning method 
which, simply put, consists of a collection of fully trained deci-
sion trees. Training of the model involves the random selection 
of a fraction of the dataset, with the remaining fraction being 
used for testing. We have used the Rattle package for R [ 18 ] to 
automatically train and validate random forest classifi ers, provid-
ing measures for performance and variable importance. The 
example below consists in training a random forest classifi er to 
discriminate between two populations using gene expressions of 
individual cells as input.

    1.    Prepare matrix  data , with individual cells in rows and corre-
sponding gene expression values in columns. The fi rst column 
in the matrix should contain the cell identifi ers, and the fi rst 
row should contain all gene names. The last column of the 
matrix, which should have header “TYPE,” specifi es to which 
of the two populations individual cells belong to by attributing 
value 0 or 1. 
 Note: Data matrices can be prepared in Excel spreadsheets 
since Rattle accepts Excel fi les, among other formats, as input.   

   2.    Train random forest classifi er, and assess classifi er performance 
as well as individual variable importance:    

  Rattle: 

 –   “Data” tab > “Filename” (open fi le with matrix  data ) > “Execute”  
 –   “Model” tab > Set “Type” to “Forest”  
 –   Set “Number of Trees” to 1,000 and “Number of Variables” 

to 5 > Execute  
 –   Select “OOB ROC” for classifi er performance plot  
 –   Select “Importance” for variable importance plot    

 Classifi er performance is assessed through analysis of the out-of- 
the-bag (OOB) receiver operating characteristic (ROC) curve plot. 
The ROC curve depicts the false-positive rate ( x -axis) versus the true-

3.4.5  Classifi cation 
Analysis
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positive rate ( y -axis). Performance is quantifi ed by the area under the 
ROC curve (AUC): the higher the value, the better the classifi er can 
discriminate between two populations based on the gene expression 
levels of individual cells. Discriminant power of individual genes can 
be assessed through the variable importance plot, where genes are 
shown in descending order of importance according to two different 
measures: permutation variable importance and Gini coeffi cient. 
These two methods compute importance in different ways and can 
therefore provide different rankings. We recommend a consensus 
approach, taking both measures into account. 

 Random forest classifi ers encompass both linear and nonlinear 
relations between input (gene expressions) and output (cell popu-
lations) variables, but do not explicitly distinguish between the two 
types of effects. An alternative approach to achieve this distinction 
is to separately train a linear classifi er (such as logistic regression) 
and a more complex nonlinear classifi er (such as an artifi cial neural 
network with hidden nodes) using the same individual genes or 
gene combinations. Improved performance assessed by AUC with 
the nonlinear method is indicative of signifi cant nonlinear relations 
which cannot be captured by linear methods alone. In this case, 
linearity represents a weighted sum of gene expressions, whereas 
nonlinearity involves more complex relations, such as combina-
tions of gene expression products. Implementation of these methods 
involves a moderate level of programming, and presenting sample 
code would be beyond the scope of this protocol. There are never-
theless several packages and libraries that can facilitate implementa-
tion, both in Matlab and R environments.    

4       Final Remarks 

 Single-cell PCR analysis of gene expression has afforded valuable 
insights into molecular confi gurations in cell fate transitions in 
the hematopoietic [ 8 ] and other stem cell systems [ 19 ] and can 
potentially be used for the inference of gene regulatory networks 
 controlling individual cell states or routes of fate specifi cation 
[ 14 ,  16 ] and as basis for computational modeling of gene expres-
sion regulation and cell fate decisions [ 15 ]. Despite its potential, 
the technologies are relatively new, and continued evaluation of 
their technical robustness in terms of sensitivity of detection, 
technical variability, and limits of quantifi cation is critical for the 
correct employment of the methods and the soundness of bio-
logical conclusions. Technological optimization and evaluation of 
PCR-based technologies will be key to the standardization of 
global gene expression analysis of single cells by RNA sequencing, 
which is  currently under intense development. Importantly, ana-
lytical tools described for PCR-based analysis of gene expression 
should be applicable to sequencing experiments.  

Single-Cell PCR Profi ling of Gene Expression in Hematopoiesis



40

5    Notes 

          1.    All steps prior to completion of pre-amplifi cation should be 
carried out in a PCR hood. All plate centrifugation steps prior 
to completion of pre-amplifi cation should be performed at 
4 °C (typically 2,000 ×  g , 1 min).   

   2.    PCR hood, pipettes, tips, and plastics should be UV-treated 
for 20 min prior to use; after use, wipe surface with water, and 
wash all racks under running water. UV-treat again for 20 min.   

   3.    All steps involving pre-amplifi ed material should be carried out 
on the bench. Centrifugation steps can be performed at room 
temperature (typically 2,000 ×  g , 1 min).   

   4.    Workbench should be cleaned with water and 70 % ethanol 
prior to use.   

   5.    Always spin down plates immediately before use, and only 
remove fi lm cover after centrifugation. Aim to remove fi lm 
cover at a bench location distinct from that where the reactions 
are set up and preferably where materials from distinct cell 
types or different species are routinely handled. Cover the plate 
with a disposable plastic lid and keep on ice for the remainder 
of the procedure.   

   6.    Change gloves after removing cover fi lm from plates and 
whenever there has been risk of contamination during 
procedure.    

      7.    A third alternative, single linkage, computes the distance by 
using the two closest points but in our experience tends to lead 
to very fragmented clusters.   

   8.    For single-cell gene expression, the most frequent data formats 
have cells displayed in rows and genes in columns. Genesis 
assumes the converse order, so in order to cluster cells the 
option “Cluster genes” should be selected.   

   9.    The Matlab code for Plot 2 uses the fi rst two principal compo-
nents only. In order to plot data using the three fi rst principal 
components, a different Matlab function must be used: 
 plot3(score(:,1), score(:,2), score(:,3),‘or’);  instead of 
 plot(score(:,1), score(:,2),‘or’); . Parameter  ‘or’  in the function 
specifi es the shape and color of the symbols for individual cells 
(in this case red circles). Different shapes and colors can be 
attributed to individual cells by selecting their specifi c position 
in the  score  matrix. For instance, the command  plot(score(5,1), 
score(5,2),‘sb’);  will plot the cell in row 5 of the  score  matrix 
using the fi rst two principal components and representing it 
with a blue square.   

José Teles et al.
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   10.    Due to the relative novelty of single-cell gene expression data, 
there is no established standard for signifi cance. Upon extensive 
visual inspection of the data, we found that our parameters pro-
vided a good compromise in being inclusive while not risking a 
high number of false positives. While these thresholds can be 
experimented with, we do not recommend values lower than 0.3 
for Spearman correlation and higher than 0.05 for the  p -value.    
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    Chapter 4   

 Hematopoietic Stem and Progenitor Cell 
Mobilization in Mice 

           Jonathan     Hoggatt     ,     Tiffany     A.     Tate    , and     Louis     M.     Pelus    

    Abstract 

   Hematopoietic stem cell transplantation (HSCT) can be performed with hematopoietic stem and progenitor 
cells (HSPC) acquired directly from bone marrow, from umbilical cord blood or placental tissue, or from 
the peripheral blood after treatment of the donor with agents that enhance egress of HSPC into the circu-
lation, a process known as “mobilization.” Mobilized peripheral blood stem cells (PBSC) have become the 
predominate hematopoietic graft for HSCT, particularly for autologous transplants. Despite the success of 
PBSC transplant, many patients and donors do not achieve optimal levels of mobilization. Thus, accurate 
animal models and basic laboratory investigations are needed to further investigate the mechanisms that 
lead to PBSC mobilization and defi ne improved or new mobilizing agents and/or strategies to enhance 
PBSC mobilization and transplant. This chapter outlines assays and techniques for exploration of hemato-
poietic mobilization using mice as a model organism.  

  Key words     Hematopoietic stem cell (HSC)  ,   Mobilization  ,   Mouse models  ,   Granulocyte-colony- 
stimulating factor (G-CSF)  

1      Introduction 

 Mobilized autologous peripheral blood stem cells (PBSC) have 
replaced bone marrow as the primary source of hematopoietic 
stem and progenitor cells (HSPC) used for stem cell support fol-
lowing high-dose chemotherapy. PBSC provide more rapid neu-
trophil and platelet recovery [ 1 ], largely due to a higher yield of 
CD34 +  cells in PBSC grafts. Multiple studies and expert opinion 
have shown a signifi cant correlation between CD34 +  cell dose and 
time to engraftment [ 2 – 9 ], including long-term platelet recovery 
[ 10 ]. It is generally agreed that 2 × 10 6  CD34 +  cells/kg is a mini-
mum target threshold dose that enables complete hematopoietic 
recovery [ 11 ,  12 ]. CD34 +  cell doses below this threshold are 
 utilized in cases where the minimum target threshold cannot be 
met, accepting that speed and completeness of blood cell recovery 
may be compromised. However, a CD34 +  cell dose of ≥5 × 10 6 /kg 
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is associated with faster neutrophil and platelet recovery and less 
patient-to-patient variability as well as lower resource utilization 
and is considered by many as the “optimal” target for a single 
autologous stem cell transplant (ASCT) [ 2 ,  4 ,  13 – 15 ]. 

 Various mobilization strategies using granulocyte, macrophage-
colony- stimulating factor (GM-CSF) and more commonly 
granulocyte- colony-stimulating factor (G-CSF; fi lgrastim) have 
been used either alone or in combination with chemotherapy [ 16 ]. 
However, up to 40 % of patients fail to mobilize an “optimal” 
CD34 +  cell dose [ 17 – 21 ], posing a greater problem in patients 
requiring tandem cycles of high-dose chemotherapy [ 22 ,  23 ]. 
Plerixafor (AMD3100), a small molecule CXCR4 antagonist, in 
combination with G-CSF has been shown to increase total CD34 +  
cells mobilized compared to G-CSF alone [ 24 ,  25 ] and is FDA 
approved for PBSC mobilization in patients with non-Hodgkin’s 
lymphoma (NHL) and multiple myeloma (MM). However, a 
 signifi cant disadvantage of plerixafor is cost, adding $25,567 per 
patient compared to G-CSF alone in NHL patients in a recent 
economic analysis [ 26 ]. Furthermore, 14–24 % of MM and NHL 
patients receiving plerixafor plus G-CSF still failed to collect ≥2 × 10 6  
CD34 +  cells/kg in 4 days of apheresis in large trials [ 24 ,  25 ]. The 
search for novel, more effective mobilizing agents and strategies 
remains a need and an area of active investigation [ 12 ,  27 ]. 

 Much of the advancements made in clinical HSPC mobiliza-
tion have resulted from basic laboratory studies utilizing the mouse 
as a model organism. The purpose of this chapter is to provide 
general methods for exploring hematopoietic mobilization in 
mouse models and to provide a few “tips and tricks” that may be 
useful for investigators exploring novel mobilizing agents or work-
ing to discover new mechanistic insights into the regulation of 
hematopoietic traffi cking.  

2    Materials 

  At the core of basic mobilization studies is the laboratory mouse, 
which has proved to be a useful animal model in exploring the 
mechanisms of HSPC retention within the bone marrow and for 
the discovery and testing of novel mobilizing agents. With the 
expansion of commercial companies providing mice, and the rapid 
generation of genetically modifi ed strains, there exists a large vari-
ety of mouse strains and models to choose from. We believe that 
there are several important factors to consider when choosing a 
mouse model. First, strains of mice vary widely in their mobiliza-
tion response to various agents. For example, in a study comparing 
DBA/2, C57Bl/6J, and BALB/c mouse response to G-CSF, it 
was demonstrated that hematopoietic progenitor cell (HPC) mobi-
lization in DBA/2 mice > BALB/c mice >> C57Bl/6J mice [ 28 ]. 

2.1   Mice

Jonathan Hoggatt et al.
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Strain differences were also reported for chemo-mobilization with 
cyclophosphamide, where FVB/nJ mice hardly mobilized, while 
SM/J mice robustly mobilized progenitor cells into the peripheral 
blood [ 29 ]. C57Bl/6J mice were also fairly low mobilizers in the 
chemo-mobilization study. However, the degree of mobilization is 
not the only criterion when picking a strain of mouse. In the fi eld 
of murine hematopoietic transplantation, the gold standard for 
enumeration of long-term repopulating HSCs is the competitive 
repopulation assay, which commonly utilizes C57Bl/6J mice 
(Jackson Laboratories (JAX) stock number 000664) and their 
 congenic, CD45.1 counterparts, B6.SJL- Ptprc   a    Pep3   b  /BoyJ (JAX 
stock number 002014), or similar strains. Therefore, if competitive 
hematopoietic transplantation is used to measure hematopoietic 
mobilization, the C57Bl/6J mouse would be preferred. Similarly, 
many mechanistic studies now employ knockout animals, all of 
which have different strain pedigrees. It is important to pick appro-
priate WT strain controls for these studies (i.e., non-knockout lit-
termates) to acquire interpretable and accurate data. Secondly, age 
and sex have both been demonstrated to have effects on hemato-
poietic mobilization, with aged mice having increased mobili zation 
[ 30 ] and male mice mobilizing more than their female counter-
parts [ 29 ]. 

 In our laboratory we typically use 8–12-week-old, female, 
C57Bl/6J mice for mobilization studies. We allow these mice to 
acclimate in the animal facility for at least 1 week after shipping as 
stress from the shipping process causes baseline mobilization to 
increase. Similarly, acclimating the mice to handling prior to 
study initiation also reduces the stress responses, allowing for 
more consistent data ( see   Note 1 ). Unless age is an experimental 
variable, we do not recommend performing studies in mice 
younger than 8 weeks of age, since acquiring enough peripheral 
blood for subsequent analysis can be diffi cult. Given that strain 
differences do exist, and that these are likely due to specifi c genetic 
differences, we also recommend when studying new mobilizing 
agents to explore their effects in at least one other mouse strain 
(i.e., BALB/c, DBA/2).  

  Numerous reagents and supplies are used during the course of a 
hematopoietic mobilization study, and the specifi c reagents used 
will be determined by individual need and the analyses to be per-
formed. However, we highlight a few key reagents and supplies 
that we have found helpful in our studies and will utilize these 
reagents in the methods described in the next section. 

      1.    Syringe wash: 0.1 M EDTA solution made with 1 part 0.5 M 
EDTA (UltraPure 0.5 M EDTA, Gibco #15575) and 4 parts 
Dulbecco’s phosphate-buffered saline (DPBS without calcium 
and magnesium).   

2.2  Reagents 
and Supplies

2.2.1  Blood Collection 
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   2.    Syringes for cardiac puncture: Becton Dickinson 1 ml TB 
Syringe with 27 G × ½ needle (BD Ref #309623).   

   3.    Drummond Scientifi c EDTA Capillary Tubes (#1-000-100-E).   
   4.    K 2 EDTA Collection Tubes (BD Ref #365974).   
   5.    Red blood cell lysis: EasySep 10× RBC Lysis Solution (Stem 

Cell Technologies Cat# 20120) prepared by the manufactur-
er’s instructions; Red Blood Cell Lysing Solution Hybri-Max 
(Sigma #R7757) or equivalent ( see   Note 2 ).   

   6.    Lympholyte Mammal (Cedarlane Labs #CL5120).   
   7.    Wash solution: DPBS/0.5 % BSA/2 mM EDTA.      

   Stem Cell Technologies (Stem Cell Technologies #M3434) markets a 
premixed methylcellulose medium that contains all of the growth 
 factors necessary for enumeration of colony-forming unit (CFU)-
granulocyte, macrophage (CFU-GM); CFU-granulocyte, erythro-
cyte, monocyte, megakaryocyte (CFU-GEMM); and blast- forming 
 unit-erythrocyte (BFU-E). This media does not contain antibiotics 
however, and we recommend adding penicillin/streptomycin (Life 
Technologies #15070063 or equivalent) at ~50 U/ml (1:100 dilu-
tion in M3434) prior to use. While effective, the cost of this reagent 
may be prohibitive for many labs, particularly those conducting large-
scale mobilization studies. Alternatively, methylcellulose medium for 
colony assays can be made in-house using the following procedure:

    1.    Prepare 500 ml of 2× Iscove’s Modifi ed Dulbecco’s Medium 
(IMDM) using powdered IMDM mix (Life Technologies 
#12200-036) and following the manufacturer’s instructions; 
however reduce the water content by 50 %.   

   2.    Add 50,000 U of penicillin/streptomycin.   
   3.    Sterile fi lter through a 0.2 μm vacuum fi lter fl ask, and place the 

resulting mixture in a 37 ºC water bath.   
   4.    Place 21 g of methylcellulose powder (4,000 centipoise; Sigma 

#M0512) in a sterile 2 l fl ask.   
   5.    Place 550 ml of deionized water and a 3 in. magnetic stir bar 

in a separate 2 l fl ask and boil down to 500 ml.   
   6.    Quickly take the boiled water fl ask to a biosafety hood along 

with the fl ask containing the powdered methylcellulose, pour 
the water and the stir bar into the powdered methylcellulose, 
and mix thoroughly making sure that all of the powder has been 
moistened. Cap the fl ask with a sterile piece of aluminum foil.   

   7.    Place the fl ask on a magnetic stir plate, and stir the methylcel-
lulose mixture until it cools to ~40 ºC. Do not let it cool below 
this temperature.   

   8.    Back in the hood, add the pre-warmed 2× IMDM mixture to 
the methylcellulose mixture and mix vigorously by hand until 
thoroughly mixed.   

2.2.2  Hematopoietic 
Colony Assays
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   9.    Recap with sterile aluminum foil, and continue to stir the 
 mixture on a stir plate at 4 ºC for about 24 h.   

   10.    At this point, the product is now a 2× methylcellulose media 
that can be aliquoted and stored at −20 ºC.     

 To make media appropriate for colony assays the following 
ingredients should be added aseptically to the 2× methylcellulose:

 –    30 % by volume fetal bovine serum (FBS).  
 –   1 % by volume 100×  L -Glutamine (Gibco GlutaMAX™ 

Supplement Recommended, Cat# 35050-061).  
 –   50 μM 2-Mercaptoethanol.  
 –   10 μg/ml Recombinant human insulin.  
 –   200 μg/ml Human transferrin.  
 –   50 ng/ml Recombinant mouse stem cell factor.  
 –   10 ng/ml Recombinant mouse GM-CSF ( see   Note 3 ).  
 –   3 U/ml Human erythropoietin (EPO) (we typically use 

prescription Procrit from the pharmacy, but recombinant 
protein from a reputable source is suffi cient).  

 –   QS with 1× IMDM.    

 Additional useful supplies for colony-forming assays include:

    1.    14 ml Polystyrene round bottom tubes with snap caps.   
   2.    3 ml Syringes with 18 G × 1½ needle.   
   3.    35 mm × 10 mm Polystyrene tissue culture dish.   
   4.    Gridded Scoring Dish (StemCell Technologies #27500).        

3    Methods 

  It is beyond the scope of this particular chapter to delve into the 
many different agents that have been used for mobilization and 
outline specifi c protocols for each agent, though we have covered 
some of these agents in more depth elsewhere [ 31 ]. Most mouse 
studies used to study hematopoietic mobilization use G-CSF either 
to explore mechanisms specifi c to G-CSF or as a comparator to 
other mobilizing agents being studied. There is a wide range of 
dosing schedules used in mice to explore G-CSF, and there does 
not seem to be a consensus in the fi eld regarding total dose, route 
of administration, or dosing schedule. We do have a few recom-
mendations regarding G-CSF use in mice.

    1.    When possible, use Neupogen as the G-CSF of choice. We 
have seen varying degrees of reproducibility with other recom-
binant G-CSF products.   

   2.    When using Neupogen, dilute it fresh prior to each injection in a 
sterile saline solution. We DO NOT recommend making a diluted 

3.1  A Note on G-CSF
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“stock” solution for an experiment, nor do we  recommend 
adding any other proteins (i.e., BSA).   

   3.    We recommend subcutaneous (SC) injection as the route of 
administration. Many publications use intraperitoneal (IP) 
injection; however we do not believe that this matches well to 
the kinetics used in human patients.   

   4.    There is no current consensus on the dose or the frequency of 
G-CSF to use in mice. Many publications use twice-a-day dos-
ing, and others use once a day. Some publications are also 
using upwards of 250 μg/kg daily G-CSF, and others less. 
Assuming a 20 g mouse (the approximate weight of a 10–12-
week C57Bl/6J female mouse), and using a surface area 
 conversion from man to mouse [ 32 ], the conversion of the 
recommended 10 μg/kg/day SC for human patients would 
be ~125 μg/kg/day SC in mice for at least 4 days. In our lab, 
we typically split this dose and give twice-daily subcutaneous 
injections 12 h apart for 4–5 days.    

     Many of the mobilizing agents explored, including the FDA- 
approved fi lgrastim and plerixafor, use subcutaneous injection. There 
are numerous methods described for subcutaneous injection, and we 
encourage the reader to explore additional resources, including 
online videos or your institutional veterinary staff, to learn injection 
techniques. For subcutaneous injection our laboratory uses a method 
that utilizes a mouse restrainer (Braintree Scientifi c-TV-150). This 
method has the advantage of being extremely reproducible after 
practice, is good for those who are slightly timid with handling mice, 
and reduces the chances of needle sticks.

    1.    Using an ethanol wipe, wipe the hair on the fl ank of the mouse 
(Fig.  1a ) opposite the direction the hair lies to clean the area 
and expose the skin.

       2.    Gently pull the mouse into the restrainer, and twist the mouse 
so that the wiped fl ank is exposed through the groove of the 
restrainer.   

   3.    Using a 1 ml syringe with a 27 G needle, insert the needle 
through the open restrainer groove and into the skin of the 
mouse (Fig.  1b ) and then proceed parallel with the skin sur-
face. Pull up slightly to confi rm that the needle is subcutaneous 
and not in a muscle.   

   4.    Administer the mobilization agent in a volume of 100–200 μl. 
You should observe a slight bubbling of the skin, indicating 
correct SC injection. Do not use volumes larger than 200 μl, 
though too small volumes are diffi cult to administer accurately 
as well.   

   5.    Withdraw the needle from the skin, and place the animal back 
in the cage. An advantage of this method is that the ethanol 

3.2  Routes 
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wipe “marks” each mouse that has undergone an injection, 
allowing you to easily distinguish which remaining mice in the 
cage need to be treated. This allows the mice to maintain their 
home cage without constantly changing them to new environ-
ments (particularly in the settings of twice daily injections) and 
in our hands reduces experimental variability in mobilization.   

   6.    If performing twice-daily injections, we recommend alternat-
ing sides of the mouse (left and right) to reduce irritation at a 
specifi c site.      

      1.    Scruff the mouse with your non-injecting hand and restrain 
such that the abdomen is facing you and the head is slightly 
tilted down, shifting the viscera towards the head.   

   2.    Using a 27 G needle insert the needle at about a 30° angle into 
the lower right abdominal quadrant of the mouse (with the 
mouse on its back, this is the left side of the midline). In female 
mice, you can use the upper right nipple as a landmark and 
be slightly cranial from there.   

3.2.2  Intraperitoneal 
Injection

  Fig. 1    Subcutaneous injections using a restrainer. ( a ) While gently holding the 
mouse by the tail on a fi rm surface (such as the top of the cage) use an ethanol 
wipe to expose the skin of the mouse on its fl ank as shown. ( b ) As you pull the 
mouse into the restrainer, gently rotate the mouse (~90°) so that the exposed skin 
is exposed with needle accessibility through the groove of the restrainer. Perform 
the subcutaneous injection through the groove at the exposed skin site as shown       
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   3.    Inject the substance in a volume of 100–200 μl.   
   4.    Gently withdraw the needle. As in the case of subcutaneous 

injection, you can mark the mouse with an ethanol swipe on its 
back and place it in the same cage.      

  Although pharmacokinetics for some substances are similar between 
intraperitoneal and intravenous injection in the mouse, this similarity 
is not always the case and for many substances intravenous injection 
is preferred. Similarly, intravenous injection is the preferred method 
for HSPC transplant, an important assay for the evaluation of 
hematopoietic mobilization (Subheading 3.7   ). Out of all of the 
administration methods described here, intravenous injection tends 
to be the most demanding and diffi cult for new researchers to 
learn. Therefore, the technique should be extensively practiced 
prior to large-scale experiments. Several online videos demonstrat-
ing variances of the technique are available. In our lab, we use a 
custom-built restrainer that allows for entry of the mouse into the 
restrainer and will rotate the mouse 90° to make the lateral tail vein 
parallel with the working surface. This restrainer also elevates the 
mouse from the working surface at a height that allows the user to 
rest their holding hand, making them steadier. Braintree Scientifi c 
sells a commercial unit with similar capabilities called the “Rotating 
Tail Injector” (Cat# RTI STD). When performing tail vein injec-
tions, we recommend gently warming the mouse under a heat lamp 
to cause vasodilation prior to injection. We use 27 G needles and 
inject no more than 200 μl of volume per injection. Proper injec-
tion should require minimal force, and the syringe plunger should 
be pressed slowly. If properly inserted in the lateral tail vein, you 
will observe a blanching across the entire vein indicating that the 
vehicle is properly distributed. If the needle is not properly located 
in the vein, a local blanching and bulging will occur at the needle 
insertion site. If this happens, withdraw the needle, move slightly 
up the tail to a new injection site, and try again.  

  Some agents that may be explored during the course of a mobiliza-
tion study will not be amenable to the above dosing methods, par-
ticularly if they are not soluble in aqueous solutions. Many agents 
that are insoluble in aqueous solutions can be administered in sus-
pensions by oral gavage. Although oral gavage is used widely, the 
procedure can often result in increased animal stress, or even death 
if done improperly, which can be compounded by relative inexperi-
ence of the performing technician. The oral gavage technique 
requires stiff restraint of alert rodents to prevent technical compli-
cations ( see   Note 4 ) [ 33 ], and this type of restraint has been shown 
to increase plasma corticosterone levels in rats and mice [ 34 ,  35 ]. 
Recently, we developed a novel method of oral gavage that increases 
the ease of compound administration and reduces mouse stress 

3.2.3  Intravenous 
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responses, and we refer the reader for a detailed description of the 
method, including photos [ 36 ]. Briefl y, we recommend using 
1.5 in., curved, 20 G, stainless steel feeding needles with a 2.25 mm 
ball (Braintree Scientifi c, #N-010) attached to 1 ml tuberculin 
syringes. Immediately prior to gavage dip the gavage needle in a 
100 % sucrose solution. This sweet substance will act to calm the 
mouse during the gavage procedure, facilitating easy passage into 
the esophagus and reducing stress responses.   

  As discussed above, dosing of G-CSF varies considerably in the 
literature, although it typically requires 4–6 days of administration 
in mice and man to achieve optimal mobilization. Many other 
mobilizing agents have more rapid kinetics, with some reaching 
peak mobilization in as little as 15 min after a single treatment [ 31 , 
 37 – 40 ]. For agents with rapid mobilizing properties it is important 
to plan how long your endpoints will take for each mouse, particu-
larly blood and tissue harvesting, and stagger your injections 
appropriately to leave enough time to accurately harvest each 
mouse ( see   Note 5 ). 

 Kinetics of administration also has to be considered when 
exploring combinations of two or more mobilizing agents. In 
some cases, the peak mobilization kinetics of the agents on their 
own will not be the same as the agents in combination [ 31 ]. In 
other cases, creative staggering of two agents may be required to 
achieve peak mobilization. For example, we recently reported on 
the combinatorial use of nonsteroidal anti-infl ammatory drugs 
(NSAIDs) along with G-CSF [ 41 ]. Initially, these agents were 
given together for 4 consecutive days, with blood harvesting the 
morning of the fi fth day. When evaluating HSPC content by col-
ony assays and fl ow cytometry, we saw signifi cant synergy with the 
combination of NSAID and G-CSF. However, after transplanta-
tion, the grafts did not perform as predicted based on the HSPC 
content we had measured. Further analysis revealed that NSAIDs 
resulted in a reduction in HSPC expression of CXCR4, reducing 
the ability of the mobilized cells to home and engraft, despite the 
fact that HSPC number was increased. To compensate for this 
effect, we staggered the administration of NSAIDs and G-CSF by 
48 h. In this scenario NSAIDs were given alone for 2 days, fol-
lowed by a 2-day period where NSAIDs were co-administered with 
G-CSF, followed by a 2-day period with G-CSF on its own, with 
harvesting on the morning of day 7. This additional 2 days of 
 protocol, with a staggered dosing regimen, led to the mobilization 
of a superior graft to that of G-CSF alone or the non-staggered 
G-CSF + NSAID regimen previously explored [ 41 ], even though 
the total amount of drug and dosing of the individual agents was 
the same as the non-staggered route. When performing mouse 
studies exploring combinatorial mobilization, several variations in 
dosing kinetics may be required to achieve optimal results.  

3.3  Dosing 
and Kinetics
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   As discussed, peripheral blood should be collected at the peak of 
mobilization and efforts should be made to collect blood as close 
to the same time as possible amongst mice in the experiment. It has 
been reported that circadian rhythms can affect hematopoietic 
mobilization [ 42 ,  43 ]. In our laboratory, we typically time all of 
our mobilization experiments so that bleeding begins at about 
10:00 a.m., which in our facility is ~4 h after initiation of light. 
Variations in bleeding time, if not controlled, can make interpreta-
tion of results from experiment to experiment diffi cult. This also 
means that in large-scale experiments blood needs to be harvested 
in the same time frame rather than extended throughout the day. 

 There are several different bleeding routes that can be used to 
collect blood from mice including cardiac puncture, retro-orbital 
bleed, tail bleed, facial bleeding using a lancet, and saphenous vein 
puncture. The choice of bleeding method is in part dependent on 
the requirements of the experiment and the agent being explored. 
For repeated bleeding, we recommend using the tail bleeding 
method, since you can control the volume of the bleed more pre-
cisely, reducing the variable effects of more or less blood loss on 
the mobilization process, and it is less harmful to the mouse than 
repeated bleeding via other methods (i.e., retro-orbital). A recently 
described method of bleeding using Goldenrod Lancets has been 
reported [ 44 ]; however we fi nd that it is diffi cult to control the 
volume of blood released, and surprisingly, the procoagulant effects 
of G-CSF [ 45 ,  46 ] appear to specifi cally hinder the ability to 
 reliably acquire blood by this method in settings of G-CSF 
mobilization. 

 For most endpoints exploring the peak of mobilization, mul-
tiple assays will need to be performed, requiring a terminal bleed 
to achieve the maximum amount of peripheral blood for subse-
quent analysis. We recommend cardiac puncture for this method as 
the blood values in our hands tend to be more consistent from 
mouse to mouse and is very rapid when performed correctly. 

 Prior to starting the experiment, rinse all syringes (1 ml syringe 
with a 27 G needle) with the EDTA wash solution, remove all air 
bubbles and expel the syringe wash into a waste container. This 
procedure fi lls the “headspace” of the syringe and needle with anti-
coagulant and removes air from the syringes.

    1.    Place the mouse in a CO 2  chamber and fi ll with 20 % CO 2  by 
volume for 2 min. Observe the mouse, and watch for no signs 
of movement or breath.   

   2.    Remove the mouse and place on its back. If needed, a Styrofoam 
pin board can be used to secure the mouse. Spray the chest 
surface with 70 % ethanol.   

   3.    Insert the needle into the abdominal wall just below the 
xiphoid process and slightly to the mouse’s left at ~10–25° 
angle from the abdominal surface.   

3.4  Peripheral Blood 
Collection 
and Processing

3.4.1  Blood Collection
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   4.    With just the tip of the needle inside the chest cavity, gently 
draw back on the syringe creating a negative pressure.   

   5.    While maintaining the negative pressure, slowly push the nee-
dle cephalad towards the heart until a “fl ash” of blood is seen 
in the syringe.   

   6.    Maintaining that position, slowly draw back on the syringe 
until all of the peripheral blood is collected (typically 800–
1,000 μl in 8–12-week-old, female, C57Bl/6J mice).   

   7.    Carefully remove the needle from the syringe, and distribute 
the blood into a 1 ml EDTA collection tube. Invert at least ten 
times, and then place on a roller.     

 Using this method we have achieved reliable blood amounts 
in mobilization experiments without any subsequent viability or 
clotting issues. Many published methods of mobilization studies 
describe the administration of heparin to mice prior to removal of 
blood by cardiac puncture. Intriguingly, heparin may regulate the 
mobilization response [ 47 ] perhaps acting as a confounding vari-
able in certain studies. We have not seen the need for its use prior 
to blood collection and recommend avoiding heparin in mobiliza-
tion studies.  

  After collection of mobilized blood, analysis of complete blood 
count (CBC) is a critical parameter both for determination of the 
white blood cell (WBC) differentials, which indicate whether there 
is a differential effect on mature blood cell populations, and as a 
numerical count of the total number of lymphocytes per milliliter 
of blood in the animal, which can then be used for subsequent 
calculations in other assays ( see   Note 6 ). CBC can be performed 
using a veterinary cell counter (e.g., Hemavet 950FS, Drew 
Scientifi c; Vetscan HM5, Abaxis; or similar instrument) or WBC 
count can be determined manually with a hemacytometer and 
blood smears made for determination of CBC differential manually 
by microscopic analysis of Wright’s stained smears. One advantage 
of automated veterinary cell counters is that they require very little 
blood for analysis (typically less than 25 μl) and can reliably per-
form counts in about 2 min per sample. For many of these machines 
the choice of anticoagulant is critical; EDTA is often the preferred 
anticoagulant, and some do not function optimally if the antico-
agulant is heparin.  

   Transplantation of a mobilized graft is typically done with periph-
eral blood mononuclear cells, the product obtained after apheresis 
of a mobilized patient or donor. For analysis of hematopoietic 
mobilization in mice obtaining a similar fraction using density 
 centrifugation is useful prior to fl ow cytometry, hematopoietic 
transplantation, or in some cases hematopoietic colony assays. 
There are several density gradient solutions available on the market, 

3.4.2  Complete 
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each with subtle variances in the recommended protocol. In our 
lab, we have had good success with Lympholyte-Mammal from 
Cedarlane Labs (#CL5120). This solution is specifi cally designed 
for the isolation of viable lymphocytes and monocytes from the 
peripheral blood and consists of sodium diatrizoate combined with 
dextran to induce erythrocyte aggregation and reduce platelet 
aggregation.

    1.    Place 3 ml of Lympholyte Mammal into 14 ml round-bottom 
polystyrene tubes (BD #352051). These tubes are clear, allow-
ing for easy viewing of the lympholyte layer after centrifugation.   

   2.    Dilute peripheral blood from mice in a serum-free medium 
such as DPBS, McCoy’s, and IMDM to a total volume of 4 ml. 
Using a medium like IMDM creates more of a contrast at the 
interface of the medium and the Lympholyte (Fig.  2 ), and for 
some people this is useful for observing the lymphocyte layer.

       3.    Carefully layer the diluted blood on top of the 3 ml of 
Lympholyte. Slightly angling the tube and allowing the diluted 
blood to slowly run down the side of the tube while pipetting 
help to create a good interface with little mixing.   

   4.    Centrifuge at 800 ×  g  for 20 min at room temperature. Make 
sure that the brake of the centrifuge is turned off.   

  Fig. 2    Lymphocyte layer with DPBS or IMDM. Shown are lymphocyte, “buffy 
coat,” layers after density centrifugation using Lympholyte Mammal with prior 
blood dilution using either DPBS ( left ) or IMDM ( right ). For some, the higher con-
trast between IMDM and the Lympholyte allows for easier viewing of the lympho-
cytes at the interface       
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   5.    After centrifugation, there will be a well-defi ned lymphocyte 
layer or “buffy coat” sitting on top of the Lympholyte. Using 
a pipette, carefully collect this layer of cells and transfer to a 
new centrifuge tube.   

   6.    Add wash solution to the lymphocytes to a total volume of 
10 ml, and centrifuge at 800 ×  g  for 10 min to pellet.   

   7.    Wash the lymphocytes 2–3 more times before further use.      

  Our preferred method of assessing hematopoietic colonies from 
peripheral blood (Subheading 3.5) is by plating whole blood after 
RBC lysis.

    1.    Place blood (20–200 μl) into a 14 ml tube.   
   2.    Add 2 ml of RBC lysis solution. Gently mix for 1–2 min.   
   3.    Fill tube with wash solution, and centrifuge at 300 ×  g  for 

10 min.   
   4.    Repeat washes 2–3 times before further use.       

  Most agents being investigated for PBSC mobilization properties 
will mobilize mature blood cells as well as HSPC. While mature 
cells are easily discernible by automated cell counters or manual 
observation, hematopoietic cells are only defi nable by phenotype 
or function. 

 Colony-forming cell assays are available that identify lineage- 
restricted HPC based upon their ability to form colonies in semi-
solid media, solid agar, methylcellulose, or plasma clot, when 
stimulated with appropriate hematopoietic growth factors. CFU- 
G, CFU-M, and CFU-GM progenitor cells can be characterized in 
soft agar or agarose when stimulated by G-CSF, M-CSF, GM-CSF 
with SCF, and other factors or conditioned medias [ 37 ,  40 ,  48 , 
 49 ]. Combination cocktails can be utilized to stimulate earlier 
HPC, some having high proliferative potential or multilineage 
potential [ 50 ,  51 ]. Erythroid HPC identifi ed as BFU-E or colony- 
forming unit-erythroid (CFU-E) are enumerated in 1 % methylcel-
lulose containing EPO. In some experiments, multiple colony 
types, including CFU-G,M, GM, BFU-E, and multipotential 
CFU-GEMM, can be quantitated with 1 % methylcellulose 
 containing EPO, GM-CSF, and SCF [ 52 – 56 ]. Additionally, mega-
karyocyte progenitor cells (CFU-Mk or CFU-Meg) can be 
selectively enumerated. Stem Cell Technologies markets specifi c 
reagents and culture media for quantitating this HPC (Megacult-C 
#04974). Our laboratory often utilizes the semisolid agar CFU-GM 
assay to defi ne mobilization agent dose and regimens and later 
fully characterizes the repertoire of HPC mobilized using the 
methylcellulose assay. 

 The amount of cells plated in a colony assay is an important 
factor for accurate counting results. Too few cells results in plates 

3.4.4  Red Blood 
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with few or no colonies, and too many cells can result in plates that 
are overcrowded, prohibiting accurate counts. Trial runs with your 
particular assays and media with several dilutions may be required 
initially to optimize experiments. In methylcellulose assays in which 
we are distinguishing CFU-GM, CFU-GEMM, and BFU-E using 
M3434 or our in-house mix (Subheading  2.2.2 ) we typically target 
for 20–40 colonies per plate. 

 Prior to starting a colony assay, determine the total volume of 
methylcellulose media you will need and place in a 37 °C water 
bath. If factors were freshly added to the methylcellulose media 
(i.e., Pen/Strep) and there are bubbles from mixing, make sure 
that they have risen out before proceeding with use. We typically 
analyze the blood of every mouse independently, and perform the 
colony assays in triplicate per mouse.

    1.    In a 14 ml tube, place cells from the red blood cell lysis 
 (typically 20–200 μl worth of whole blood) or low-density 
mononuclear cells from the Lympholyte layer (typically 
200,000–800,000 lymphocytes) in a total volume of 400 μl in 
IMDM media.   

   2.    Using a 5 ml syringe with an 18 G needle add 3.6 ml of pre- 
warmed methylcellulose media to the 400 μl of cells. Take note 
that this method is preparing a total of 4 ml, but for triplicate 
plating you will only use 3 ml. However, due to the viscosity 
and the bubbles on top, extra volume should always be made 
to allow for precise volume plating. Calculations of total cells 
per plate (i.e., per ml) should be made for accurate analysis of 
colonies per ml of blood for each animal accordingly.   

   3.    Vortex all tubes vigorously, and place the tubes in a rack into a 
37 °C incubator for at least 10 min to allow the bubbles to rise 
out of the media.   

   4.    Using 3 ml syringes with 18 G needles, draw up 3 ml of the 
cells in methylcellulose and add 1 ml/35 mm dish. Gently tilt 
and rotate the dishes around to evenly distribute the mixture 
into a uniform layer covering the entire surface.   

   5.    Place all of the plates in a 37 °C incubator with 5 % O 2  and 5 % 
CO 2  with >95 % relative humidity for 7–10 days.   

   6.    After culture, place an individual dish into the gridded scoring 
dish and use an inverted microscope to count the total number 
of colonies per dish. Average the total of the triplicate dishes 
per mouse.   

   7.    Calculations of CFUs per ml of blood are performed based on 
the source and number of cells plated. For example, if cells 
from an RBC lysis of 200 μl of whole blood were added to the 
tube, then each dish received the equivalent of 50 μl of blood. 
In this case, CFU/ml of blood would be calculated as average 
colonies per dish/0.05    ml.      
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  Immunophenotypic analysis by fl ow cytometry is commonly used 
to determine the frequency of HSC and HPC in spleen, bone mar-
row, and peripheral blood. While phenotype and functional assays 
do not always directly correspond, the fl ow cytometry-based assays 
are rapid and are useful tools for screening for mobilizing effects. 
Repopulating stem cells were originally defi ned by the absence of 
lineage markers (Lin neg ) with expression of stem cell antigen-1 
(Sca-1), low expression of Thy1.1 [ 57 ], and expression of SCF 
receptor (c-kit) [ 58 – 60 ]. These cells are commonly referred to as 
LSK cells. More recently, additional markers have been identifi ed 
[ 61 – 63 ] that allow further enrichment of HSC and defi nition of 
HPC with different lineage capacity (reviewed in ref.  64 ). The sig-
naling lymphocyte activation molecule (SLAM) family of receptors 
CD150, CD48, and CD244 defi ne a highly enriched HSC popula-
tion [ 65 – 67 ]. We have routinely utilized SLAM-LSK populations 
to evaluate a wide array of mobilization agents with success. 
However, interpretation of phenotypic analysis for HSC content in 
mobilized grafts should always be viewed with caution until results 
are validated by functional transplantation data. While the CD34 
marker can be used in the mouse to distinguish HSC with short- 
term and long-term function at steady state, G-CSF-mobilized 
HSC express CD34 but lose CD34 when they return to steady 
state [ 68 ], perhaps reducing the reliability of CD34 when evaluating 
mobilization regimens. Detailed descriptions of fl ow cytometry tech-
niques to identify HPC and HSC can be found in refs.  69 – 71 . 

 For mobilization into peripheral blood, we recommend per-
forming a Lympholyte separation as we describe (Subheading  3.4.3 ) 
prior to antibody staining. If at all possible, this method is pre-
ferred over RBC lysis for fl ow analysis of HSPC in peripheral blood. 
Sometimes, antigens such as c-kit receptor will also have reduced 
intensity compared to the bone marrow, and appropriate changes 
in gating may be necessary. As an example of the difference between 
bone marrow and mobilized peripheral blood, Fig.  3  shows fl ow 
cytometry plots gating on lineage-negative cells from bone mar-
row (left) or from mobilized peripheral blood (right) showing c-kit 
receptor and Sca-1 expression. Of note, the bone marrow plot was 
generated by collecting a total of 100,000 events, while the mobi-
lized peripheral blood plot was generated by collecting 1,000,000 
events ( see   Note 7 ).

      True HSC can only be defi ned based upon their ability to fully 
repopulate a lethally irradiated host. If the mice live (>16 weeks) 
with reconstitution of all blood lineages, then by defi nition, the 
graft is considered to have contained HSC. However, monitoring 
“survival” does not permit enumeration or comparison of HSC 
number or function. Moreover, most institutional animal care and 
use committees are recommending alternative methods to survival 
studies. To address these problems, transplantation assays that 

3.6  Flow 
Cytometric Assays

3.7  Hematopoietic 
Transplantation 
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assess long-term repopulating cells (LTRC), an HSC synonym, 
with comparison against a “competitor” graft were developed. 
Studies by Harrison fi rst described a standard competitive HSC 
repopulation assay [ 72 ] and a mathematical method to calculate 
competing repopulating units (RU) [ 73 ]. In this assay, donor HSC 
are admixed with wild-type congenic bone marrow cells and trans-
planted into lethally irradiated recipients. Blood cell production 
from each source of cells is analyzed with fl uorescently tagged anti-
bodies that distinguish the two congenic strains, allowing for a 
comparison of the repopulating ability of each population of cells. 
The C57Bl/6 (CD45.2) and the B6.SJL-PtrcAPep3B/BoyJ 
(BOYJ) (CD45.1) mouse strains are most widely used for this assay 
differing only at the CD45 antigen [ 74 ]. Our animal facility main-
tains a colony of C57Bl/6× BoyJ F1 hybrid mice that offers a 
 variation on this assay where two competing grafts, one CD45.1 
and the other CD45.2, can be compared in the same animal using 
CD45.1/CD45.2 hybrid F1 bone marrow cells as competitors 
( see  refs. [ 75 ,  76 ] for an example of head-to-head HSC population 
comparison). 

 Limiting-dilution competitive repopulation assay is a variation 
of the competitive repopulation assay that utilizes a series of dilu-
tions of the donor, or “test” graft, compared to a standard number 

  Fig. 3    Example LSK fl ow cytometry plots. Shown is a representative fl ow cytometry plot of gated lineage- 
negative cells from bone marrow ( left ) or mobilized peripheral blood ( right ). All staining conditions (number of 
cells, volume, antibody concentration, etc.) were equivalent between the two groups, and data acquisition was 
performed at the same time. Of note is that the bone marrow plot was generated by collecting a total of 
100,000 viable cell events, while the mobilized peripheral blood took 1,000,000 events, illustrating the need 
to collect considerably more fl ow cytometry data for accurate analysis of rare HSPC in peripheral blood       
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of competing cells (normally 2 × 10 5  whole bone marrow cells). 
A minimum threshold of peripheral blood cell reconstitution is set 
(~0.5–5 %) for the test graft, and the number of mice that fail to 
reconstitute with the test graft is used to determined CRU or HSC 
frequency by Poisson statistics [ 77 – 79 ]. A computer program, 
L-Calc™, which calculates the HSC frequency, can be obtained 
from Stem Cell Technologies. 

  Our laboratory routinely utilizes competitive transplantation to 
validate LT-HSC in a mobilized peripheral blood product and 
assess HSC quantity and function. For this analysis we use LDMC 
separated on Lympholyte ®  Mammal and compare these cells in 
ratios to 2 × 10 5  whole bone marrow competitor cells. Pilot studies 
to establish appropriate donor:competitor ratios for mobilized 
LDMC are often advantageous and may prevent performing a long 
and complicated transplant procedure that does not provide useful 
data ( see   Note 8 ). Typically, mobilized LDMC:competitor ratios 
of 1:1–5:1 are evaluated. We DO NOT recommend transplanting 
whole blood or RBC lysed blood into animals as a method to eval-
uate mobilization. These methods often lead to complications 
(such as platelet clotting) and do not as faithfully represent the 
graft used in clinical transplantation (apheresis product).  

  Transplantation assays performed in competitive fashion are 
 routinely analyzed at 16 weeks post-transplant, and if tri-lineage 
reconstitution is seen in peripheral blood one assumes that HSC 
were transplanted. However, HSC are heterogeneous, with  varying 
capacities for self-renewal and capacity for extended repopulation. 
Recently, HSC with short-term (up to 16 weeks), intermediate-
term (up to 32 weeks), and long-term (>32 weeks) capacity for 
multipotent differentiation into all blood lineages have been iden-
tifi ed [ 80 ]. Thus, for some in the fi eld, 16-week analysis of a pri-
mary graft is not suffi cient to demonstrate LT-HSC function, often 
requiring the “gold standard” serial transplantation to be per-
formed. It has been shown that in normal mice, the ability of HSC 
to self-renew is lost after four or fi ve serial transplantations [ 81 ]. 
Provided a primary transplant is performed as described in 
Subheading  3.7 , secondary transplantation methods are normally 
no different than those performed with more traditional bone 
marrow graft primary transplant.   

  With the discovery of chemo-mobilization and subsequently mobi-
lization by G-CSF, the fi eld of hematopoietic transplantation, 
 particularly in the autologous setting, has been fundamentally 
changed. However, signifi cant advancements can still be made in 
enhancing the yield of CD34 +  cells acquired, reducing failure rates 
and the number of apheresis sessions, and improving the overall 
quality of the graft mobilized. With numerous therapies actively 
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being explored using HSCs, including gene modifi cation, easy, 
safe, and effective mobilization methods in a variety of donor and 
patient populations are likely to increase in need over the years to 
come. The mouse models described herein may prove to be useful 
tools for further laboratory investigation to identify and bring to 
practice the next generation of mobilization agents.   

4    Notes 

     1.    When mice fi rst arrive in the facility, let them acclimate in their 
new environment for a few days. Then, have the laboratory 
technician or investigator handle the mice daily for ~5 days 
prior to initiating a mobilization study. You will fi nd that the 
mice will be much calmer when handled during the experi-
ment, and we have found that this reduces variability between 
animals in a given group.   

   2.    Another product which can remove red blood cells is called 
HetaSep and is sold by StemCell Technologies (Catalog 
#07906). This is an erythrocyte aggregation agent that does 
not require lysis, but rather causes red blood cells to separate 
from nucleated cells. Higher levels of progenitor viability can 
sometimes be obtained using this agent rather than lysis agents.   

   3.    Recombinant IL-3 and IL-6 (10–20 ng/ml) can be used in 
place of or in addition to GM-CSF. Other custom growth fac-
tor cocktails can be used depending on the progenitor types 
explored.   

   4.    One slight alteration of the scruffi ng method has proven ben-
efi cial when performing oral gavage. If the mouse is scruffed 
with the non-gavaging hand, try to keep the index fi nger free, 
holding the skin of the neck and back with the thumb and 
three other fi ngers. With the free index fi nger, place on top of 
the head and gently pull back so that the nose and mouth are 
pointed upwards. This now gives a straight shot for the oral 
gavage procedure, and the index fi nger helps prevent addi-
tional head movement during compound administration.   

   5.    Sometimes, something as simple as marking stripes on the tails 
of the mice with a Sharpie marker is a quick and convenient 
way to appropriately stagger treatments within a cage. For 
instance, sometimes we stagger injections by 3 min to allow for 
blood harvesting at precise times; the fi rst mouse in the cage 
gets one stripe on the tail, followed by two stripes, etc. In this 
way, we can set a timer based on the fi rst mouse and know 
which order to subsequently bleed the mice, so that dosing 
kinetics and analysis are at precise time points for each mouse.   
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   6.    It should also be noted that choice of blood collection site, 
e.g., cardiac, retro-orbital, facial, or tail, can affect WBC count 
and CBC. We recommend cardiac bleed for blood collection 
for mobilization studies.   

   7.    HSPC in blood, even after mobilization, are still quite rare, 
and many more events than typically used for bone marrow 
analysis will need to be acquired for suffi cient data.   

   8.    Depending on the mobilizing agent or regimen, mobilized 
LDMC are often considerably less competitive than equivalent 
numbers of freshly isolated whole bone marrow cells, requiring 
higher ratios of cells to be used in limiting dilution analysis.         
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    Chapter 5   

 Cell Cycle Measurement of Mouse Hematopoietic 
Stem/Progenitor Cells 

           Brahmananda     Reddy     Chitteti      and     Edward     F.     Srour   

    Abstract 

   Lifelong production of blood cells is sustained by hematopoietic stem cells (HSC). HSC reside in a mitotically 
quiescent state within specialized areas of the bone marrow (BM) microenvironment known as the 
 hematopoietic niche (HN). HSC enter into active phases of cell cycle in response to intrinsic and extrinsic 
biological cues thereby undergoing differentiation or self-renewal divisions. Quiescent and mitotically 
active HSC have different metabolic states and different functional abilities such as engraftment and BM 
repopulating potential following their transplantation into conditioned recipients. Recent studies reveal 
that various cancers also utilize the same mechanisms of quiescence as normal stem cells and preserve the 
root of malignancy thus contributing to relapse and metastasis. Therefore, exploring the stem cell behavior 
and function in conjunction with their cell cycle status has signifi cant clinical implications in HSC trans-
plantation and in treating cancers. In this chapter, we describe methodologies to isolate or analytically 
measure the frequencies of quiescent (G0) and active (G1, S, and G2–M) hematopoietic progenitor and 
stem cells among murine BM cells.  

  Key words     Hematopoietic stem cells  ,   Progenitor cells  ,   Cell cycle  ,   Hoechst 33342  ,   Pyronin Y  ,   CD71  

1      Introduction 

 During the mammalian development, hematopoietic stem cells 
(HSC) fi rst appear in the yolk sac, then migrate into fetal liver, and 
eventually migrate into the bone marrow (BM). At birth, hemato-
poiesis is almost entirely limited to the BM only. The lifelong 
 production and maintenance of hematopoiesis is sustained by HSC 
within the BM [ 1 – 3 ]. These HSC reside in specialized areas called 
the “hematopoietic niche” (HN) within the BM microenviron-
ment [ 4 ,  5 ]. At present, it is generally believed that the mitotic 
status of HSC in the BM microenvironment differ depending on 
the HN in which they reside. Quiescent HSC reside in the endos-
teal niche in close proximity to osteoblasts where they receive 
 signals that maintain their quiescence [ 6 – 8 ]. On the other hand, 
more active HSC reside in the vascular niche and are primed to 



66

respond quickly to hematopoietic stress and entry into circulation 
[ 9 ,  10 ]. Mitotic quiescence enables HSC to remain in deep dor-
mancy for long periods of time thus avoiding exhaustion of the 
stem cell pool [ 4 ,  5 ]. Experimental evidence suggests that quiescent 
HSC possess superior functional characteristics such as long- term 
repopulation relative to more active or cycling stem cells [ 11 ]. 
Therefore, transplantation of HSC isolated based on their cell cycle 
status may have clinical implications as far as their ability to sustain 
BM repopulation, maintain the stem cell pool, and support long-
term hematopoiesis [ 12 ]. 

 Recent studies demonstrate that most leukemias and tumors 
possess tumorigenic cells with characteristics like self-renewal, 
extensive proliferation, and quiescence similar to those of normal 
stem cells. These cells are called cancer stem cells (CSC). It is spec-
ulated that mitotic quiescence of CSC helps preserve the root of 
malignancy and contributes to the relapse and metastasis of cancer 
[ 13 ,  14 ]. More importantly quiescent CSC exhibit drug resistance 
and escape chemotherapy and other cytotoxic interventions. 
Therefore, understanding the molecular mechanisms of quiescence 
has tremendous clinical signifi cance in targeting quiescent and 
drug resistant CSC directly. 

 Simple DNA staining either by Hoechst 33342 (Hst) or 
4′,6-diamidino-2-phenylindole (DAPI) or Propidium iodide 
enables us to distinguish cells in either G0/G1 (2 n  DNA) phases 
of cell cycle from those in S or G2–M phases (4 n  DNA). This 
simple DNA staining cannot identify and thus separate G0 cells 
from G1 cells. Since quiescent (G0) HSC have different physiologi-
cal and molecular properties as well functional capacities  compared 
to primed (G1, S, G2–M) HSC [ 15 – 17 ], it is critical to distinctly 
separate and isolate viable HSC in all phases of cell cycle. In addition 
to DNA staining, several procedures were introduced to stain other 
cellular components such as mitochondria [ 18 – 21 ], nuclear pro-
teins [ 22 ], and RNA [ 23 ,  24 ] to help distinguish between quiescent 
and cycling or metabolically active cells. However, most of these 
procedures were detrimental for viable cell recovery as the tech-
niques involve permeabilization or fi xation or due to toxicity of the 
dyes. In 1981, Shapiro [ 23 ] described a double DNA–RNA staining 
procedure to identify cells in different phases of cell cycle and even-
tually to sort viable and functional cells by fl ow cytometry. Later 
on, with a readjusted Pyronin Y (PY) concentration, the double 
DNA–RNA staining was applied to analyze human BM-derived 
CD34 +  cells [ 25 ]. To do this, Hst was used to stain DNA, and PY 
was used to stain RNA. Hst is a relatively nontoxic, water-soluble, 
and cell-permeable bisbenzimide dye that stains the minor groove 
of the double stranded DNA helix. PY is a nucleic acid dye that 
stains DNA and RNA as well as mitochondrial membranes 
[ 24 ,  26 ]. However, when cells are fi rst stained with Hst, PY is 
blocked from staining DNA, and at moderate concentrations it 
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 predominantly stains RNA rather than mitochondrial membranes. 
To distinguish cells in G0 or G1, which have the same DNA 
 content but different amounts of RNA content, cells in G0 phase 
are identifi ed by their 2 n  DNA and minimal RNA content; cells in 
G1 phase are identifi ed by their 2 n  DNA and high RNA content. 
Cells in G2–M are identifi ed by their 4 n  DNA and high RNA 
content. The S phase cells are identifi ed by their varying levels of 
DNA and RNA content distributed between 2 n  and 4 n  DNA 
peaks. Though Hst and PY staining is well suited for the analysis 
and viable cell sorting of human BM cells, PY concentrations that 
are normally used for the staining of human cells are toxic to 
murine cells. Therefore, viable cell sorting of murine BM cells with 
PY is less favorable (BRC and EFS, unpublished observations). 
However, for analytical studies of murine cells, protocols employing 
Hst and PY staining combined with a fi xation step produce consis-
tent reliable results that are easy to interpret. Obviously, this 
approach  precludes the isolation of viable cells for use in functional 
in vitro and in vivo assays. We have successfully replaced PY with 
the Transferrin receptor protein 1 (CD71) to identify metaboli-
cally active cells. CD71 is a 95 kDa, type II membrane glycoprotein. 
It transports iron into proliferating cells by binding to Fe(Apo)-
transferrin [ 27 ]. CD71 expression is low on quiescent cells, but its 
expression elevates on activated lymphocytes, monocytes, macro-
phages, and most dividing cells [ 28 ,  29 ]. Combining CD71 and 
Hst staining allows for the identifi cation and isolation of cells in 
G0 versus cells in G1 as will be discussed below. 

 In this chapter, we describe a detailed protocol (Subheading  3.1 ) 
to concurrently stain mouse BM cells with various cell surface 
markers along with HST and PY staining. This method allows us 
to hierarchically identify and quantify mature BM cells and imma-
ture stem and progenitor cells while simultaneously assessing the 
cell cycle status of each of these groups or classes of hematopoietic 
cells. We also describe (Subheading  3.2 ) Hst and CD71 staining 
along with cell surface markers where viable cell isolation is 
required.  

2    Materials 

     1.    Ficoll purchased as a ready-to-go solution. Make sure that the 
bottle of Ficoll is warmed up to room temperature before using.   

   2.    Heparin medium consisting of Hank’s Balanced Salt 
Solution (HBSS) medium supplemented with 1 % Penicillin–
Streptomycin and 20 U/mL heparin.   

   3.    Stain wash: 1× Phosphate buffered saline (PBS) supplemented 
with 1 % bovine calf serum and 1 % Penicillin–Streptomycin.   

Cell Cycle Analysis of Stem Cells 
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   4.    Fluorochrome-labeled primary antibodies for immunostaining. 
These antibodies may vary in number and specifi cities depend-
ing on the phenotypic defi nition of the cells that will be 
 identifi ed and analyzed by fl ow cytometry.   

   5.    Cell fi xative reagent such as BD Cytofi x/Cytoperm.   
   6.    Hst buffer: HBSS, 20 mM (4-(2-hydroxyethyl)-1- piperazinee-

thanesulfonic acid (HEPES), 1 g/L glucose, 10 % fetal calf 
serum (FCS), pH 7.2.   

   7.    Hst: Hst is purchased from Molecular Probes at 10 mg/mL solu-
tion in water. Both the intermediate and working solutions must 
be prepared from the stock on the same day for an application, 
light-protected, and used within a few hours of preparation.
   (a)    Hst intermediate solution: Intermediate solution is pre-

pared in Hst buffer. To do this, add 20 μL of the 10 mg/
mL stock to 1.98 mL of Hst buffer.   

  (b)    Hst working solution: Add 50 μL of the intermediate solu-
tion to 4.95 mL Hst buffer. These dilutions will result in a 
fi nal concentration of 1 μg Hst per mL, which is equivalent 
to 1.5 μM.       

   8.    PY: PY is purchased from Polysciences as powder and dissolved 
at 100 mg of PY per mL of water containing 10 % acetic acid. 
From this solution prepare a stock solution of 10 mg/mL in 
Hst buffer. 

 PY working solution: Dilute 10 mg/mL PY stock 1:50 in 
Hst buffer (10 μL stock in 490 μL Hst buffer). The fi nal PY 
concentration, after the PY working solution is added to the 
Hst working solution with which cells are stained (as described 
in Subheading  3.1 ), will be 3.3 μM.   

   9.    Verapamil-containing Hst buffer: Verapamil can be added to 
the Hst buffer to stop the Hst effl ux at 50 or 100 μM. Dissolve 
verapamil in DMSO at 100 mg/mL as stock solution. From 
this stock, in order to make 50 μM fi nal concentration of vera-
pamil, add 50 μL of stock to 200 mL of Hst buffer; to make 
100 μM fi nal concentration of verapamil, add 100 μL of stock 
to 200 mL of Hst buffer. Importantly, verapamil-containing 
Hst buffer should be prepared fresh.      

3    Methods 

         This method describes the simultaneous staining of murine bone 
marrow low-density cells with cell surface markers such as lineage 
(CD3, CD4, CD45R, Ter119, and Gr1), Sca-1, and cKit to gate 
hematopoietic progenitor cells along with Hst and PY for cell cycle 
analysis. In order to measure the cell cycle status of progenitor cells 
across the samples, and if further live cell condition is not required, 

3.1  Cell Cycle 
Analysis of Murine 
Progenitor Cells Using 
Hst and PY (Fixation 
Involved)
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our experience is that fi xing the cells after cell surface staining 
followed by Hst/PY staining yields better results. If isolation of 
viable cells in different phases of cell cycle is required, see 
Subheading  3.2 .

    1.    In a sterile environment (e.g., biosafety cabinet) euthanize a 
6–10-week-old mouse ( see   Note 1 ).   

   2.    Collect all four limbs into heparin medium.   
   3.    Strip the bones of muscle and soft tissue using sterile gauze.   
   4.    Flush the bones thoroughly using 27 G, 1/2 in. needle with 

8–10 mL of heparin medium. To accomplish this, cut long 
bones in half keeping the epiphyses intact at the end of each 
half of the long bones. With sterile forceps, grab a piece of the 
cut bone and introduce the needle into the shaft of the bone 
aiming toward the epiphysis. Inject 1–2 mL of heparin medium 
into the bone while retracting and pushing the needle into the 
bone shaft. Make sure that the tip of the needle reaches the 
epiphysis to ensure that the epiphysis is thoroughly washed 
with the injected medium. If necessary, inject more medium to 
release the majority of the BM cells and eject them out of the 
bone shaft. A well-fl ushed bone will normally lose the red color 
of the BM and become almost translucent.   

   5.    Using Ficoll, separate the low-density BM cells from RBC and 
other cells contained in the BM ( see   Note 2 ). This is accom-
plished by layering fl ushed BM cells on top of Ficoll and cen-
trifuging the mix for 30 min at room temperature. Collect 
low-density (LD) cells at the interface of medium and Ficoll. 
Use repeated slow aspiration of the cells at interface to ensure 
the collection of all of the cells (for details on how to Ficoll BM 
cells please  see   Note 3 ).   

   6.    Place the cells into a 50 mL tube and fi ll the tube with heparin 
medium to dilute the Ficoll as much as possible.   

   7.    Centrifuge at 500 ×  g  for 10 min at 4 °C.   
   8.    Decant supernatant and resuspend the cells in stain wash buf-

fer at a concentration of 1.0–2.0 million cells per mL.   
   9.    Count the BM LD cells by differential trypan blue staining.   
   10.    As an example, we explain here what is required to measure the 

cell cycle status of mouse BM derived progenitor cells defi ned 
as Lineage-Sca1+ cKit + (LSK) cells ( see   Note 4 ). These cells 
are identifi ed by three sets of markers. Lineage markers (a 
cocktail of lineage-specifi c markers that identifi es differentiated 
hematopoietic cells within specifi ed cell lineages such as T cells 
(CD3, CD4, and CD8), B cells (B220), and myeloid cells 
(GR-1, Mac1, CD11b, CD14)), Sca-1, and cKit (CD117). 
The lineage marker cocktail can vary in composition, but it 
should at least cover the three lineages listed above.   

Cell Cycle Analysis of Stem Cells 
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   11.    For this combination, a total of seven tubes (six control tubes 
and one sample tube) are required.
   (a)    Isotype control tube.   
  (b)    Lineage only tube.   
  (c)    Sca-1 only tube.   
  (d)    cKit only tube.   
  (e)    Hst only tube.   
  (f)    PY only tube.   
  (g)    Sample tube with Lineage, Sca-1, cKit, Hst, and PY.       

   12.    Since cells become photosensitive while cell surface and  Hst/
PY staining, wrap all tubes containing cells in aluminum foil 
and work with the lights in the hood turned off.   

   13.    Using tubes compatible with the available fl ow cytometric 
equipment, prepare tubes with 5 × 10 5 –1 × 10 6  cells in each 
tube for one isotype control, fi ve single-color positive con-
trols, and a sample tube. The number of cells to be used in the 
sample tube depends on the degree of characterization of 
these cells and the fi nal size of the group of cells to be col-
lected. For regular phenotypic analyses 2–3 million cells 
should be enough.   

   14.    If desired, fl uorescence minus one (FMO) tubes can be added 
to this schema as appropriate. However, FMO tubes for Hst 
and PY are in general not very useful and do not necessarily aid 
in the identifi cation of positive events for each dye or in the 
analysis of cells in different phases of cell cycle.   

   15.    Fill these tubes with 3–4 mL of stain wash and centrifuge at 
500 ×  g  for 10 min at 4 °C.   

   16.    Decant the supernatant and vortex the pellet gently.   
   17.    Cells can be stained in 50 μL volume of stain wash.   
   18.    Add all the isotype control antibodies to tube a; add all the 

lineage antibodies to tube b (this cocktail can be designed to 
cover any combination required and all antibodies used should 
be conjugated to the same fl uorochrome to allow for the selec-
tion of negative cells based on the collective positive signal 
from all markers combined); add Sca-1 antibody to tube c; add 
CD117 antibody to tube d; add all the lineage markers plus 
Sca-1 and cKit to the sample tube (g). At this point, do not 
stain the cells in tubes e and f ( see   Note 5 ).   

   19.    Stain cells on ice for 15 min.   
   20.    Wash cells once with 3–4 mL of stain wash by centrifuging at 

500 ×  g  for 10 min at 4 °C.   
   21.    Decant supernatant and resuspend cells in 250 μL of BD 

Cytofi x/Cytoperm fi xative reagent.   
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   22.    Incubate the cells at 4 °C for 30 min.   
   23.    Centrifuge at 500 ×  g  for 10 min at 4 °C.   
   24.    Decant the supernatant (fi xative reagent) and vortex the pellet 

gently.   
   25.    Resuspend the cells in tubes a through d (Isotype and single 

color positive control tubes) in 300 μL of stain wash and keep 
them on ice until their analysis on fl ow cytometer.   

   26.    Proceed with Hst/PY staining on sample tube (tube #g), Hst 
only tube (tube #e), and PY only tube (tube #f).   

   27.    Resuspend the cells in these tubes in 3–4 mL of Hst buffer.   
   28.    Centrifuge at 500 ×  g  for 10 min at 4 °C.   
   29.    Decant the supernatant and vortex the pellet gently.   
   30.    Resuspend the cells by adding 0.5 mL of the Hst working 

solution to the sample tube and to the Hst only tube. Add 
0.5 mL of Hst buffer to the PY tube. If more than 1 × 10 6  cells 
are used in the sample tube, the amount of Hst has to be 
increased appropriately ( see   Note 6 ).   

   31.    Incubate in water bath at 37 °C for 45 min. Vortex the tubes 
gently every 15 min. during incubation.   

   32.    At the end of the 45 min incubation add 2.5 μL of PY working 
solution to the sample tube and to the PY only tube. Vortex 
the tubes gently every 15 min. during incubation. If more than 
1 × 10 6  cells are used in the sample tube, the amount of PY has 
to be increased appropriately. A good formula is to add 2.5 μL 
of PY working solution to every 0.5 mL of Hst working solu-
tion used.   

   33.    Incubate the cells for an additional 45 min at 37 °C in the 
water bath.   

   34.    Wash the cells with 3–4 mL of verapamil-containing Hst buffer 
by centrifuging at 500 ×  g  for 10 min at 4 °C.   

   35.    Decant the supernatant and resuspend the cells in 300 μL of 
verapamil-containing Hst buffer. Keep the tubes on ice until 
their analysis on a fl ow cytometer.   

   36.    Data acquisition: All tubes, except sample tube/s, are used as 
single color controls to adjust the auto-fl uorescence and com-
pensation that is required for any type of standard fl ow cytom-
etry. However, it is important to note that the Hst and PY 
signal must be collected with the PMT in linear mode. A fl ow 
cytometer providing 50 mW of UV light at a wave length of 
approximately 350 nm is required for the excitation of the Hst. 
PY can be excited by 100 mW of 488 nm light emitted from an 
argon laser. Other fl uorochromes that are used to gate on the 
progenitor cells such as PE-Cy7 can be excited by 488 nm laser 
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whereas APC and APC-Cy7 can be excited by 633 nm excita-
tion laser. PY, which has a  λ  max 552 nm, can be detected 
through a 575 ± 13 nm dichroic fi lter, and Hst can be detected 
through a 424 ± 22 nm dichroic fi lter. A typical dot plot of LSK 
cells concurrently stained with Hst and PY is shown in Fig.  1 .
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  Fig. 1    Analysis of mouse bone marrow low-density cells with Hst and PY. Low-density cells were collected 
on Ficoll-Paque, and then stained with APC-Cy7 conjugated Lineage markers (CD3, CD4, CD45R, Ter119, 
and Gr1), PE-Cy7 conjugated Sca-1, and APC conjugated cKit monoclonal antibodies. Stained cells were 
fi xed with BD Cytofi x/Cytoperm followed by Hst and PY staining as described in Subheading  3.1 . Dot plot 
( a ) represents light-scatter distribution of stained low-density BM cells. Gate R1 in ( a ) was established to 
contain live cells. Histogram ( b ) shows only live cells, and gate R2 represents the lineage negative cells. Dot 
plot ( c ) shows Sca-1 and cKit fl uorescence distribution of R1 and R2 gated lineage negative cells. Gate R3 
represents the double positive cells for Sca1 and cKit. Events contained within R3 were considered 
 Lin-Sca1+cKit+(LSK) cells. Events satisfying the selection criterion of R1, R2, and R3 were then analyzed for 
Hst and PY fl uorescence distribution simultaneously as shown in ( d ). Dot plot ( d ) depicts a typical two-
dimensional distribution of DNA ( X -axis) and RNA ( Y -axis) content. Gates R4, R5, R6, and R7 represent G0, 
G1, S, and G2–M cells, respectively       
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            This method describes the simultaneous staining of mouse BM 
cells with cell surface markers to gate on progenitor cells along 
with Hst for DNA staining, and CD71 to gate proliferating cells. 
This method is appropriate where isolation of live cells is required 
for further biological assays. Although the method described in 
Subheading  3.1  is recommended for analytical purposes, our expe-
rience is that PY is toxic to the cells. The majority of murine BM 
cells exposed to PY die within 96 h of staining making it very dif-
fi cult to accurately assess the number of cells used in a particular 
assay in vitro or transplanted in vivo for repopulating assays 
(BRC and EFS, personal observations). Therefore, replacing PY 
with CD71 can overcome this problem. However, we still employ 
Hst and PY method with human cells for both analytical and 
 functional studies ( see   Note 7 ).

    1.    Follow  steps 1 – 10  as described in Subheading  3.1 .   
   2.    Since cells become photosensitive during Hst and cell surface 

staining, wrap all tubes containing cells in aluminum foil and 
work with the lights in the hood turned off.   

   3.    Using tubes compatible with the available fl ow cytometric cell 
sorting equipment, prepare one tube with 5 × 10 5  to 1 × 10 6  
cells as an Hst only control tube. Fill this tube with 3–4 mL of 
Hst buffer.   

   4.    Prepare the second tube as sample tube with a suffi cient num-
ber of low-density BM cells to yield the required number of 
isolated populations. The number of cells to be used depends 
on the degree of characterization of these cells and the fi nal 
size of the group of cells to be selected and sorted. If more 
than 10 × 10 6  cells are used, they can be stained in 50 mL coni-
cal tube. Fill the sample tube with appropriate volume of Hst 
buffer.   

   5.    Centrifuge both tubes at 500 ×  g  for 10 min at 4 °C.   
   6.    Decant the supernatant and vortex the pellet gently.   
   7.    Resuspend the cells by adding 0.5 mL of the Hst working 

solution to the Hst only tube and to the sample tube. If more 
than 1 × 10 6  cells are used in sample tube, the amount of Hst 
has to be increased appropriately ( see   Note 6 ).   

   8.    Incubate in a water bath at 37 °C for 1.5 h. Vortex the tubes 
gently every 15 min. during incubation.   

   9.    Wash the cells with an appropriate volume of verapamil- 
containing Hst buffer by centrifuging at 500 ×  g  for 10 min 
at 4 °C.   

   10.    Decant the supernatant and resuspend the cells in Hst only 
tube with 300 μL of verapamil-containing Hst buffer and leave 
it on ice until analysis. Continue staining the sample tube with 
cell surface markers.   

3.2  Cell Cycle 
Analysis of Murine 
Progenitor Cells 
Using Hst and CD71 
(for Live Cells)
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   11.    Prepare another 5 tubes with 5 × 10 5  to 1 × 10 6  BM LD cells 
each as an isotype control tube, and four single-color positive 
controls. Fill these tubes with 3–4 mL of stain wash and centri-
fuge at 500 ×  g  for 10 min at 4 °C. Decant the supernatant and 
vortex the pellet gently.   

   12.    Cells can be stained in 50 μL volume of stain wash in case of 
control tubes, or Hst buffer in case of sample tube.   

   13.    Add all the isotype control antibodies to tube 1. Add all the 
lineage antibodies to tube 2 (this cocktail can be designed to 
cover any combination required and all antibodies used should 
be conjugated to the same fl uorochrome to allow for the 
 selection of negative cells based on the collective positive signal 
from all markers combined). Add the Sca-1 antibody to tube 3. 
Add the CD117 antibody to tube 4. Add CD71 antibody to 
tube 5. Add all the lineage marker, Sca-1, cKit, and CD71 to 
sample tube.   

   14.    Stain cells on ice for 15 min.   
   15.    Wash cells in control tubes with stain wash and resuspend in 

300 μL of stain wash. Wash cells in sample tube with verapamil- 
containing Hst buffer and resuspend in appropriate volume of 
verapamil-containing Hst buffer.   

   16.    Analyze or sort the cells on the fl ow cytometer. All single color 
control tubes are used to adjust the auto-fl uorescence and com-
pensation. It is important to note that the Hst signal must be 
collected with the PMT in linear mode. CD71 signal can be col-
lected on a log scale. A fl ow cytometer providing 50 mW of UV 
light at a wave length of approximately 350 nm is required for the 
excitation of the Hst. Other fl uorochromes such as PE or PE-Cy7 
can be excited by 488 nm laser where as APC or APC-Cy7 can 
be excited by 633 nm excitation laser. A typical dot plot of LSK 
cells stained with Hst and CD71 is shown in Fig.  2 .

4            Notes 

     1.    Although adult mouse BM cells are used to describe the pro-
cedure, the procedure is same for BM cells of any age.   

   2.    Ficolling the BM cells gives superior results to lysing the RBC 
with RBC lysis buffer. In the course of lysing, more cells may 
die and in general, dead cells interfere with cell surface and cell 
cycle staining.   

   3.    Ficolling: Suspend BM cells in 30 mL medium or PBS/tube in 
a 50 mL conical tube. Carefully underlay 13.5 mL Ficoll 
beneath the cell suspension by inserting a 10 mL pipette at the 
bottom of the tube and releasing the Ficoll slowly allowing it 
to settle below the cell suspension. Alternatively, the cell sus-
pension can be overlaid on top of the Ficoll. As mentioned 

Brahmananda Reddy Chitteti and Edward F. Srour



75

  Fig. 2    Analysis of mouse BM low-density cells with Hst and CD71. Low-density cells were stained with Hst as 
described in Subheading  3.2  followed by cell surface staining. Hst stained cells were stained with APC-Cy7 
conjugated Lineage markers (CD3, CD4, CD45R, Ter119, and Gr1), PE-Cy7 conjugated Sca-1, APC conjugated 
cKit, and PE conjugated CD71 monoclonal antibodies. Dot plot ( a ) represents light-scatter distribution of 
stained low-density BM cells. Gate R1 in ( a ) was established to contain live cells. Histogram ( b ) shows lineage 
expression of R1 gated cells. Gate R2 defi nes lineage negative cells. Dot plot ( c ) shows Sca-1 and cKit fl uo-
rescence distribution of R1 and R2 gated lineage negative cells. Gate R3 represents the double positive cells 
for Sca1 and cKit. Dot plot ( d ) depicts a typical two-dimensional fl uorescence distribution of R3 gated cells 
(LSK cells) depicting Hst and CD71-PE signals on the  X - and  Y -axis, respectively. Gate R4 contains CD71 nega-
tive or low cells which represent quiescent cells; whereas gate R5 contains CD71 high cells which represent 
proliferating or cycling cells. Cells in gate R6 represent S/G2+M cells based on their DNA content as deter-
mined by their Hst fl uorescence signal       

above, the volume of Ficoll required for a 50 mL conical tube 
is 13.5 mL and if the cells are layered in a 15 mL conical tube, 
then only 4 mL of Ficoll are used (delivered in a 5 mL pipette 
to avoid spilling). In general it is easier to underlay Ficoll in a 
50 mL tube and to overlay cells (on top of 4 mL Ficoll) in
a 15 mL tube.   
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   4.    The phenotype can be extended with several other markers 
with non-overlapping conjugated fl uorochromes (i.e., fi ve or 
six color analysis) depending on the confi guration of the fl ow 
cytometer.   

   5.    In order to avoid major compensation issues, if permitted, it 
is recommended to use the fl uorochromes with emission spec-
tra far from Hst and PY emission. In our studies, we use 
Lineage markers in Allophycocyanin-Cy7 (APC-Cy7), Sca1 in 
Phycoerythrin-Cy7 (PE-Cy7), and cKit in Allophycocyanin 
(APC).   

   6.    If the number of cells to be stained is more than 1.0 × 10 6  cells, 
the volume of Hst working solution has to be increased. A 
good formula to follow is to use 0.5 mL of Hst working solu-
tion for every 1.0 × 10 6  cells. Bigger tubes such as conical 
50 mL tubes can be used to accommodate larger number of 
cells. In the following steps, the volume of PY working solu-
tion has to be adjusted too if a larger volume of Hst is used in 
order to maintain the same fi nal concentration.   

   7.    Selected human CD34 +  cells derived either from BM or cord 
blood or mobilized peripheral blood can be stained with Hst 
and PY along with other cell surface markers. Human cells are 
more resistant to PY toxicity compared to murine cells. 
Therefore, sorted CD34 +  cells based on Hst/PY staining can 
be used for further functional studies including in vivo trans-
plantation into NSG mice. In order to do this, selected CD34 +  
cells along with appropriate single color control tubes as 
mentioned in Subheading  3.1  are washed once with Hst buf-
fer, then stained with Hst followed by PY at 37 °C in the dark 
for a total of 1.5 h as explained in  steps 30 – 34  in 
Subheading  3.1 . The stained cells are washed once with vera-
pamil-containing Hst buffer and resuspend in appropriate cell 
surface antibody cocktail mix. Stain for another 15 min on 
ice. Wash once with verapamil- containing Hst buffer and 
resuspend in appropriate volume of verapamil-containing Hst 
buffer for their analysis or sorting.         
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    Chapter 6   

 Flow Cytometric Analysis of Signaling 
and Apoptosis in Hematopoietic Stem Cells 

           Lei     Dong     and     Cheng-Kui     Qu    

    Abstract 

   The analysis of protein phosphorylation in hematopoietic stem cells (HSCs) provides a powerful tool for 
studying the cell signaling activities that mediate HSC fate decisions, such as self-renewal, differentiation, 
and apoptosis. The fi rst part of this chapter describes a method of intracellular staining for phosphorylated 
proteins in conjunction with membrane staining for multiple hematopoietic cell-surface markers, and sub-
sequent fl ow cytometric analysis of protein phosphorylation levels [indicated by mean fl uorescence inten-
sity (MFI) of specifi c fl uorochromed phospho-antibodies] in primitive hematopoietic cells. The second 
part describes a method for assessing the frequency of apoptosis in HSCs using extracellular staining with 
recombinant Annexin V and 7-Amino-Actinomycin (7-AAD). Both parts involve an initial magnetic 
enrichment of hematopoietic stem/progenitor cells from bone marrow. Because of the intracellular detec-
tion required for the HSC signaling assay, this assay also includes cell fi xation and permeabilization. Gating 
strategies for assessing MFI and the frequency of Annexin V +  apoptotic cells in a complex population are 
also described along with representative examples.  

  Key words     Hematopoietic stem cell  ,   Cell signaling  ,   Apoptosis  ,   Flow cytometry  

1      Introduction 

 Hematopoietic stem cells (HSCs) are a subset of rare precursor 
cells which are at the apex of a hierarchy of lineage-specifi c pro-
genitors that develop in a committed manner to fully mature blood 
cells. HSCs possess both self-renewal and differentiation capabili-
ties and the balance between self-renewal and differentiation must 
be fi nely tuned in order to maintain hematopoietic homeostasis 
[ 1 ]. In order to accomplish this homeostasis, HSCs receive con-
stant input from growth factors/cytokines, extracellular matrix 
components, and hormones from extracellular milieu. The intra-
cellular signaling pathways initiated from the receptors of these 
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factors enable the cells to integrate diverse signals to determine the 
fi nal outcome. Several evolutionarily conserved pathways, such as 
Erk, Akt, Jak/Stat, Wnt, Notch, TGFβ/SMAD, etc. regulate self- 
renewal, differentiation, proliferation, apoptosis, and senescence of 
HSCs [ 2 ]. Apoptosis is one of the physiological processes that also 
control HSC homeostasis [ 3 ]. The HSC compartment maintains 
suffi cient HSC numbers to sustain hematopoiesis, while avoiding 
inappropriate expansion. 

 Studies of HSC signaling determining the cell fate in physiol-
ogy and diseases often require quantitative assays to assess cell 
 signaling activities (e.g., phosphorylation levels of key signaling 
proteins) and the frequency of apoptosis in the rare HSC compart-
ment. Flow cytometry is an extremely powerful multiparameter 
method for analyzing phospho-specifi c epitopes that has many 
advantages over western blotting or ELISA [ 4 ]. A critical advan-
tage of phospho-epitope analysis by fl ow cytometry is the capabil-
ity to measure signaling events in a single cell. Another advantage 
of fl ow cytometry analysis is its ability to analyze specifi c cell sub-
sets, such as HSCs, within complex populations. It may also permit 
simultaneous analyses of intracellular parameters in multiple cell 
subsets, such as HSCs, common myeloid progenitors, common 
lymphoid progenitors, granulocyte and macrophage progenitors, 
and megakaryocyte erythroid progenitors. In addition, fl ow cyto-
metric data of phosphorylation levels of signaling proteins are easy 
to visualize and compare among samples. They are more informa-
tive than those obtained by western blotting, although some con-
siderations need to be addressed for this analysis ( see   Note 1 ). 
These assays will facilitate the studies of how genetic mutations, 
disease, or therapeutic manipulations impact HSC activities. 

 In this protocol, we present approaches that enable quantitation 
of phosphorylation levels of signaling proteins and apoptotic cells in 
the HSC population. In brief, we will enrich HSCs from bone mar-
row cells by removing differentiated cells with lineage cocktail anti-
bodies, combined with positive selection for markers known to be 
expressed on HSCs (Sca-1 +  and c-Kit + ) [ 5 ,  6 ]. This strategy selects 
a population of LSK (lineage − Sca-1 + c-Kit + ) cells that contains only 
~10 % long-term HSCs. To obtain highly pure HSCs, several addi-
tional selection strategies have been developed in  different labora-
tories [ 7 ]. In this protocol, we use the LSKCD150 + CD48 −  strategy 
from Morrison’s lab to identify HSCs [ 8 ]. Phosphorylation levels 
of signaling proteins and apoptotic cells in HSCs are then deter-
mined following phospho- epitope antibody intracellular staining 
and extracellular staining with recombinant Annexin V and 7-Amino-
Actinomycin (7-AAD), respectively.  
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2    Materials 

      1.    Tissue culture medium: Iscove’s modifi ed Eagle’s medium, 
2 % fetal bovine serum (FBS), 10 mM HEPES-HCL, pH 7.2–
7.5. Stored at 4 °C.   

   2.    Red blood cell (RBC) lysis buffer: Purchased from e- Bioscience, 
Inc. (San Diego, CA, USA).   

   3.    Phosphate-buffered saline (PBS): Purchased from HyClone 
laboratories, Inc. (Logan, UT, USA).   

   4.    Staining buffer: PBS supplemented with 2 % FBS. Stored 
at 4 °C.   

   5.    70 μm cell strainer: Purchased from BD Biosciences, Inc. 
(Bedford, MA, USA).   

   6.    Trypan blue: Purchased from GIBCO, Inc. (Carlsbad, CA, USA).   
   7.    MACS separation columns: Purchased from Miltenyi Biotec, 

Inc. (Auburn, CA, USA).   
   8.    All fl uorochrome-conjugated antibodies used in the signaling 

and apoptosis assays can be purchased from BD Biosciences, 
Inc. or e-Bioscience, Inc.      

      1.    Lineage cell depletion kit: Purchased from Miltenyi Biotec, 
Inc. (Cat. No. 130-090-858).

    (a)     Cocktail of biotin-conjugated monoclonal antibodies against 
CD5, CD45R (B220), CD11b, anti-Gr-1 (Ly-6G/C), 7-4, 
and Ter-119.   

   (b)    Anti-biotin microbeads.       
   2.    Lineage antibodies conjugated to biotin, such as anti-B220 

(Cat. No. 13-0452-75; Clone: RA3-6B2), anti-CD3 (Lot. No. 
E02344-1631; Clone: 145-2C11), anti-Gr1 (Cat. No. 
13-5931-75; Clone: RB6-8C5), anti-Mac1 (Cat. No. 13-0112- 
75; Clone: M1/70), and anti-Ter119 (Cat. No. 13-5921-75; 
Clone: TER-119): Purchased from e-Bioscience, Inc. (San 
Diego, CA, USA).   

   3.    eFluor 450-conjugated streptavidin: Purchased from e- Bioscience, 
Inc. (Cat. No. 48-4317-82).   

   4.    PE-cy7-conjugated anti-Sca-1: Purchased from BD Biosciences, 
Inc. (Cat. No. 558162; Clone: D7).   

   5.    APC-cy7-conjugated anti-c-Kit: Purchased from BD 
Biosciences, Inc. (Lot. No. E08461-1633; Clone: 2B8).   

   6.    APC-conjugated anti-CD150: Purchased from BD Biosciences, 
Inc. (Cat. No. 562373; Clone: TC15-12F12.2).   

   7.    PE-conjugated anti-CD48: Purchased from BD Biosciences, 
Inc. (Cat. No. 12-0481-82; Clone: HM48-1).      

2.1  Buffers 
and Reagents 
Required for Both 
the Signaling 
and Apoptosis Assays

2.2  Conjugated 
Antibodies Required 
for Both the Signaling 
and Apoptosis Assays
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      1.    FITC-conjugated anti-mouse IgG κ isotype control: Purchased 
from BD Biosciences, Inc. (San Diego, CA, USA) (Cat. No. 
556028).   

   2.    BD Cytofi x/Cytoperm: Purchased from BD Biosciences, Inc. 
(Cat. No. 51-2090KZ). Stored at 4 °C.   

   3.    BD perm/wash: Purchased from BD Biosciences, Inc. (Cat. 
No. 554723). Stored at 4 °C.   

   4.    FITC-conjugated anti-phospho-protein antibodies: In this 
protocol, we use Alexa-488-conjugated anti-phosphorylated 
Erk (p-Erk) as an example. p-p44/42 MAPK (T202/Y204) 
was purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA) (Lot. No. 26; Clone: E10).      

      1.    Annexin V-FITC. Purchased from BD Biosciences, Inc. (Cat. 
No. 5165875X).   

   2.    1× Annexin V-binding buffer: Diluted from 10× Annexin 
V-binding buffer. Purchased from BD Biosciences, Inc. (Cat. 
No. 51-66121E).   

   3.    7-AAD: Purchased from BD Bio sciences, Inc. (Cat. No. 
51-68981E).      

      1.    Flow cytometer: BD LSR II fl ow cytometer (BD Biosciences, 
Inc.).   

   2.    FlowJo software: Purchased from Treestar, Inc. (Ashland, OR, 
USA).       

3    Methods 

        1.    Isolate bone marrow cells from mouse femurs and tibias by 
fl ushing with 3 ml of tissue culture media ( see   Note 2 ).   

   2.    Prepare single cell suspension by passing through a 70 μm cell 
strainer and pellet cells at 300 ×  g  for 5 min at 4 °C.   

   3.    Aspirate supernatant and resuspend cell pellet in 2 ml of RBC 
lysis buffer.   

   4.    Mix well and leave the tube at room temperature (RT) for 
2 min and then dilute with 2 ml of cold PBS.   

   5.    Centrifuge at 300 ×  g  for 5 min at 4 °C.   
   6.    Decant supernatant and resuspend cell pellet in 5 ml of cold 

staining buffer.   
   7.    Count viable cells on a hemacytometer:
    (a)     Take 10 μl aliquot and add 30 μl of PBS in a microcentri-

fuge tube.   

2.3  Reagents 
for Intracellular 
Staining

2.4  Reagents 
for Apoptosis Analysis

2.5  Flow Cytometer

3.1  HSC Signaling 
Analysis by Flow 
Cytometry
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   (b)    Add 40 μl of trypan blue and mix well.   
   (c)     Take 10 μl of the mixture and load onto a hemacytometer, 

count cells, and determine cell concentration.       
   8.    Spin and resuspend cells in staining buffer at 1 × 10 7  cells/40 μl 

for lineage depletion.   
   9.    Add 10 μl of cocktail of biotin-conjugated monoclonal anti-

bodies [CD5, CD45R (B220), CD11b, anti-Gr-1 (Ly-6G/C), 
7-4, and Ter-119] per 10 7  cells.   

   10.    Mix well and incubate at 4 °C for 10–15 min.   
   11.    Add 30 μl of staining buffer per 10 7  cells.   
   12.    Add 20 μl of anti-biotin microbeads per 10 7  cells, mix well and 

incubate at 4 °C for additional 15 min.   
   13.    Wash cells by adding 1 ml of PBS and centrifuge at 300 ×  g  for 

5 min at 4 °C.   
   14.    Resuspend up to 10 8  cells in 500 μl of staining buffer for mag-

netic separation.   
   15.    For the MACS depletion step, follow the manufacturer’s 

instruction. In brief, run samples through a fresh PBS Pre-run 
MACS separation column, collect pass-through cells which are 
negatively labeled Lin −  rich fraction, and wash the column 
twice with staining buffer and collect pass-through cells. Count 
cell numbers for subsequent HSC and intracellular staining 
( see   Note 3 ).   

   16.    Pellet Lin −  rich cell fraction at 300 ×  g  for 5 min at 4 °C and 
count cell number as described in  step 7 .   

   17.    Resuspend cells in 40 μl of staining buffer. Proceed with cell 
surface staining for the HSC phenotypes of choice. For HSCs, 
perform the following surface staining ( see   Note 4 ):

    (a)     Repeat the lineage staining step by using lineage antibod-
ies conjugated to biotin (anti-B220, anti-CD3, anti-Gr1, 
anti- Mac1, and anti-Ter119) (0.25 μg antibody per 10 6  
cells). Stain at 4 °C for 15–20 min and then wash with 
1 ml of cold PBS. Pellet cells at 300 ×  g  for 5 min at 4 °C 
and remove supernatant.   

   (b)     Resuspend the cells in 40 μl of staining buffer containing 
anti-biotin-eFlour 450, Sca-1-PE-cy7, c-Kit-APC-cy7, 
CD48-PE, and CD150-APC (0.5 μg antibody per 10 6  
cells). Stain at 4 °C for 15–20 min in the dark ( see   Note 5 ).    

      18.    Add 1 ml of cold PBS, mix, and pellet cells at 300 ×  g  for 5 min 
at 4 °C.   

   19.    Add 200 μl of BD Cytofi x/Cytoperm to cell pellets and resus-
pend cells. Incubate at RT for 30 min in the dark on an orbital 
shaker ( see   Note 6 ).   

Flow Cytometric Analysis of Signaling and Apoptosis in Hematopoietic Stem Cells
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   20.    Wash cells with 1 ml 1× BD perm/wash and centrifuge at 
300 ×  g  for 5 min.   

   21.    Resuspend cells in 50 μl of BD perm/wash containing 0.5 μg 
of FITC labeled phospho-protein antibody, for example, 
p-Erk-Alex-488 (0.5 μg per 10 6  cells). Mix and incubate at RT 
for 1 h in the dark ( see   Note 7 ).   

   22.    Wash cells with 1 ml of BD perm/wash, pellet cells at 300 ×  g  
for 5 min at 4 °C.   

   23.    Resuspend cells in 300 μl PBS/tube. Analyze samples on BD 
LSR II. Collect 100–1,000 HSC events per staining.      

      1.    Collect bone marrow cells and perform lineage depletion as 
described in Subheading  3.1.1–3.1.17  ( see   Note 8 ).   

   2.    Add 1 ml of PBS, mix, and pellet cells at 300 ×  g  for 5 min at 
4 °C.   

   3.    Resuspend the cell pellet in 1× binding buffer at the concentra-
tion of 1 × 10 6  cells/50 μl.   

   4.    Add 5 μl of Annexin V-FITC and 5 μl of 7-AAD, gently vortex 
cells, and incubate at RT for 15 min in the dark ( see   Note 9 ).   

   5.    Add additional 400 μl of 1× binding buffer to each tube. 
Analyze samples on BD LSR II within 1 h. Collect 100–1,000 
HSC events per staining.      

      1.    After collecting raw data on a fl ow cytometer, apply non- 
rectangular gate ( see  Fig. 1a , Gate 1) based on forward and side 
scatter parameters. This gate excludes cell debris and unusually 
large cells.

       2.    Apply a rectangular Lin −  gate analogous to that shown in 
Fig.  1a  (Gate 2). This gate excludes the fraction of Lin +  cells 
which passed through the lineage depletion column.   

   3.    Apply a rectangular c-Kit + Sca-1 +  gate analogous to that shown 
in Fig.  1a  (Gate 3). This gate captures the fraction of LSK cells.   

   4.    Apply a quad gate analogous to that shown in Fig.  1a  (Gate 4). 
This gate captures the HSC (Lin − c-Kit + Sca- 1  + CD150 + CD48 − ) 
population [ 9 ].   

   5.    Select the HSC population and use histogram to show mean 
fl uorescence intensity (MFI) of phospho antibody (for example, 
anti-phospho- Erk-Alex-488) staining. Combine this and isotype 
control as shown in Fig.  1b  ( see   Note 6 ).   

   6.    Select the HSC population and apply a quad gate analogous to 
that shown in Fig.  1c  to estimate the proportion of Annexin 
V + /7-AAD −  early apoptotic and Annexin V + /7-AAD +  late 
apoptotic cells.       

3.2  Annexin V 
Staining to Measure 
Apoptosis in HSCs 
by Flow Cytometry

3.3  Gating Strategies 
for Flow Cytometric 
Analyses of HSC 
Signaling 
and Apoptosis
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4    Notes 

     1.    Some considerations need to be addressed for protein phos-
phorylation analysis by fl ow cytometry.

    (a)     Antigen accessibility: Unlike surface proteins, phospho- 
epitopes are often buried by protein–protein interactions. 
Experimental evidence suggests that with proper permea-
bilization reagents, most antigens can be measured 
 effi ciently. For staining certain phosphoproteins, stronger 
permeabilization reagents, such as methanol, may be 
required.   

   (b)     Stability of phospho-epitopes: Because of the transient 
nature of intracellular signaling events, fi xation techniques 
used for protein phosphorylation analyses must be rapid 
and effi cient in freezing signaling to prevent dephosphory-
lation or further phosphorylation.   
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  Fig. 1    Gating scheme for assessing Erk phosphorylation levels and apoptosis in the hematopoietic stem cell 
(HSC) compartment. ( a ) Sequence of electronic gates applied to the fl ow data collected from wild-type bone 
marrow cells following magnetic depletion of lineage positive (Lin + ) cells and HSC surface marker staining as 
described in Subheading  3.1 . The percentage shown in each plot represents the fraction of events that fall 
within the indicated gate. FlowJo7.6.1 software was used to analyze the collected events. This example shows 
gating strategies for assessing Erk activities and apoptotic cells in phenotypic (LSKCD150+CD48−) HSCs.  (b)  
Mean fl uorescence intensity of phosphorylated Erk in the HSC population.  Gray line  indicates the isotype con-
trol.  (c)   Dot plots  showing the frequency of apoptosis (Annexin V + 7-AAD −  early apoptotic cells and Annexin 
V + 7-AAD +  late apoptotic cells) in HSCs       
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   (c)     Antibody selection: Phospho-specifi c fl ow cytometry 
requires careful selection and screening of antibodies to 
stain the antigen of interest. Successful analyses of protein 
phosphorylation may also need you preceding each step 
carefully to reduce loss of proportion of starting cells post 
fi xation/permeabilization and washing steps.       

   2.    Harvest of tissues: To obtain bone marrow cells from leg bones, 
we fl ush the marrow out of bones with a 3-cc needle and syringe. 
You can also obtain the marrow from arm bones by fl ushing or 
from vertebral columns by crushing with a mortar and pestle.   

   3.    After lineage cell depletion, we typically obtain 1–3 × 10 6  Lin −  
rich cells per mouse from tibias and femurs. Each sample uses 
the same number of cells for the following HSC staining and 
intracellular staining in order to get better results.   

   4.    For multicolor fl ow cytometric analyses, calibration of a fl ow 
cytometer and compensation for spectral overlap are always 
necessary.

    (a)     Calibration of instrument’s response to fl uorescence 
 signal: Calibrate the fl ow cytometer by using a series of 
beads with at least four different predefi ned levels of fl uo-
rescence intensity values of fl uorescent microbeads to 
 distinguish positive from negative cells in immunopheno-
typing assays.   

   (b)     Setting electronic compensation for spectral overlap (color 
compensation): accurate compensation can be achieved by 
staining a control sample containing mutually exclusive 
populations of the same fl uorochrome as used in experi-
mental samples, and by processing the control sample in 
the same way to experimental samples.       

   5.    It is important to use an antibody of the same clone for each 
sample and in all experiments to produce reproducible results. 
After staining, it is important to keep samples in the dark in 
order to protect fl uorescence.   

   6.    The speed of the orbital shaker can set at 400–600 rpm. Gentle 
agitation is advised to avoid cell clumping during fi xation.   

   7.    It is important to include a sample for isotype control staining. 
When compared with the isotype control, protein phosphory-
lation levels defi ned by MFI of the samples should exceed MFI 
of the isotype control.   

   8.    The RBC lysis step can be skipped in order to get better results 
in measuring apoptosis in HSCs.   

   9.    Annexin V is used to quantitatively determine the percentage 
of the cells that are actively undergoing apoptosis. In apoptotic 
cells, the membrane phospholipid phosphatidylserine is trans-
located from the inner leafl et to the outer leafl et of the plasma 
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membrane. 7-AAD is a standard viability probe for distinguish-
ing viable from nonviable cells. Viable cells with intact mem-
branes exclude 7-AAD, whereas damaged membranes are 
permeable to 7-AAD.         
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    Chapter 7   

 Gene Expression Profi ling of Hematopoietic 
Stem Cells (HSCs) 

           Nalini     Raghavachari    

    Abstract 

   Transcriptomic analysis to decipher the molecular phenotype of hematopoietic stem cells, regulatory 
mechanisms directing their life cycle, and the molecular signals mediating proliferation, mobilization, 
migration, and differentiation is believed to unravel disease-specifi c disturbances in hematological diseases 
and assist in the development of novel cell-based clinical therapies in this era of genomic medicine. The 
recent advent in genomic tools and technologies is now enabling the study of such comprehensive tran-
scriptional characterization of cell types in a robust and successful manner. This chapter describes detailed 
protocols for isolating RNA from purifi ed population of hematopoietic cells and gene expression profi ling 
of those purifi ed cells using both microarrays (Affymetrix) and RNA-Seq technology (Illumina Platform).  

  Key words     HSC  ,   mRNA  ,   Gene expression profi ling  ,   Transcriptome  ,   Microarrays  ,   Next-generation 
sequencing  ,   RNA-seq  

1      Introduction 

 Recent developments in stem cell biology have generated much 
excitement about the potential for regenerative medicine and cell-
based therapies in a variety of clinical applications, such as treating 
Parkinson’s disease, leukemia, lymphoma, and spinal cord injuries 
[ 1 – 8 ]. Crucial to the success of these applications is the detailed 
understanding of how the cells remain stem cells and the cues that 
they require to differentiate and commit themselves to specifi c cell 
fates. Given that hematopoietic stem cells are a particularly interest-
ing class of stem cells with a well-characterized cellular differentia-
tion system, a number of studies have recently been undertaken to 
decipher their genetic program both in culture and in vivo [ 9 – 12 ]. 

 Hematopoiesis is the term applied to the myriad processes 
wherein all the different cell lineages that form the blood 
and immune system are generated from a common pluripotent 
stem cell [ 12 ,  13 ]. The defi nitive hematopoietic system produces 
all adult blood cell types including erythrocytes and cells of the 
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myeloid and lymphoid lineages. A complex interplay between 
the intrinsic genetic processes of hematopoietic cells and their 
environment including the effects of specifi c cytokines such as 
interleukins and granulocyte/monocyte-stimulating factors deter-
mines whether stem cells, lineage-specifi ed progenitors, and mature 
blood cells self-renew, remain quiescent, proliferate, differentiate, 
or undergo apoptosis [ 13 ,  14 ]. Catastrophic consequences to 
aberrant hematopoiesis have been described in diseases such as leu-
kemia and lymphoma [ 13 – 16 ]. Hence, understanding the nature 
of the hematopoietic stem cells, as well as the molecular process by 
which these cells acquire their specifi c cell fate, is crucial for under-
standing disease pathogenesis and for the success of cell-based 
therapies. To sustain lifelong hematopoiesis, HSCs must self-renew 
to maintain or expand the HSC pool and must differentiate to 
form committed hematopoietic progenitor cells (HPCs) that pro-
gressively lose self-renewal potential and become increasingly 
restricted in their lineage potential. A combination of extrinsic and 
intrinsic signals is thought to converge to regulate HSC differen-
tiation versus self-renewal decisions. Hematopoietic differentiation 
is known to be strictly regulated by complex network of transcrip-
tion factors that are controlled by ligand binding to cell surface 
receptors [ 13 – 20 ]. 

 HSCs can be isolated from bone marrow or peripheral blood 
using enrichment (magnetic cell separation—MACS) and/or sin-
gle-cell sorting (fl uorescence-activated cell sorting—FACS) based 
on cell surface markers and/or vital dye staining [ 21 ,  22 ]. The 
HSC has served as the paradigm for adult stem cell populations by 
virtue of a well-defi ned differentiation cascade with distinct inter-
mediaries connecting the differentiation of LT-HSCs into mature, 
functional hematopoietic cells. Each of the cell stages of HSC 
 differentiation can be purifi ed from the bone marrow or the periph-
eral blood using characteristic cell surface markers to facilitate the 
study of hematopoietic biology [ 23 – 28 ]. 

 The transcriptome, the entire repertoire of transcripts in a spe-
cies, represents a key link between information encoded in DNA 
and phenotype of a cell/organ. The molecular phenotype of stem 
cells, the regulatory mechanisms directing their mode of living, 
and the molecular signals mediating mobilization, migration, and 
differentiation are only partially understood [ 29 – 31 ]. From a clini-
cal standpoint, deciphering the pattern of gene expression during 
hematopoiesis may help unravel disease-specifi c mechanisms in 
hematopoietic malignancies. As the phenotype of any given cell is 
ultimately the product of the genes, it is critical to identify gene 
expression patterns during lineage-specifi c differentiation of stem 
cells. It is also believed that an important source of diversity in the 
transcriptome of differentiated cells is due to the splicing process in 
multi-exon genes [ 32 ]. Alternative splicing is thought to regulate 
differentiation through coordination of gene networks where each 
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network coordinates a different cell function [ 12 ,  33 ,  34 ]. 
 In the recent past, gene expression profi ling has developed 

into a robust and standardized profi ling technology that allows a 
direct translation from comprehensive gene expression analysis to 
biological interpretation of a system. The tools for gene expression 
profi ling have been available for years, as Northern blots, reverse-
transcription PCR (RT-PCR), expressed sequence tags (ESTs), 
and serial analysis of gene expression (SAGE). But the rapid and 
high-throughput quantifi cation of the expressed genes became a 
possibility only with the development of gene expression microar-
rays. In this regard, high-density human Exon 1.0 ST arrays with 
1.2 million probe sets that aim to target every known and pre-
dicted exon in the entire genome have been successfully employed 
in many clinical investigations to obtain gene expression profi les 
and associated alternative splicing events in disease processes [ 35 ]. 
Despite the success of most of the microarray studies in biomarker 
discovery, inherent limitations on the dynamic range of arrays and 
the lack of complete coverage for detecting alternative splicing 
events have constrained the application of the technology [ 35 ]. 

 The recent advent of next-generation sequencing (NGS) tech-
nologies for direct sequencing of the transcriptional output of the 
genome is now enabling the complete transcriptional characteriza-
tion of all the cells of an organism. RNA sequencing (RNA-seq) 
leverages the capacity of NGS technology to representatively sam-
ple a population of RNA templates with a large number of “reads” 
or parallel reactions on discrete template [ 36 – 38 ]. RNA-seq 
involves direct sequencing of complementary DNAs (cDNAs) 
using high-throughput NGS technologies, followed by mapping 
of the sequencing reads to the reference genome or the gene sets 
for gene expression analysis and polymorphism detection. The 
advantages of RNA-seq include generation of digital information 
of individual annotated genes with literally unlimited dynamic 
range and ability to comprehensively detect novel transcripts and 
mRNA variants resulting from alternative promoter usages, splice 
sites, and polyadenylation [ 39 ,  40 ]. However, the technology also 
brings with it new issues to resolve such as the requirement of large 
amounts of starting material, cumbersome library preparation, and 
novel systematic biases during sample preparation and sequencing 
which must be accounted for when analyzing the data [ 41 ,  42 ]. 

 The choice of using either of the platforms really depends 
on multiple factors at this point including both strategy and costs. 
A major advantage of RNA-seq relative to microarray technology 
is that sequencing generates data free from any bias of what may 
or may not be represented with specifi c probes on any given com-
mercial microarray. Nonetheless, these two technologies are in 
such constant evolution that it is not possible yet to conclude 
which of these two approaches to expression profi ling is the best. 
In addition, selection of an appropriate tool for genomic studies is 
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mostly driven by the biological question underlying the study: 
whether a hypothesis is being tested or the study is conducted 
purely to obtain deeper coverage of the transcriptome and to dis-
cover novel transcripts. There is an emerging approach to apply 
both RNA-seq and arrays in combination where RNA-seq is fi rst 
conducted to uncover all the transcriptome elements associated 
with the disease in question followed by high throughput and reli-
able screening of these elements on a large sample size using the 
arrays. Integrating data from both microarray and RNA-seq exper-
iments may open up new possibilities for creating meaningful 
informational networks which will aid our understanding of disease 
pathology and development of novel therapeutics. 

 This chapter describes detailed protocols for isolating RNA 
from cells purifi ed by FACS or MACS, gene expression profi ling 
using both microarrays (Affymetrix), and RNA-Seq technology 
(Illumina Platform).  

2    Materials 

      1.    RNeasy Mini Kit (Qiagen).   
   2.    RNAqueous Micro Kit (Ambion).   
   3.    Buffer RLT (lysis buffer) contains guanidine isothiocyanate 

(Qiagen)—use appropriate safety measures when handling.   
   4.    Buffer RW1 (wash buffer) contains guanidine isothiocyanate 

and alcohol (Qiagen)—use appropriate safety measures when 
handling.   

   5.    Buffer RPE (wash buffer) supplied as a concentrate (Qiagen): 
Before using for the fi rst time, add ethanol (90–100 %) as indi-
cated on the bottle to obtain a working solution.   

   6.    RNeasy mini columns (Qiagen).   
   7.    Collection tubes for elution.   
   8.    14.3 M β-Mercaptoethanol (β-ME).   
   9.    Ethanol (96–100 %).   
   10.    Ethanol (70 % in water).   
   11.    RNase-Free DNase Set (Qiagen).   
   12.    Agilent 2100 Bioanalyzer.   
   13.    Nanodrop ND-1000 Spectrophotometer.      

      1.    Affymetrix Gene Chips—Exon 1.0 ST arrays or Human 
Transcriptome Array 2.0 or comparable arrays according to the 
cells from species other than humans.   

   2.    GeneChip Eukaryotic Hybridization Control Kit.   
   3.    Affymetrix WT Labeling and Controls Kit (Affymetrix).   

2.1  RNA Isolation

2.2  Microarrays
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   4.    Affymetrix HT HWS Kit for GeneTitan and WT Array Plates.   
   5.    2× Hybridization buffer: 200 mM MES, 2 M [Na+], 40 mM 

EDTA, 0.02 % Tween-20.   
   6.    Hybridization Oven 640.   
   7.    Affymetrix Fluidics Station 400 or 450/250.   
   8.    Wash buffer A: Non-stringent wash buffer: 6× SSPE, 0.01 % 

Tween-20.   
   9.    Wash buffer B: Stringent wash buffer: 100 mM MES, 0.1 M 

[Na+], 0.01 % Tween-20.   
   10.    2× Stain buffer: 200 mM MES, 2 M [Na+], 0.1 % Tween-20.   
   11.    Affymetrix GeneChip ®  Scanner 3000 or Agilent GeneArray ®  

Scanner.      

       1.    TruSeq Stranded Sample Preparation Kit—provides all 
reagents, enzymes, barcoded adapters, and beads for library 
preparation.   

   2.    Agencourt AMPure XP Beads (Beckman Coulter Genomics).   
   3.    Ethanol for bead purifi cations.   
   4.    Magnetic separation stand (Invitrogen™, Life Technologies).   
   5.    Qubit Fluorometer 2.0 (Invitrogen™, Life Technologies).   
   6.    96-well thermal cycler with heated lid.   
   7.    Agilent 2100 Bioanalyzer (Agilent Technologies).   
   8.    MicroSeal 96 well PCR plates and adhesive seals (Bio-Rad).   
   9.    Certifi ed low-range agarose.   
   10.    Illumina Cluster Kit (Illumina, Inc.).   
   11.    Illumina Cbot.   
   12.    Illumina HiSeq 2000/2500.        

3    Methods 

  Many RNA purifi cation methods have been developed, but not all 
yield RNA that is suitable for gene expression analysis. It is highly 
critical to prepare a good-quality RNA as starting material for repro-
ducible results from both microarrays and RNA-seq ( see   Note 1 ). 
Figure  1  illustrates good-quality RNA. Moreover, specifi c types of 
biological specimens may require specifi c treatments and purifi cation 
protocols to yield top-quality RNA. This section describes methods 
that have been optimized in our laboratory for RNA purifi cation 
from cells.

2.3  RNA-Seq

2.3.1  Preparation 
of Sequencing Libraries 
from Total RNA (100 ng 
to 3 μg)

3.1  Preparation 
of Total RNA
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        1.    Loosen cell pellet thoroughly by fl icking the tube. Add 700 μl 
of buffer RLT plus β-ME per column to lyse the cells (5 × 10 6  
to 3 × 5 × 10 7 /column).   

   2.    Homogenize cells by passing the cell suspension in QIAshredder 
column at max speed for 2 min. The lysate can be stored at 
−80 °C until further use if the extraction is not going to be 
performed immediately.      

  All centrifugations need to be done in microcentrifuge.

    1.    Add 44 μl of 100 % EtOH to buffer RPE.   
   2.    Make up 70 % EtOH in DEPC water.   
   3.    If lysate was frozen in RLT, thaw in 37 °C water bath for 

20 min (RLT precipitates when frozen and thawed).   
   4.    If there are precipitates, spin at 5,000 ×  g  for 5 min and collect 

supernatant.   
   5.    Add an equal volume of 70 % EtOH to the homogenized 

lysate. Mix well by pipetting.   
   6.    Apply up to 700 μl of sample to RNeasy mini spin column.   
   7.    Centrifuge for 30 s at >8,000 ×  g . Discard fl ow-through.   
   8.    Repeat with the remainder of the sample. For higher yields try 

passing fl ow-thru a second time over the column.   

3.1.1  Preparation 
of Lysate from Cell Pellets 
from Cultured Cells

3.1.2  Purifi cation of Total 
RNA with DNase Digestion 
from Purifi ed Cells 
(>100,000)

  Fig. 1       Example of a good-quality total RNA.  X -axis shows in bases ( nt  nucleotides).  Y -axis shows relative fl uo-
rescent units. The peak at approximately 25 nt is a size marker. The larger peaks near 1,700 and 4,000 nt 
show the two major ribosomal RNA transcripts       
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   9.    Add 350 μl of buffer RW1 onto the mini spin column.   
   10.    Centrifuge for 30 s at >8,000 ×  g . Discard fl ow-thru.   
   11.    The kit protocol may say that DNAse treatment is optional, 

but it is important to remove even traces of DNA ( see   Note 2 ). 
Add 10 μl DNAse I stock solution to 70 μl buffer RDD.   

   12.    Mix gently by inverting. Do not vortex.   
   13.    Pipette this 80 μl mix onto the spin column and leave at room 

temperature for 15 min.   
   14.    Add 350 μl RW1 onto spin column.   
   15.    Centrifuge for 30 s at 8,000 ×  g . Discard fl ow-through.   
   16.    Add 500 μl buffer RPE onto the mini spin column.   
   17.    Centrifuge for 30 s at 8,000 ×  g . Discard fl ow-through.   
   18.    Add 500 μl buffer RPE on the mini spin column.   
   19.    Centrifuge for 2 min at 12,000 ×  g . Discard fl ow-through.   
   20.    Dry spin the mini column.   
   21.    Centrifuge at 12,000 ×  g  for 1 min.   
   22.    Transfer RNeasy column into a new 1.5 ml collection tube.   
   23.    To elute, transfer RNeasy spin column to a new collection 

tube. Pipette 20 μl of RNase-free water directly onto the col-
umn membrane. Close the tube lightly, let it stand for 1 min, 
and spin for 1 min.   

   24.    Add another 20 μl of RNase-free water, and spin for 1 min. To 
obtain a higher total RNA concentration, this second elution 
step may be performed by using the fi rst eluate. The yield might 
be 15–30 % less than the yield obtained using a second volume 
of RNase-free water, but the fi nal concentration will be higher.   

   25.    Mix and transfer the eluted RNA to a sterile 1.5 ml microcen-
trifuge tube.   

   26.    Quantitate and store RNA at −80 °C.   
   27.    RNA should be snap frozen and stored at −80 °C or over liq-

uid nitrogen in a freezer. Keep on ice when pulled out to use.      

  To isolate total RNA from micro-sized samples, such as fl ow-sorted 
cells or MACS or other procedures that yield only a few hundred 
cells, Ambion’s RNAqueous-Micro Kit can be used. This kit 
employs a guanidinium-based lysis/denaturant as well as glass fi ber 
fi lter separation technology. DNA-free™ DNA removal reagents 
are included in this kit, making the isolated RNA suitable for most 
downstream applications.

    1.    Prepare a cell lysate with 100 μl cell lysis buffer provided in the 
kit. For a standard prep of 100 μl of lysate, add 50 μl of 100 % 
ethanol, and vortex briefl y but thoroughly. If desired, centrifuge 
the tube briefl y to collect the sample at the bottom of the tube.   

3.1.3  Isolation of Total 
RNA from Flow-Sorted 
Cells (<100,000)
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   2.    Pass the lysate/ethanol mixture through a micro fi lter  cartridge 
assembly using 150 μl at a time, and close the cap. Centrifuge 
for ~10 s at maximum speed or until all of the mixture has 
passed through the fi lter. For lysate/ethanol mixtures >150 μl, 
load and fi lter the fi rst 150 μl, and then repeat with additional 
aliquots until the entire sample has passed through the fi lter. 
The collection tube has a capacity of ~700 μl when assembled 
with a micro fi lter cartridge. The RNA is now bound to the 
fi lter in the micro fi lter cartridge. 
  Note : All centrifugation in the following steps should be done 
in a microcentrifuge at 10,000–12,000 ×  g .   

   3.    Wash the fi lter with 180 μl wash solution 1. Open the micro 
fi lter cartridge, add 180 μl of wash solution 1 (working solu-
tion mixed with ethanol) to the fi lter, and close the cap. 
Centrifuge for ~10 s to pass the solution through the fi lter.   

   4.    Wash the fi lter with 2 × 180 μl wash solution 2/3. Open the 
micro fi lter cartridge, add 180 μl of wash solution 2/3 (work-
ing solution mixed with ethanol) to the fi lter, and close the 
cap. Centrifuge for ~10 s to pass the solution through the fi lter. 
Repeat with a second 180 μl aliquot of wash solution 2/3.   

   5.    Discard the fl ow-through, and centrifuge the fi lter for 1 min at 
max speed. Open the micro fi lter cartridge assembly, remove the 
fi lter cartridge from the collection tube, and pour out the fl ow-
through. Replace the micro fi lter cartridge into the same collec-
tion tube, close the cap, and centrifuge at maximum speed for 
1 min to remove residual fl uid and dry the fi lter.   

   6.    Elute the RNA into a micro elution tube with 2 × 5–10 μl pre-
heated elution solution. Label a micro elution tube (1.5 ml 
tubes provided with the kit), and transfer the micro fi lter car-
tridge into it. Apply 5–10 μl of elution solution, preheated to 
75 °C, to the center of the fi lter. Close the cap, and store the 
assembly for 1 min at room temperature. Centrifuge the assem-
bly for ~30 s to elute the RNA from the fi lter. Repeat with a 
second 5–10 μl aliquot of preheated elution solution, collect-
ing the eluate in the same micro elution tube. 
  Note : The exact volume of elution solution used is not critical 
and may be increased if desired. In general, ~75–85 % of the 
RNA will be recovered from samples derived from up to 
2 × 5 μl of elution solution, and ≥85 % will be recovered using 
2 × 10 μl of elution solution.   

   7.    Add 1/10 volume of 10× DNase I buffer and 1 μl of DNase 
I. Add 1/10 volume 10× DNase I buffer (e.g., 2 μl for RNA 
eluted in 20 μl) and 1 μl of DNase I (provided with the kit) to 
the sample, and mix gently but thoroughly.   

   8.    Incubate for 20 min at 37 °C. Incubate the DNase reaction for 
20 min at 37 °C. Remove the DNase inactivation reagent from 
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−20 °C, and allow it to thaw at room temperature during this 
incubation.   

   9.    Add 2 μl or 1/10 volume DNase inactivation reagent, mix 
well, and leave at room temp for 2 min. Vortex the DNase 
inactivation reagent vigorously to completely resuspend the 
slurry. Use 2 μl or 1/10 volume DNase inactivation reagent, 
whichever is greater. For example, if the RNA volume is 50 μl, 
and 1 μl DNase I and 5 μl of DNase buffer were used in 
 step 1 , add 5.6 μl of DNase inactivation reagent.   

   10.    Store the reaction at room temperature for 2 min, vortexing 
once during this interval to disperse the DNase inactivation 
reagent.   

   11.    Pellet the DNase inactivation reagent, and transfer the RNA to 
a fresh tube. Centrifuge the reaction for 1.5 min at maximum 
speed to pellet the DNase inactivation reagent. Transfer the 
RNA to a fresh RNase-free tube (not supplied with the kit) and 
store at −80 °C.       

   The WT Expression Kit is designed to generate amplifi ed sense-
strand cDNA ready for fragmentation and labeling using the 
Affymetrix GeneChip WT Terminal Labeling Kit. The WT 
Expression Kit uses a reverse transcription priming method that 
specifi cally primes non-ribosomal RNA from your sample. This is 
important because otherwise ribosomal RNA is so abundant in all 
cells that it would interfere with detection of mRNAs in the sam-
ple. The cDNA is then in vitro transcribed (IVT) to amplify the 
target, and fi nally the RNA generated in the IVT reaction is copied 
back into cDNA with dUTP incorporated for the downstream 
fragmentation and hybridization steps. It is essential to get updates 
from the manufacturer on the latest methods that can be used for 
improvement in the labeling process ( see   Notes 3  and  4 ).

    1.    First-strand synthesis—Prepare fi rst-strand master mix as fol-
lows for a single reaction on ice. Adjust as needed for multiple 
reactions.

 First-strand buffer mix  4 μl 

 First-strand enzyme mix  1 μl 

 Total  5 μl 

       2.    Add 5 μl of total RNA/poly-A RNA control mix (20–50 ng 
T.RNA) to the appropriate tube for a total volume of 10 μl. 
Mix well by pipetting.   

   3.    Incubate in a thermal cycler using the following program: 
 Note : Use heated lid: 
 25 °C 1 h; 42 °C 1 h; and 4 °C hold (hold for at least 2 min).   

3.2  Gene Expression 
Profi ling Using 
Microarrays

3.2.1  Preparation 
of Labeled Targets 
from Total RNA 
for Hybridization onto Gene 
Chips
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   4.    Second-strand cDNA synthesis: Prepare second-strand master 
mix on ice as follows for a single reaction. Adjust as needed for 
multiple reactions.

 Nuclease-free H 2 O  32.5 μl 

 Second-strand buffer mix  12.5 μl 

 Second-strand enzyme mix   5 μl 

 Total  50 μl 

       5.    Transfer 50 μl of second-strand master mix to each sample for 
a total volume of 60 μl. Mix by pipetting.   

   6.    Incubate in a thermal cycler using the following program: 
 Note : Do not use the heated lid: 
 16 °C 1 h; 65 °C 10 min; and 4 °C hold (hold for at least 
2 min).   

   7.    Transfer sample to ice, and immediately proceed to cRNA 
synthesis.   

   8.    In vitro transcription—synthesis of antisense cRNA. 
 Prepare IVT master mix at RT as follows for a single reaction. 
Adjust as needed for multiple reactions:

 IVT buffer mix  24 μl 

 IVT enzyme mix   6 μl 

 Total  30 μl 

       9.    Transfer 30 μl of IVT master mix to each cDNA sample for a 
total of 90 μl. Mix well by pipetting.   

   10.    Incubate in a thermal cycler using the following program: 
 Note : Use heated lid: 
 40 °C 16 h and 4 °C hold overnight. 
  Note : Samples may be stored at −20 °C overnight before pro-
ceeding to cRNA purifi cation. 
 Prepare the following reagents before starting the purifi cation 
process.   

   11.    Preheat elution solution to between 50 and 58 °C for at least 
10 min.   

   12.    Add 100 % EtOH to the nucleic acid wash solution 
concentrate. 
 Make sure that the nucleic acid-binding buffer concentrate is 
completely dissolved. Warm solution to <50 °C until solubi-
lized if necessary. Vortex the nucleic acid-binding beads vigor-
ously before use ensuring full dispersion.   

   13.    Prepare the cRNA-binding mix as follows for a single reaction. 
Adjust volume as needed for multiple reactions. A 10 % excess 
may be added to compensate for pipetting losses.
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 Nucleic acid-binding beads  10 μl 

 Nucleic acid-binding buffer concentrate  50 μl 

 Total  60 μl 

       14.    Add 60 μl of cRNA-binding mix to each sample. Pipette up 
and down three times to mix.   

   15.    Transfer each sample to the well of a U-bottom plate.   
   16.    Add 60 μl of 100 % isopropanol. Pipette up and down three 

times to mix.   
   17.    Gently shake the plate for 2 min to bind cRNA to the beads.   
   18.    Transfer the plate to the magnetic stand for 5 min. The sam-

ples should be clear when the beads have been completely 
captured.   

   19.    Pipette the supernatant without disturbing the beads. Discard 
the supernatant. Remove plate from magnetic stand.   

   20.    Add 100 μl of nucleic acid wash solution to each sample, and 
moderately shake the plate for 1 min.   

   21.    Transfer plate to the magnetic stand for 5 min.   
   22.    Carefully pipette the supernatant without disturbing the beads 

and discard. Remove plate from magnetic stand.   
   23.    Repeat  steps 20 – 22  to wash beads again with 100 μl nucleic 

acid wash solution. 
 After wash buffer has been aspirated, transfer plate to shaker 
and shake vigorously for 1 min to evaporate residual ethanol.   

   24.    Elute the cRNA by adding 40 μl of preheated elution solution. 
Incubate for 2 min at RT.   

   25.    Transfer plate to magnetic stand for 5 min.   
   26.    Transfer supernatant to an appropriately labeled 1.5 ml tube 

and place on ice.   
   27.    Quantitate the cRNA using the Nanodrop. Samples can be 

stored at −20 °C overnight.   
   28.    Purifi cation of cRNA—Prepare 10 μg of cRNA in a volume of 

22 μl (455 ng/μl). Adjust with H 2 O or vacuum concentrate as 
needed.   

   29.    Combine cRNA and random primers in the supplied PCR tube 
on ice as follows:

 cRNA 10 μg  22 μl 

 Random primers   2 μl 

 Total  24 μl 

       30.    Incubate in a thermal cycler using the following program: Use 
heated lid:
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 70 °C  5 min 

 25 °C  5 min 

  4 °C  Hold (hold for at least 2 min) 

       31.    Prepare the second-cycle master mix on ice as follows for a 
single reaction. Adjust as needed for multiple reactions:

 Second-cycle buffer mix   8 μl 

 Second-cycle enzyme mix   8 μl 

 Total  16 μl 

       32.    Transfer 16 μl of the second-cycle master mix to the 24 μl 
cRNA/random primer for a 40 μl total volume.   

   33.    Incubate in a thermal cycler using the following program: 
 25 °C—10 min; 42 °C—90 min; 70 °C—10 min; and 4 °C—
hold (hold for at least 2 min).   

   34.    RNaseH hydrolysis: Add 2 μl of RNaseH on ice to the second-
cycle DNA for a total volume of 42 μl. Mix by pipetting.   

   35.    Incubate in a thermal cycler using the following program: 
 37 °C—45 min; 95 °C—5 min; and 4 °C—hold (hold for at 
least 2 min). Samples can be stored at −20 °C overnight.   

   36.    Purifi cation of cDNA: Prepare the cDNA-binding mix as fol-
lows at RT. Adjust volume as needed for multiple reactions:

 Nucleic acid-binding beads  10 μl 

 Nucleic acid-binding buffer concentrate  50 μl 

 Total  60 μl 

       37.    Add 18 μl nuclease-free H 2 O to each hydrolyzed sample for a 
total volume of 60 μl.   

   38.    Add 60 μl of cDNA-binding mix to each sample. Pipette up/
down three times to mix.   

   39.    Transfer each sample to a well of a U-bottom plate.   
   40.    Add 120 μl of 100 % ethanol to each sample. Pipette up/down 

three times to mix, and gently shake the plate.   
   41.    Transfer plate to magnetic stand for 5 min.   
   42.    Aspirate supernatant without disturbing bead pellet and 

discard.   
   43.    Remove the plate from the magnetic stand.   
   44.    Add 100 μl of nucleic acid wash solution to each sample, and 

shake at moderate speed for 1 min   
   45.    Place plate on the magnetic stand for 5 min to capture the 

beads.   

Nalini Raghavachari



103

   46.    Aspirate supernatant without disturbing bead pellet and 
discard.   

   47.    Remove the plate from the magnetic stand.   
   48.    Repeat  steps 44 – 47  a second time using 100 μl of nucleic acid 

wash solution.   
   49.       Elute cDNA by adding 30 μl of preheated elution solution 

(50–58 °C) to each sample.   
   50.    Incubate at RT for 2 min.   
   51.    Transfer plate to magnetic stand for 5 min.   
   52.    Transfer supernatant to an appropriately labeled 1.5 ml tube 

and place on ice.   
   53.    Quantitate the cRNA using the Nanodrop.   
   54.    Fragmentation and labeling of single-stranded cDNA requires 

the Affymetrix GeneChip WT Terminal Labeling Kit (PN 
900671). 
 Prepare single-stranded DNA in a 0.2 ml tube as follows for 
each reaction.

 Single-stranded DNA  5.5 μg (volume can vary) 

 RNase-free water  Up to 31.2 μl 

 Total volume  31.2 μl 

       55.    Prepare the fragmentation master mix as follows for a single 
reaction. Adjust volume for multiple reactions as needed:

 RNase-free water  10.0 μl 

 10× cDNA fragmentation buffer   4.8 μl 

 UDG, 10 U/μl   1.0 μl 

 APE 1, 1,000 U/μl   1.0 μl 

 Total volume  16.8 μl 

       56.    Add 16.8 μl of the fragmentation mix to each sample prepared 
in  step 54 . Pipette to mix samples.   

   57.    Incubate in a thermal cycler as below: 
 37 ºC 60 min; 93 ºC 2 min; and 4 ºC hold (at least 2 min).   

   58.    Transfer 45 μl to a new 0.2 μl tube. As a QC procedure, 
remaining single-stranded DNA can be run on the Agilent 
Bioanalyzer using the RNA6000 LabChip kit II. Fragmented 
DNA size range should be 40–70 bp (Fig.  2 ).

       59.    Labeling of fragmented single-stranded DNA requires the 
Affymetrix GeneChip WT Terminal Labeling Kit (PN 900671). 
Prepare labeling reactions in 0.2 ml tube as follows for a single 
reaction:
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 Fragmented single-stranded DNA  45 μl 

 5× TdT buffer  12 μl 

 TdT   2 μl 

 DNA labeling reagent, 5 mM   1 μl 

 Total volume  60 μl 

       60.    Flick mix, and spin down samples. Incubate in a thermal cycler 
as below:

 37 ºC  60 min 

 70 ºC  10 min 

  4 ºC  Hold (at least 2 min) 

       61.    Hybridization onto gene chips: This procedure requires the 
use of the GeneChip Hybridization, Wash, and Stain kit 
(Affymetrix 900720). Prepare the hybridization cocktail in 
1.5 ml tubes as follows (adjusted for sample number): 
 The cocktail mix for the Human Gene 1.0 ST array is the 169 
array format and Human Exon array 1.0 ST array is the 49 
array format:

  Fig. 2    Example of a well-fragmented cDNA before and after labeling. Bioanalyzer 
trace showing the fragmented samples before ( lane 1 ) and after labeling ( lane 2 ). 
 L  represents the ladder       
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 Vol. for 1  Vol. for 1 

 Array format  49/64  169 

 Fragmented and labeled DNA 
target ~60.0 μl 

 27.0 μl  ~25 ng/μl 

 Control Oligo B2 (3 nM) 50 pM  3.7 μl  1.7 μl 

 20× Eukaryotic hyb controls  11.0 μl  5.0 μl 

 2× Hybridization mix  110.0 μl  50.0 μl 

 DMSO  15.4 μl  7.0 μl 

 Nuclease-free water  Up to 220.0 μl  Up to 100.0 μl 

 Total volume  220 μl  100.0 μl 

       62.    Denature cocktail for 5 min at 99 ºC in heat block.   
   63.    Cool for 5 min at 45 ºC in the Hybridization Oven 640. 

Microcentrifuge at full speed for 1 min.   
   64.    Inject the appropriate amount of denatured cocktail into the 

array.   
   65.    Place arrays in the Hybridization Oven 640 (Fig.  3 ) and 

hybridize at 45 ºC for 17 ± 1 h. Set the rotation speed at 60.

  Fig. 3    Affymetrix instruments. ( a ) Hybridization oven. ( b ) Fluidics station. ( c ) Scanner       
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       66.    Washing and staining of hybridized gene chips: Aliquot the 
following reagents: 
 600 μl Stain cocktail 1 into a labeled 1.5 ml amber tube. 
 600 μl Stain cocktail 2 into a labeled 1.5 ml clear tube. 
 800 μl Array holding buffer into a labeled 1.5 ml clear tube.   

   67.    Prime the necessary Fluidics Station 450 (Fig.  3 ). Ensure that 
the appropriate wash A and wash B buffers have been installed 
in their appropriate location.   

   68.    After 17 ± 1 h of hybridization remove arrays and remove cock-
tail to the original tube and store at −80 ºC.   

   69.    Refi ll probe array with wash A buffer as indicated by the array 
format.   

   70.    Initiate Fluidics profi le FS450_0001 or FS450_0007. Follow 
Fluidics Station prompts to install array and the stain cocktails 
and array holding buffer.   

   71.    When fl uidics is complete remove arrays and check for bub-
bles. If bubbles are present return array to module and engage. 
Array will be refi lled with fresh array-holding buffer.   

   72.    Engage wash blocks so that modules can prime. Follow 
prompts on fl uidics monitors.   

   73.    If all arrays are complete with fl uidics, perform the fl uidics 
shutdown protocol using Shutdown_450.   

   74.    Scanning of the stained gene chips: Warm up Affymetrix Gene 
Chip Scanner 3000 for at least 10 min before scanning.   

   75.    Clean array glass with water and a Kim wipe.   
   76.    Install arrays into carousel of scanner (Fig.  3 ) starting with 

position 1 marked in red. Close scanner.   
   77.    Select Run and Scanner from the menu bar or click the Start 

Scan in the tool bar. Select experiment name, and click Start 
button.   

   78.    Each complete probe array image is stored in a separate data 
fi le identifi ed by the experiment name and is saved with a data 
image fi le (.dat) extension.   

   79.    Microarray data acquisition and analysis: This is a simplifi ed 
version of analysis options using Affymetrix microarray data 
analysis Expression Console software. The technical manuals 
of the analysis software have extensive descriptions for choos-
ing the various options, and the reader is advised to look into 
those websites. Describing them here is beyond the scope of 
this chapter ( see   Note 5 ).   

   80.    Double-click on each *.dat fi le to open it.   
   81.    Under the tab for “Image settings.” choose autoscale and 

pseudocolor, and then click “OK.”   
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   82.    Click on “Grid” tab, press “G,” and select View → Grid from 
menu bar to superimpose grid lines on the scanned image.   

   83.    Select Run → Analysis from menu bar.   
   84.    At the end of each analysis of a *.dat fi le (~2 min), cell intensity 

data is computed and a *.cel fi le is created (single intensity 
value is computed for each probe cell).   

   85.    QC metrics: A general visual inspection of the entire Gene 
Chip probe array should be performed after scanning ( see  
 Note 6 ). B2 oligos, which are spiked into the hybridization 
cocktail, should be used for checking the quality of hybridiza-
tion grid alignment. The eukaryotic hybridization controls 
(EHCs) are a mixture of four biotin-labeled, antisense, frag-
mented noneukaryotic control cRNAs, which are spiked at 
staggered concentrations into the hybridization cocktail. 
Oligos complementary to these sequences are always spotted 
onto all gene chip arrays, and the EHCs thereby serve as 
hybridization controls. All four transcripts should maintain a 
maximum 1:2 ratio of signal intensities of the 5′ and 3′ probe 
sets. BioB should be present at least 50 % of the time, while 
bioC, bioD, and Cre should always be present, with increasing 
signal intensities. 
 The polyA spike in controls added during the labeling process 
should be a present call with increasing signal intensity in the 
order of lys, phe, thr, and dap ( see   Notes 7  and  8 ).    

    For Illumina libraries, total RNA will be processed according to 
the TruSeq Sample Preparation Kits (FC-122-1001, FC122-1002) 
following the manufacturer’s directions and protocol (  www.
Illumina.com    ). 

 Optional: Ribosomal RNA-depleted material would also be a 
good starting material for the preparation of libraries for sequenc-
ing using the Illumina protocol. Ribo-depleted RNA can be gener-
ated using the Ribo-Zero Gold system (Epicentre Biotechnologies) 
according to the manufacturer’s instructions. 

 Optional: In-line DNA controls supplied in the kit are intended 
for troubleshooting and are useful for identifying the specifi c mode 
of failure in this multistep library preparation process. Controls are 
added to the reactions just prior to their corresponding step in 
the protocol. 

 Completed libraries should be evaluated by DNA quantitation 
and Bioanalyzer analysis/agarose gel electrophoresis and then used 
for sequencing. Sequencing libraries constructed with barcodes 
allow multiplexing of 12 samples per lane, pooled to target 200 
million clusters per channel and 100 million reads per library and 
distributed over multiple channels in fl ow cells to normalize for 
lane and run variability. Sequencing can be carried out on Illumina 
HiSeq 2000/2500 instruments following Illumina’s recommended 
protocols.

3.2.2  Preparation 
of Sequencing Libraries 
for RNA-Seq Using Illumina 
TruSeq Protocol
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    1.    Purifi cation of mRNA: Dilute total RNA to 50 μl using 
 nuclease-free H 2 O in a new 96-well 0.3 ml non-skirted PCR 
plate.   

   2.    Vortex the warmed RNA purifi cation beads (RPB) vigorously 
to completely resuspend the Oligo-dT beads.   

   3.    Add 50 μl of the RPB to each well of the plate. Gently pipette 
up and down to mix beads.   

   4.    Seal plate with adhesive plate seal and incubate in thermal 
cycler with heated lid at 65 °C for 5 min followed by 4 °C 
hold.   

   5.    Incubate plate at RT for 5 min to bind RNA to beads.   
   6.    Transfer plate to magnetic stand for 5 min at RT.   
   7.    Remove and discard the entire supernatant using multichannel 

pipette. Do not disturb pellets.   
   8.    Remove plate from magnetic stand.   
   9.    Wash beads by adding 200 μl of bead-washing buffer (BWB) 

to each well and pipette up and down to resuspend beads.   
   10.    Return the plate to the magnetic stand for 5 min at RT.   
   11.    Remove BWB from each well of plate using multichannel 

pipette and discard.   
   12.    Add 50 μl of elution buffer (ELB) to each well of the plate. 

Pipette up and down to suspend beads.   
   13.    Seal plate with adhesive seal.   
   14.    Incubate the sealed plate in a thermal cycler using the follow-

ing profi le to elute mRNA: 
 80 °C for 2 min followed by 25 °C hold.   

   15.    Remove plate from the thermal cycler when 25 °C is reached 
and place at RT.   

   16.    Add 50 μl of bead-binding buffer to each well of the plate to 
allow the RNA to rebind to the beads. Pipette up and down 
to thoroughly mix beads.   

   17.    Incubate at RT for 5 min.   
   18.    Keep the plate on magnetic stand at RT for 5 min.   
   19.    Remove and discard supernatant with multichannel pipette 

without disturbing beads.   
   20.    Remove the plate from magnetic stand, and wash beads with 

200 μl BWB by pipetting up and down.   
   21.    Keep the plate on magnetic stand at RT for 5 min.   
   22.    Remove and discard the supernatant from each well of the 

plate.   
   23.    Remove plate from magnetic stand.   
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   24.    Add 19.5 μl elute, prime, fragment (EPF) mix (which contains 
random hexamers for RT priming and serves as the fi rst-strand 
cDNA synthesis buffer) to each well, and mix up and down 
with a multichannel pipette.   

   25.    Seal the plate with an adhesive seal.   
   26.    Incubate the sealed plate in a thermal cycler to elute, fragment, 

and prime the RNA at 94 °C for 8 min followed by 4 °C hold.   
   27.    Remove the plate when 4 °C is reached and centrifuge briefl y 

in plate adaptor at RT.   
   28.    First-strand synthesis—Transfer the RNA bead plate (RBP) to 

the magnetic stand and incubate at RT for 5 min.   
   29.    Remove the adhesive seal from the plate.   
   30.    Transfer 17 μl of the supernatant (fragmented and primed 

mRNA) without disturbing the beads from each well of the 
RBP to the corresponding well of a new plate.   

   31.    Prepare fi rst-strand master mix by adding 50 μl SuperScript II 
to the thawed tube of fi rst-strand buffer, and mix well. 
Centrifuge briefl y. 
  Note : The fi nal fi rst-strand master mix is a 1:7 ratio of 
SuperScript II to fi rst-strand buffer.   

   32.    Add 8 μl of supplemented fi rst-strand master mix to each well 
of the plate. Gently mix by pipetting up and down.   

   33.    Seal the plate with an adhesive seal and centrifuge briefl y at 
15 °C.   

   34.    Incubate the plate in a thermal cycler using the following 
profi le: 
 25 °C 10 min; 42 °C 50 min; 70 °C 15 min; and 4 °C hold.   

   35.    When the cycler reaches 4 °C remove plate and proceed imme-
diately to the second-strand synthesis.   

   36.    Synthesize second-strand cDNA: Prepare a fresh stock of 80 % 
EtOH. Warm AMPure beads to RT for 30 min. Vortex until 
well dispersed. Initiate thermal cycler profi le, and preheat to 
16 °C. Briefl y centrifuge thawed second-strand master mix.   

   37.    Add 25 μl of thawed second-strand master mix to each well of 
the plate using a multichannel pipette. Gently pipette up and 
down to mix thoroughly.   

   38.    Seal plate with an adhesive seal.   
   39.    Incubate the plate on a preheated thermal cycler with closed 

lid at 16 °C 1 h and hold at RT.   
   40.    Vortex the AMPure XP beads until fully dispersed, and then 

add 90 μl of beads to each well of the plate containing 50 μl of 
ds cDNA. Pipette up and down gently to mix.   

   41.    Incubate the plate at RT for 15 min.   

Gene Expression Profi ling of Hematopoietic Stem Cells (HSCs)



110

   42.    Place the plate on the magnetic stand at RT for 5 min—make 
sure that beads are completely deposited on the side of the well.   

   43.    Remove and discard 135 μl of the supernatant from each well 
without disturbing the beads using a multichannel pipette.   

   44.    Leave the plate on the magnetic stand, and wash wells with 
200 μl freshly prepared 80 % EtOH.   

   45.    Incubate the plate at RT for 30 s. Remove EtOH using multi-
channel pipette. Repeat 80 % EtOH wash twice.   

   46.    Let the plate stand at RT for 15 min to dry, and then remove 
plate from magnetic stand.   

   47.    Add 52.5 μl resuspension buffer to each well of the plate. Mix 
up and down to completely resuspend the beads.   

   48.    Incubate the plate at RT for 2 min.   
   49.    Place the plate on the magnetic stand at RT for 5 min.   
   50.    Transfer 50 μl of the supernatant containing the ds cDNA to a 

new 0.3 ml plate.   
   51.    End repair process: Briefl y mix and centrifuge the thawed end 

repair control tube.   
   52.    Dilute the end repair control 1/100 in resuspension buffer 

(1 μl of end repair control + 99 μl of resuspension buffer).   
   53.    Add 10 μl of diluted end repair control (or 10 μl resuspension 

buffer if control is not used) into each well of the IMP plate 
containing 50 μl of ds cDNA using a multichannel pipette.   

   54.    Add 40 μl of end repair mix to each well of the plate using a 
multichannel pipette to obtain 100 μl total volume and mix by 
pipetting.   

   55.    Seal the plate with adhesive seal.   
   56.    Incubate the plate in a preheated thermal cycler with closed lid 

at 30 °C for 30 min using the following profi le: 
 30 °C 30 min and 30 °C hold.   

   57.    Remove the plate from thermal cycler.   
   58.    Add 160 μl of AMPure XP beads to each well containing 

100 μl of end repair mix using a multichannel pipette. Mix by 
pipetting.   

   59.    Incubate the plate at RT for 15 min.   
   60.    Transfer the plate to a magnetic stand for 5 min.   
   61.    Remove and discard the supernatant from each well of the 

plate without disturbing the beads.   
   62.    Add 200 μl of freshly prepared 80 % EtOH to each well.   
   63.    Incubate the plate at RT for 30 s, and discard all supernatant 

from each well.   
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   64.    Repeat wash steps with 80 % EtOH.   
   65.    Let the plate stand at RT for 15 min to dry, and remove the 

plate from the magnetic stand.   
   66.    Resuspend the dried pellet in 17.5 μl resuspension buffer. 

Gently pipette up and down to mix thoroughly.   
   67.    Incubate the plate at RT for 2 min.   
   68.    Leave the plate on the magnetic stand for at least 5 min.   
   69.    Transfer 15 μl of the supernatant from each well to a new PCR 

plate.   
   70.    Adenylation process: Add 2.5 μl of diluted A-Tailing Control 

(or 2.5 μl resuspension buffer if control is not used) to each 
well of the plate using a multichannel pipette.   

   71.    Add 12.5 μl of thawed A-Tailing Mix to each well of the ALP 
plate using a multichannel pipette. Pipette up and down to 
mix.   

   72.    Incubate the plate in the preheated thermal cycler with closed 
lid at 37 °C for 30 min using the following profi le: 
 37 °C—30 min and 37 °C—hold.   

   73.    Ligation of adapters: Remove the appropriate RNA adapter 
index tubes (AR001–AR012, depending on the RNA adapter 
indexes being used) and one tube of stop ligase mix and ligase 
control from −20 °C and thaw at RT. Use of the ligase control 
is optional and can be replaced with the same volume of resus-
pension buffer.   

   74.    Add 2.5 μl of DNA ligase mix to each well of the plate.   
   75.    Dilute the ligase control 1/100 in resuspension buffer (1 μl 

ligase control + 99 μl resuspension buffer).   
   76.    Add 2.5 μl of diluted ligase control (or 2.5 μl resuspension 

buffer if control is not used) to each well of the plate.   
   77.    Add 2.5 μl of the appropriate thawed RNA adapter index 

(AR001–AR012) to each well of the plate.   
   78.    Mix well, and seal the plate with an adhesive seal. 

  Note : When indexing libraries, Illumina recommends arrang-
ing samples that will be combined into a common pool in 
the same row. Each column should contain a common index 
(i.e., AR007). This will facilitate pipetting operations when 
dispensing indexed adapters and pooling indexed libraries 
later.   

   79.    Incubate the plate in the preheated thermal cycler with closed 
lid at 30 °C for 10 min followed by holding at RT.   

   80.    Add 5 μl stop ligase mix to each well of the plate, and mix by 
gently pipetting up and down with a multichannel pipette.   
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   81.    Add 42 μl of beads to each well of the plate using a multichan-
nel pipette, and mix well.   

   82.    Incubate the plate at RT for 15 min.   
   83.    Place the plate on the magnetic stand at RT for at least 5 min.   
   84.    Remove and discard supernatant from each well using a multi-

channel pipette.   
   85.    Add 200 μl freshly prepared 80 % EtOH to each well without 

disturbing the beads.   
   86.    Incubate the plate at RT for at least 30 s and discard all the 

supernatant from each well. Repeat ETOH wash twice.   
   87.    Incubate the plate on the magnetic stand at RT for 15 min to 

dry residual EtOH.   
   88.    Remove plate from magnetic stand, and resuspend the dry pel-

let in each well with 52.5 μl of resuspension buffer. Gently 
pipette up and down to mix.   

   89.    Place the plate on the magnetic stand and incubate for at least 
5 min.   

   90.    Transfer 50 μl of clear supernatant from each well of the plate 
to the corresponding well of the new 0.3 ml plate.   

   91.    Vortex the AMPure XP beads to disperse, and add 50 μl of 
beads into each well of the plate for a second cleanup.   

   92.    Transfer 20 μl of clear supernatant from each well of the plate 
to the corresponding well of the new 0.3 ml PCR plate.   

   93.    Enrichment of DNA fragments by PCR: Add 5 μl of thawed 
PCR primer cocktail to each well of the PCR plate using a 
multichannel pipette.   

   94.    Add 25 μl of thawed PCR master mix to each well of the PCR 
plate using a multichannel pipette. Pipette up and down to mix 
thoroughly.   

   95.    Incubate the PCR plate in the preheated thermal cycler with 
closed lid using the following profi le: 
 1 cycle—98 °C 30 s. 
 15 cycles—98 °C 10 s, 60 °C 30 s, and 72 °C 30 s. 
 1 cycle—72 °C 5 min and 4 °C hold.   

   96.    Add 50 μl of the AMPure XP beads to each well of the PCR 
plate containing 50 μl of PCR amplifi ed library.   

   97.    Incubate the PCR plate at RT for 15 min.   
   98.    Transfer the PCR plate to the magnetic stand for at least 5 min 

making sure that the liquid clears.   
   99.    Remove and discard the supernatant from each well using a 

multichannel pipette without disturbing the beads.   
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   100.     Add 200 μl of freshly prepared 80 % EtOH to each well 
 without disturbing the beads.   

   101.     Incubate the PCR plate at RT at least 30 s, and then remove and 
discard all the supernatant from each well. Repeat EtOH wash.   

   102.     Incubate the PCR plate on the magnetic stand at RT for 
15 min to dry residual EtOH.   

   103.     Remove plate from magnetic stand, and resuspend the dry 
 pellet in each well with 32.5 μl of resuspension buffer. Gently 
pipette up and down to mix.   

   104.    Incubate the PCR plate at RT for 2 min.   
   105.     Place the PCR plate on the magnetic stand at RT for at least 

5 min.   
   106.     Transfer 30 μl of clear supernatant from each well of the PCR 

plate to the corresponding well of the new 0.3 ml plate.   
   107.     Quantitation of library: Determine the concentration of 

each amplifi ed library using the Nanodrop or the Qubit 
fl uorometer.   

   108.     Perform QC of the amplifi ed library by running 1 μl of each 
sample on the Agilent 2100 Bioanalyzer using the Agilent 
DNA 1000 Chip (Fig.  4 ).
    Note : The fi nal product should be a band at approximately 
260 bp for a single-read library (Fig.  5 ).

  Fig. 4    Example of TruSeq RNA-seq library size distribution.  Lane 1  is the PCR-amplifi ed DNA fragment ~260 bp       
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       109.     Calculate the nM concentration of each library utilizing the 
Ambion RNA and DNA concentration calculator available at 
  http://www.ambion.com/techlib/append/concentration_
calcμlator.html    . 
  Note : Libraries can also be quantitated by KAPA library quant 
Kits (  www.kapabiosystems.com    ). Though time consuming 
and a little expensive, this method is more accurate and can 
rule out primer dimers giving false readings in Nanodrop or 
Qubit measurements.   

   110.     Normalization and pooling of libraries: This process would 
prepare DNA templates that are needed for cluster genera-
tion in Illumina c-Bot. Dilute each library (if run as a non-
multiplexed sample) to 10 nM concentration using EB buffer 
(10 mM Tris–HCL pH 8.5) supplemented with 0.1 % Tween-
20 ( see   Note 9 ).   

   111.     Multiplexed DNA libraries need to be normalized to 10 nM 
in the diluted cluster plate (DCT) and then pooled in equal 
volumes in the pooled DCT plate.   

   112.     Determine the number of samples to be combined together 
for each pool. Transfer 10 μl of each normalized library to 
one well of a new PCR plate. The total volume in each well 
should be 10× the number of combined sample libraries and 
will be 20–240 (2–24 libraries).   

   113.    Gently pipette up and down to mix the libraries. 
  Note : Libraries diluted to 10 nM in EB buffer supplemented 
with 0.1 % Tween-20 are safe for long-term storage at −20 °C.   

  Fig. 5    Example of a PCR-amplifi ed library       
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   114.     Process the libraries in cBot (Fig.  6 ) that loads the fl ow cell 
and begins the process of clustering required for initiating 
the sequencing protocol following Illumina’s protocol (  www.
illumina.com    ).

       115.     The clustered fl ow cell is then loaded onto the Illumina HiSeq 
2000/2500 for sequencing (Fig.  6 ) following the manufac-
turer’s directions (  www.illumina.com    . ( See   Note 10 .) 
 Quality metrics: The Illumina HiSeq system provides real-
time information on read quality as it is being generated. 
Important metrics to review the sequencing data include pass 
fi lter rate (ideally above 85 %), total number of reads per lane 
(ideally 150–200 millions per lane), and alignment to the 
genome which can vary with library preparation, RNA qual-
ity, and sample type but should be in the range of 70–80 % 
( see   Note 11 ).        

4    Notes 

        1.    The quality of RNA is very critical in both microarray and 
RNA-seq experiments, as impurities have an adverse effect on 
the amplifi cation and the labeling effi ciency. The A260:A280 
ratio for RNA samples of acceptable purity should be between 
1.8 and 2.1. Sample integrity is also very important and is 
determined by the entire electrophoretic trace of the RNA sam-
ple using the Agilent Bioanalyzer, including the presence or the 

  Fig. 6    Illumina sequencing equipment       
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absence of degradation products. The RNA integrity number 
(RIN) is a software tool for estimating the integrity of total 
RNA samples on a quantitative scale of 1 (worst)–10 (best). 
The RIN for samples of acceptable integrity should be >7. Use 
of degraded RNA can result in low yield, over‐representation of 
the 3′ ends of the RNA molecules, or failure of the protocol 
during preparation of sequencing libraries.   

   2.    The DNase treatment of RNA is crucial. In addition to remov-
ing the DNA, it purifi es the RNA and reduces background.   

   3.    The protocols described here are optimized in the author’s labo-
ratory and adapted from protocols in Affymetrix’s and Illumina’s 
user manuals. Methodologies and instrumentation frequently 
evolve over time especially with RNA-seq. If newer versions of 
the recommended kits and instrumentation become available, 
refer to the updated user manuals from the manufacturer.   

   4.    The Affymetrix Gene Chip WT amplifi cation protocol should 
be applied to samples with RNA concentration greater than 
50 ng. For small-size samples less than 20 ng, Nugen’s SPIA 
amplifi cation protocol can be used (  www.nugeninc.com    ).   

   5.    The analysis of microarray data is complex and needs an expe-
rienced statistician/bioinformatics expert to look at the quality 
of the data generated and perform downstream analysis. 
Standardized analysis methods are frequently used for identifi -
cation of differentially expressed genes, determination of  p -values 
and false discovery rates, as well as clustering, generation of 
heat maps, running class prediction algorithms, and pathway 
analysis for the identifi ed genes and gene sets.  

    6.    A general visual inspection of the entire Gene Chip probe array 
should be performed after scanning. B2 oligos, which are 
spiked into the hybridization cocktail, should be used for 
checking the quality of hybridization grid alignment.   

   7.    The EHCs are a mixture of four biotin-labeled, antisense, frag-
mented noneukaryotic control cRNAs, which are spiked at 
staggered concentrations into the hybridization cocktail. 
Oligos complementary to these sequences are always spotted 
onto all gene chips arrays, and the EHCs thereby serve as 
hybridization controls. All four transcripts should maintain a 
maximum 1:2 ratio of signal intensities of the 5′ and 3′ probe 
sets. BioB should be present at least 50 % of the time, while 
bioC, bioD, and Cre should always be present, with increasing 
signal intensities.   

   8.    The polyA spike in controls added during the labeling process, 
i.e., added to target RNA, should be a present call with increas-
ing signal intensity in the order of lys, phe, thr, and dap.   

   9.    A decision that must be made at the start of every sequencing 
project is the read length and multiplexing by pooling bar-
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coded libraries. For simple RNA expression profi ling, the 
objective is to detect an mRNA and determine relative abun-
dances. This can be done with single reads of 50–100 bp in 
length. Paired-end sequencing for RNA expression profi ling is 
highly recommended to improve the alignment quality.   

   10.    The last major issue to note is that of “read depth.” This term 
is calculated by the total number of reads multiplied by the 
fraction (%) of reads that align to the genome. The key point is 
that deep sequencing generates a huge amount of data, but the 
important data is only that which contributes to your experi-
mental objective. For example, we can generate a billion reads 
with one RNA-seq sample in a single run. The opportunity to 
do multiple samples in a single lane using barcodes allows con-
siderable cost savings and increased effi ciency. So the real ques-
tion is how many reads are actually needed to determine the 
global gene expression profi le. Generally, ten million aligned 
reads give results that are comparable to profi ling with the lat-
est generation of Affymetrix microarrays, and so 12 different 
samples can be run in a single lane for RNA-seq in the 
sequencer. For the profi ling of alternative splicing the read 
depth needs to be considerably greater, at least in the 30 million 
aligned read range.   

   11.    Similarly, sequencing generates millions of short reads for each 
sampled individual. Combining these short reads into mRNA 
transcripts and then using the transcripts to detect differen-
tially expression require programming skills, considerable 
computing power, statistical capability, and bioinformatics 
expertise. Rapid evolution of software in this fi eld has made it 
possible to align, map, and detect differentially expressed, 
alternatively spliced genes with their sequence information. 
The readers need to evaluate the advantages and disadvantages 
of each of these tools before applying them to their studies.         
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    Chapter 8   

 Measuring MicroRNA Expression in Mouse 
Hematopoietic Stem Cells 

           Wenhuo     Hu     and     Christopher     Y.     Park    

    Abstract 

   MicroRNAs (miRNAs) are important regulators of diverse biologic processes. In the hematopoietic system, 
miRNAs have been shown to regulate lineage fate decisions, mature immune effector cell function, apop-
tosis, and cell cycling, and a more limited number of miRNAs has been shown to regulate hematopoietic 
stem cell (HSC) self-renewal. Many of these miRNAs were initially identifi ed as candidate regulators of 
HSC function by comparing miRNA expression in hematopoietic stem and progenitors cells (HSPCs) to 
their mature progeny. While the measurement of miRNA expression in rare cell populations such as HSCs 
poses practical challenges due to the low amount of RNA present, a number of techniques have been 
developed to measure miRNAs in small numbers of cells. Here, we describe our protocol for measuring 
miRNAs in purifi ed mouse HSCs using a highly sensitive real-time quantitative PCR strategy that utilizes 
microfl uidic array cards containing pre-spotted TaqMan probes that allows the detection of mature 
miRNAs in small reaction volumes. We also describe a simple data analysis method to evaluate miRNA 
expression profi ling data using an open-source software package (HTqPCR) using mouse HSC miRNA 
profi ling data generated in our lab.  

  Key words     Hematopoietic stem cell  ,   MicroRNA  ,   FACS  ,   qPCR  ,   HTqPCR  ,   TaqMan  ,   R/bioconductor  

1      Introduction 

 MicroRNAs (miRNAs) are small, evolutionarily conserved noncoding 
RNAs approximately 22 nucleotides (nts) in length that exert their 
biological effects by negatively regulating the stability and transla-
tional effi ciency of multiple target mRNAs by binding the 
3′-untranslated region (3′-UTR) of target mRNAs [ 1 ]. Following 
posttranscriptional processing by endonucleases, mature miRNAs 
are incorporated into a protein–RNA complex called the RNA-
induced silencing complex (RISC), which potentiates interactions 
between 6–8 nts “seed sequences” in miRNAs and their near-com-
plementary “seed match” sequences in the 3′-UTRs of their target 
mRNAs [ 2 ]. Typically, such base pairing is imperfect, resulting in 
translational suppression, but in the presence of perfect base 
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pairing endonucleolytic mRNA cleavage is triggered [ 3 ]. In silico 
analyses predict that each miRNA targets hundreds of mRNAs on 
average; thus, the ~1,000 miRNAs in the human genome likely 
regulate approximately 30 % of the estimated ~30,000 mRNAs in 
humans, refl ecting widespread regulation of gene expression 
networks by miRNAs [ 4 ]. 

 miRNA features such as their short length and ability to inhibit 
targets via interactions that rely on base pairing make miRNAs 
attractive targets for therapeutic manipulation since stable nucleic 
acid miRNA analog mimics and inhibitors (e.g., locked nucleic 
acids, LNAs) can be effi ciently delivered to tissues  in vivo  such as 
the liver [ 5 ,  6 ] as well as cancer cells [ 7 ,  8 ] when administered 
in vivo for relatively short periods of time. However, since long- 
term in vivo experiments (4–6 months) are required to evaluate 
the function of hematopoietic stem cells (HSCs), such studies 
present signifi cant practical problems for studying HSC miRNA 
function under normal physiological states. Therefore, ectopic 
expression of miRNAs using viral transduction techniques is com-
monly used to evaluate miRNA function in HSCs [ 9 – 12 ]. Prior 
studies have shown that cloning miRNAs with their adjacent 
sequences into lenti- and retroviral constructs can aid in generating 
high-expressing constructs [ 13 ]. 

 While miRNAs have been shown to regulate a variety of cel-
lular processes, a number of studies have defi nitively demonstrated 
that miRNAs regulate HSC function in humans and mice (reviewed 
in ref.  14 ). These studies have largely relied on the development of 
methods to identify miRNAs that are differentially expressed 
between HSCs and their downstream progeny in either the mouse 
[ 10 ,  12 ,  15 – 18 ] or the human hematopoietic system [ 11 ]. While 
initial efforts to measure miRNAs in rare HSC populations used 
partially purifi ed cell populations to increase cell number and RNA 
yield [ 19 ], for the past several years it has become possible to use 
increasingly more sensitive techniques to measure absolute or rela-
tive miRNA abundance using sequence-specifi c PCR-based assays 
or solid-state (hybridization-based) arrays. In addition, the advent 
of next-generation sequencing techniques has allowed investiga-
tors the ability to readily identify novel miRNAs while simultane-
ously measuring absolute and relative abundance of different 
known miRNA species; however, the ability to apply RNA- 
sequencing techniques to small numbers of cells is still an emerging 
area (reviewed in ref.  20 ). Both solid-state arrays and qPCR strate-
gies have been improved by utilizing chemically modifi ed (e.g., 
LNA oligonucleotides) or stem–loop-based probes (e.g., TaqMan) 
that can improve complementarity matches or probe binding by 
increasing the Tm, leading to the development of both sensitive 
and specifi c assays; however, even these assays have potential pit-
falls. For example, while stem–loop primer-based TaqMan qPCR 
assays can effi ciently detect known miRNA species in even single 
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cells [ 21 ], they can only measure one form of an individual 
miRNA. Thus, these assays may not accurately detect the various 
mature miRNAs that can be generated following posttranscrip-
tional modifi cation at the 3′ or the 5′ end of miRNAs (including 
nucleotide additions and deletions), which, in turn, can affect 
miRNA stability or function [ 22 – 26 ]. 

 While numerous approaches are now available to perform 
wide-scale measurements of miRNA expression and abundance 
including small RNA-sequencing, miRNA hybridization arrays 
(e.g., Affymetrix, Agilent, and Illumina), and qPCR-based 
approaches including TaqMan (Life Technologies) and QuantiMir 
(System Biosciences) [ 20 ], we have chosen to use the TaqMan 
miRNA Array card technology using stem–loop primers to measure 
miRNA expression in both mouse and human HSCs since we have 
found that it can routinely measure miRNA expression in small cell 
numbers (<1,000). Despite the potential pitfalls of stem–loop 
primers, we and many other investigators have chosen to perform 
miRNA profi ling studies using this method since it is relatively 
rapid, obviates the need to perform RNA ligations, and bypasses 
the need to separately validate miRNA expression results generated 
from miRNA hybridization arrays. We use this approach when our 
goal is not to identify novel miRNAs, but rather to rapidly identify 
differentially expressed miRNAs among known, annotated miRNAs. 
Herein, we describe our protocol for miRNA expression profi ling 
studies in mouse HSCs as well as our basic workfl ow for analyzing 
the generated miRNA expression data using the open- source soft-
ware package, HTqPCR [ 27 ].  

2    Materials 

 Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to attain a specifi c resistance of 18 MΩ cm at 
25 °C) and analytical grade reagents; water for resuspending RNA 
and all reactions must be treated with DEPC to inactivate RNases. 
Prepare and store all reagents at room temperature (unless indi-
cated otherwise). Diligently follow all waste disposal regulations 
when disposing waste materials. 

      1.    FACS buffer: Sterile phosphate-buffered saline (PBS, without 
Mg 2+  or Ca 2+ ) supplemented with 2 % fetal calf serum.   

   2.    Ammonium chloride K [ACK (potassium bicarbonate)] red cell 
lysis solution (150 mM NH 4 CL, 10 mM KHCO 3 ) containing 
10 mM EDTA.   

   3.    Anti-mouse c-Kit magnetic beads (Miltenyi Biotec, cat# 130-
091- 224) to enrich for c-Kit+ cells.   

2.1  Reagents 
and Antibodies 
for HSC Purifi cation

Mouse HSC miRNA Assay
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   4.    LS columns (Miltenyi Biotec, cat# 130-042-401) and 
QuadroMACS separator (Miltenyi Biotec, cat# 130-090-976).   

   5.    Antibodies to identify mouse HSCs include the following: a 
lineage antibody-containing cocktail (Lin) in PECy5 [contain-
ing antibodies against CD3 (clone: 145-2C11), CD4 (GK1.5), 
CD8 (53-6.7), B220 (RA3-6B2), Ter-119 (Ter-119), Gr-1 
(RB6-8C5), Mac-1 (M1/70)], c-Kit in APC-Cy7 (2B8), 
Sca-1 in Pacifi c Blue (E13-161.7), CD34 in PE (RAM34), 
Slamf1 in allophycocyanin (TC15-12F12.2), CD16/32 in 
Alexa Fluor 700 (93). All these antibodies are commercially 
available from either BD Biosciences or eBioscience.   

   6.    1,000× Propidium iodide (PI) (1 mg/ml).   
   7.    Trypan blue for counting viable cells.      

      1.    RNA purifi cation reagents include Trizol reagent (Life 
Technologies, cat# 15596-026), chloroform, isopropyl alco-
hol, 75 % ethanol (in DEPC-treated water), RNase-free water. 
Use a benchtop centrifuge with temperature control for RNA 
preparation.   

   2.    miRNA array cards and primer pools. The following reagents 
are available from Life Technologies: TaqMan rodent miRNA 
A array V2.0 (cat# 4398967) and B array v3.0 (cat# 4444899) 
cards each with 384 wells (each well contains dried primers and 
probes); Megaplex primer pools of rodent pools A (cat# 
4401090) and pools B v3.0 (cat# 4444752) for RT reactions; 
Megaplex pre-amp primers for rodent pool A (cat# 4399203) 
and pool B v3.0 (4444308) for pre-amplifi cation.   

   3.    TaqMan miRNA reverse transcription kit (Life Technologies, 
cat# 4366596) for reverse transcription (RT), TaqMan PreAmp 
master mix (Life Technologies, cat# 4391128) for pre- 
amplifi cation, and TaqMan Universal PCR master mix (Life 
Technologies, cat# 4324018) for quantitative polymerase 
chain reaction (qPCR).   

   4.    Qubit 2.0 Fluorometer (Life Technologies, cat# Q32866) to 
quantitate the small quantity of RNA typically isolated from 
small numbers of purifi ed HSCs (1–1.5 ng per 1,000 cells).   

   5.    TaqMan miRNA array card sealer (Life Technologies, cat# 
4331770).   

   6.    Applied biosystems ViiA™ 7 Real-Time PCR System: This sys-
tem has the ability to hold heating blocks for 96-well plates, 
384-well plates, and TaqMan Array Micro-Fluidic Cards. We 
describe the use of TaqMan Array Micro-Fluidic Cards and the 
ViiA™ 7 Real-Time PCR System equipped with the TaqMan 
Array Block here.   

   7.    Install the R language program for Mac OS, Linux, or Windows 
operating systems by following the online manual (r-project.org). 

2.2  miRNA 
Purifi cation, 
Measurement, 
and Data Analysis
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Installation of the HTqPCR software package should be per-
formed inside the R environment as shown below. Online 
manuals (r-project.org) such as “An Introduction of R” and 
“R Data Import/Export” are suggested for readers to help 
perform analyses. The codes are after the symbol “>” which 
are provided by the R environment   : 

  > source(“    http://bioconductor.org/biocLite.R      ”)  
  > biocLite(“HTqPCR”)        

3    Methods 

      1.    Dissect each mouse donor to obtain long bones, including 
tibias and femurs. We also routinely harvest the entire spine 
and bilateral pelvises in order to maximize cell yield ( see   Note 1 ). 
After cleaning the muscles from the bones, crush the bones 
using a mortar and pestle in 5–10 ml of staining media. Filter 
the cells with a 70 μm nylon cell strainer into 50 ml conical 
tubes.   

   2.    Spin the cells down at 300 ×  g  for 10 min to pellet them.   
   3.    (Optional step) Add 1 ml ACK lysis buffer to the cell pellet 

from each mouse, and resuspend the cells using a    pipetteman. 
Leave the cells on ice for 10 min. Add >10 ml staining buffer 
to dilute the ACK lysis buffer. Spin at 300 ×  g  for 10 min to 
pellet the cells. Remove the supernatant, and resuspend the 
cell pellet in 1 ml of staining buffer.   

   4.    Add mouse anti-c-Kit magnetic beads as per manufacturer’s 
instructions (or, in order to preserve beads, add about 10 μl 
beads for the total bone marrow cells from each mouse). Mix 
the cells and beads well using a pipetteman, ensuring that 
the cells are resuspended, and incubate on ice for 15 min.   

   5.    Add 5 ml FACS buffer to the cells.   
   6.    Magnetic bead purifi cation should be performed as per manu-

facturer’s instructions. Briefl y, prime the LS column with 5 ml 
FACS buffer after mounting onto the QuadroMACS separa-
tor. Apply the resuspended cells to the primed LS column. 
Following loading of the column with cells, wash the column 
with 5 ml FACS buffer, and then repeat the wash step 1 addi-
tional time. Finally, remove the column from the magnetic 
separator and then add another 5 ml buffer to the column. 
Press the provided plunger into the column, and elute the cells 
into a FACS tube or a 15 ml conical.   

   7.    Spin at 300 ×  g  for 10 min to pellet the cells. Resuspend in an 
appropriate volume of staining media to achieve a cell density 
of approximately 20 million cells/ml.      

3.1  Bone Marrow 
Cell Preparation
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      1.    Stain the c-Kit-enriched cells with the following antibodies: 
Lineage cocktail (all in PECy5), c-Kit (APC-Cy7), Sca1 (Pacifi c 
Blue), CD16/32 (Alexa Fluor 700), Slamf1 (allophycocya-
nin), CD34 (phycoerythrin). Incubate on ice for at least 
45 min in order to optimize staining for CD34, allowing the 
best separation between CD34-positive and -negative cells 
( see   Notes 2  and  3 ).   

   2.    Cell sorting: Gating strategies and stem and progenitor cell 
fractions are shown in Fig.  1  using a FACS Aria 2 or 3 (BD) 
cell sorter and FACS Diva software. We routinely double-sort 
cells without moving the gates in order to achieve purities of 
>90 % ( see   Note 4 ). Each adult male mouse (>10 weeks old) 
yields approximately 3,000–3,500 double-sorted HSCs 
(Lin− c-Kit+Sca1+ Slamf1+ CD34−).

             1.    Spin down cells after the second FACS-sort, and remove super-
natant carefully.   

   2.    Add 500 μl Trizol, and then mix well by vortexing for 15 s. 
Add 200 μl chloroform, and then mix well again ( see   Note 5 ).   

   3.    Centrifuge the samples at 13,000 ×  g  for 10 min at 4 °C. Remove 
the aqueous phase (top layer) containing total RNA into a new 
tube without disturbing the middle layer (protein).   

   4.    Add 250 μl isopropanol to the aqueous phase (this volume 
should be half the Trizol volume originally added), and then 
mix by inversion. Centrifuge at 13,000 ×  g  for 10 min at 4 °C.   

   5.    Wash the pellet with 500 μl 75 % ethanol, and spin the pellet at 
13,000 ×  g  for 5 min. Discard the supernatant. Air-dry or 
vacuum dry the pellet, and then add 20 μl DEPC-treated 
RNase- free water to dissolve the RNA pellet ( see   Note 6 ).   

   6.    RNA can be quantitated by Qubit 2.0 as per manufacturer’s 
instructions.      

3.2  FACS Purifi cation 
of HSCs

3.3  RNA Preparation

  Fig. 1    Gating strategies for identifying mouse HSCs and multipotent progenitors following enrichment using 
mouse c-Kit magnetic beads. Immunophenotypic defi nitions of HSPC populations described include the follow-
ing: HSC, Lin− c-Kit+ Sca1+ Slamf1+ CD34−; MPPa, Lin− c-Kit+ Sca1+ Slamf1+ CD34+; MPPb, Lin− c-Kit+ 
Sca1+ Slamf1− CD34+       
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  ABI Mouse miRNA Array Cards (Life Technologies, cat# 4398979) 
can be purchased as a paired set which includes two 384-well plates 
(A and B) that have been pre-spotted with TaqMan probes for 641 
unique mature mouse miRNA species and controls. The MegaPlex 
reverse transcription primers and Mega PreAmp pre-amplifi cation 
primers have, respectively, A and B pools for each of these plates. 
Total RNA prepared from a single mouse (about 3,000 HSCs) 
ranges between 3 and 5 ng based on our experience. If the total 
amount of starting RNA is greater than 350 ng (typically from 
non-HSC populations used as reference controls), reverse tran-
scription products can be used for qPCR reactions without the 
need for a pre-amplifi cation step.

    1.    Prepare the RT buffer mixture by combining the components 
listed in    Table  1 .
   Following addition of all components, briefl y mix and spin. We 
typically prepare master mixes for ten samples that include 
12.5 % excess volume to account for losses during pipetting.   

   2.    Pipette 4.5 μl RT mixture into the PCR tubes or plates, and 
add 3 μl of RNA samples into each tube or well. Prepare A and 
B pools separately.   

   3.    Seal the tubes or the plates, and then spin briefl y. Incubate the 
samples on ice while programming the PCR machine for the 
following thermal cycling conditions.   

   4.    Set up the thermal cycling conditions for the PCR machine 
block as in Table  2 .

       5.    Load the samples, and run the reaction. This run takes approx-
imately 2 h and 30 min.      

3.4  TaqMan Reverse 
Transcription 
Reactions

   Table 1  
  RT buffer mixture for TaqMan PCR   

 RT reaction mix components  Volume for one sample (μl)  Volume for ten samples (μl) 

 MegaPlex RT Primers (10×)  0.80  9.00 

 dNTPs with dTTP (100 mM)  0.20  2.25 

 MultiScribe Reverse transcriptase (50 U/μl)  1.5  16.88 

 10× RT Buffer  0.80  900 

 MgCl 2  (25 mM)  0.90  10.12 

 RNase inhibitor (20 U/μl)  0.10  1.12 

 Nuclease-free water  0.20  2.25 

 Total  4.50  50.62 
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  A pre-amplifi cation step is used to increase the sensitivity of the PCR 
reactions when starting with limited numbers of cells, i.e., less than 
350 ng RNA for each reaction. We routinely use this step when 
profi ling miRNAs from double-FACS-purifi ed HSCs from a single 
mouse.

    1.    Thaw the buffers, and combine them; mix and spin briefl y after 
that. The master mix volumes for ten samples include 12.5 % 
excess volume for each component in order to account for loss 
during pipetting (Table  3 ).

       2.    Pipette 22.5 μl into each PCR tubes or plates. Add 2.5 μl RT 
product. Seal the tubes or the plates, and spin briefl y. Incubate 
on ice before running the reaction.   

   3.    Program the PCR machine as shown in Table  4 .
       4.    Load the samples, and run the reaction, which takes approxi-

mately 2 h. At the end of the reaction, add 75 μl of 0.1 mM TE 
pH 8.0 to each well or tube to stop the reaction.      

      1.    Thaw and mix reagents, and combine them in 1.5 ml tubes as 
shown in Table  5 .
   Perform a quick spin after mixing the components. The rec-
ommended volume for each reagent refl ects 12.5 % excess vol-
ume to account for volume losses during pipetting.   

3.5  Pre-amplifi cation 
of miRNAs

3.6  qPCR Reaction

   Table 2  
  Thermal cycling conditions for PCR   

 Stage  Temperature (°C)  Time 

 Cycle (40 cycles)  16  2 min 
 42  1 min 
 50  1 sec 

 Hold  85  5 min 

 Hold   4  ∞ 

   Table 3  
  Master mix for TaqMan PCR   

 PreAmp reaction mix components 
 Volume for 
one sample (μl) 

 Volume for 
ten samples (μl) 

 TaqMan PreAmp Master Mix (2×)  12.5  140.62 

 MegaPlex PreAmp Primers (10×)   2.5   28.13 

 Nuclease-free water   7.5   84.37 

 Total  22.5  253.12 

Wenhuo Hu and Christopher Y. Park



129

   2.    Pipette 100 μl of the reaction mix into each port of the TaqMan 
miRNA array card. Centrifuge for 300 ×  g  for 2 min without 
the brake on, and then repeat. Seal the plates using an array 
card sealer.   

   3.    Set up the PCR on the ViiA 7 Real-Time PCR System. Create 
a new document, and check the following options: relative 
quantifi cation (ΔΔCt), 384-well TaqMan array cards, and 
standard reaction procedure. Then import the rodent SDS fi les 
from the CD that is included with the array cards for plates 
A and B. Load the TaqMan array card, and then initiate the 
program. The total reaction time is approximately 2 h.   

   4.    Export only the result table as a text, which can be directly 
imported into the R environment.      

   Once the raw miRNA expression data is acquired, analysis is per-
formed using the R/bioconductor platform using the open-source 
HTqPCR software package designed for large-scale qPCR data 
analyses [ 27 ]. Below, we use data generated in our lab to demon-
strate the individual steps of data analysis. This experiment was 
designed to identify differences in miRNA expression in two 

3.7  Data Analysis

   Table 4  
  PCR parameter for TaqMan PCR   

 Stage  Temperature (°C)  Time 

 Hold  95  10 min 

 Hold  55  2 min 

 Hold  72  2 min 

 Cycle (12 cycles)  95  15 s 
 60  4 min 

 Hold  99.9  10 min 

 Hold  4  ∞ 

   Table 5  
  Quantitative PCR amplifi cation reagents required   

 Component  Volume for one array (μl) 

 TaqMan Universal PCR Master Mix No 
AmpErase UNG, 2× 

 450 

 Diluted PreAmp product    9 

 Nuclease-free water  441 

 Total  900 
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populations of mouse HSCs, which we have designated as control 
(ctrl) and treatment (treat) groups. The miRNA expression profi ling 
data for each sample was generated from total RNA isolated from 
approximately 2,000 FACS-sorted HSCs from a single mouse. 
There were fi ve samples included from the ctrl and treatment groups.

    1.    Open the R program, and assign the working directory to the 
folder where the exported text fi les are using the function set 
work directory as shown below. All the following steps in the 
data analysis will read data from, or write data to, this folder: 

  > setwd(“path/name/to/data/”)    
   2.    Make a text fi le, referred to as “metadata” (data about data), 

that describes each of the samples. For example, Table  6  shows 
how for our data we have created a metadata fi le “target.txt” 
with the following content. Each row describes one sample 
generated from plates A and B.

       3.    Load the software packages needed for miRNA expression 
analysis by typing in the functions below. “HTqPCR” is 
designed for high-throughput qPCR assays across multiple 
conditions [ 27 ]. Package “gplots” contains various R program-
ming tools for plotting data [ 28 ]. The function shown below is 
provided by this package to draw a heatmap. The information 
after “#” in the following code represents the comments for the 
code before this symbol in the same line, so this information is 
not necessary to execute the function: 

  > library(HTqPCR)  
  >  library(gplots) # for cluster analysis, 

heatmap.2( )    

   Table 6  
  Example of metadata table for analysis of miRNA expression data using 
the R program   

 File  Group 

 1  ctrl1.csv  Ctrl 

 2  ctrl2.csv  Ctrl 

 3  ctrl3.csv  Ctrl 

 4  ctrl4.csv  Ctrl 

 5  ctrl5.csv  Ctrl 

 6  treat1.csv  Drug 

 7  treat2.csv  Drug 

 8  treat3.csv  Drug 

 9  treat4.csv  Drug 

 10  treat5.csv  Drug 
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   4.    Read sample information: 
  read.delim("target.txt", header=T) -> fi les    

   5.    There are several ways to import the data exported from the 
ViiA7 qPCR software into the R environment. Each exported 
data fi le contains information including gene names and their 
Ct values as well as the metadata about the experiments. 
Furthermore, since two fi les (one each for plates A and B) 
make up each sample, it is necessary to delete the metadata and 
combine the paired fi les. In general, the expression data can be 
directly imported into R in order to extract the information 
needed, and then the data for plates A and B can be combined 
for each sample. One simple method to organize the data is to 
use Microsoft Excel before importing the data into R software. 
In Excel, fi rst delete the unnecessary information in the 
description lines for each of the fi les, leaving only the 384 rows 
representing the wells associated with miRNA probes. All col-
umns can be retained since the columns can be assigned in the 
program (see next step). The data fi le for each sample can then 
be generated by copying the 384 lines from plates A and B 
together. The fi nal fi le names for each sample should be kept 
the same as shown in the fi le of “target.txt” such as ctrl1.csv, 
treat1.csv et al.   

   6.    Import the Ct values for each miRNA into the R environment 
using the code below. Here, the fi les represent the fi le names 
generated from Subheading  3.7 ,  step 5 ; the header parameter 
is assigned as “False”, which indicates for the program that 
there is no head line in these fi les; n.features represent the gene 
numbers (768 genes for each sample from plates A and B); the 
information assigned to column.info links the column num-
bers (which corresponds to the column numbers in the data 
fi le) to their data type such as feature (same as gene name, 
column 4), position (column 1), and Ct values (column 11): 

  > raw = readCtData(fi les=as.character(fi les$
fi le),  

  header=False,  
  n.features=768,  
  column.info=list(feature=4, position=1, Ct=11))    

   7.    The gene names in the data fi le provided by ABI contain trail-
ing numbers. For ease of reading, we frequently delete the 
trailing numbers (optional). For example, change “mmu-let-
 7b-000378” to “mmu-let-7b”: 

  > tmp = sub("-\\d+$", "", featureNames(raw))  
  > tmp2 = sub("-\\d+_mat$", "", tmp)  
  > tmp3 = sub("#$", "", tmp2)  
  > featureNames(raw) = tmp3    
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   8.    Check the quality of the raw data by examining the distribu-
tion of Ct values for all miRNAs using a histogram as follows. 
The resulting histogram is shown in Fig.  2 :

    > plotCtDensity(raw, main='Distribution of 
raw Ct values', col=cols)    

   9.    Perform a principal component analysis (PCA). A PCA analysis 
is performed in order to help identify the most important vari-
ables that account for the differences among sample groups. 
We routinely run this type of analysis on all our samples. This 
analysis can be run by typing in the code below. The result is 
presented in Fig.  3 :

    > plotCtPCA(raw, features=F, pch=2)    
   10.    Identify miRNAs that are expressed in HSCs. The criteria for 

inclusion of miRNA expression data are somewhat subjective, 
but we generally consider a miRNA as detectable (and there-
fore evaluable) if it is expressed in more than 25 % of samples 
in which it was measured; applying this criterion results in 
the inclusion of 218 miRNAs (28 % of the total measured). 
The distribution of Ct values after eliminating non-detectable 
miRNAs is shown in Fig.  4 :

    > f = fi lterCtData(raw, remove.category = 
"Undetermined",     n.category=0.25*nrow(fi les))  

  > nrow(exprs(f))/nrow(exprs(raw)) # 0.2838542  
  > plotCtDensity(f, main='Distribution of Ct 

values\nfor, expressed microRNAs', col=cols)    

  Fig. 2    Density plot of Ct values for miRNA expression using raw sample data. 
Each sample was evaluated using 768 unique TaqMan-based probes that detect 
641 unique miRNAs as well as a subset of snoRNAs and U6       
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   11.    Normalize the data across the various samples using the quan-
tile method ( see   Note 7 ). The distribution of Ct values after 
quantile normalization is shown in Fig.  5 :

    > f.qt = normalizeCtData(f, norm="quantile")  
  > plotCtDensity(f.qt, main='After normali-

zation')    

  Fig. 3    PCA analysis of the raw Ct values reveals differences between samples 
representing control and treatment conditions       

  Fig. 4    Ct density plot of miRNAs detected across samples. Expressed mRNAs are 
defi ned by their mean Ct value when detected in more than 25 % samples tested, 
resulting in a detection rate of about 28 % of total miRNAs measured       
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   12.    Identify miRNAs that are differentially expressed at statistically 
signifi cant levels by applying a  t  test ( see   Note 8 ). Here in the 
ttestCtData function, the parameter “groups” indicate the 
control and treated samples; “calibrator” is assigned as “ctrl” 
which indicates the control group as baseline values; “p.adjust” 
indicates the method of  p  value adjustment; other parameters 
are provided for the  t  test. The results were in ttest variable, 
which contains information about fold change,  p  values, and 
adjusted  p  values. Then the results were exported by the write.
csv function into a fi le named “gene-list-ttest.csv”: 

  > ttest = ttestCtData(f.qt, groups = fi les$
group,     calibrator='ctrl', alternative = "two.
sided",  

  paired = FALSE, replicates = TRUE,     sort = 
TRUE, stringent = TRUE, p.adjust = "BH")  

  > write.csv(fi le='gene-list-ttest.csv', ttest)  
 Use the function colnames to show the information included 

in the results ttest variable. The text below this function repre-
sents the results following execution of this function: 

  > colnames(ttest)  
  [1] "genes" "feature.pos" "t.test"  
  [4] "p.value" "adj.p.value" "ddCt"  
  [7] "FC" "meanCalibrator" "meanTarget"  
  [10] "categoryCalibrator" "categoryTarget"  

  Fig. 5    MiRNA Ct density plot following quantile normalization. This example 
 demonstrates an equivalent distribution of miRNA gene expression levels       
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 The top ten differential miRNAs identifi ed in our data set 
are shown here: 

  > ttest[1:10,c('genes', 'FC', 'p.value', 
'adj.p.value')]  

  genes FC p.value adj.p.value  
  203 snoRNA135 0.25621911 7.579055e-13 

1.504506e-10  
  205 U6 snRNA 0.12617037 1.453629e-12 

1.504506e-10  
  171 mmu-miR-706 0.34257220 1.268243e-08 

8.750876e-07  
  204 snoRNA202 0.07579676 6.024003e-08 

3.117421e-06  
  206 U87 0.14726842 4.306654e-07 

1.782955e-05  
  35 mmu-miR-126-3p 0.05519303 1.151795e-06 

3.973691e-05  
  195 rno-miR-489 6.78985140 1.779365e-06 

5.261836e-05  
  158 mmu-miR-652 0.06423129 2.240539e-06 

5.448856e-05  
  99 mmu-miR-2183 5.78661636 2.616545e-06 

5.448856e-05  
  22 Mamm U6 0.43218623 2.632297e-06 

5.448856e-05    
   13.    Prepare the data for cluster analysis using normalized Ct 

values: 
  > exprs(f.qt) -> all.exprs # export Ct 

values  
  > fdr <- 0.01  
  > ttest.sig <- as.character(ttest[ttest$

adj.p.value < fdr, 'genes']) # gene names  
  > exprs(f.qt)[row.names(all.exprs) %in% 

ttest.sig,] -> sig.exprs  
  > all.exprs[apply(all.exprs, 1, sd)>0,] 

-> all.exprs    
   14.    View the cluster analysis showing the entire set of detectable 

miRNAs using the codes provided below. The code “all.exprs” 
ensures that the Ct values are appropriately assigned such that 
miRNAs with higher Ct values are given negative values since 
high Ct values correspond to lower expression levels; the code 
“row” signifi es that the expression levels for each miRNA are 
normalized across all samples measured; the color scheme (col 
parameter) is set with the code “greenred”, which means that 
miRNAs with higher expression levels will be depicted in red in 
the heatmap, while those with lower expression will be in 
green. Since the expression levels are scaled for each “row” or 
miRNA, the color in the heatmap only allows visualization of 
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differences in miRNA expression level from the mean expres-
sion for any individual sample. Thus, the same shade of red or 
green for different miRNAs does not necessarily correspond 
to the same absolute differences in expression. The “heat-
map.2” function is provided by the software package gplots 
with the detailed manual included in a PDF fi le. Also, a ques-
tion mark with the function name will print the manual for this 
function too, such as “> ?heatmap.2”. The result is presented 
in Fig.  6 :

    > heatmap.2(-all.exprs,  
  scale='row',  
  Colv=T,  
  key=T,  
  symbreaks=T,  
  trace="none",  
  col=greenred,  
  density.info = "none",  
  margin=c(4,2), labRow = '',  
   hclust=function(x) hclust(x,method=
"complete"),  
   distfun=function(x) as.dist(1-cor
(t(x), method='pearson')))    

  Fig. 6    Cluster analysis of HSC miRNA profi ling data set including detectable 
genes following normalization       
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   15.    Perform a clustering analysis for the miRNAs that exhibit sig-
nifi cant changes in expression after drug treatment. The result 
is shown in Fig.  7 :

    > heatmap.2(-sel.rows[1:50,],  
  scale='row',  
  Colv=T,  
  key=T,  
  symbreaks=T,  
  trace="none",  
  col=greenred,  
  density.info = "none",  
  margin=c(4,7),  
   hclust=function(x) hclust(x,method=
"complete"),  
   distfun=function(x) as.dist(1-cor
(t(x), method='pearson')))     

  Fig. 7    Cluster analysis of differentially expressed miRNAs in HSCs identifi ed after 
treatment. FDR < 0.01       
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4       Notes 

     1.    The number of harvested bone marrow cells (and hence HSCs) 
from donor mice can be increased by crushing the spine and 
pelvises in addition to the long bones. Since cells may aggre-
gate during processing due to release of genomic DNA from 
lysed or damaged cells, DNase (10 U/ml or 1 μg/ml) should 
be added to the FACS buffer in all subsequent steps to reduce 
the formation of insoluble aggregates.   

   2.    Antibodies against mouse CD34 typically do not stain cells 
brightly; however, staining can be improved by incubating 
cells with antibody for more than 45 min.   

   3.    Whenever a new lot of an antibody is used, it should be re- 
titered to achieve comparable staining results.   

   4.    Double-FACS-sorting HSCs signifi cantly increases the purity 
of HSC preparations. While the fi rst sort typically achieves an 
HSC purity of 60–70 % (calculated as a percentage of total 
events collected), a second sort can routinely result in >95 % 
purity; therefore, this approach is recommended.   

   5.    The RNeasy Mini Kit (Qiagen) can be used instead of Trizol 
for RNA preparation if the investigator wishes to avoid using 
phenol- containing reagents.   

   6.    Do not allow the RNA pellet to dry completely following the 
fi nal EtOH wash because this makes it more diffi cult to redis-
solve the RNA.   

   7.    There are several methods to normalize HTqPCR data. “del-
taCt” calculates the standard deltaCt values by subtracting the 
mean of the chosen controls from all other treatment groups. 
"scale.rankinvariant" sorts features from each sample based on 
Ct values and identifi es a set of features that remain rank invari-
ant, i.e., those whose ordering is constant, and the average of 
these rank-invariant features is then used to scale the Ct values for 
each array individually. "norm.rankinvariant" also identifi es rank-
invariant features between each sample and a reference and then 
uses these features to generate a normalization curve individually 
for each sample by smoothing. "geometric.mean" calculates the 
geometric mean of all Ct values below Ct.max in each sample 
and scales the Ct values accordingly. The effect of normalization 
can be demonstrated by the function plotCtDensity.   

   8.    The Limma software package uses a linear model to identify 
differentially expressed genes and is widely used to analyze 
mRNA expression microarray data [ 29 ]. HTqPCR also pro-
vides a function, “limmaCtData”, to identify differentially 
expressed miRNAs using this linear model. Similar results can 
usually be obtained by this method compared to those obtained 
using statistical  t  tests.         
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    Chapter 9   

 DNA Methylation Profi ling of Hematopoietic Stem Cells 

           Amber     Hogart     Begtrup    

    Abstract 

   DNA methylation is a key epigenetic mark that is essential for properly functioning hematopoietic stem 
cells. Determining where functionally relevant DNA methylation marks exist in the genome is crucial to 
understanding the role that methylation plays in hematopoiesis. This chapter describes a method to profi le 
DNA methylation by selectively enriching methylated DNA sequences that are bound in vitro by methyl- 
binding domain (MBD) proteins. The MBD-pulldown approach selects for DNA sequences that have the 
potential to be “read” by the endogenous machinery involved in epigenetic regulation. Furthermore, this 
approach is feasible with very small quantities of DNA, and is compatible with the use of any downstream 
high-throughput sequencing approach. This technique offers a reliable, simple, and powerful tool for 
exploration of the role of DNA methylation in hematopoietic stem cells.  

  Key words     DNA methylation  ,   Methyl-binding domain protein  ,   MBD-pulldown  ,   Methylation 
enrichment  ,   High-throughput sequencing  ,   Epigenetics  

1      Introduction 

 Epigenetics refers to covalent modifi cations of DNA and histone 
proteins that are heritable and reversible. Epigenetic modifi cations 
contribute to the cell-type specifi c gene expression differences that 
drive differentiation and cell fate specifi cation. DNA methylation 
in mammals occurs primarily in the context of CpG dinucleotides 
and is essential for early development [ 1 ]; however, little is known 
about how DNA methylation contributes to cell specifi cation. 
Hematopoietic stem cells require DNA methylation for proper dif-
ferentiation into the various lineages of the blood [ 2 ,  3 ]. Profi ling 
DNA methylation in hematopoietic stem cells allows for identifi ca-
tion of specifi c sequences and genes that are marked by methyla-
tion and ultimately assists in understanding the role of epigenetics 
in cellular identity [ 4 ]. 

 A variety of approaches exist to identify the location of DNA 
methylation marks on a genomic scale; however, all methods have 
limitations. For a comprehensive review of current approaches that 
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are applicable to the genome-wide scale, please refer to Harris et al. 
[ 5 ]. The approach described in this chapter is based upon an in vitro 
protein pull-down technique. The proteins that bind to DNA meth-
ylation marks within the cell are called methyl-binding domain 
(MBD) proteins. The MBD proteins represent a small family of pro-
teins that specifi cally bind to methylated CpG sites and interact with 
a host of other key proteins that regulate chromatin organization 
and gene expression [ 6 ]. One advantage to this approach is the abil-
ity to profi le DNA methylation marks that are relevant for the 
proteins that read the DNA methylation and translate the patterns 
into altered chromatin and gene expression. Additionally, this 
approach is amenable to very small quantities of genomic 
DNA. Finally, because the protein-pulldown involves minimal 
manipulation, the enriched DNA is of high quality and is well suited 
for downstream procedures such as high-throughput sequencing. 

 Recent advances in DNA sequencing technology have allowed 
for investigation of the entire genome of an organism to be feasi-
ble. Using massively parallel or next-generation sequencing to 
identify the sequences marked by DNA methylation therefore per-
mits unprecedented characterization of the role that methylation 
plays in hematopoietic stem cells. This chapter describes the proce-
dures to isolate genomic DNA from primary cells and selectively 
enrich the methylated DNA sequences. Specifi c instruction regard-
ing performing next-generation sequencing is not included in this 
chapter, but can be found elsewhere [ 7 ]. Additionally, this chapter 
does not address the informatics component of analyzing the 
methylation profi les; however, two recent papers demonstrate the 
types of analyses that can be performed with the genomic DNA 
obtained from the MBD-enrichment protocol [ 4 ,  8 ].  

2    Materials 

  The exact quantity of cells required will depend on the downstream 
methodology used for profi ling the methylation-enriched DNA 
sequences. If high-throughput sequencing will be utilized, 3–5 μg 
of genomic DNA is generally suffi cient (obtained from 1 to 2 × 10 6  
cells). Due to the limited abundance of HSCs in the bone marrow, 
a large number of primary cells must be isolated and enriched in 
order to obtain suffi cient quantities for whole-genome sequencing. 
Enrichment strategy for HSCs will vary depending on current 
knowledge of cellular surface markers and the desired characteris-
tics of the cell population. Reagents listed below are one option for 
enrichment of HSCs from mice and represent the method described 
previously [ 9 ,  10 ].

    1.    Bone marrow from tibias and femurs from 20 mice typically 
yields 10 9  white blood cells, leading to approximately 3–5 × 10 5  
enriched HSCs.   

2.1  Primary 
Enriched HSCs
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   2.    Needles, small gauge (25G) and 3 mL syringe.   
   3.    ACK lysing buffer.   
   4.    Lineage-specifi c antibodies that recognize the following cell 

surface antigens: CD8a, CD4, CD11b, Ly-6G/Ly-6C, CD45R, 
and Ter119.   

   5.    BioMag magnetic beads coated with antibody-specifi c IgG 
(corresponding to antibodies in  item 3  above).   

   6.    Fluorescently labeled antibodies for fl ow cytometry (i.e., anti- 
mouse Sca1 and anti-mouse CD117).   

   7.    1× Phosphate Buffered Saline (PBS) with 0.5 % Tween ® 20.   
   8.    Hemocytometer and light microscope for counting cells.   
   9.    Magnetic tube holder to secure beads.   
   10.    Cell strainer, Falcon ®  40 μM.   
   11.    BD FACS Aria fl ow cytometer (BD Biosciences).    

        1.    Gentra Puregene DNA purifi cation kit (Qiagen, Cat. No 
158745).   

   2.    Nanodrop 2000 UV spectrophotometer (Thermo Scientifi c).   
   3.    Probe sonicator.   
   4.    Agarose gel, 100 bp DNA ladder, ethidium bromide.   
   5.    Methyl Collector™ Ultra kit (Active Motif, Cat. No 55005).   
   6.    Small rotating shaker.   
   7.    Qiagen MinElute Reaction Cleanup kit (Qiagen, Cat No 

28204).      

      1.    Positive control oligonucleotides to amplify known methylated 
genomic sequence.   

   2.    Negative control oligonucleotides to amplify unmethylated 
genomic sequence.   

   3.    SYBR ®  Select Master Mix (Life Technologies, Cat. No 
4472937).   

   4.    Optical 96-well reaction plate (Applied Biosystems, Cat No 
4483354).   

   5.    Applied Biosystems 7500 Real-Time PCR System (Applied 
Biosystems).       

3    Methods 

      1.    Starting with freshly sacrifi ced mice, remove skin and muscle 
from the femur and tibias.   

   2.    Using sharp scissors cut the ends of the bones to create an 
open tube for fl ushing marrow.   

2.2  Genomic DNA 
Isolation 
and Methylation 
Enrichment

2.3  Quantitative PCR 
Instrumentation 
for Quality Assurance

3.1  Isolation 
and Enrichment 
of Primary HSCs

Methylation-Enrichment of HSCs
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   3.    Prepare 10 mL of 1× phosphate buffered saline (PBS) in a 
conical tube.   

   4.    Using a small (22G or 25G) gauge needle with a 3 mL syringe, 
fl ush the open bones with 1× PBS to dislodge the marrow 
( see   Note 1 ).   

   5.    Homogenize the bone marrow cells in the 1× PBS by passing 
through the needle 4–5 times.   

   6.    Add 3×–5× total volume, i.e., 40 mL, of ACK lysis buffer to 
10 mL of suspended cells to lyse red blood cells. Gently pipet 
up and down to mix cells.   

   7.    Incubate cells in ACK lysis solution on ice for 10 min, then 
pellet cells by centrifugation for 5 min at 4 °C.   

   8.    Remove supernatant and resuspend cell pellet in 5–10 mL of 
cold 1× PBS. ( See   Notes 2  and  3 ).   

   9.    Count cells on a hemocytometer to determine the quantity of 
reagents required for lineage depletion. ( See   Note 4 ).   

   10.    Incubate cells with lineage-specifi c antibodies on ice for 30 min.   
   11.    Prepare magnetic beads by thoroughly resuspending, aliquoting 

in a clean tube, and washing with an equal volume of cold 1× 
PBS/0.5 % Tween. ( See   Note 5 ).   

   12.    Combine the antibody-incubated cell suspension with the 
washed magnetic beads, vortex briefl y, and incubate on ice for 
10 min.   

   13.    Place tube(s) on the magnet and incubate for 5 min at 4 °C.   
   14.    Remove supernatant to clean tube(s) and place back on magnet 

for 5 min at 4 °C.   
   15.    Remove supernatant to a clean tube(s) and centrifuge cells for 

5 min at 4 °C to pellet lineage-depleted cells.   
   16.    Remove supernatant and resuspend pelleted cells in 1–2 mL of 

1× PBS.   
   17.    Count lineage depleted cells on a hemocytometer to ensure 

adequate lineage subtraction. ( See   Note 6 ).   
   18.    Remove approximately 1–2 × 10 4  cells for each control cell 

population desired for fl ow cytometry (i.e., unstained control, 
and each single color antibody).   

   19.    Incubate cells with fl uorescently labeled antibodies (i.e., PE-anti-
mouse Sca1 and APC-anti-mouse c-kit (BD Biosciences)) and 
incubate on ice for 30 min. ( See   Note 7 ).   

   20.    Wash cells with approximately 10 mL of cold 1× PBS, spin and 
resuspend in 1–2 mL of 1× PBS.   

   21.    Prior to placing cells on a fl ow cytometer, fi lter out any clumps 
by passing cells through a cell strainer.   

Amber Hogart Begtrup
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   22.    Stained primary cells are enriched for HSCs and other multipotent 
progenitors and are ready to be further enriched by fl ow 
cytometry. The protocol for cell sorting depends on the 
instrument available and is beyond the scope of this 
procedure.      

      1.    After enriched cells have been recovered from cell sorting, vor-
tex to resuspend and combine into one tube to pellet cells.   

   2.    Spin cells for 5–10 min at 4 °C and remove supernatant. Cell 
pellets are typically visible even when the total yield of cells is 
on the order of 2–5 × 10 5 .   

   3.    Resuspend cell pellet in residual liquid by vortexing and then 
add 150 μl of cell lysis solution, and pipet up and down to 
thoroughly mix the pelleted cells. Transfer to a 1.5 mL eppen-
dorf tube for subsequent processing. ( See   Note 8 ).   

   4.    Add 1.5 μl of RNase A solution to the cells and mix by pipet-
ting. Incubate at 37 °C for 5 min and then immediately place 
on ice.   

   5.    Add 100 μl of protein precipitation solution and vortex vigor-
ously for 20–30 s.   

   6.    Spin tube in a 4 °C centrifuge for 5 min at 13,000–16,000 ×  g . 
The protein pellet should be visible as white precipitate along 
the edge of the tube. If the protein pellet is loose, it may be 
necessary to repeat the centrifugation.   

   7.    Carefully remove the supernatant to a clean 1.5 mL eppendorf 
tube containing 300 μl of isopropanol. Mix by inverting until 
a visible strand of DNA becomes visible.   

   8.    Spin the DNA at 13,000–16,000 ×  g  at 4 °C for 5 min. The DNA 
should be visible as a small white pellet. Carefully remove the 
supernatant by pipetting off the isopropanol.   

   9.    Add 300 μl of 70 % ethanol and invert tube until pellet becomes 
dislodged. Spin at 13,000–16,000 ×  g  for 5 min.   

   10.    Remove ethanol supernatant, being careful not to dislodge the 
DNA pellet. If the pellet does appear loose, use a small tip to 
pipet away the remaining ethanol. Allow the clean pellet to dry 
inverted for 2–3 min to eliminate residual ethanol.   

   11.    Add 50 μl of DNA hydration solution to the pellet and pipet 
up and down and vortex to resuspend DNA pellet. Overnight 
incubation at room temperature or 1 h incubation at 55 °C 
will ensure complete hydration of DNA. ( See   Note 9 ).   

   12.    Using a Nanodrop UV spectrophotometer, quantify the yield 
of genomic DNA. Prior to proceeding with the methylated 
DNA enrichment ensure that a minimum of 1 μg of total HSC 
genomic DNA are available.      

3.2  Isolation 
of Genomic DNA 
from HSCs

Methylation-Enrichment of HSCs
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      1.    Fragment genomic DNA through mechanical shearing with 
sonication. A minimum concentration of 20 ng/μl is needed 
and a minimum volume of 100 μl in a 1.5 mL eppendorf tube. 
If necessary, adjust total volume by adding additional DNA 
hydration solution. ( See   Notes 10  and  11 ).   

   2.    Check DNA fragment size by running a small aliquot of DNA 
(2–4 μl) on a 1 % agarose gel with a 100 bp DNA ladder. The 
predominant smear of genomic DNA should be between 
200–400 bp.   

   3.    Prepare the Binding Reaction components for the desired num-
ber of reactions according to the order listed in Table  1 . Binding 
reactions occur in 0.5 mL strip PCR tubes provided with the kit. 
The binding reaction is tolerant to a range of DNA quantities 
(100–500 ng). If the fi nal concentration of fragmented DNA is 
10–50 ng/μl, then the DNA can be added without dilution to 
an individual binding reaction. If the DNA concentration 
exceeds 50 ng/μl then it is recommended that the DNA be 
diluted with water when adding to the binding reaction.

       4.    Repeat the binding reaction setup for up to 8 tubes. Ensure 
that the tubes are kept on ice while pipetting and that mag-
netic beads are mixed thoroughly by pipetting before adding 
to each binding reaction tube. Mix each reaction thoroughly 
by pipetting up and down and completely cap the PCR tubes. 
( See   Note 12 ).   

   5.    Incubate the binding reactions at 4 °C for 1 h while on a rotating 
shaker. During this incubation gently fl ick the tubes to resuspend 
the bead slurry at 15 min intervals.   

   6.    After the 1 h incubation spin briefl y or fl ick tubes to ensure the 
liquid is removed from the cap. Place the tubes on the magnetic 
stand assembled from the kit, to pellet the beads.   

   7.    Remove the supernatant to clean tubes and save for further 
analysis. ( See   Note 13 ).   

   8.    Wash beads four times with 200 μl of binding buffer (provided 
by kit). Holding the tubes away from the magnet, gently pipet 

3.3  MBD-Enrichment 
of Methylated DNA

   Table 1  
  Components for the methylated DNA binding reaction   

 Reagent  Volume per reaction (μl) 

 Complete Binding Buffer  70 

 Fragmented genomic DNA (100–500 ng)  10 

 Magnetic Beads  10 

 His-MBD2/MBD3L1 protein complex  10 
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the liquid into the tube and thoroughly resuspend the beads 
with pipetting. Be careful to avoid generating bubbles. Place 
the tubes on the magnet to pellet the beads and remove and 
discard of the supernatant.   

   9.    After the fi nal wash add 100 μl of complete elution buffer 
(created by adding 2 μl of provided proteinase K to 98 μl of 
Elution Buffer EM (1 for each reaction). Incubate the beads in 
the elution buffer at 50 °C for 30 min. During this incubation, 
ensure that the beads are resuspended in the elution buffer 
every 10 min.   

   10.    Warm the Proteinase K stop solution at 37 °C during the last 
10 min of the elution incubation.   

   11.    Flick or quick spin the PCR tubes to remove liquid from the 
cap and place reaction tubes on the magnetic stand to pellet 
the beads. Carefully remove the supernatant to a clean tube. 
Depending on the total number of tubes used for the binding 
reaction, the supernatants from multiple binding reactions can 
be combined into a single 1.5 ml eppendorf tube or split into 
different tubes.   

   12.    Add 2 μl of proteinase K stop solution per 100 μl of eluted 
DNA. Thoroughly mix by pipetting.   

   13.    Proceed to purifi cation of the methylation-enriched and super-
natant DNA samples with column purifi cation. 5 volumes of 
Buffer PB are added to every 1 volume of the binding reaction, 
or supernatant fraction. For the bound fraction 500 μl of PB 
are added to 100 μl of eluted DNA.   

   14.    Apply the sample to the column and centrifuge for 1 min. 
Remove fl ow-through.   

   15.    Wash bound sample with 750 μl of PE and centrifuge for 1 min. 
Remove fl ow-through and spin for 1 additional minute.   

   16.    Place column in a clean 1.5 mL tube and elute with 30 μl of 
water. Let sit for 2–3 min at room temperature and spin for 
1 min to elute DNA. ( See   Note 14 ).   

   17.    Remove 1–2 μl of DNA and check concentration and yield 
from the methylation-enriched and supernatant samples on a 
Nanodrop spectrophotometer.   

   18.    Dilute with water an aliquot of the supernatant sample to 
approximately the same concentration as the undiluted 
methylation- enriched sample.      

      1.    Prepare a quantitative PCR master mix for at least one positive 
control primer set and one negative control primer set in the 
methylation enriched and supernatant samples. Refer to 
Tables  2  and  3  for PCR setup instructions and Table  4  for 
example primers. ( See   Notes 15  and  16 ).

3.4  Quality Control 
for Methylation 
Enrichment

Methylation-Enrichment of HSCs
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         2.    Using an optical-grade 96-well plate, perform quantitative 
PCR with standard reaction conditions. Approximately 10 ng 
of DNA is required for each PCR amplifi cation. Include a 
 non- template control to ensure PCR product specifi city.   

   3.    Perform qPCR with standard cycling conditions. Ensure that 
fl uorescence readings are measured at each cycle and a melting 
curve analysis was performed. ( See   Note 17 ).   

   4.    Determine if methylation enrichment was achieved by calcu-
lating the ΔCT. ( See   Note 18 ) Fig.  1  shows representative 
qPCR data for three positive control methylated sequences. 
( See   Notes 19  and  20 ).

       5.    Methylation enriched DNA is ready to be used in any number 
of downstream procedures, such as library preparation for 
next- generation sequencing.       

4    Notes 

     1.    In our experience, several factors contribute to the overall yield 
of cells from mice. First, younger mice will often produce a larger 
number of HSCs than comparable older mice. Second, if the 
marrow can be expelled cleanly with one push, the yield of cells 
will be higher. Success of fl ushing the marrow will be improved 
by cutting bones with very sharp scissors, and away from joints 
and by using a needle that fi ts tightly into the bone.   

   Table 2  
  Components for quantitative PCR setup   

 Reagent  Volume per reaction (μl) 

 Water  9.5 

 2× Sybr Master Mix  12.5 

 Primer For + Rev  2 

 DNA  1 

   Table 3  
  Quantitative PCR standard cycle conditions   

 40 Cycles 

 Step  Initial denaturation  Denature  Anneal/extend 

 Temperature  95 °C  95 °C  60 °C 

 Time  10 min  15 s  1 min 
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   2.    Incomplete RBC lysis is obvious if the cell pellet is pink instead 
of white. If this is seen, a higher volume of ACK lysis solution 
should be used.   

   3.    The volume of PBS used to resuspend the cell pellet is arbitrary 
and can be reduced to any volume that will suffi ciently allow 
for complete resuspension of cells. As antibody incubation will 
occur immediately after resuspending and counting cells, use of 
a smaller volume (such as 4–5 mL) may increase the effi ciency 
of antibody binding.   

   4.    The quantity of lineage antibodies used for depletion can be 
empirically determined based upon the concentration of each 
antibody and the total number of cells. When depleting 10 9  
bone marrow cells, 50–100 μg of each depletion antibody was 
used; however, this may be in excess of what is needed for 
depletion. If resources are limited, it may be possible to reduce 
the quantity of antibody used for this step.   

   5.    Magnetic bead incubations are performed at 4 °C to preserve 
the primary cells. Store all PBS solutions and magnetic beads 
at 4 °C to ensure the cells remain cold during processing.   

   6.    Typically using this procedure, greater than 90 % of total cells 
are depleted. If lineage depletion does not lead to signifi cant 
reduction in total cell count, it is likely that an insuffi cient 
quantity of cell-surface antibodies were utilized.   

  Fig. 1    Quantitative PCR Quality Control for Methylation Enrichment. Amplifi cation of three known methylated 
regions of the mouse genome representing the imprinting control regions for  Snrpn ,  Rasgrf1 , and  H19  was 
compared to the amplifi cation of the unmethylated CpG island promoter of  Actb . Crossing point values for the 
methylated control genes were normalized to the unmethylated control gene for the Methylation-enriched 
( blue ) and Supernatant fractions ( red ), and the differences in crossing points (ΔCT) are plotted. All three genes 
demonstrate signifi cant enrichment of methylated sequences in the methylation-enriched sample relative to 
the supernatant       
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   7.    As with the lineage-specifi c cell surface antibodies, the total 
quantity of antibody used for staining cells for cell sorting 
will be empirically determined based upon the concentration 
of the antibody, background fl uorescence, and affi nity of the 
antibodies.   

   8.    Lysed samples are stable at room temperature in cell lysis solu-
tion. It is important that primary cells are processed rapidly to 
reduce the amount of cellular degradation; however, once the 
cells are lysed, the suspension is stable for at least 2 years on 
the bench.   

   9.    The fi nal volume used to resuspend the DNA depends on the 
total yield of cells from the sorting procedure. Aim to keep the 
concentration at least 20 ng/μl, as more concentrated genomic 
DNA will lead to more uniform fragment size during the soni-
cation. Typically 50 μl will be an appropriate volume if the 
yield is 0.5 × 10 6  however, a volume of 100 μl may be appropri-
ate for higher cell yields.   

   10.    Uniformly fragmented genomic DNA is crucial for the success 
of the downstream enrichment; however, the sonication pro-
gram that will produce the desired fragments must be empiri-
cally determined. Factors including the concentration and 
volume of DNA, temperature, duration, and intensity of the 
sonication pulses will infl uence the resulting fragmentation. 
Using an abundant DNA source, modify the duration and 
intensity of sonication pulses until the ideal settings are identifi ed 
to produce consistently fragmented DNA.   

   11.    Digestion of genomic DNA with restriction enzymes is an 
alternative approach to sonication fragmentation. This method 
is not recommended for whole-genome profi ling, however, 
due to the introduction of fragment bias due to the sequence- 
specifi c cutting by restriction enzymes. If used, restriction 
enzyme digestion also requires additional purifi cation steps to 
ensure the elimination of the restriction enzymes after diges-
tion. Please see the user manual for the Methyl Collector™ 
Ultra kit for details.   

   12.    Repeated freeze–thaw cycles may lead to degradation in the 
quality of the His-MBD2/MBD3L1 protein complex. To pre-
serve the integrity of the protein pulldown, it is recommended 
to aliquot the protein into several tubes to avoid repeated 
thawing.   

   13.    Although there is some loss of total DNA during the purifi cation 
step, purifying the total enriched fraction and total supernatant 
will provide some measure of the effi ciency of the methylated 
enrichment process. One spin column can be used to purify 
several binding reactions, as the total binding capacity of the 
column is approximately 5 μg.   

Methylation-Enrichment of HSCs
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   14.    The elution volume for the methylation-enriched DNA may be 
modifi ed depending on the requirements for next- generation 
sequencing. To ensure that enough DNA is  available for quality 
control as well as the downstream sequencing procedure, a 
minimum of 30 μl elution is recommended.   

   15.    Quantitative PCR amplifi cation of known methylated 
sequences relative to known unmethylated sequences ensures 
that the enrichment procedure was successful before proceed-
ing to genome-wide sequencing. If performing genome-wide 
methylation profi ling in mouse or human cells, the imprinting 
center for several well-studied imprinted genes serves as a nice 
positive control, as both a highly methylated and unmethyl-
ated chromosomes are present in every cell.   

   16.    When designing qPCR primers, the optimal product size is 
between 125 and 200 bp.   

   17.    Unincorporated primers can sometimes generate crossing 
point values in non-template controls, or in samples with little 
template. To ensure the crossing point value represents a 
unique and specifi c product the melting curve analysis should 
be performed. If primer amplifi cation is specifi c, one peak of 
fl uorescence will be observed as the products are heated, gen-
erally in the range of 70–90 °C.   

   18.    Calculating the enrichment using the ΔCT method involves 
subtracting the crossing point values for a control gene from 
the gene of interest. The unmethylated control amplicon is 
subtracted from the methylated control amplicon (ΔCT). This 
method assumes that the primer effi ciency between the two 
amplicons is similar, which may not be correct. Therefore, to 
ensure an accurate representation of the enrichment, it is recom-
mended that at least two different target regions are tested.   

   19.    As PCR amplifi cation occurs on a logarithmic scale, the ΔCT 
values represent log 2  differences in abundance between the 
methylation-enriched and supernatant fractions. ΔCT of 8 
represents approximately a 250-fold increase in enrichment.   

   20.    If methylated enrichment is not seen, the most likely reason is 
a problem with the binding buffer. Low and high stringency 
buffers are provided. Repeating the protocol with a high strin-
gency buffer may improve the methylated enrichment.         
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    Chapter 10   

 Metabolic Characterization of Hematopoietic Stem Cells 

              Fatih     Kocabas     ,     Junke     Zheng     ,     Chengcheng     Zhang     , and     Hesham     A.     Sadek    

    Abstract 

   An important feature of stem cells is their maintenance in their respective hypoxic niche. Survival in this 
low-oxygen microenvironment requires signifi cant metabolic adaptation. We demonstrated that mouse 
HSCs utilize glycolysis instead of mitochondrial oxidative phosphorylation to meet their energy demands. 
We have adapted various tools for characterization of the metabolic properties of hematopoietic stem cells 
(HSCs). These techniques include fl ow cytometric profi ling of HSCs based on mitochondrial potential 
and NADH fl uorescence as well as measurement of ATP content, oxygen consumption rate, and glycolytic 
fl ux in purifi ed HSCs.  

  Key words     Hematopoietic stem cells  ,   HSC  ,   Stem cell metabolism  ,   Reactive oxygen species  ,   ROS  , 
  Glycolysis  ,   ATP content  ,   Oxygen consumption  ,   NADH  ,   Glycolytic fl ux  ,   Lactate  

1      Introduction 

    Hematopoietic stem cells (HSCs) are able to self-renew and provide 
lifelong supply of blood cells. They are primarily located in the 
endosteal regions of the bone marrow with unique vasculature and 
limited perfusion of oxygen, which results in very low oxygen tension, 
also known as hypoxic niche (reviewed in ref.  1 ). The understand-
ing of HSC function and metabolic adaptation to their respective 
hypoxic niche in the bone marrow has important implications in 
HSC biology. We have recently demonstrated that HSCs in the 
bone marrow preferentially utilize anaerobic glycolysis instead of 
mitochondrial oxidative phosphorylation [ 1 – 4 ]. HSCs demon-
strate lower rates of oxygen consumption and lower ATP content 
with a signifi cant increase in rates of lactate production. This meta-
bolic phenotype is associated with stabilization of the master meta-
bolic regulator hypoxia-inducible factor-1α (Hif-1α). With hundreds 
of downstream targets, Hif-1α results in stimulation of glycolysis 
and inhibition of oxidative phosphorylation. Genetic manipulation 
of Hif-1α and its transcriptional regulator Meis1 in HSCs outlined 
the link between metabolic and redox regulation of HSCs and their 
stemness [ 2 ] (Fig.  1 ).
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   HSCs are responsible for generating over a billion cells daily 
[ 5 ]. However, their frequency is very low with estimates of 1 long- 
term (LT) HSC out of 30,000 mouse bone marrow mononuclear 
cells [ 6 ]. Isolation of LT-HSCs by fl uorescence-activated cell sorter 
(FACS) provides tools to study HSC gene expression, repopula-
tion ability following bone marrow transplantations, and stemness 
with serial transplantation. One of the dilemmas of studying HSC 
metabolism is the isolation of limited number of HSCs from bone 
marrow and lack of sensitive metabolic assays to measure HSC 
function. Thus, we developed metabolic assays that facilitate robust 
measurement of HSC metabolism. To this end, we initially pooled 
bone marrow cells from a large number of mice (up to 62 animals) 
to isolate a suffi cient number of LT-HSCs for metabolic assays [ 4 ]. 
This allowed us to determine ATP content, glycolysis, and oxygen 
consumption rate in HSCs. In addition, we developed a fl ow cyto-
metric profi le of the unfractionated bone marrow using fl uorescent 
dyes that stains cells based on their mitochondrial potential and 

  Fig. 1    Schematic of hypoxic HSC depicting metabolic and redox regulation of HSCs, which are integral for 
normal HSC function       
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content, and we found that a vast majority of HSCs are located in 
low mitochondrial potential gate. It is even possible to enrich for 
HSCs simply by metabolic profi ling of cells with low mitochon-
drial content. Further refi nements of our metabolic assays allowed 
us to markedly increase the sensitivity of our assays whereby a full 
metabolic profi le could be scaled down to pooled purifi ed HSCs 
from 5 to 7 mice [ 2 ,  3 ]. This chapter provides details of metabolic 
assays to study mouse HSC function.  

2    Materials 

      1.    Isofl urane.   
   2.    Phosphate-buffered saline, 1×.   
   3.    RPMI 1640 medium.   
   4.    RPMI medium supplemented with 20 % FBS (Hyclone, 

Defi ned Fetal Bovine Serum, SH30070.03).   
   5.    RBC lysis solution (150 mM NH 4 Cl, 10 mM KHCO 3 , and 

0.1 mM EDTA).   
   6.    Lineage cocktail: Anti-CD3, anti-CD5, anti-B220, anti-Mac-1, 

anti-Gr-1, anti-Ter119.   
   7.    FC blocker (anti-mouse CD16/32) and streptavidin-PE/Cy5.5.   
   8.    HSC markers: Anti-Sca-1-FITC, anti-Kit-APC, anti-Flk-2-PE, 

and anti-CD34-PE or Sca-1-PE/Cy5.5, C-Kit-APC, anti-CD34-
PE, and anti-Flk-2-PE.      

      1.    Mitotracker dyes (MitoTracker Green, Cat#M-7514; 
MitoTracker deep red 633, Cat#M22426; or MitoTracker Red 
CMXRos, Cat#M-7512 from Life Technologies).   

   2.    Antimycin A (AMA) solution (Sigma, A0149).   
   3.    5-(and-6)-Carboxy-2′,7′-dichlorofl uorescein diacetate (carboxy- 

DCFDA) (Cat# C-369, Invitrogen).   
   4.    ATP Bioluminescence Assay Kit HS II (Roche) (Cat# 

11699709001).   
   5.    Fluorescence plate reader.   
   6.    BD Oxygen Biosensor System 96- and 384-well formats.   
   7.    Sodium sulfate (100 mM in water).   
   8.    Borosilicate tubes.   
   9.     D -[1-6- 13 C]-glucose (Cambridge Isotope Labs, Cat# CLM-

2717- 0, Cambridge Isotope Laboratories, Inc).   
   10.    1:500 Dilution of 20 % w:v solution of Na[ 13 C 3 ]-lactate.   
   11.    1:500 Dilutions of 20 % w:v stock solutions of unlabeled 

sodium lactate and sodium  L -[3- 13 C)-Iactate.   

2.1  Bone Marrow 
Cell Isolation and Flow 
Cytometry 
Components

2.2  Metabolic Assay 
Components

Hematopoietic Stem Cell Metabolism
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   12.    Tri-Sil (Thermo Scientifi c, Prod#TS-49001 Tri-Sil HTP 
reagent, 50 mL).   

   13.    Glycolytic fl ux medium: Base DMEM supplemented with 10 % 
dialyzed fetal calf serum and  13 C-enriched nutrient of choice. 
DMEM powder (Sigma D5030) 8.3 g/L,  L -glutamine 0.58 g/L 
(4 mM), NaHCO 3  3.7 g/L 42.5 mM, HEPES 5.9 g 25 mM, 
Pen/Strep (10 mL from 100× stock), NaOH (9 mL from 1 N 
stock), add fetal calf serum to 10 % (Hyclone, Defi ned Fetal 
Bovine Serum, SH30070.03). Adjust pH to 7.4. Bring fi nal vol-
ume to 1 L with mQ water, and fi lter sterilize. Add desired  D -[1-
6- 13 C]-glucose (1- 13 C, 99 %; 6- 13 C, 97 %+, Cat# CLM-2717-0, 
Cambridge Isotope Laboratories, Inc) or  D -[1- 13 C]-glucose, 
10 mM fi nal concentration. (Remember to use dialyzed serum 
in experiments with isotopically labeled nutrients.)       

3    Methods 

        All antibodies were purchased from BD PharMingen.

    1.    Euthanize 8–12-week-old mouse (C57BL/6 mice) using 
 isofl urane chamber.   

   2.    Cut the edges of the bones, and fl ush with PBS using 25G 
needles.   

   3.    Complete the solution up to 50 mL with PBS (washing step).   
   4.    Centrifuge at 1,200 ×  g  for 10 min.   
   5.    Resuspend in 1 mL of media without FBS, and add 5 mL of 

RBC lysis buffer ( see   Note 1 ).   
   6.    Incubate maximum for 5 min at room temperature (RT).   
   7.    Add 25 mL of media with FBS (RPMI medium supplemented 

with 20 % FBS).   
   8.    Centrifuge at 1,200 ×  g  for 10 min.   
   9.    Aspirate the supernatant and resuspend in 0.5 mL of PBS 

supplemented with 2 % FBS.   
   10.    Count the number of cells ( see   Note 2 ).   
   11.    Add FC blocker (1:200 dilution) (anti-mouse CD16/32) on 

ice for 15 min.   
   12.    Stain bone marrow cells with a biotinylated lineage cocktail. 

Add 5 μL biotinlyted Lin +  antibody cocktail (1:100) (anti- CD3, 
anti-CD5, anti-B220, anti-Mac-1, anti-Gr-1, anti- Ter119; 
Stem Cell Technologies) to each 0.5 mL of cells. Incubate on 
ice for 15 min.   

   13.    Add 10 mL PBS + 2 % FBS. Spin at 1,200 ×  g  for 5 min. Discard 
supernatant.   

3.1  Flow Cytometric 
Isolation of HSCs
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   14.    Resuspend in 225 μL of PBS + 2 % FBS.   
   15.    Add 25 μL (1:100) streptavidin-conjugated microbeads. 

Incubate on ice for 15 min.   
   16.    Add 10 mL volume PBS + 2 % FBS. Spin at 1,200 ×  g  for 5 min. 

Remove the supernatant.   
   17.    Resuspend cells in 5 mL PBS + 2 % FBS.   
   18.    Use autoMACS separator (Miltenyi Biotec) to perform mag-

netic lineage depletion.   
   19.    Right before loading, strain cells through 70 μM strainer.   
   20.    Collect unbound bone marrow cells (lineage-negative cells) 

( see   Notes 3  and  4 ).   
   21.    Spin down Lin −  cells at 1,200 ×  g  for 5 min.   
   22.    Resuspend in 200 μL PBS + 2 % FBS.   
   23.    Stain lineage-negative cells with 1 μL streptavidin-PE/Cy5.5 

(1:200 dilution), 1 μL anti-Sca-1-FITC (1:200 dilution), 1 μL 
anti-Kit-APC (1:200 dilution), 1 μL anti-Flk-2-PE (1:200 
dilution), and 1 μL anti-CD34-PE (1:200 dilution) antibodies. 
Mix by pipetting.   

   24.    Incubate on ice for 15 min.   
   25.    Add 10 mL volume PBS + 2 % FBS. Spin at 1,200 ×  g  for 5 min. 

Remove the supernatant.   
   26.    Resuspend the pellet in 3 mL of PBS + 2 % FBS.   
   27.    Isolate Lin - Sca1 + Kit + Flk2 - CD34 −  cells (LT-HSCs) using FACS.   
   28.    Perform metabolic studies within 24 h of LT-HSC isolation 

( see   Note 5 ).      

      1.    Collect cells from mouse bone marrow ( see  Subheading  3.1 ).   
   2.    Wash collected bone marrow cells in 50 mL of PBS.   
   3.    Spin down at 1,200 ×  g  for 10 min.   
   4.    Resuspend the pellet with 1 mL of RPMI medium without 

FBS.   
   5.    Add 5 mL of RBC lysis buffer, and incubate for 5 min at RT.   
   6.    Add 25 mL of RPMI medium supplemented with 20 % FBS.   
   7.    Spin down at 1,200 ×  g  for 10 min.   
   8.    Discard supernatant, and resuspend the cells with 10 mL of 

RPMI medium supplemented with 20 % FBS.   
   9.    Count the cells.   
   10.    Prepare 10 mL of cells with 2,000,000 cells/mL for staining.   
   11.    Add mitotracker dye (MitoTracker Green, MitoTracker deep red 

633, MitoTracker Red CMXRos, or MitoTracker Red 
CM-H2XRos) with fi nal concentration of 200 nM ( see   Note 6 ).   

3.2  Flow Cytometric 
Profi ling 
and Separation 
of Cells Based 
on Mitochondrial 
Activity
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   12.    Incubate the cells at 37 °C water bath for 15 min.   
   13.    Spin down cells at 1,200 ×  g  for 10 min.   
   14.    Discard supernatant, and resuspend the cells with RPMI 

medium supplemented with 20 % FBS.   
   15.    Adjust cell concentration to 10,000,000 cells/mL ( see   Note 7 ).   
   16.    Carry out fl ow cytometric separation of high and low MP cells 

by separating cells in the low MP gate (6–9 %) and an equiva-
lent number of cells with high mitochondrial potential.      

      1.    Collect mouse bone marrow cells and stain with Mitotracker 
Deep Red ( see  Subheading  3.1 ).   

   2.    Treat high and low mitochondrial potential cells with 2 mM 
AMA for 5 min at 37 °C ( see   Note 8 ).   

   3.    Profi le for NADH fl uorescence versus Mitotracker Deep Red 
using fl ow cytometer.   

   4.    Measure endogenous NADH fl uorescence fl ow cytometrically 
at 37 °C with a UV laser (Ex: 350 nm, Em: 460 nm, Mofl o 
analyzer, Cytomation) as described previously [ 7 ].      

      1.    Isolate mouse bone marrow cells, and collect Lin −  cells 
( see  Subheading  3.1 ).   

   2.    Incubate Lin −  cells with and without 1 μM of carboxy-DCFDA 
for 30 min in 37 °C water bath in the dark.   

   3.    Spin down cells at 440 ×  g  for 5 min.   
   4.    Resuspend in 200 μL PBS + 2 % FBS   
   5.    Stain for LT-HSC surface markers: Sca-1-PE/Cy5.5, C-Kit- 

APC, CD34-PE, and Flk2-PE. Mix by pipetting.   
   6.    Incubate on ice for 15 min.   
   7.    Add 10 mL volume PBS + 2 % FBS. Spin at 440 ×  g  for 5 min. 

Remove the supernatant.   
   8.    Resuspend the pellet in 3 mL of PBS + 2 % FBS.   
   9.    Assay DCFDA fl uorescence (ROS content) by fl ow cytometer.      

      1.    Isolate at least 150 × 10 3  LT-HSCs from mouse bone marrow 
using FACS ( see  Subheading  3.1 ) ( see   Note 9 ).   

   2.    Centrifuge cells at 1,200 ×  g  for 10 min, and remove any 
medium.   

   3.    Use ATP Bioluminescence Assay Kit HS II (Roche) in accordance 
with the manufacturer’s recommendations.   

   4.    Prepare 50 μL of ATP standards with concentration of ATP 
ranging from 10 −6  to 10 −12  M.   

   5.    Lyse at least 50,000 LT-HSCs in 50 μL of lysis solution pro-
vided in the kit for 5 min at room temperature, and perform 

3.3  Determination 
of Mitochondrial 
Source of NADH

3.4  Measurement 
of Reactive Oxygen 
Species

3.5  Determination 
of ATP Content 
in HSCs
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measurement right away by adding 50 μL of luciferase 
reagent using Fluostar Optima plate reader (BMG Labtech) 
( see   Note 10 ).   

   6.    Finally, normalize relative light units with protein concentra-
tion ( see   Note 11 ) and determine ATP content/million cells 
by analysis of ATP standard curve.      

      1.    Isolate at least 30 × 10 4  LT-HSCs from mouse bone marrow 
using FACS ( see  Subheading  3.1 ).   

   2.    Use BD Oxygen Biosensor System to determine the rate of 
oxygen consumption in freshly isolated LT-HSCs.   

   3.    Plate equal numbers of cells (10 × 10 4  cells/well) in 50 μL of 
RPMI medium supplemented with 20 % FBS in the provided 
384-well plate (BD Oxygen Biosensor System, CA, USA) 
( see   Note 12 ).   

   4.    Use culture media lacking cells as a negative control and 
sodium sulfate (100 mM in water) as a positive control.   

   5.    Seal with regular RT-PCR transparent cover to prevent air 
exchange prior to measurement.   

   6.    Set the microplate reader temperature to 37 °C (Fluostar 
Optima plate reader, BMG Labtech).   

   7.    Put the plate into incubated microplate reader, and measure 
oxygen consumption rate up to 6 h (10–15-min intervals) 
(excitation = 485 nM and emission = 630 nM) ( see   Note 13 ).      

      1.    Isolate at least 150 × 10 3  LT-HSCs ( n  = 3) from mouse bone 
marrow using FACS ( see  Subheading  3.1 ) and collect in PBS.   

   2.    Centrifuge cells at 1,200 ×  g  for 10 min, and remove any 
medium ( see   Note 14 ).   

   3.    Culture at least 50,000 LT-HSCs in 40 μL of glycolytic fl ux 
medium supplemented with 10 mM  D -[1-6- 13 C]-glucose 
(Cambridge Isotope Labs) to allow up to all of the glucose- 
derived lactate pool to be labeled on C-3 in 96-well plate 
(round bottom) overnight (12–16 h) at 37 °C tissue culture 
incubator ( see   Note 15 ).   

   4.    Next day, pellet the cells and collect the supernatant for gas 
chromatography-mass spectrometry. Store samples at −80 °C 
until GC/MS analysis.      

      1.    Vortex medium samples.   
   2.    Pipette 25 μL into a borosilicate tube.   
   3.    Add 5 μL of internal standard ( see   Note 16 ).   
   4.    Add 1 mL methanol; vortex.   
   5.    Add 1 mL chloroform; vortex.   

3.6  Oxygen 
Consumption Assays 
in HSCs

3.7  Culture of HSCs 
in Glycolytic Flux 
Medium (GC/MS 
Method)

3.8  Preparation 
of Samples for GC/MS 
Analysis

Hematopoietic Stem Cell Metabolism



162

   6.    Add 1 mL mQ water; vortex ( see   Note 17 ).   
   7.    Spin at 440 ×  g  for 5 min to separate phases. The aqueous 

phase will be on top and will be separated from the organic 
phase by a fi lm of protein. Using a glass transfer pipette, trans-
fer the upper (aqueous) phase into a screw-topped glass tube 
( see   Note 18 ).   

   8.    Dry down the aqueous phase at 42 °C ( see   Note 19 ).   
   9.    Add a few drops of methylene chloride, and dry for a few 

more minutes to completely remove the residual moisture 
( see   Note 20 ).   

   10.    Add 100 μL Tri-Sil, and derivatize at 42 °C for 30 min 
( see   Note 21 ).   

   11.    Transfer to auto-injector vials, and analyze by GC/MS.   
   12.    Determine the lactate abundance by monitoring m/z at 117 

(unenriched), 118 (lactate containing  13 C from glucose), and 
119 (internal standard).       

4    Notes 

     1.    We recommend to keep RBC lysis buffer at 37 °C before use.   
   2.    Expected yield of bone marrow cell isolation from one mouse 

is around 5 × 10 7  cells.   
   3.    Evaluate the cells by fl ow cytometry to ensure adequate lineage 

depletion. Expected yield is >95 % lineage depletion.   
   4.    Count the Lin −  using hemocytometer or cell counter. Lin −  cells 

should be 10 % of original cells.   
   5.    Keep LT-HSC on ice until use for metabolic assays.   
   6.    Mitotracker dyes are dissolved in DMSO and stored as 1 mM, 

5,000× stocks at −20 °C.   
   7.    The optimal cell density for FACS is 1 × 10 7  cells/mL.   
   8.    AMA is an electron transport chain complex III inhibitor. 

Prepare AMA stock solution at 1 M in DMSO.   
   9.    It is necessary to collect LT-HSCs, which is at least enough for 

triplicate measurements. Increase the number of animals 
accordingly, and pool bone marrow cells.   

   10.    Measurement settings are as follows: Inject at least 50 μL of 
luciferase substrate, take measurements after 1-s delay, and 
perform 10-s measurement of luciferase activity.   

   11.    Do not discard samples after ATP luciferase assay, and perform 
Bradford protein assay. Use protein content to ensure loading 
of equal number of cells.   

Fatih Kocabas et al.
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   12.    96-Well plate BD Oxygen Biosensor System also works fi ne, 
but it requires the use of more cells (>20 × 10 4  cells/well in 
200 μL of RPMI medium supplemented with 20 % FBS).   

   13.    We found that emission = 600 nM could also be used. There 
may be a drop in the fl uorescence signal at the beginning due 
to an equilibration of oxygen content in the well. Keep in mind 
that when they breathe, it glows.   

   14.    It is essential to remove any remaining source of FBS and glu-
cose, and perform additional washes with PBS when it is 
required.   

   15.    10 mM of  D -[1- 13 C]-glucose (from Cambridge Isotope Labs) 
could also be used, but this will allow up to only half of the 
glucose-derived lactate pool to be labeled on C-3, which may 
decrease the signal intensity at least by half. If you happened to 
use  D -[1- 13 C]-glucose, increase cell density at least twice.   

   16.    Internal standard is as follows: 1:500 dilution of 20 % w:v solu-
tion of Na[ 13 C 3 ]-lactate. This is equivalent to 17.9 nM of 
standard.   

   17.    Use boiled mQ water.   
   18.    Because of the internal standard, it is not necessary to collect 

the entire aqueous phase. Try to collect about 75 % of it, but 
do not take any of the interphase or the organic phase. 
Collected aqueous phase is usually around 1.5 mL.   

   19.    It takes about 1 h.   
   20.    This is an optional step, and most of the time it is not required 

when you dry samples for at least 1 h.   
   21.    Use only glass pipettes, and avoid inclusion of any water or 

humidity.         
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    Chapter 11   

 Nanoproteomic Assays on Hematopoietic Stem Cells 

              Heath     L.     Bradley    ,     Himalee     Sabnis    ,     Deborah     Pritchett    , 
and     Kevin     D.     Bunting    

    Abstract 

   Dysregulation of cytokine signaling pathways is associated with benign and malignant hematologic disorders. 
Improvements in therapy rely on understanding the biology of the pathways and the proteins involved. 
Studying these pathways in patient samples is challenging as samples are diffi cult to obtain, contain fewer 
cells, and are heterogeneous in nature. To address some of these diffi culties, we have utilized the technique 
of microcapillary electrophoresis. Using the NanoPro 1000 system (ProteinSimple) which is built on an 
automated, capillary-based immunoassay platform, we have developed rapid and quantitative assays for 
specifi c proteins from relatively small sample sizes. The NanoPro provides precise and quantitative data of 
the phosphorylation states of a specifi c protein of interest. We describe our experience with NanoPro assay 
development and optimization with specifi c application toward understanding aberrant cytokine signaling 
in human leukemia cells.  

  Key words     Hematopoietic stem cells  ,   Signal transduction  ,   Proteomic  ,   Nanoimmunoassay  ,   Capillary 
electrophoresis  

1      Introduction 

 Analysis of hematopoietic stem cells (HSCs) has been primarily 
accomplished by the use of fl ow cytometry, a powerful technique 
developed more than 30 years ago for analysis of single hematopoi-
etic cells and which has become an essential technique for under-
standing the heterogeneity of HSC populations based on cell 
surface marker expression. Despite its steadily growing popularity 
for clinical research on blood lineages, the fl ow cytometry tech-
nique is limited by cell surface marker compatibility when com-
bined with methods for intracellular staining of cytoplasmic or 
nuclear proteins. Some cell surface markers are diffi cult to keep on 
the cell surface during the detergent solubilization needed to 
get antibodies into the cell to detect intracellular proteins [ 1 ,  2 ]. 
A newer technique called mass cytometry [ 3 ] promises to be a 
major tool for analysis of HSC at the single-cell level and alleviates 
compensation issues, but instrumentation is not yet widely 
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available and the analysis of the large amounts of data obtained 
requires signifi cant and often customized bioinformatic resources. 
Additional techniques such as reverse-phase protein array (RPPA) 
[ 4 ], a high-throughput antibody-based technique that provides a 
comprehensive proteomic analysis in a sorted population of cells, 
are feasible for biomarker discovery, but the turnaround time of 
RPPA is long and not compatible with the short-term analysis 
needed for monitoring biomarkers in patients and informing treat-
ment decisions. Furthermore, assays of mRNA by multiplexed 
real-time quantitative PCR have general utility but cannot always 
predict changes at the protein level, and classic proteomic assays 
such as traditional mass spectroscopy and immunohistochemistry 
lack the sensitivity and are not practical for analysis of rare hemato-
poietic cell populations. Understanding changes in signaling 
 molecules at the protein level is critical for monitoring the effects 
of drugs on their targets; e.g., phosphorylation or other posttrans-
lational modifi cations that change the charge of the protein; for 
identifying and monitoring new biomarkers in patient samples; and 
for determining relative protein expression levels or stoichiometry 
among interacting proteins. In order to be useful, these analyses 
need to be rapid and provide multiple levels of information. 

 We have developed assays on the NanoPro 1000 system 
(ProteinSimple), which is based on a well-established technique 
of isoelectric focusing coupled with capillary electrophoresis. 
The NanoPro enables a rapid and quantitative analysis of specifi c 
proteins in relatively small numbers of cells due to the inherent 
sensitivity of microcapillary electrophoresis [ 5 ,  6 ]. The NanoPro 
provides precise and quantitative data for the phosphorylation states 
of specifi c proteins of interest. This system is built on an automated 
platform whereby proteins are focused to their isoelectric point (pI) 
to resolve the various modifi cation states of proteins, immobilized, 
and then probed with specifi c antibodies. Signal is generated by a 
horseradish peroxidase (HRP)-conjugated chemiluminescence 
system and captured by a scientifi c-grade camera within the 
NanoPro platform. The signal intensity and data are then automati-
cally expressed in an electropherogram. There are several features of 
the NanoPro 1000 that make it a unique tool to look at signaling 
within rare cell populations like stem cells. It is capable of detecting 
multi-phosphorylation states of the same protein while using the 
same antibody, which is impossible to accomplish by Western blot 
or intracellular fl ow cytometry. The conceptual advantage of this 
approach is that the instrument is capable of analyzing dozens of 
different proteins within a single sample or it can analyze a single 
protein in up to 96 samples per run. 

 There are important steps to take in design and validation of 
new assays. This automated system permits analysis of numerous 
proteins within very few cells using the same antibodies used in 
traditional Western blots. The absolute amount of protein needed 
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for these assays is very low (nanogram range), but there are still 
some bottlenecks in regard to getting this amount of protein per 
capillary due to the fl uidics of the system. We present several 
features of the sample preparation that we have optimized in our 
work and describe how to run and interpret data generated on the 
NanoPro. In this chapter we describe our experience with this new 
technology and discuss the strengths and weaknesses. 

 The NanoPro is ideally suited for the serial analysis of clinical 
specimens from patients receiving therapy. Several reports have 
already documented the power of the approach in a range of solid 
and liquid malignancies [ 7 – 10 ]. We have initially used the NanoPro 
1000 to standardize the assays for important proteins involved in 
the survival pathways in acute myeloid leukemia (AML), but the 
assays can be applied to any hematopoietic cell population that can 
be enriched by either CD34 +  isolation or multiparameter fl ow 
cytometric sorting. We focus this chapter on the process of 
NanoPro analysis using limiting numbers of hematopoietic cells. 
We also point out where optimization of assays can be done to 
increase the number of cells per capillary, to boost the signal 
strength, and to refi ne the peak profi les.  

2     Materials 

     1.    The cell source of human bone marrow, umbilical cord blood, 
or mobilized peripheral blood will depend on the investigator 
and the specifi c questions being asked. We describe our experi-
ence with analysis of human bone marrow from AML patients.   

   2.    Phosphate-buffered saline (PBS without calcium and 
magnesium).   

   3.    50 ml Conical tubes.   
   4.    15 ml Conical tubes.   
   5.    Bradford Dye protein reagent.   
   6.    1.7 ml Microcentrifuge tubes.   
   7.    BD Stain buffer (BSA) (BD Biosciences 554657).   
   8.    0.5 % BSA in PBS.   
   9.    NanoPro assay kit (ProteinSimple p/n CBS2001)—all reagents 

from ProteinSimple.
   (a)    Capillaries-Charge Separation for Peggy or NanoPro 1000 

(5-Pack) (p/n CBS701).   
  (b)    NanoPro 1000 Plate Kit, 5-pack of 384-well plates with 

lids (p/n 040-901).   
  (c)    Anolyte (200 ml) (p/n 040-337).   
  (d)    Catholyte (200 ml) (p/n 040-338).   
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  (e)    Wash concentrate (200 ml) (p/n 041-108).   
  (f)    Luminol (2 ml) (p/n 040-652).   
  (g)    Peroxide (2 ml) (p/n 040-653). 

 (All the above items can also be ordered a la carte.)       
   10.    Bicine/Chaps lysis buffer (ProteinSimple p/n 040-764).   
   11.    50× DMSO inhibitors (phosphatase inhibitor cocktail) 

(ProteinSimple p/n 040-510).   
   12.    25× Aqueous inhibitors (protease inhibitor cocktail) 

(ProteinSimple p/n 040-482).   
   13.    Goat-anti-rabbit secondary antibody, HRP conjugate.   
   14.    Goat-anti-mouse secondary antibody, HRP conjugate.   
   15.    Amplifi ed Rabbit Secondary Antibody Detection kit 

(ProteinSimple p/n 041-126).   
   16.    Amplifi ed Mouse Secondary Antibody Detection kit 

(ProteinSimple p/n 041-127).   
   17.    Premix G2, pH 4–8 (nested) separation gradient, contains pH 

2–4 plug (ProteinSimple p/n 040-972).   
   18.    pI Standard ladder 3: 4.9, 6.0, 6.4, 7.0, 7.3 (ProteinSimple 

p/n 040-646).   
   19.    pI Standard, 5.5 (ProteinSimple p/n 040-028).   
   20.    Antibody Diluent (ProteinSimple p/n 040-309) (is supplied 

with all secondary antibodies in suffi cient quantity that we 
have not had to order individually).      

3    Methods 

 The key to obtaining high-quality data is always in the sample prepa-
ration. We fi rst describe the methods for obtaining protein from cells 
and for transferring the protein to the capillaries. In between there 
are important steps and considerations regarding controls. 

       1.    Dilute bone marrow aspirate sample 1:3–1:4 with PBS 
( see   Note 1 ). Overlay 15 ml of the diluted sample on 10 ml of 
Ficoll-Paque™ in a sterile 50 ml conical tube (be careful not to 
disrupt the layers).   

   2.    Centrifuge tubes at 800 ×  g  at room temperature for 15 min in 
a swinging bucket rotor centrifuge without brake (or at least 
deceleration speed set to a minimum).   

   3.    Carefully remove the tubes from the centrifuge, and aspirate 
the top layer.   

   4.    Carefully collect the cells at the interphase between the two 
layers which will contain either HSCs or leukemic blasts with a 

3.1  Sample 
Preparation

3.1.1  Sample Prep 
for Normal Hematopoietic 
Stem Cells 
and Leukemic Blasts
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pipettor, and transfer this layer to a new 15 ml centrifuge tube. 
Be careful not to take more than 5 ml of material per tube to 
be washed.   

   5.    Wash the cells isolated from the interphase with 10 ml of 
ice- cold PBS ( see   Note 1 ) at least twice. To remove Ficoll from 
the cells centrifuge at 500 ×  g  at 4 °C in a swinging bucket 
rotor centrifuge ( see   Note 2 ).   

   6.    Proceed with antibody staining for isolation of HSC or leukemic 
blasts.      

      1.    Resuspend the cells from the isolation above in BD Stain buffer 
(100 μl/10 8  cells), and mix well.   

   2.    Add antibodies for HSC staining or as appropriate to isolate 
leukemic blasts depending on the specifi c experiment and the 
patient to be analyzed. Incubate the tubes on ice for 30 min.   

   3.    Wash cells with 5 ml 0.5 % BSA in PBS and centrifuge for 10 min 
at 500 ×  g  at 4 °C in a swinging bucket rotor centrifuge.   

   4.    Resuspend cells in appropriate volume of 0.5 % BSA in PBS for 
fl ow sorting.   

   5.    Sort appropriate population to be analyzed, and proceed with 
cell processing as below.      

      1.    Pellet cells by centrifugation (300 ×  g  for 5 min). The amount 
of cells required depends on the source.   

   2.    Aspirate supernatant, wash with 1 ml ice-cold PBS, and transfer 
cells to pre-chilled 1.7 ml microcentrifuge tubes.   

   3.    Spin cells at 500 ×  g  for 5 min to pellet.   
   4.    Lyse cell pellets in Bicine/Chaps Buffer (ProteinSimple p/n 

040-764) with added 1× DMSO inhibitors and 1× aqueous 
inhibitors. According to protein content, ProteinSimple pro-
vides a recommended lysis volume based on cell number but 
does not recommend lysis in less than 10 μl, as per its NanoPro 
Cell Lysis Kit product insert ( see   Note 3 ).   

   5.    Lyse on ice for 30–60 min with occasional vortexing (every 
20–30 min).   

   6.    Clarify lysate by centrifuging at 14,000 ×  g  for 10 min at 4 °C.   
   7.    Quantitate protein using Bradford Dye protein reagent.   
   8.    Aliquot lysate, snap-freeze, and store at −80 °C.       

      1.    Determine the theoretical isoelectric point (pI) of the protein 
of interest by using a pI calculator such as   http://scansite.mit.
edu/calc_mw_pi.html    ,   http://web.expasy.org/compute_pi/    , 
or   http://www.phosphosite.org/homeAction.do;jsessionid=0
7CF04E16BB8B3457E12521E1FEA4D3F    .   

3.1.2  Flow Cytometry 
Staining and Sorting 
of HSC and Leukemic Blast 
Populations

3.1.3  Sample Prep 
for Cell Lines and Sorted 
HSC and Leukemic 
Populations

3.2  Choosing 
Isoelectric Point 
Standards
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   2.    According to the theoretical pI select an ampholyte premix 
from ProteinSimple and its corresponding pI standard lad-
der. For most of our applications we use a 5–8 premix with a 
2–4 pH plug with ladder 3 and individual pI standard 5.5 
( see  Subheading  2 ).   

   3.    It may be necessary to supplement pI ladders with individual 
pI standards to increase reproducibility of the determined pI, 
as calculation by the algorithm of the software, for a given 
peak. For example, pI ladder 3 includes standards of 4.9, 6.0, 
6.4, 7.0, and 7.3. If the protein of interest falls near the midway 
between the 4.9 and 6.0 standards, it is advisable to add the 
5.5 individual pI standard in order for the software to more 
robustly calculate the pI.      

      1.    To make the ampholyte premix + pI ladder, add the pI ladder 
of your choice (supplied by ProteinSimple at a 60× concentra-
tion in relation to the concentration loaded in the assay capil-
lary) at a 1:45-fold dilution. For example to obtain 150 μl of 
ampholyte premix 5–8 with a 2–4 plug + pI standard ladder 3, 
add 3.3 μl of the ladder to 146.7 μl of premix. In order to spike 
individual pI standards into your existing ladder we typically 
dilute 1:5 in the ladder before taking the ladder/individual 
standard mix and spiking it into the ampholyte premix at 1:60.   

   2.    Using Bicine/Chaps buffer with inhibitors, dilute the sample to 
four times the fi nal concentration to be loaded in the capillary. 
For example, if using 0.2 mg/ml total protein per capillary, 
the users dilute their sample to 0.8 mg/ml in the Bicine/Chaps 
buffer with inhibitors. Then take the diluted sample, and add 1 
part sample with 3 parts ampholyte premix + pI ladder. The indi-
vidual standards within the pI ladder are labeled with a fl uores-
cent dye ( see   Note 4 ).   

   3.    Antibodies detecting native epitopes are optimal choices for 
the NanoPro 1000 platform ( see   Note 5 ). A 1:100 antibody 
dilution in antibody diluent is often a good starting concentra-
tion, but optimal working dilutions can range from 1:25 to 
1:1,000 depending on the antibody affi nity and abundance of 
protein expression.   

   4.    Secondary antibodies are typically HRP-labeled anti-species 
antibodies and can be purchased directly from ProteinSimple 
for rabbit or mouse primary antibodies. Detection occurs with 
the addition of a luminol–peroxide substrate ( see   Note 6 ).   

   5.    The user then loads samples, diluted antibodies, and detection 
reagent in a 384-well plate. Samples and reagents are only loaded 
to 12 consecutive wells across rows of the plate. The NanoPro 
1000 uses sets of 12 capillaries per assay cycle, and up to 8 cycles 
per run can be programmed, for a total of 96 possible separate 
conditions.   

3.3  Ampholyte 
Premix and Antibody 
Selection
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   6.    Load 10–12 μl/well of sample (diluted in premix + pI ladder). 
Load 20 μl/well for antibodies and other reagents. Loading 
the luminol detection reagent far from the secondary antibody 
to limit potential background carryover can also be a good 
practice. A user will typically load this reagent in row P on the 
plate to allow distance from the secondary reagent.      

      1.    After creating a template in Compass software ( see  below in 
Subheading  3.5 ) and saving the template, click the start button 
and the program prompts the user to load the reagents and 
capillaries (make certain that an adequate number of capillary 
rows is available for the assay). The NanoPro 1000 can accom-
modate two boxes of capillaries, allowing the user to effi ciently 
utilize partially fi lled boxes.   

   2.    Typical assay settings load sample (0.4 μl) into the capillaries, 
and then transport the capillaries to a separation chamber 
where one capillary end is submerged in anolyte and the other 
capillary end submerged in catholyte before applying constant 
voltage for a set time (typically 2,100 MicroWatts for 40 min) to 
complete isoelectric focusing. Following focusing, an immobili-
zation step uses an 80–100-s UV light exposure to cross-link the 
sample proteins to the walls of the capillaries ( see   Note 7 ).   

   3.    Then, the NanoPro 1000 proceeds with an immunoassay, 
automating steps typical of a Western blot. Following a wash, 
capillaries are loaded with primary antibody and moved to an 
incubation tray. Sets of 12 capillaries, composing 1 cycle of an 
assay, follow this pattern in a staggered fashion until a maxi-
mum of 8 cycles (96 capillaries) have undergone focusing and 
incubated with antibody.   

   4.    Incubation with primary antibody can be modifi ed but typi-
cally is 120 min. After primary antibody incubation, the 
NanoPro 1000 washes the capillaries and then loads the sec-
ondary antibody (typical incubation for this step is 60 min). 
The NanoPro 1000 then proceeds with either a tertiary anti-
body incubation ( see   Note 6 ) or detection using the luminol–
peroxidase substrate. An internal CCD camera captures image 
exposures at various time intervals specifi ed by the user when 
setting up the initial template. We typically gather data with 
30-, 60-, 120-, 240-, 480-, and 960-s exposures.      

       1.    The data is saved to the internal computer in the NanoPro 
1000 as well as to the external computer used to interface with 
the NanoPro 1000 for backup purposes.   

   2.    Data is analyzed in Compass software (ProteinSimple).   
   3.    Prior to the assay the user specifi es a plate map in the Compass 

assay tab to identify the location for samples and various 
reagents (Fig.  1 ).

3.4  Running 
Samples

3.5  Data Analysis
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       4.    Data analysis proceeds by fi rst clicking on the edit tab, selecting 
Analysis, and specifying the standards settings to refl ect the pI 
ladder used in the assay. The user can also name specifi c detected 
peaks based on pI determination and can select the exposure to 
use for analysis and displaying the Images section.   

   5.    Next, the user would return to the Analysis section and cycle 
through the samples to visually check pI standard assignment. 
Typically the fi rst and last standards in the ladder have a higher 
intensity and are used by Compass for pI determination as well 
as for image registration (set points that align images of the 
capillary prior to and after movement during the assay). If the 
standards are not correctly assigned by the software, the user 
can manually adjust them by right clicking on any individual 
peak.   

  Fig. 1    NanoPro1000 assay fl ow chart (clockwise representation).  Top  shows a 384-well plate set up in the 
Compass ®  software for a 2-cycle run (24 total data points) and the placement of sample ( pink  ), primary anti-
body ( blue  ), secondary anti-species antibody ( red  ), (optional) tertiary antibody ( dark yellow  ), and luminol 
detection reagent ( light yellow ).  Bottom  shows the fl uorescent image captured by the NanoPro 1000 camera 
for the separated pI standards of all 12 capillaries (samples are detected through chemiluminescence on a 
different wavelength). Following acquisition, the computer represents the data as electropherograms ( bottom 
left  ) showing the pI location of the standards. The standards are used to determine the pI of the signal obtained 
by the specifi c antibody complex via relative position       
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   6.    The user then returns to the sample view to analyze the electro-
pherograms and to determine if the peaks are at the expected 
pI. The user can also overlay or stack individual capillaries for 
comparison (for example if there is a drug-treated sample vs. a 
non-treated sample), analyze changes in the peak profi les, and 
also obtain the areas under the peaks for quantitative analysis.      

  One of the most important things to consider when analyzing the 
electropherograms is whether the detected peaks represent the 
phospho-forms of the proteins to be studied. For example a good 
way to validate a peak is to use an antibody that recognizes all phos-
phorylated forms of a protein, such as the Total 4EBP-1 antibody 
from Cell Signaling Technology (cs9644) that detects a multiple 
peak profi le on an electropherogram. Cell Signaling Technology 
also has a phospho-specifi c antibody to the serine 65 isoform of 
4EBP-1 (cs9451) that provides a single peak profi le on the electro-
pherogram. If the user then loads these antibodies in separate cap-
illaries with the same sample lysate and aligns the output 
electropherograms, the peak representing the serine 65 phosphor-
ylated form can then be identifi ed. 

 Other ways to validate peaks include using a drug to inhibit 
protein expression, using a growth factor or cytokine to stimulate 
expression, or using a phosphatase to reduce or eliminate phos-
phorylation. In our hands we have used various treatments of cells 
in culture with small molecules such as Dasatinib to knock down 
p-STAT5, the mTORc1/mTORc2 inhibitor AZD8055 to inhibit 
4EBP-1 phosphorylation (Fig.  2 ), and the MAP kinase inhibitor 
U0126 to inhibit ERK phosphorylation. We have also used lambda 
phosphatase on cell lysates to demonstrate knockdown of p-STAT5 
signals.

4        Notes 

     1.    Keeping the phosphoproteins of a clinical sample stable can be 
problematic due to lag time from collection to processing in 
the lab. Both phosphatases and kinases have been shown to be 
active in patient tissue samples ex vivo. For Ficoll separation 
purposes it is best not to keep the sample on ice due to 
temperature- sensitive gradient effects, but it is recommended 
to process the fresh sample as soon as possible. After perform-
ing the Ficoll step at room temperature, it is recommended 
that the user perform washes in ice-cold PBS supplemented 
with protease, phosphatase, and kinase inhibitors [ 11 ]. Patient 
samples have much lower protein amount per cell than do cell 
lines. For example we have detected as much as 100-fold dif-
ferences in protein content per cell.   

3.6  Validation 
of Peaks
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   2.    Optional—Between the washes the user may want to count the 
cells via trypan blue exclusion or some other method at this 
point.   

   3.    Our experience has found that the lysis volume is a potential 
bottleneck for primary bone marrow samples due to the low 
yield of protein per cell compared with tissue culture cells. For 
example, we typically lyse 5 × 10 6  cells from the MV4-11 
human AML cell line in 150 μl of lysis buffer and obtain 
approximately between 2 and 6 mg/ml of protein. However, 
we have previously lysed 1.7 × 10 7  primary AML cells from 
PBMC in 50 μl of lysis buffer and obtained 5 mg/ml of pro-
tein. When lysing samples for low cell number analysis remem-
ber that you need to start with a good number of more cells 
than the fi nal cells/capillary. Things that should be considered 
are lysis volume (it is recommended that you use no less than 
10 μl of Bicine/Chaps buffer with inhibitors). After lysis you 
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  Fig. 2    Validation of 4EBP-1 using a primary sample. Primary bone marrow samples treated for 24 h with either 
DMSO or the mTORC1/2 inhibitor AZD 8055 and analyzed using the NanoPro 1000 instrument show a specifi c 
response in ablation of the “acidic” or the phosphorylated peaks. ( a ) Using beta 2 microglobulin antibody as a 
loading control it was possible to quantitate the difference in amount of sample loaded in order to normalize 
the “basic” non-phosphorylated peaks and represent the difference in a bar graph format using area under the 
curve as our readout. ( b ) Electropherograms of two of the phospho forms of 4EBP-1 shown with DMSO ( top ) 
or AZD 8055 ( bottom ) treatment       
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will dilute your sample further, by fourfold with your viscous 
ampholyte premix (A.P.), and fi nally the NanoPro 1000 loads 
400 nl of volume per capillary. So for example, if you lyse 
5 × 10 4  cells in 10 μl of lysis buffer, then dilute to 40 μl fi nal 
volume (by adding 30 μl A.P.), and the NanoPro 1000 loads 
0.4 μl, you would be loading 500 cells/capillary.   

   4.    Be sure to make up enough for 2–4 extra samples as the G2 
premix supplied by ProteinSimple is very viscous and diffi cult 
to pipet accurately.   

   5.    Selection of antibodies for the NanoPro can be challenging. 
Since the preferred lysis method selects for native protein, it is 
best to choose antibodies developed for immunoprecipitation 
or generated against a native epitope. ProteinSimple has many 
application briefs and an antibody database on its website 
(  http://www.proteinsimple.com    ) for many applications. Check 
these resources fi rst. Many antibodies, especially those devel-
oped for traditional Western blotting and denatured linearized 
epitopes, are simply not compatible with the NanoPro 1000. 
This can be a rate-limiting step to developing new assays.   

   6.    ProteinSimple has developed a biotin–streptavidin method of 
amplifying signal from potentially weak detection. This utilizes 
a biotinylated anti-species antibody and a tertiary streptavidin-
horse radish peroxidase (SA-HRP) conjugate (p/n 041-126 
and 041-127). This amplifi cation step can increase background 
peaks, and in particular, we have often seen peaks at 5.9, 6.4, 
6.5, and 6.7, possibly due to endogenous biotin expression. 
One should consider these background peaks if using amplifi -
cation, as it may interfere with the data. Typical incubation 
time with the SA–HRP conjugate is recommended for 10 min; 
however in our hands an incubation time of 120 min signifi -
cantly increases signal strength for certain antibodies (Fig.  3 ).

       7.    Note that the longer the time, the potential for degradation of 
epitopes. However, too short of UV immobilization and the 
protein will not be effi ciently captured on the capillary walls. 
Therefore, UV immobilization time may need optimization in 
specifi c assays.         
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    Chapter 12   

 Hematopoietic Differentiation of Pluripotent 
Stem Cells in Culture 

              Jason     A.     Mills    *,     Prasuna     Paluru    *,     Mitchell     J.     Weiss    , 
    Paul     Gadue    , and     Deborah     L.     French    

    Abstract 

   This chapter describes a two-dimensional “monolayer” system for differentiating human pluripotent stem 
cells (PSCs) into “primitive” hematopoietic progenitor cells (HPCs) resembling those produced in vivo by 
the early embryonic yolk sac. This experimental system utilizes defi ned conditions without serum or feeder 
cells. Cytokines are added sequentially to stimulate the formation of mesoderm and its subsequent pattern-
ing to hematopoietic progenitors. The HPCs produced by this protocol have multi-lineage potential 
(erythroid, megakaryocyte, and myeloid) and can be isolated as a homogeneous population for use in 
standard hematopoietic studies including liquid expansion to mature lineages and colony assays. In addi-
tion, the HPCs can be cryopreserved for distribution or analysis at later times. The HPCs generated by this 
protocol have been used successfully to better defi ne intrinsic variation in hematopoietic potential between 
different PSC lines and to model human hematopoietic diseases using patient-derived induced pluripotent 
stem cells.  

  Key words     Hematopoietic progenitor cells  ,   Embryonic stem cells  ,   Induced pluripotent stem cells  , 
  Primitive hematopoiesis  

1      Introduction 

 The advent of pluripotent stem cell (PSC) technologies has created 
excitement for biomedical research and regenerative medicine. 
The derivation of human embryonic stem cell (ESC) and patient- 
specifi c induced pluripotent stem cell (iPSC) lines creates powerful 
systems for studying tissue development and disease [ 1 ]. The 
capacity of PSCs to form three germ layers (endoderm, ectoderm, 
mesoderm) and their derivative differentiated tissues provides 
remarkable new opportunities for modeling normal and pathologi-
cal development in vitro and, potentially, to generate transplant-
able tissues for regenerative therapies. In vitro, PSC differentiation 
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resembles the ontogeny of embryogenesis and the most optimal 
in vitro differentiation methodologies utilize defi ned growth con-
ditions that seek to reproduce the microenvironments in which 
tissues of interest are formed in vivo [ 2 ]. With these concepts in 
mind, normal and patient-derived PSCs provide outstanding mod-
els for understanding hematopoietic development and associated 
diseases [ 3 ]. 

 Hematopoietic development in PSC differentiation cultures 
resembles events that occur during embryogenesis, at least to some 
extent. Several spatiotemporally distinct waves of hematopoiesis 
occur in mammalian embryos, as defi ned mainly in mice but also 
documented to occur in humans [ 4 – 7 ]. The fi rst wave, termed 
“primitive,” occurs in the yolk sac and produces erythrocytes, myeloid 
cells, and megakaryocytes. A second wave of yolk sac hematopoiesis 
produces “defi nitive” progenitors that colonize the fetal liver tran-
siently. Independently, defi nitive hematopoietic progenitors arise 
from hemogenic-endothelium within several vascular beds of the 
developing embryo, including the dorsal aorta. These progenitors 
colonize the fetal liver and give rise to hematopoietic stem cells capa-
ble of repopulating the hematopoietic system after transplantation. 
Primitive and defi nitive hematopoietic progenitors are distinguished 
by the types of globin genes expressed in their erythroid progeny [ 8 ], 
characteristic patterns of gene expression, distinct transcription factor 
requirements, and T lymphocyte potential uniquely in the defi nitive 
lineage [ 9 ]. The fi rst wave of hematopoiesis to arise in PSC differen-
tiation cultures most closely resembles the primitive yolk sac-derived 
lineage. Differentiation of PSCs for more prolonged times and/or 
under certain defi ned conditions gives rise to hematopoietic pro-
genitors capable of producing T cells and erythrocytes expressing 
defi nitive-type globins [ 10 ,  11 ]. However, it has not yet been pos-
sible to generate bone fi de hematopoietic stem cells from PSCs 
consistently or reproducibly. The extent to which PSCs faithfully 
recapitulate the developmental stages of human hematopoiesis is a 
topic of active investigation. In this regard, in vitro protocols to 
generate hematopoietic stem cells from PSCs consistently and reli-
ably are a “holy grail” yet to be achieved [ 12 ]. 

 This chapter outlines a detailed protocol to differentiate human 
PSCs into hematopoietic progenitor cells (HPCs) most closely 
resembling the fi rst wave of hematopoiesis in the embryo, i.e., 
primitive. Previous methods for in vitro hematopoietic differentia-
tion of PSCs include co-culture with stromal cells [ 13 – 15 ] and 
embryoid body (EB) formation in serum or serum-free media [ 16 ], 
usually including specifi c morphogens that drive mesoderm and its 
subsequent patterning into blood progenitors [ 17 ,  18 ]. The cur-
rent method drives hematopoietic differentiation on a PSC-derived 
stromal monolayer and offers several advantages: (1) Utilization of 
defi ned media and the absence of heterologous stromal cells allow 
for controlled differentiation conditions, consistency, and repro-
ducibility. (2) A highly enriched population of hematopoietic 
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 progenitors (~90 % enriched) are released synchronously from the 
stromal layer, minimizing the need for subsequent purifi cation steps. 
It is possible to generate primitive HPCs using a different protocol 
(adapted from Kennedy et al. [ 18 ]) in which PSCs are stimulated to 
form EBs in serum-free defi ned culture medium. The monolayer 
approach is advantageous due to the reasons listed above, but the 
EB-derived approach has other advantages including cellular matu-
ration in a three-dimensional system that may more closely mimic 
the in vivo environment and the ability to culture EBs for longer 
periods of time, which may be important for maturation or switch-
ing to defi nitive-like lineages. 

 We have used the monolayer approach described here to study 
variation in hematopoietic potential between different normal 
iPSC lines [ 19 ], and we have used both EB and monolayer 
approaches to defi ne disease phenotypes in iPSCs derived from 
patients with genetic disorders of hematopoiesis including Down 
syndrome [ 20 ], juvenile myelomonocytic leukemia (JMML) [ 21 ], 
and Diamond–Blackfan Anemia (DBA) [ 22 ].  

2    Materials 

      1.    hESC (HES) maintenance medium: Dulbecco’s modifi ed 
Eagle’s medium/F12 (DMEM/F12) (Life Technologies 
11330-057), supplemented with 20 % knockout serum replace-
ment (KSR) (Life Technologies 10828-028), 100 μM nones-
sential amino acids (Life Technologies 11140050) solution, 
50 U/ml penicillin and 50 g/ml streptomycin (Cellgro 
30-002- CL), 2 mM glutamine (Cellgro 25-005-CL), 1 mM 
sodium pyruvate (Life Technologies 11360070), 0.075 % 
sodium bicarbonate (Life Technologies 25080094), 0.1 mM 
β-mercaptoethanol (Life Technologies 21985). Filter sterilize.   

   2.    Differentiation base media and supplements: RPMI (Life 
Technologies 22400-089), StemPro-34 serum-free medium 
(SP34, Life Technologies 10639011), and serum-free differ-
entiation (SFD) medium [ 23 ]: Iscove’s Modifi ed Dulbecco’s 
Medium (IMDM, Life Technologies 12200069) (made 
according to the manufacturer’s instructions), containing 25 % 
Ham’s F12 (Cellgro 10-080-CV) supplemented with 0.5 % 
N2 (Life Technologies 17502-048), 1 % B27 without Vitamin 
A (Life Technologies 12587-010), and 0.05 % BSA diluted in 
PBS (Sigma A1470). The RPMI, SP34, and SFD base media 
are all supplemented with 2 mM glutamine (Cellgro 25-005-
CL), 50 μg/ml ascorbic acid (AA, Sigma A4544), and 
4 × 10 −4  M monothioglycerol (MTG) (Sigma) ( see   Note 1 ).      

      1.    Small molecules: ROCK inhibitor (ROCKi, Y-27967) Tocris 
1254), Chir99021 (CHIR) (Tocris 4423).   

2.1  Maintenance 
and Differentiation 
Base Media

2.2  Small Molecules, 
Morphogens, 
and Growth Factors
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   2.    Growth factors and morphogens: Basic fi broblast growth factor 
(bFGF) (R&D systems 233-FB/CF), bone morphogenic 
protein- 4 (BMP4) (R&D systems 314-BP/CF), vascular 
endothelial growth factor (VEGF) (R&D systems 293-VE/
CF), wingless-type MMTV integration site-3a (Wnt3a) (R&D 
systems 1324-WN/CF), stem cell factor (SCF) (R&D systems 
PHC2113), interleukin-6 (IL-6) (R&D systems 206-IL/CF), 
fms-like tyrosine kinase 3 ligand (Flt3L) (Life Technologies 
PHC9413), erythropoietin (EPO) (Epogen NDC 55513-
144- 01), thrombopoietin (TPO) (R&D systems 288-TP/
CF), interleukin-3 (IL-3) (R&D systems 203-IL/CF), and 
granulocyte/macrophage colony-stimulating factor (GM-CSF) 
(R&D systems 215-GM).      

      1.    Wash buffer: IMDM containing 5 % KSR.   
   2.    Dulbecco’s Phosphate-buffered Saline (DPBS) (Corning 

21-031-CM).   
   3.    Bovine serum albumin (BSA) (Sigma A1470).   
   4.    Growth Factor Reduced Matrigel (BD Biosciences 354230) 

diluted 1:3 in IMDM. Thaw the stock bottle (10 ml) over-
night at 4 °C, mix with 20 ml cold IMDM, and keep on ice 
while aliquoting 3 ml into 5 ml snap-cap tissue culture tubes 
chilled in the −80 °C freezer overnight. Store aliquoted tubes 
at −20 °C.   

   5.    MethoCult (Stem Cell Technologies, H4435): Thaw overnight 
at 4 °C, mix thoroughly, and aliquot 3.5 ml into 14 ml snap-cap 
tissue culture tubes. Store at −20 °C.   

   6.    MegaCult (Stem Cell Technologies, 04962): Follow the man-
ufacturer’s instructions for storage of components.   

   7.    Double Chamber Slide Kit (Stem Cell Technologies, 04963).   
   8.    Gelatin (Sigma G-1890) diluted to 0.1 % in DPBS, auto-

claved, aliquoted into 125 ml tissue culture bottles, and stored 
at 4 °C.   

   9.    TrypLE dissociation reagent (Life Technologies 12605-010).   
   10.    25 cm, 2-Position blade cell scraper (Sarstedt 83.1830).   
   11.    Fetal bovine serum (FBS) (tissue culture biological 101).   
   12.    Dimethyl sulfoxide (DMSO) (Sigma D2650).   
   13.    Low cluster 6-well tissue culture plates (Costar 2471).   
   14.    Cell strainer (70 μm) (Corning Falcon 352350).   
   15.    Cryovials (Sarstedt 2016-06).   
   16.    Antibodies: SSEA3 AF488 (BioLegend 330306) at 1:400, 

SSEA4 AF647 (BioLegend 330408) at 1:400, Tra-1-60 AF488 
(BD Biosciences 560173) at 1:20, Tra-1-81 AF647 (BioLegend 

2.3  Cell Culture 
Reagents, Solutions, 
and Supplies
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330706) at 1:50, CD41 PE (BD Biosciences 555467) at 1:40, 
CD42 FITC (BD Biosciences 558818) at 1:20, CD235a APC 
(BD Biosciences 551336) at 1:10,000, CD45 Pacifi c Blue 
(BioLegend 304022) at 1:100, CD18 APC (BD Biosciences 
551060) at 1:20, hKDR PE (R&D Systems FAB357P) at 1:20, 
CD31 PE-Cy7 (BioLegend 303118) at 1:100.       

3    Methods 

 An overview of the protocol illustrating sequential stages of 
differentiation, cytokine/morphogens added, and media used is 
shown in Fig.  1 . Photomicrographs depicting appearance of the 
cultures at successive stages of differentiation are shown in Fig.  2 . 
It is critical to monitor the kinetics of cell differentiation by using 
fl ow cytometry to interrogate cell surface marker expression. 
Figure  3  shows the expected cell surface profi les versus time during 
the differentiation process, but these kinetics of differentiation can 
vary by a day or two in different PSC lines.

      It is essential to begin the differentiation process with healthy, 
 subconfl uent PSC cultures. Important factors in this regard include 
colony size, minimal spontaneous differentiation, use of high- 
quality irradiated MEFs, and a daily feeding regimen.

    1.    Plate 0.75–1.0 × 10 6  MEFs in a 6-well tissue culture plate 
precoated with 0.1 % gelatin and incubate at 37 °C, 5 % CO 2  
and atmospheric O 2 , for a maximum of 2–3 days.   

   2.    When PSCs are ~85–90 % confl uent (Fig.  2a ), passage by 
adding 1 ml/well TrypLE and incubate at room temperature 
for 3–4 min until MEFs detach and PSC colonies appear loose. 
Aspirate TrypLE, rinse well with 2 ml wash medium, add 
1 ml/well of HES media containing 10 μM ROCKi (inhibits 
dissociation- induced apoptosis of PSCs [ 24 ]), and scrape the 
colonies into small clumps. Add 2 ml/well of HES media, 

3.1  PSC Expansion 
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  Fig. 1    A schematic of the adherent monolayer protocol showing sequential media and cytokine changes and 
emergence of differentiated cells       
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  Fig. 3    Sequential appearance of cell surface markers used to track differentiation. The fi rst row shows co- expression 
of the pluripotency markers, SSEA3 and SSEA4, at day 0 and the loss of these markers following 3 days of differ-
entiation. The second row shows the emergence of patterned mesoderm by VEGFR2 or KDR expression followed 
by the emergence of hemato-endothelial cells that express PECAM or CD31. The third row shows emergence of 
single-cell HPCs that co-express the pan-hematopoietic marker CD41 and glycophorin A/CD235       

  Fig. 2    Phase micrographs at various time points during differentiation. ( a ) Undifferentiated PSCs co- cultured 
with MEFs, ~80 % confl uent; ( b ) density of PSCs on day 0 at ~50 % confl uence; ( c ,  d ) cultures at differentia-
tion days 4–5 showing stromal-like cells with small clusters of mesodermal derived prehematopoietic cells; 
( e – g ) cells on days 6–10 showing increased density of stromal-like cells interspersed with larger clusters of 
hematopoietic cells; ( h ,  i ) HPCs shedding from the monolayer and cellular clusters       
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pipet 3–5 times using a 5 ml pipet, add the cells to 10 ml of 
HES medium containing 5 ng/ml bFGF and 10 μM ROCKi, 
and plate 2 ml/well of cells in a 6-well tissue culture dish 
containing MEFs. Feed cells daily with fresh medium excluding 
ROCKi.   

   3.    Sacrifi ce one well of cells to determine the pluripotent state of 
the cells before plating on Matrigel for MEF depletion. Greater 
than 90 % of the PSCs should express both pluripotency surface 
markers SSEA3 and SSEA4 (Fig.  3 , day 0, and  see   Note 2 ).      

  This step maintains healthy PSCs while depleting the cultures of 
MEFs, which can inhibit subsequent differentiation steps. Matrigel 
is a mixture of extracellular-matrix-like proteins, secreted by 
Engelbreth–Holm–Swarm mouse sarcoma cells, used as a cell adhe-
sion substrate. Matrigel must be kept cold as it is a solution at 4 °C 
and solidifi es at 37 °C.

    1.    Thaw a tube of frozen Matrigel (1:3) overnight at 4 °C or 
2–3 h on ice. Pre-chill 6-well tissue culture plates and pipets at 
−20 °C and pipet tips at 4 °C.   

   2.    Chill tissue culture plates on ice, and fully coat each well by 
serial additions of Matrigel using a p1000 pipet. Aspirate resid-
ual Matrigel from each well, and incubate plates for ~15–60 min 
at 37 °C ( see   Note 3 ).   

   3.    Harvest PSCs from MEF-containing plates, and count the 
PSCs using a hemocytometer for subsequent replating onto 
6-well plates. The optimal density of starting cells varies for 
each PSC line depending on their growth rates and must be 
determined empirically ( see   Note 4 ). This number can range 
from 0.5 to 4 × 10 5  PSCs/well in a 6-well dish. We typically 
plate human H9 ES cells at 2–3 × 10 5 /well. Add the desig-
nated number of PSCs to the Matrigel-coated tissue culture 
plates in a fi nal volume of 2 ml HES medium containing 5 ng/
ml bFGF and 10 μM ROCKi. Incubate for 24–48 h at 37 °C, 
5 % CO 2 , 5 % O 2 , and 90 % N 2 , at which time the cells should 
reach ~70 % confl uency (Fig.  2b ). Feed cells after 24 h and 
replace with fresh medium excluding ROCKi.   

   4.    Sacrifi ce one well of cells before starting the differentiation for 
determining the number of cells to start the differentiation and 
to ensure that >90 % of the cells co-express the surface markers 
SSEA3 and SSEA4 ( see   Note 2 ).      

    Table  1  outlines the differentiation process including sequential 
media and cytokine requirements.

     1.    Begin the differentiation when cells on Matrigel-coated plates 
are ~70 % confl uent. Rinse two times with wash medium fol-
lowed by addition of day-0 differentiation medium (Table  1 ) 

3.2  MEF Depletion 
on Matrigel- Coated 
Tissue Culture Plates

3.3  Hematopoietic 
Differentiation
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at 2 ml/well. Incubate cells for 24 h at 37 °C, 5 % CO 2 , 5 % 
O 2 , and 90 % N 2 .   

   2.    Change the cell media daily, according to Table  1  ( see   Note 5 ). 
During days 2–3, cell death occurs, followed by the formation 
of a stromal-like cell layer (Fig.  2c, d ). Dead cells are removed 
during daily media changes. Between days 3 and 5, rounded 
mounds of cells begin to appear (Fig.  2e–g ). Between days 6 
and 7, bright round loosely adherent cells appear, which can be 
collected by carefully removing the supernatant (Fig.  2h , i). 
These cells, representing the multipotent HPC population, co-
express CD41, a pan-hematopoietic marker, during embryonic 
hematopoiesis [ 25 ] and glycophorin A/CD235, which is typi-
cally found on mature erythrocytes (Fig.  3 ). Of note, CD235 + /
CD41 +  cells generated during similar PSC differentiation 
protocols also express CD43 and were reported to represent 
primitive megakaryocyte–erythroid progenitors [ 26 ,  27 ]. We 
fi nd that these cells also have myeloid potential (Paluru et al. 
The Negative Impact of Wnt Signaling on Megakaryocyte and 
Primitive Erythroid Progenitors Derived From Human 
Embryonic Stem Cells, in press). These cells are continuously 
produced from the monolayer culture over days ~7–10 and 
can be analyzed in liquid expansion assays ( see  Subheading  3.3 , 
 step 4 ) or cryopreserved ( see   Note 6 ).   

   3.    Perform fl ow cytometry to assess the differentiation state of 
cells during the entire protocol. Harvest adherent cells using 
TrypLE. At day 5, mesoderm-specifi ed cells express the surface 
markers KDR and CD31 (Fig.  3 , day 5). Typically, 20–50 % of 
the adherent cells express these markers depending on the PSC 
line. Lower percentages of this population indicate ineffi cient 
differentiation, predicting poor yield of HPCs. Between days 6 
and 7, the HPCs begin to form and express the markers KDR lo  
and CD31 when analyzing all cells in the well (Fig.  3 , day 7).   

     Table 1  
  Timetable of differentiation showing medium and cytokine mixtures   

 Days  Medium  BMP4 a   VEGF  Wnt3a  bFGF  SCF  Flt3L  TPO  IL-6 

 0–1  RPMI  5  50  25 

 2  RPMI  5  50  20 

 3  SP34  5  50  20 

 4–5  SP34  15   5 

 6  SFD  50  50  50  5 

 7–10  SFD  50  50  50  5  50  10 

   a Cytokine concentrations in ng/ml  
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   4.    Collect the non-adherent HPCs by lightly pipetting the mono-
layer cells using a 5 ml serological pipet (see Note 7). Non-
adherent cells can be removed each day with the adherent 
monolayer being replenished with fresh medium. Centrifuge 
non-adherent cells at 335 × g for 3 min and resuspend in 
fresh medium for subsequent hematopoietic studies ( see  
Subheading  3.4 ).    

     The HPCs that appear in the cultures between days 7 and 10 can be 
expanded in specifi c cytokine mixtures to generate erythroid, mega-
karyocyte, and myeloid cells. The medium, cytokine mixtures, and 
timing to generate specifi c lineages are shown in Table  2 .

     1.     Primitive erythroblasts:  Plate HPCs at densities of ~1–10 × 10 5 /
well in low-cluster 6-well tissue culture dishes in erythroid- 
specifi c culture medium and incubate at 37 °C, 5 % CO 2  and 
atmospheric O 2  ( see  Table  2 ). Collect cells every 2 days and 
resuspend in fresh medium. Within a week post-expansion, a 
homogenous population of CD235+ erythroid cells will be 
present (Fig.  4 ). Typically, approximately nine- to tenfold 
expansion of primitive erythroid cells occurs.

       2.     Megakaryocytes:  Plate HPCs at densities of ~1–10 × 10 5 /well in 
low-cluster 6-well tissue culture dishes in megakaryocyte- specifi c 
culture medium and incubate at 37 °C, 5 % CO 2  and atmo-
spheric O 2  (Table  2 ). Collect cells every 2 days and resuspend in 
fresh medium. Within 4–5 days post-expansion, a population of 
CD41 + CD42+ cells will be present (Fig.  4 ). Depending on 
the cell line, this population can range from 20 to 80 % of the 
total cells with three- to fi vefold expansion. Typically, cells can 
be maintained in culture for 7–10 days, but growth will 
decrease by ~5 days.   

   3.     Myeloid cells:  Collect HPCs at day 10 for myeloid expansion. 
Harvest HPCs on days 7–9 of differentiation, resuspend in 
day-7 differentiation medium, and put back into the wells of the 
adherent monolayer cultures ( see  Subheading  3.3 ,  step 4 ). 
Harvest HPCs on day 10 and plate at densities of 1 × 10 5 /well 
in low-cluster TC dishes in myeloid-specifi c culture media and 

3.4  Liquid Expansion 
of HPCs to Erythroid, 
Megakaryocyte, 
and Myeloid Lineages

      Table 2  
  Timetable of lineage expansion showing medium and cytokine mixtures   

 Lineage  Days  Medium  SCF a   EPO  TPO  IL-3  GM-CSF 

 Erythroid  7–14  SCF  50  2 U 

 Megakaryocyte  5–7  SCF  50  50  10 

 Myeloid  10–14  SCF  50  10  50 

   a Cytokine concentrations in ng/ml except EPO which is in units (U)  
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incubate at 37 °C, 5 % CO 2  and atmospheric O 2  (Table  2 ). 
Myeloid cells will expand four- to fi vefold, giving rise to a popu-
lation of cells expressing the markers CD45 and CD18 (Fig.  4 ). 
These cells are expanded to specifi c myeloid lineages, such as 
macrophages and granulocytes, as described by Choi et al. [ 28 ].    

    The progenitor potential of HPCs is determined by quantitative 
colony assays in which the cells are plated in semisolid  methylcellulose 
(erythroid, myeloid, mixed colonies) or collagen-based (mega-
karyocyte colonies) mixtures containing the appropriate cytokines 
(see Note 8). Figure  4  shows pictures of erythroid, megakaryocyte, 
and myeloid colonies. Cytospins of erythroid and myeloid colonies 
stained with May-Grünwald Giemsa and megakaryocyte colonies 
stained with an anti-CD41 antibody are shown.

    1.     Methylcellulose:  Thaw one tube of MethoCult overnight at 
4 °C or at room temperature for ~4 h. Add 1.5 × 10 4  (CD41+/
CD235+) HPCs/300uL IMDM per tube, vortex to mix, and 
put tube in hood for ~10 min to let the bubbles dissolve. 

3.5  Colony Assays

  Fig. 4    Lineage-specifi c differentiation of HPCs. HPC-derived lineage expansion in liquid culture and progenitor 
potential in colony assays. The fi rst column shows fl ow cytometry profi les of erythroid, megakaryocyte, and 
myeloid lineages generated in liquid expansion cultures. The second column shows erythroid and myeloid 
colonies generated in methylcellulose cultures and megakaryocyte colonies generated in a collagen-based 
assay. The third column shows morphologies of erythroid and myeloid cells stained with May-Grünwald 
Giemsa and megakaryocytes stained with anti-CD41 antibody. Note the proplatelet extensions emanating from 
the megakaryocytes       
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Dispense 1.0 ml/35 mm tissue culture in three dishes each 
using a 5 ml syringe and 16-gauge needle, rotate the dish to 
spread the methylcellulose evenly in the dish, and incubate in a 
humidifi ed atmosphere at 37 °C, 5 % CO 2  and atmospheric 
oxygen. Incubate for 10–14 days, and count CFU-E (erythro-
cytes), CFU-GM (granulocytes/macrophage), and CFU- 
GEMM (granulocyte, erythrocyte, macrophage, megakaryocyte) 
( see  the manufacturer’s instructions for descriptions of colonies 
and images).   

   2.     MegaCult:  Follow the manufacturer’s instructions for prepara-
tion of MegaCult including collagen and cytokine (TPO 
50 ng/ml, IL-6 10 ng/ml, and IL-3 10 ng/ml) mixtures 
keeping all components on ice. Add 1.5 × 10 4  (CD41+/
CD235+)/400 μl IMDM HPCs per tube, vortex to mix, and 
dispense into four chambers on two slides. Incubate in a 
humidifi ed atmosphere at 37 °C, 5 % CO 2  and atmospheric 
oxygen, for ~10 days. Process and stain the slides according to 
the manufacturer’s instructions.    

4       Notes 

        1.    The SFD and SP34 base media are stored for 2 weeks at 4 °C 
and kept in the dark by wrapping in aluminum foil. All cyto-
kines, small molecules, ascorbic acid, and MTG are added fresh 
to the medium on the day of use.   

   2.    To ensure that the majority of cells are undifferentiated, one 
well of cells is sacrifi ced to analyze for co-expression of the 
pluripotency markers SSEA3 and SSEA4 (Tra-1-60 and Tra-1-
81 can also be monitored). A single-cell suspension is obtained 
by adding 1 ml/well TrypLE for ~5–7 min at room temperature 
and harvesting with a p1000 pipet.   

   3.    Matrigel-coated tissue culture plates/dishes can be stored for 
1 week at 4 °C prior to use. However, we fi nd that coating the 
dish just prior to its use appears to improve the effi ciency of 
differentiation.   

   4.    The optimal PSC density at the start of differentiation varies 
with each ESC and iPSC line. For untested iPSC lines, we rec-
ommend starting with several different cell densities ranging 
from 0.5 to 3 × 10 5  cells/well. Stocks of PSCs should be 
expanded, aliquoted, and cryopreserved for future differentia-
tions. Use after prolonged passage should be avoided. For con-
tinuously growing lines, we typically discard cultures and thaw 
fresh aliquots every 1–2 months.   

   5.    Wnt3a is essential for hematopoietic differentiation, but it is an 
expensive cytokine. To reduce the cost, we found that the 
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GSK-3β inhibitor, CHIR99021, can be used instead at a con-
centration of 1 or 2 μM (determine empirically for each lot).   

   6.    The single-cell HPCs can be cryopreserved in 90 % FBS + 10 % 
DMSO at a density of 10 6 /vial. The viability after thawing 
ranges from 70 to 80 % of the original cell number. The ability 
to cryopreserve these cells permits storage of large numbers of 
aliquoted progenitors for multiple PSC lines, which can then 
be thawed and analyzed in parallel. This increases the conve-
nience of comparative studies.   

   7.    When harvesting the non-adherent HPCs, small clusters of 
nonhematopoietic cells can peel off of the monolayer. These 
cell clusters can be removed by passing the supernatant through 
a 70 μm (or 100 μm) cell strainer.   

   8.    Depending on the iPSC line analyzed, the number of HPCs 
plated per colony assay may vary. Plating too many cells per 
dish or chamber can interfere with colony growth. HPCs from 
disease- specifi c iPSC lines may generate large colonies that 
will overgrow in the plate and be diffi cult to count accurately. 
In these situations, the numbers of HPCs plated will need to 
be determined empirically. We have encountered this issue 
while analyzing JMML iPSCs, which expand more rapidly than 
normal [ 21 ]. Unusually rapid expansion of a “normal” PSC 
line may also indicate acquired genetic abnormalities [ 19 ].      

5    Conclusions 

 In this chapter, we have provided a useful protocol for the analysis 
of hematopoiesis from human PSCs. This “monolayer” system 
generates “primitive” HPCs that are easily isolated as single cells 
with multi-lineage potential. The HPCs are released from the 
monolayer as a homogeneous population that can be used in stan-
dard hematopoietic assays and be cryopreserved for distribution or 
analysis at later time points. 

 While human PSCs provide a useful model system for the study 
of developmental hematopoiesis and disease, there are several 
caveats to note for such experiments, particularly when examining 
the effects of disease-associated mutations through comparison of 
wild-type and mutant PSC lines: 

 First, different ESC and iPSC lines can vary greatly in their 
hematopoietic potential [ 29 ]. This is likely due to intrinsic genetic 
differences in the donor cells and/or mutations acquired before, 
during, or after iPSC generation [ 19 ]. Thus, it is important to 
characterize newly derived PSC lines and high-passage number 
stocks by karyotyping and SNP analysis to assess for acquired copy 
number variation ( see  also  Note 8 ). It is also informative to exam-
ine multiple clones of PSCs from different patients before deriving 
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general conclusions about a specifi c disease-associated mutation. 
Ideally, it is best to compare “isogenic” lines in which disease- 
related mutations of interest are created or corrected in the same 
line via transgenic or genome editing approaches [ 22 ]. 

 Second, hematopoietic development during embryogenesis 
occurs in distinct waves producing different lineages with unique 
biological properties [ 6 ,  9 ]. Distinct hematopoietic lineages also 
arise in PSC cultures, presumably paralleling events that occur in 
the embryo. The extent to which PSC-derived hematopoiesis 
 recapitulates in vivo events is not fully understood, and it has not 
yet been possible to generate defi nitive adult-type hematopoietic 
stem/progenitor cells from PSCs. The protocol described here 
provides an effi cient, reproducible method to generate PSC- 
derived primitive-type HPCs that most closely resemble embry-
onic yolk sac progenitors. Using this approach, we showed that 
in vitro differentiation of patient-derived iPSCs recapitulate the 
pathophysiology of several human hematopoietic diseases [ 20 – 22 ]. 
However, disease-associated mutations are likely to manifest differ-
ently in primitive versus defi nitive hematopoietic lineages derived 
from PSCs. For example, primitive and defi nitive hematopoietic 
progenitors derived from trisomy 21 PSCs exhibit both overlap-
ping and distinct abnormalities [ 20 ,  30 ]. In our experience, it has 
been diffi cult to generate defi nitive hematopoietic progenitors 
from PSCs quantitatively or consistently. Development of such 
protocols will enhance the utility of PSCs for disease modeling.     
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    Chapter 13   

 Ex Vivo Assays to Study Self-Renewal, Long-Term 
Expansion, and Leukemic Transformation of Genetically 
Modifi ed Human Hematopoietic and Patient-Derived 
Leukemic Stem Cells 

              Pallavi     Sontakke    ,     Marco     Carretta    ,     Marta     Capala    ,     Hein     Schepers    , 
and     Jan     Jacob     Schuringa    

    Abstract 

   With the emergence of the concept of the leukemic stem cell (LSC), assays to study them remain pivotal 
in understanding (leukemic) stem cell biology. Although the in vivo NOD-SCID or NSG xenotransplanta-
tion model is currently still the favored assay of choice in most cases, this system has some limitations as 
well such as its cost-effectiveness, duration, and lack of engraftability of cells from some acute myeloid 
leukemia (AML) patients. Here, we describe in vitro assays in which long-term expansion and self-renewal 
of LSCs isolated from AML patients can be evaluated. We have optimized lentiviral transduction proce-
dures in order to stably express genes of interest or stably downmodulate genes using RNAi in primary 
AML cells, and these approaches are described in detail here. Also, we describe bone marrow stromal 
coculture systems in which cobblestone area-forming cell activity, self-renewal, long-term expansion, and 
in vitro myeloid or lymphoid transformation can be evaluated in human CD34 +  cells of fetal or adult origin 
that are engineered to express oncogenes. Together, these tools should allow a further molecular elucidation 
of derailed signal transduction in LSCs.  

  Key words     Leukemic stem cell (LSC)  ,   Acute myeloid leukemia (AML)  ,   Leukemic stem cell self- renewal    , 
  Ex vivo assay  ,   Bone marrow stromal coculture  ,   Lentiviral transduction of primary patient cells  

1      Introduction 

    With the development of NOD-SCID and later the NOD-SCID- 
β2-microglobulin −/−  and NSG (NOD-SCID-IL2Rγ −/− ) leukemia 
xenotransplantation models, it has become possible to fi rmly estab-
lish the concept of the leukemic stem cell (LSC) [ 1 – 4 ]. As in the 
normal hematopoietic system, it has been recognized that in leuke-
mias the developing malignant clones comprise heterogeneous 
groups of cells that differ in their differentiation status (reviewed 
in [ 5 ]). Only a rare subset of the most immature cells termed 
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SCID-leukemia- initiating cells (SL-ICs), or LSCs as we refer to 
those cells here, are present in 0.2–100 per 10 6  mononuclear cells. 
It is exclusively these LSCs that are capable of initiating and sus-
taining leukemic growth in vivo in NOD-SCID or NSG mice [ 1 ,  2 ]. 
These SL-ICs have high self-renewal capacity as demonstrated in 
serial transplantation experiments [ 2 ,  6 ]. 

 Although the NOD-SCID/NSG model has been used so far as 
the favoured model of choice in most cases, this system has some 
limitations such as its cost-effectiveness, duration, and lack of 
engraftability of cells from a large proportion of acute myeloid 
leukemia (AML) patients [ 7 ]. Moreover, these mice lack a human 
bone marrow environment which further hampers faithful reca-
pitulation of human hematopoiesis or leukemogenesis [ 8 ]. Thus, 
in order to further understand the differences in molecular mecha-
nisms that are involved in leukemic transformation of hematopoi-
etic stem cells, accessible assays are required in which gene-function 
analyses in the LSC can be performed and in which phenotypes 
such as long-term expansion, self-renewal, and apoptosis can be 
monitored. It is clear that self-renewal of normal stem cells heavily 
depends on extrinsic cues they obtain from the bone marrow 
microenvironment. Yet, very little is known about how LSCs 
depend on the bone marrow microenvironment for self-renewal 
(reviewed in [ 9 ]), further stressing the need for assays in which 
interactions between stromal cells of the niche with HSCs/LSCs 
can be studied. 

 Based on assays that had been developed to study and enumer-
ate normal human HSCs in vitro [ 10 – 14 ], it has been attempted to 
grow AML cells on bone marrow stromal layers and indeed a subset 
was capable of initiating long-term growth (leukemic long- term 
culture-initiating cells (L-LTC-IC) [ 15 – 17 ]. In these assays AML 
cells were plated onto stromal cell layers for a period of 5 weeks, 
after which methylcellulose was added to the wells for an additional 
2 weeks to determine the L-LTC-IC frequencies. The L-LTC-IC 
represents a rare subpopulation within the AML clone(s), ranging 
from 1.6 to 37 in 10 5  mononuclear cells [ 17 ,  18 ], but this fre-
quency is higher than the reported SL-IC frequencies suggesting 
that slightly different cell populations are being monitored in these 
assays. We have also utilized bone marrow stromal cocultures sup-
plemented with human cytokines in which long- term leukemic 
expansion for 7 to >24 weeks could be established in about two-
thirds of the studied cases ( n  > 80) [ 19 – 29 ]. Leukemic cobblestone 
area-forming cells (L-CAFCs) readily formed in these assays and 
self-renewal could be addressed by serial replating of cultures onto 
new stroma, whereby new L-CAFCs are generated. The in vitro 
assay also allows for the evaluation of LSC markers that identify 
populations with long-term self-renewal potential [ 19 ,  25 ,  29 ]. 
Functionally, we were able to introduce or downmodulate genes in the 
AML LTC-ICs by lentiviral (RNAi) approaches [ 19 ,  22 – 24 ,  27 – 29 ], 

Pallavi Sontakke et al.



197

and detailed information on our lentiviral transduction protocols is 
described in the second part of the chapter. 

 In addition to using patient samples to gain further insight 
into LSCs, model systems have been generated in which onco-
genes such as MLL-AF9 [ 30 – 32 ], BCR-ABL [ 22 ,  33 ], FLT3- ITDs 
[ 34 ], KRAS [ 35 ], STAT5 [ 36 ], and NUP98-HOXA9 [ 37 ] were 
introduced into healthy human HSCs. For many of these studies 
fetal cord blood (CB) CD34 +  cells have been used; however we 
have observed that distinct phenotypes can be obtained when 
oncogenes are introduced into fetal versus adult human CD34 +  
cells [ 32 ]. In the third part of this chapter we discuss in vitro stro-
mal cocultures in which myeloid and lymphoid transformation of 
transduced human CD34 +  can be evaluated.  

2    Materials 

      1.    Lymphocyte Separation Medium (LSM1077; PAA Laboratories 
GmbH, Cölbe, Germany).   

   2.    Minimum Essential Medium (MEM) Alpha media (αMEM; 
Cambrex, Verviers, Belgium), phosphate-buffered saline (PBS).   

   3.    Fetal Calf Serum (FCS) and Fetal Horse Serum are obtained 
from Sigma (Zwijndrecht, The Netherlands).   

   4.    Stem/progenitor cells are isolated by MoFlo cell sorting 
(DakoCytomation, Carpinteria, CA, USA) or by utilizing the 
MiniMACS system from Miltenyi to isolate CD34 +  cells from 
CB, BM, PB, or AML samples (130-056-701, Miltenyi Biotec, 
Amsterdam, The Netherlands). For further purifi cation of 
LSCs from AML patients we use antibodies against CD34, 
CD38, CD90, CD123, CD45RA, CD135, CD47, or ITGA6 
obtained from Becton Dickinson (BD, Alphen a/d Rijn, The 
Netherlands) ( see  also  Note 1 ).     

 In case further purifi cation of normal healthy HSCs and pro-
genitor subpopulations is required we use the following antibodies 
(all from BD unless otherwise indicated): CD34-APC (581), 
CD38-PE (HB7), CD123-Pecy7 (6H6), and CD45RA-BV421 
(HI100, Biolegend). Our lineage cocktail consists of the following 
Pecy5-conjugated antibodies (from eBiosciences unless otherwise 
indicated): anti-CD20 (2H7), -CD56 (B159, BD), -CD7 (124- 
D1, BD), -CD10 (MEM78), -CD235 (HIR2, BioLegend), -CD8 
(RPA-T8), -CD19 (HIB19), -CD4 (RPA-T4), -CD2 (RPA 2.10), 
-CD3 (UCHT1), -CD11b (ICRF44, BioLegend), and -CD14 
Tricolor (TUK4, Invitrogen).  

      1.    MS5 murine bone marrow stromal cells (ACC 441) can be 
obtained from the Deutsche Sammlung von Mikroorganismen 
und Zellkulturen (DSMZ GmbH, Braunschweig, Germany).   

2.1  Isolation 
of Human Stem/
Progenitor Cells 
from CB, BM, PB, or 
AML Patient Samples

2.2  Long-Term 
Coculture of AML Cells 
on Bone Marrow Stroma
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   2.    MS5 growth medium for propagation: αMEM supplemented 
with heat-inactivated 10 % FCS, penicillin and streptomycin 
(Sigma), and 2 mM Glutamine (Sigma).   

   3.    Long-term culture (LTC) medium: αMEM supplemented 
with heat-inactivated 12.5 % FCS, heat-inactivated 12.5 % 
horse serum, penicillin and streptomycin, 2 mM glutamine, 
57.2 μM β-mercaptoethanol (Sigma), and 1 μM hydrocorti-
sone (Sigma). Furthermore, IL-3, G-CSF, and TPO (20 ng/ml 
each) are added to the LTC medium.   

   4.    Gelatin (Sigma) was prepared as 0.1 % stock solutions in PBS 
which is used to coat fl asks or plates prior to plating MS5 stro-
mal cells. AML LTC are typically performed in 12-well plates 
or T25 fl asks. Prior to plating of MS5, plates or fl asks are pre-
coated with 0.1 % gelatin in PBS for 2 h at room temperature 
(in order to fi rmly attach the MS5 to the plates or the fl asks). 
Then, gelatin is removed and MS5 cells are plated in MEM 
(10 % FCS) such that confl uency is reached within 24 h. We do 
not routinely irradiate the MS5 stroma, although this is 
optional to further prevent overgrowth of stromal cells.   

   5.    To isolate human cells from trypsinized MS5 bone marrow 
stroma before replating, we use anti-human CD45 antibodies 
from Becton Dickinson.      

      1.    HEK 293T cells (ATCC number CRL-11268).   
   2.    Dulbecco’s Modifi ed Eagle Medium (DMEM + Glutamax and 

4.5 g/l  D -Glucose, Gibco, Breda, The Netherlands).   
   3.    Hematopoietic Progenitor Growth Medium (HPGM) (Cambrex).   
   4.    Fugene 6 or HD (Roche, Almere, The Netherlands).   
   5.    We use a third-generation lentiviral packaging system with the 

following vectors: packaging construct (pCMV Δ8.91), a vector 
encoding the VSV-G glycoprotein envelop (pMD2.G), and 
various lentiviral vectors with the gene of interest (GOI) or an 
shRNA-expressing cassette, and a marker gene such as GFP, 
mCherry, YFP, or the truncated NGF receptor.   

   6.    Millex HV low protein binding fi lters (SLHV013SL Millipore).   
   7.    Leica DM-IL fl uorescence microscope (Leica Microsystems, 

Rijswijk, The Netherlands) with a 20×/0.30 or 40×/0.60 
objective.      

      1.    Retronectin (Takara, Tokyo, Japan) is dissolved in H 2 O at a 
stock concentration of 1 mg/ml which was stored at 
−20 °C. Prior to use, the retronectin stock is diluted in PBS to 
a fi nal concentration of 25–50 μg/ml. Plates are coated with 
retronectin for 2 h at room temperature, and the diluted stock 
was stored at 4 °C and reused for about four times within a 
period of 2 weeks.   

2.3  Lentiviral 
Transductions: 
Preparation 
of Particles

2.4  Lentiviral 
Transductions: 
Transduction of CB/
BM/PB/AML CD34 +  
Cells
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   2.    Polybrene (Hexadimethrine Bromide, Sigma) is prepared as a 
stock concentration of 4 mg/ml in PBS which was used 
1:1,000.      

      1.    Conditions are comparable to AML stromal cocultures, but 
instead of IL3, G-CSF, and TPO we use other cytokines in the 
LTC-IC medium. For transduced CB CD34 +  cells we usually 
do not add additional cytokines to cocultures, except for CB 
CD34 +  cells transduced with MLL-AF9 oncogenes, whereby 
10 ng/ml FLT3-L, IL-3, and SCF are added. For adult BM 
and PB cocultures we add 20 ng/ml IL3 and TPO.   

   2.    To enumerate progenitors in the suspension of MS5 cocultures 
we perform assays in methylcellulose (H4230, Stem Cell 
Technologies) supplemented with 20 ng/ml IL-3, IL-6, SCF, 
G-CSF, Flt-3L, 10 ng/ml GM-CSF, and 1 U/ml Epo.      

      1.    Lymphoid cultures contain the same components as the 
myeloid cultures with the exception of hydrocortisone, horse 
serum, and IL-3 and the addition of 50 μg/ml ascorbic acid 
(Sigma) and 10 ng/ml IL7 (R&D Systems).       

3    Methods 

      1.    Healthy CB, BM, PB, or PB/BM cells from AML patients are 
studied after informed consent. Mononuclear cells (MNCs) 
are harvested by density-gradient centrifugation over lympho-
cyte separation medium according to the manufacturer’s 
instructions. MNCs are routinely cryopreserved in aliquots of 
50–100 × 10 6  cells (AML samples) in 80 % MEM, 10 % dimeth-
ylsulfoxide (DMSO), and 10 % FCS in liquid nitrogen. The 
recovery rate is typically in the range of 50–80 %. MNCs from 
CB, BM, or PB are usually not frozen but immediately used 
for isolation of stem/progenitor cells.   

   2.    Upon thawing, DMSO is removed by resuspending cells in 
6 ml serum in the presence of 200 μl of 1 mg/ml DNAse and 
200 μl of 25 mM MgCl 2 , followed by centrifugation for 5 min 
at 800 ×  g .   

   3.    The LSC phenotype in AML is still under investigation and is 
most likely rather heterogeneous, but for many experiments 
we start with sorted AML CD34 +  and CD34 −  cells ( see   Note 1 ). 
50–100 × 10 6  AML cells are incubated with 10 μl anti-CD34 
antibodies in 200 μl PBS for 30 min at room temperature. 

2.5  Long-Term 
Coculture 
of Transduced Human 
CD34 +  Cells on Bone 
Marrow Stroma Under 
Myeloid Permissive 
Conditions

2.6  Long-Term 
Coculture 
of Transduced Human 
CD34 +  Cells on Bone 
Marrow Stroma Under 
Lymphoid Permissive 
Conditions

3.1  Isolation 
of Human Stem/
Progenitor Cells 
from CB, BM, PB, or 
AML Patient Samples
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Cells are washed once with PBS followed by cell sorting on a 
MoFlo. In some cases, we have utilized the MiniMACS system 
from Miltenyi to isolate CD34 +  AML cells. Then, 50–100 × 10 6  
AML cells were incubated with 100 μl MultiSort CD34 
MicroBeads and isolation was performed according to the 
manufacturer’s instructions ( see   Note 2 ).   

   4.    CD34 +  stem/progenitor cells from CB, BM, or PB are typi-
cally isolated by MiniMACS. In case we require further purifi -
cation of HSCs and progenitor we use the following sorting 
strategies: HSCs are defi ned as CD34 + /CD38 − /Lin − , LMPPs 
are defi ned as CD34 + /CD38 − /CD45RA + , CMPs are defi ned 
as CD34 + /CD38 + /CD123 + /CD45RA − , MEPS are defi ned as 
CD34 + /CD38 + /CD123 − /CD45RA − , and GMPs are defi ned 
as CD34 + /CD38 + /CD123 + /CD45RA + . After washing, cells 
were resuspended in 1 μg/ml propidium iodide to exclude 
dead cells.     

       1.    MS5 murine bone marrow stromal cells are routinely propa-
gated in MEM (10 % FCS and pen/strep). Cells are subcul-
tured three times a week and should never be grown to full 
confl uency during passaging as MS5 overgrowth or detach-
ment might occur later during LTC.   

   2.    Typically, 4 × 10 4  AML CD34 +  cells are plated per well in 
gelatin- coated 12-well plates, while 2 × 10 5  AML CD34 +  cells 
are plated in gelatin-coated T25 fl asks. AML cells are plated in 
LTC medium supplemented with IL-3, G-CSF, and TPO 
(20 ng/ml each). Although we usually use this cytokine cock-
tail, it is likely that differences exist in cytokine dependency 
between individual AML samples (see also [ 21 ]). For instance, 
for MLL-AF9 AML cocultures we routinely add 10 ng/ml 
FLT3-L, IL-3, and SCF, but it is well plausible that optimal 
cytokine conditions need to be determined for each individual 
AML sample. As normal healthy cells can also expand under 
these conditions, it will be important to validate that expanded 
cells indeed belong to the leukemic clone(s). Therefore, it is 
important to confi rm mutation status by PCR or by karyotyp-
ing after 4–5 weeks of culture.   

   3.    Instead of using 12-well plates, we are also using 96-well plates 
in order to determine the LSC frequency in vitro ( see   Note 3 ). 
Furthermore, various markers can be used to enrich for the 
LSC fraction ( see   Note 4 ).   

   4.    Cultures are kept at 37 °C and 5 % CO 2  and are weekly demide-
populated. Plates or fl asks are swirled gently, and half of the 
medium is collected and is set aside for analysis. Fresh LTC 
medium including cytokines are added back to the cultures. 
The harvested cells are spun down and counted and can be 

3.1.1  Long-Term 
Coculture of AML Cells 
on Bone Marrow Stroma
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analyzed by, e.g., FACS, Western blotting, or q-PCR. Our 
experience so far indicates that in about two-thirds of the 
investigated cases ( n  > 80) the AML CD34 +  fraction contains 
cells that can give rise to expanding LTC on MS5.   

   5.    While normal CD34 +  cells derived from cord blood or bone 
marrow give rise to phase-dark cobblestone area-forming cells 
(CAFCs) only after 5 weeks of plating onto MS5, we typically 
observe leukemic cobblestone areas (L-CAs) earlier in the cul-
tures, ranging from 1 to 5 weeks when the fi rst L-CAs arise.   

   6.    Incubate for 5 weeks at 37 °C, 5 % CO 2 . Cobblestone areas can 
be counted at week 5 to determine LTC-IC frequencies in 
bulk ( see   Note 3 ). Cultures can also be serially replated;  see  
Subheading  3.1.2 .      

        1.    Self-renewal is addressed by serial replating of cocultures. 
Typically, cocultures are replated at week 5, but in case high 
numbers of L-CAs arise early on in the cocultures or when a lot 
of suspension cells are produced and the MS5 stroma no longer 
seems capable of sustaining the cultures we have replated 
cocultures earlier than week 5, at week 3 or 4.   

   2.    Harvest suspension cells, wash adherent layer twice with PBS, 
and collect all fractions.   

   3.    Trypsinize adherent cells for 5 min at 37 °C.   
   4.    Collect adherent fraction in PBS.   
   5.    Stain human cells with an antibody recognizing human CD45, 

and sort cells on a MoFlo ( see   Note 5 ).   
   6.    Combine the sorted CD45 +  human AML cells with the sus-

pension cells, and replate 1/20 to 1/3 of the total cells onto a 
new 12-well plate or T25 fl ask that was precoated with new 
MS5 the day before. We have also replated adherent and sus-
pension cells separately onto new stroma. We fi nd that the 
majority of replating activity resides in the adherent L-CA 
population, but some replating activity is also present in the 
suspension cells in some cases.   

   7.    At weeks 10 and 15 (or at earlier time points when MS5 stro-
mal cells deteriorate due to high numbers of leukemic cells) 
 steps 2 – 6  can be repeated to initiate third and fourth cultures 
( see   Notes 6  and  7 ).       

   Detailed molecular analysis of signal transduction pathways in 
human LSCs depends upon effi cient delivery of gene targeting 
vectors, by which loss-of-function and gain-of-function analyses 
can be performed. The effi cient delivery involves optimal prepara-
tion of lentiviral particles, which takes about 4 days. Each day is 
described below in detail. 

3.1.2  Addressing 
Self-Renewal: Replating 
of Long-Term AML 
Cocultures onto New Bone 
Marrow Stroma

3.2  Lentiviral 
Transductions: 
Preparation 
of Particles
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      1.    Coat 10 cm dishes or T75 fl asks for 2 h with 0.1 % gelatin at 
room temperature.   

   2.    Remove gelatin, plate 2–4 × 10 6  293T cells in 10 ml DMEM 
plus 10 % FCS per group, and incubate overnight at 37 °C, 
5 % CO 2 . Multiple plates can be seeded at the same time and 
later harvested into one large batch of virus, but the detailed 
protocol below describes the procedure for one plate. 
Obtaining a larger batch of virus can be useful from the point 
of experiment to experiment consistency as well as reducing 
the overall amount of work, since fewer preparations need to 
be done.      

      1.    Transient transfection of 293T cells using Fugene. Change 
medium to 5 ml DMEM + 10% FCS, pen-strep 2–6 h prior 
to transfection. Before transfection, prepare two tubes with 
the following reagents. Tube 1: DMEM without FCS and 
penicillin/streptomycin (100 μl), packaging construct 
(pCMV Δ8.91) (3 μg), glycoprotein envelop plasmid 
(pMD2.G) (0.7 μg), vector construct containing GOI, and 
GFP (3 μg). Tube 2: DMEM without FCS and penicillin/
streptomycin (400 μl) and Fugene 6 or HD (21 μl). The 
amounts of DNA have been carefully optimized, but further 
optimization might be required for other plasmid combina-
tions ( see   Note 8 ).   

   2.    Add tube 1 to tube 2, fl ick gently, and allow complex forma-
tion for 20 min at room temperature.   

   3.    After 20 min add mixture dropwise to 293T cells, swirl gently, 
and incubate cells overnight at 37 °C, 5 % CO 2 .      

  Check the transfection effi ciency of the 293T cells. If the 293T 
cells are still solidly attached and a bright GFP signal is observed 
through the fl uorescent microscope, the medium on the 293T 
cells can be changed to 4.5–6 ml HPGM and cells can be incu-
bated overnight at 37 °C, 5 % CO 2 . If 293T cells are detaching or 
a weak GFP signal is observed, an optimization of the growth and 
transfection procedure is necessary to obtain higher viral titers, 
mandatory for effi cient AML transduction ( see   Notes 7 – 9 ).  

  After an approximate 12 h of virus production into HPGM 
medium, virus can be harvested by removing 4.5 ml medium from 
293T cells and fi ltering over low-protein-binding fi lters, Millex 
HV fi lters, to remove residual 293T cells. As we have observed that 
some 293T cells might be detaching during the harvest period, 
this step is necessary. After fi ltering, use virus directly for infection 
of AML cells or freeze virus-containing supernatant in aliquots of 
500 μl in cryotubes in −80 °C and thaw upon use.   

3.2.1   Day 1

3.2.2   Day 2

3.2.3   Day 3

3.2.4   Day 4
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  The procedure for AML CD34 +  transduction takes 3 days to 
complete and can be started on day 4 of the lentiviral preparation. 
A typical AML transduction involves three rounds of infection of 
approximately 8–12 h, and we have reached transduction effi ciencies 
ranging form 25 to 80 % depending upon AML sample, viral prep-
arations, and the vector of interest. 

      1.    Typically, 1.5 × 10 6  AML CD34 +  cells are isolated with MACS 
columns or sorted by MoFlo and incubated at a cell density of 
0.5 × 10 6  cell/ml in LTC medium supplemented with IL-3, 
G-CSF, and TPO (each 20 ng/ml) for 4 h at 37 °C, 5 % CO 2 .   

   2.    During this incubation period, wells from a 12-well plate are 
coated with 0.5 ml of retronectin (50 μg/ml in PBS) at room 
temperature (1 well per group). After 2 h retronectin is 
removed and the wells are blocked immediately with 2 % BSA/
PBS for 30 min. Wash the plate twice with PBS and keep at 
4 °C until use.   

   3.    After 4 h, the preincubated AML CD34 +  cells are split into 
various groups that will be transduced with lentiviral batches of 
interest. Use at least 1.5 × 10 5  cells per group, but not more 
than 5 × 10 5  in 500 μl per well in 12-well plates. Make sure to 
include both an empty vector control group that only expresses 
your marker gene as well as a no-virus control group which will 
not be transduced but will be used for setting FACS gates and 
also allow a comparison of the growth of non-transduced 
AMLs with empty vector-transduced AMLs.   

   4.    Per transduction group, plate 500 μl AML cell suspension per 
well in the retronectin-coated 12-well plates. Add 500 μl lenti-
virus supernatant to each well. In the no-virus control group, 
add 500 μl HPGM. Furthermore, add the following to each 
group: 110 μl FCS (fi nal concentration 10 %), 20 ng/ml hIL-
3, 20 ng/ml TPO, 20 ng/ml GCSF, and 4 μg/ml polybrene. 
Incubate overnight at 37 °C, 5 % CO 2 . This will be the fi rst 
round of transduction.   

   5.    Meanwhile, MS5 stromal cells need to be cultured as described 
above in α-MEM supplemented with 10 % FCS, so that, e.g., a 
T75 reaches 80 % confl uency at day 2, which should be suffi -
cient for 3T25 fl asks (in case you want to plate a no-virus con-
trol group, an empty vector control group, and an experimental 
group).      

      1.    Repeat transduction procedure in the morning (round 2). 
Add 500 μl new viral supernatants (or HPGM) to the wells as 
well as FCS, growth factors, and polybrene at concentrations 
indicated above. Washing of cells or removal of the fi rst 500 μl 

3.3  Lentiviral 
Transductions: 
Transduction of AML 
CD34 +  Cells

3.3.1   Day 1

3.3.2   Day 2
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of viral supernatant that was added in round 1 is not necessary 
and will only lead to loss of cells. Incubate for 8 h at 37 °C, 
5 % CO 2 .   

   2.    Transduction round 3 should be started in the evening by 
adding another 500 μl of viral supernatant as well as FCS, 
growth factors, and polybrene at concentrations indicated 
above.   

   3.    Furthermore, coat three T25 fl asks with 0.1 % gelatin for 2 h 
at room temperature. When done, trypsinize an 80 % confl uent 
T75 fl ask with MS5, resuspend in 15 ml α-MEM with 10 % 
FCS, and plate 5 ml per gelatin-coated per T25 (these MS5 
cultures will reach confl uency on day 3, optimal for seeding 
with AML cells). When more than three T25 are required, 
make sure to prepare multiple T75 fl asks with MS5 that reach 
80 % confl uency at day 2.      

      1.    The transduced AML CD34 +  cells from each group are washed 
3–5 times with PBS and are resuspended in 1.5 ml of LTC 
medium supplemented with IL-3, G-CSF, and TPO (each 
20 ng/ml).   

   2.    Take a 50 μl aliquot for FACS to assess transduction effi ciency 
(use cells from the no-virus group to set the gates).   

   3.    Plate equal amounts of AML CD34 +  cells on MS5 in LTC 
medium (at least 1.5 × 10 5  cells per T25, no more than 5 × 10 5 ). 
MoFlo sorting of transduced cells can be performed, but is not 
strictly necessary as the untransduced cells within each culture 
can serve as an internal control. However, note that the, e.g., 
GFP/YFP expression usually does not reach steady-state levels 
until 2 days after the infection procedure, so analyzing a small 
sample after 2 days of expansion on MS5 stromal layers will 
give a more reliable transduction effi ciency ( see   Note 10 ).       

      1.    LTC of transduced AML cells are essentially the same as long- 
term cocultures of non-transduced AML cells as described in 
Subheading  3.2 . Remove half of the suspension (2.5 ml) 
from the cultures weekly, and add 2.5 ml fresh LTC medium 
supplemented with IL-3, G-CSF, and TPO (each 20 ng/ml). 
The removed half can be used for FACS analysis, cell count, 
cytospins, etc. Determining the percentage of marker genes 
such as GFP or YFP as well as the use of differentiation makers 
in FACS analyses on these weekly demipopulations give a rapid 
insight into growth and differentiation characteristics of trans-
duced cells. We typically compare GFP/YFP-expressing cells 
with the non-transduced cells within each group as negative 
controls as well as with the control group that contains AML 
cells that were not transduced at all (examples can be found in 
[ 19 ,  22 – 24 ,  27 – 29 ]).      

3.3.3   Day 3

3.4  Loss- and 
Gain-of- Function 
Studies with Long-
Term Coculture 
of Transduced AMLs 
on MS5
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      1.    Long-term coculture and serial replating procedures for trans-
duced human CD34 +  cells on bone marrow stroma under 
myeloid or lymphoid permissive conditions are essentially the 
same as described under Subheadings  3.1.1  and  3.1.2     for AML 
cocultures. Examples can be found in [ 22 ,  30 – 37 ]. Both the 
huCD45 +  adherent fraction and the suspension fraction are typi-
cally combined for replating onto new stroma, and the timing of 
replating depends heavily on the expansion kinetics of the trans-
formed cells, which can vary from once every 2 weeks to once 
every 5 weeks. While often CB CD34 +  cells are used due to their 
easy availability, it is important to note that important differences 
exist in terms of transformation potential between fetal CB cells 
and adult BM or PB cells ([ 32 ]  see   Note 11 ).   

   2.    We evaluate the presence of myeloid progenitors by plating 
cells in methylcellulose. 10,000 Cells obtained after demide-
population of cultures are plated in 1 ml methylcellulose sup-
plemented with 20 ng/ml IL-3, IL-6, SCF, G-CSF, Flt-3L, 
10 ng/ml GM-CSF, and 1 U/ml Epo at 37 °C, 5 % CO 2 . After 
2 weeks, CFCs are scored. Self-renewal of progenitors can be 
evaluated by serial replating of CFCs. Pipet 1 ml PBS to the 
content of one dish containing methylcellulose colonies, place 
in 50 ml tube, and wash cells three times with 45 ml PBS. Cells 
can, e.g., be used for FACS or cytospins. For second CFCs, 
plate 50,000–200,000 into 1 ml new methylcellulose supple-
mented with 20 ng/ml IL-3, IL-6, SCF, G-CSF, Flt-3L, 
10 ng/ml GM-CSF, and 1 U/ml Epo at 37 °C and 5 % CO 2 . 
After 2 weeks, second CFCs are scored.       

4    Notes 

     1.    The FACS phenotype of LSCs is most likely rather heteroge-
neous and differs between individual patients, and the CD34 + /
CD38 −  HSC phenotype is clearly not valid for all AML patients 
[ 25 ,  38 ]. In most cases, the AML LSCs are contained within 
the CD34 +  fraction [ 19 ,  38 ], but exceptions exist as well, e.g., 
for NPMcyt AML [ 39 ] or in MLL-AF9-rearranged samples 
(our unpublished observations). Besides CD34, various other 
LSC markers such as ITGA6, FLT3, CD47, CD33, CLL1, 
and CD96 have been suggested and can be included in the 
MoFlo sorting procedures, but functional studies are required 
to fi rst elucidate in which population the LSCs reside.   

   2.    Instead of sorting CD34 +  AML cells on the MoFlo, we have 
been utilizing the MiniMACS columns using anti-CD34 
magnetic beads as well (Miltenyi Biotec, Amsterdam, The 
Netherlands). It must be taken into account that the maximum 
binding capacity of the columns is (in our experience) around 

3.5  Long-Term 
Coculture 
of Transduced Human 
CD34 +  Cells on Bone 
Marrow Stroma Under 
Myeloid or Lymphoid 
Permissive Conditions
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20–30 × 10 6  cells, so when the CD34 percentage of an AML is 
high, the fl ow through cannot be considered as CD34 − .   

   3.    Instead of using 12-well plates, we have been able to initiate 
long-term AML cocultures on 96-well plates coated with MS5 
to determine the in vitro LSC frequency and to allow a more 
high-throughput analysis. Depending on the sorting proce-
dures to enrich for LSCs ( see   Note 4 ), we have initiated LTC 
with 1–5 cells per well, but large variations in frequency can be 
observed between different AML samples and depending on 
sorting schemes prior to starting the assay. Week-5 leukemic 
LTC-IC frequencies can be read out by scoring CAFC- 
containing wells at week 5 as positive after which L-LTC-IC 
frequencies are determined using L-Calc. As primary AML cells 
usually do not effi ciently form CFCs in methylcellulose we 
routinely do not add methylcellulose to each well at week 5 as 
we would do for normal LTC-IC assays.   

   4.    The culture system obviously also allows for sorting on the 
basis of different markers, and we have been able to use CD34, 
CD38, CD123, D117, and HLA-DR as potential markers to 
identify LSCs. While the AML cells that give rise to LTC 
almost always reside in the CD34 + , and are absent from the 
CD34 −  fraction [ 19 ], we have observed in our analyses of vari-
ous AML samples a much more heterogeneous expression 
pattern of the other markers on cells that can initiate LTC on 
MS5 stroma.   

   5.    Upon replating of cocultures, we have been able to use human 
CD45 MicroBeads (130-045-801) from Miltenyi instead of 
sorting by MoFlo in order to isolate human AML cells from 
the adherent fraction. However, it must be taken into account 
that some MS5 cells will contaminate your CD45 isolation as 
it is diffi cult to deplete all MS5 cells from the column during 
the wash steps. Alternatively, we have been able to remove the 
majority of MS5 stromal cells from AML cells by preplating of 
trypsinized adherent fractions on T75 fl asks in 15 ml MEM 
(10 % FCS) for 5–10 min. The majority of MS5 cells will 
attach to the plastic within this period, while the AML cells do 
not and can be harvested from the non-adherent suspension 
fraction.   

   6.    An important issue is how to deal with leukemic versus normal 
stem cells that might be present in the CD34 isolation steps as 
well. We establish the leukemic origin of the expanding cultures 
by performing PCR analysis for the presence of genetic markers 
such as the Flt3-ITD and by the fact that cultures generate 
second, third, and fourth L-CAs, a feature of self- renewing 
cells that we do not observe with normal CB stem cells. Also, 
L-CAs derived from PB should represent leukemic cells as 
the PB of healthy donors typically does not contain signifi cant 
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numbers of stem/progenitor cells that give rise to cobblestone 
areas on stroma.   

   7.    We have observed that around two-thirds of all investigated 
AMLs (>80 until date of publication) can give rise to long- 
term expanding cultures on MS5 stroma. The growth charac-
teristics were categorized into the risk groups according to the 
new World Health Organization classifi cation, but no 
 signifi cant differences were observed. It was intriguing how-
ever that out of the AMLs under investigation that belonged 
to the good risk group (containing either AML1-ETO or INV 
[ 16 ] translocations), no AML LTC-ICs could be established, 
suggesting that good risk AMLs do not perform well in our 
ex vivo assay.   

   8.    When transducing AML CD34 +  cells, effi cient transduction 
can be achieved when using viral supernatants that contain a 
titer of ~10 7  viral particles per ml (TU/ml). By infecting 293T 
cells using a standard viral titration protocol this number can 
be easily calculated. If titers are low, this might have been due 
to low transient transfection effi ciencies of 293T cells. Ensure 
that the producing 293T cells are proliferating optimally, cells 
are attached, and correct Fugene 6(HD)/DNA complexes are 
used. Use clean DNA to transfect the 293T cells with an OD 
260/280 of >1.8. Furthermore, the ratio of the various plas-
mids in the DNA/Fugene 6(HD) complex as described above 
may vary when slightly different plasmids are used. The proto-
col described above has been optimized for various plasmids, 
but we have observed (unpublished results) that different 
promoters, different plasmid sizes, and different sizes of the 
GOI can also infl uence transfection and transduction effi cien-
cies. In such cases, transfections need to be optimized with 
different ratios of plasmid versus Fugene 6/HD.   

   9.    Another possibility when low viral titers are obtained is to con-
centrate the virus particles. Standard concentration of virus 
involves ultracentrifugation for several hours, but an easier and 
faster method can be employed when using Centriprep columns 
(YM-50, Amicon, Millipore). Following the manufacturer’s 
instructions, 15 ml of virus supernatant can be concentrated 
15–20× in two rounds of 20 min of centrifugation using any 
normal centrifuge. This method is therefore ideally suited when 
an expensive ultracentrifuge is not at hand and ensures that virus 
can be frozen or used as fast as possible without the risk of losing 
virus due to a possible short half-life.   

   10.    Since the transductions are performed in the absence of stromal 
cells and the effi cient culture of AML cells is dependent upon 
interactions with stroma, an important point of interest is how 
many AML cells undergo cell death during the transduction 
procedure. During most of our transductions we have observed 
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that the number of AML cells after transductions is ~20–50 % 
lower than what was plated upon the start of the transduction 
procedure, while only in some exceptional cases we have 
observed a slight expansion during the transduction proce-
dures. We have therefore always counted viable cells after the 
transduction procedure, before subjecting them to  long- term 
stromal cocultures, ensuring that we had equal numbers of 
AML cells at the start of the culture. We typically start with a 
minimum of 1.5 × 10 5  cells per T25. In the fi rst 1 or 2 weeks, 
an initial drop in cell number is usually observed, but in all 
long-term experiments with transduced AML CD34 +  cells we 
have performed till date rapidly expanding cultures could be 
established within a few weeks after plating.   

   11.    When we transduced MLL-AF9 into human fetal CB CD34 +  
cells and human adult BM or PB cells we observed that trans-
formation was more diffi cult to achieve in adult cells and that 
differentiation was biased towards the myeloid lineage, while 
both lymphoid and myeloid transformation could effi ciently be 
induced in fetal CB cells [ 32 ]. This is in line with what is 
observed in pediatric MLL-AF9 patients that can develop both 
AML and ALL. While adult MLL-AF9 patients typically 
develop only AML and not ALL, it exemplifi es that the cell of 
origin has great impact on the phenotypes that can be generated 
in these model systems.         
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    Chapter 14   

 Ex Vivo Expansion of Murine and Human 
Hematopoietic Stem Cells 

              Phuong     L.     Doan     and     John     P.     Chute    

    Abstract 

   Hematopoietic stem cells have the capacity to self-renew and give rise to the entirety of the mature blood 
and immune system throughout the lifespan of an organism. Here, we describe methods to isolate and 
culture murine bone marrow (BM) CD34 – ckit + Sca1 + Lineage –  (CD34 – KSL) hematopoietic stem cells 
(HSCs). We also describe a method to measure functional HSC content via the competitive repopulation 
assay. Furthermore, we summarize methods to isolate and culture human CD34 + CD38 – Lineage –  cells 
which are enriched for human hematopoietic stem and progenitor cells.  

  Key words     Hematopoietic stem cell  ,   Self-renewal  ,   Cell expansion  ,   Regeneration  ,   Reconstitution  , 
  Competitive repopulation assay  ,   Cord blood  

1      Introduction 

    Cell surface markers have been utilized for isolation of HSCs. 
These isolation methods employ a combination of magnetic column 
separation to enrich for lineage-depleted cells, followed by fl uores-
cence-activated cell sorting (FACS), which facilitates the collection 
of hematopoietic cells based on multiple surface markers that are 
tagged with fl uorescent probes. The ability to isolate live HSCs 
provides the capability to measure the effects of specifi c treatments 
(i.e., cytokines, genetic modulation) on HSC and progenitor pop-
ulations [ 1 ,  2 ]. HSCs can be characterized functionally via the 
competitive repopulation assay, in which limiting dilutions of 
HSCs are transplanted via tail vein injection into lethally irradiated, 
congenic mice which also receive host BM competitor cells [ 1 – 4 ]. 
Over time, donor hematopoietic cell engraftment can be measured 
via fl ow cytometric analysis of recipient peripheral blood (PB) or 
BM cells by distinguishing surface CD 45.1 +  or CD 45.2 +  expres-
sion. The levels of donor chimerism can be tracked in the periph-
eral blood through 20 weeks to determine the kinetics of donor 
cell engraftment and to estimate donor long-term HSC content. 
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Limiting dilution analysis can be performed using 3–5 donor 
hematopoietic cell doses, such that a subset of recipient mice will 
demonstrate non-engraftment of donor cells. This approach allows 
for Poisson statistical analysis to estimate the frequency of donor 
HSCs in comparative donor sources [ 1 ,  2 ]. Our laboratory has 
utilized these same methods to be employed to estimate the resid-
ual frequency of HSCs in the BM of mice following exposure to 
genotoxic stressors such as ionizing radiation [ 1 ,  2 ]. 

 Like murine HSCs, human hematopoietic cell populations can 
be enriched via fl uorescence activated cell sorting,    and then placed 
in culture for genetic modifi cation or in order to expand subpopu-
lations ex vivo. Cord blood units are a rich source of human HSCs 
and have been used in HSC transplantation in adults [ 5 – 7 ]. Here, 
we describe methods to isolate and expand human CB HSCs 
ex vivo, which has potential implications to improve donor CB 
engraftment in patients following transplantation.  

2    Materials 

      1.    Dissecting tools: scissors and forceps. Autoclaved and are 
sterile.   

   2.    Bone marrow collection media: Iscove’s DMEM (IMDM, 
Cellgro, Manassas, VA), 10 % Fetal Bovine Serum (FBS), 1 % 
penicillin–streptomycin. Prepare 500 ml. Sterilize with 0.2 μm    
fi lter. Store at 4 °C ( see   Note 1 ).   

   3.    Buffer for Lineage Depletion: 10 % FBS, 1 % penicillin–strep-
tomycin in phosphate buffered saline (PBS), pH 7.2.   

   4.    Staining buffer: 1 % FBS in PBS.   
   5.    Plasticware: 28.5 gauge insulin syringes, 40 μm mesh nylon 

strainer, 15 and 50 ml conical tubes, tubes for FACS, 96-well 
U-bottom clear polystyrene plate ( see   Note 2 ).   

   6.    ACK Lysing Buffer (Lonza, Walkersville, MD). Store at room 
temperature.   

   7.    Trypan Blue (Lonza, Walkersville, MD).   
   8.    Magnetic cell sorting: Lineage Depletion Kit, MACS LS columns, 

and MidiMACS Separator (Miltenyi Biotec, Auburn, CA).   
   9.    Antibodies and reagents for FACS: CD34, ckit, and Sca1 anti-

bodies conjugated with fl uorophores, 7-aminoactinomycin D 
(7-AAD,  see   Note 3 ).   

   10.    Thrombopoietin, Stem Cell Factor, Flt3 Ligand (TSF) Mouse 
Cytokine media: 20 ng/ml Thrombopoietin, 125 ng/ml Stem 
Cell Factor, 50 ng/ml Flt3 Ligand in bone marrow collection 
media ( see   Note 4 ).      

2.1  Isolation 
and Culture 
of Murine CD34 –

 ckit + Sca1 + Lineage –  
Bone Marrow Cells
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      1.    Wash Buffer: 10 % FBS, 1 % penicillin–streptomycin in PBS, 
pH 7.2.   

   2.    Priming Media: PBS without Ca +2  and Mg +2  at room tempera-
ture or degassed ( see   Note 5 ). No serum or protein additives.   

   3.    Separation Media: 2 % FBS in PBS.   
   4.    Cord blood units ( see   Note 6 ).   
   5.    Human Hematopoietic Progenitor Cell Enrichment Kit: 

Human hematopoietic progenitor cell enrichment cocktail, 
magnetic colloid, pH 7.0–7.5 (StemCell Technologies, 
Vancouver, BC, Canada) ( see   Note 7 ).   

   6.    StemSep Magnet, Negative selection columns, and Peristaltic 
Pump with Pump Tubing (StemCell Technologies, Vancouver, 
BC, Canada) ( see   Note 8 ).   

   7.    Thrombopoietin, Stem Cell Factor, Flt3 Ligand (TSF) Human 
Cytokine media: 20 ng/ml Thrombopoietin, 125 ng/ml Stem 
Cell Factor, 50 ng/ml Flt3 Ligand in 10 % FBS with IMDM.       

3    Methods 

 Carry out all procedures under sterile conditions. Procedures 
should be done expeditiously to improve cell viability. 

        1.    Euthanize mice using protocols approved by the Institutional 
Animal Care and Use Committee. Dissect bilateral femurs and 
tibias. Clip both ends of femurs. Insert insulin syringe fi lled 
with bone marrow collection media. Flush bone marrow into 
50 ml conical tube fi lled with collection media. Repeat several 
times on both ends of femurs until femur appears white. Repeat 
with tibias.   

   2.    Pellet cells in centrifuge at 350 × g, 5 min.   
   3.    Aspirate supernatant.   
   4.    Lyse red blood cells with 3 ml of ACK Lysing Buffer and vortex. 

Incubate 3 min at room temperature ( see   Note 9 ).   
   5.    Neutralize lysis buffer with greater than 3 volumes of buffer 

for lineage depletion.   
   6.    Pass cells through 40 μm mesh nylon strainer ( see   Note 10 ).   
   7.    Pellet cells in centrifuge at 350 × g, 5 min.   
   8.    Aspirate supernatant.   
   9.    Resuspend cells in 40 μl of buffer for lineage depletion per 10 7  

cells ( see   Note 11 ). Volume is dependent on total number of 
mice in collection.   

   10.    Obtain cell count by trypan blue exclusion.   

2.2  Isolation 
and Culture of Human 
CD34 + CD38 – Lineage –  
Cord Blood 
Hematopoietic Cells

3.1  Isolation 
of Murine CD34 –

 ckit + Sca1 + Lineage –  
Bone Marrow Cells
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   11.    Add 10 μl of Biotin-antibody cocktail per 10 7  cells. Mix well 
and incubate on ice or at 4 °C for 10 min ( see   Note 12 ).   

   12.    Add 30 μl of buffer per 10 7  cells.   
   13.    Add 20 μl of Anti-biotin Microbeads per 10 7  cells ( see   Note 13 ). 

Mix well and incubate on ice or at 4 °C for 15 min.   
   14.    Wash cells by adding at least 2 ml per 10 7  cells of buffer for 

lineage depletion and centrifuge at 300 ×  g  for 10 min.   
   15.    Aspirate supernatant completely.   
   16.    Resuspend up to 10 8  cells in 500 μl of buffer for lineage 

 depletion ( see   Note 14 ).   
   17.    Place LS column(s) in the magnetic fi eld of MACS Separator 

( see   Note 15 ,  see  Fig.  1 ).

  Fig. 1    Isolation of murine CD34 – KSL cells followed by irradiation, ex vivo culture, and competitive repopulation 
assay. ( a ) Schematic diagram of method to isolate BM CD34 – KSL cells. Red blood cell-depleted bone marrow 
from CD 45.1 +  mice is labeled for magnetic enrichment of lineage-negative cells. Labeled sample is loaded 
into a primed LS column. Lineage-negative cells are collected, stained, and FACS-sorted for CD34 – , ckit + , and 
Sca1 +  (CD34 –  KSL) cells. To measure the regenerative capacity of these cells, cells were exposed to 300cGy 
ionizing radiation (Cs137 source). Cells were cultured with recombinant cytokines (thrombopoietin, stem cell 
factor, and fl t3 ligand = TSF) or TSF supplemented with epidermal growth factor (TSF + EGF). Following 7 days 
in culture, CD34 – KSL cells and their progeny were collected and transplanted by tail vein injection into lethally 
irradiated (950cGy) CD45.2 +  recipients along with 2 × 10 5  host BM cells as competitors. Total and multi-lin-
eage donor engraftment in the blood were measured by fl ow cytometric analysis of the PB between 4 and 20 
weeks following transplantation. ( b ) Peripheral blood donor engraftment at 8 weeks of CD45.2 +  recipient mice 
following transplantation of 100 CD34 – KSL cells exposed to 300cGy followed by 7-days in culture with 
TSF + EGF or TSF alone. Total CD 45.1 +  donor engraftment, myeloid (Mac-1/Gr-1), B cell (B220), and T cell 
(Thy1.2) engraftment are shown. * p  < 0.05. ( see  ref.  2 , Fig. 1g)       

 

Phuong L. Doan and John P. Chute



215

       18.    Prime columns with 3 ml of buffer for lineage depletion per 
column. Discard effl uent. Place clean 15 ml conical tubes 
underneath columns.   

   19.    Add cell suspension to column(s) and collect effl uent in 15 ml 
conical tubes.   

   20.    Wash columns with 3 ml of buffer for lineage depletion three 
times. Collect all effl uent ( see   Note 16 ).   

   21.    Pellet cells in centrifuge at 350 × g, 5 min.   
   22.    Obtain cell count by trypan blue exclusion ( see   Note 17 ).   
   23.    Label cells with CD34, ckit, and Sca1 antibodies in staining 

buffer ( see   Note 18 ). Incubate 30 min at 4 °C. Rinse cells 
and resuspend cells at a density of approximately 300 μl per 
10 7  cells.   

   24.    Add 15 μl of 7-AAD and proceed to cell sorting ( see   Note 19 ).   
   25.    Pellet cells and resuspend cells in TSF cytokine media 

( see   Note 20 ).   
   26.    Seed cells into a 96-well U-bottom plate. Incubate plate at 37 °C, 

5 % humidity for the time point of interest ( see   Note 21 ).   
   27.    Collect cells and pellet. Perform cell counts by trypan blue 

exclusion.   
   28.    Prepare host bone marrow competing cells using  steps 1 – 8 .   
   29.    Perform cell counts by trypan blue exclusion of host bone 

marrow cells.   
   30.    Aliquot competing cell dose into sterile eppendorf tubes 

( see   Note 22 ).   
   31.    Add donor cells from culture to each eppendorf tube ( see  

 Note 23 ).   
   32.    Perform tail vein injections of donor and competing host cells 

into recipient mice that have been lethally irradiated ( see   Note 24 , 
 see  Fig.  1 ).   

   33.    Starting 4 weeks following transplantation and at 4-week inter-
vals, collect peripheral blood by maxillary vein puncture and 
label for total donor engraftment and multi-lineage engraftment 
for fl ow cytometric analysis ( see   Note 25 ).      

  Cord blood and bone marrow cells arrive in the laboratory with all 
patient information de-identifi ed. Methods will describe proce-
dure for cord blood stem cell isolation. Identical methods can be 
applied for human bone marrow stem cell isolation.

    1.    Transfer cord blood into sterile container(s) ( see   Note 26 ).   
   2.    Aliquot 15 ml of fi coll into 50 ml conical tubes.   
   3.    Overlay fi coll with 30 ml of cord blood per tube ( see   Note 27 ).   

3.2  Isolation 
and Culture of Human 
CD34 + CD38 – Lineage –  
Cord Blood and Bone 
Marrow 
Hematopoietic Cells
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   4.    Centrifuge at 350 × g, 35 min at 25 °C ( see   Note 28 ).   
   5.    Carefully aspirate upper layer of serum without disturbing 

buffy coat layer, which contains mononuclear cells.   
   6.    Collect mononuclear cell layer and transfer to new 50 ml conical 

tubes ( see   Note 29 ).   
   7.    Bring total volume in tubes to 50 ml with wash buffer.   
   8.    Centrifuge at 400 × g, 10 min. Discard supernatant.   
   9.    Add 20 ml ACK Lysing Buffer. Vortex ( see   Note 30 ). Incubate 

cells at 37 °C in water bath for 15–30 min.   
   10.    Bring volume to 50 ml with wash buffer. Centrifuge at 

400 × g, 10 min. Discard supernatant. Repeat.   
   11.    Resuspend cells in wash buffer and perform cell counts with 

trypan blue exclusion ( see   Note 31 ).   
   12.    Add StemSep enrichment cocktail at 100 μl/ml. Mix and incu-

bate on ice for 30 min or at room temperature for 15 min ( see  
 Note 32 ).   

   13.    Add magnetic colloid at 60 μl/ml. Mix and incubate on ice for 
30 min or at room temperature for 15 min ( see   Note 33 ).   

   14.    Assemble column into magnet. Assemble pump tubing and 
prime column with priming media ( see   Note 34 ,  see  Fig.  2 ).

       15.    Wash from the top down with the appropriate volume of sepa-
ration media ( see   Note 35 ).   

   16.    Load sample and repeat  step 15 . Collect sample volume and 
wash volume ( see   Note 36 ).   

   17.    Pellet cells by centrifugation 350 × g, 5 min. Perform cell 
count by trypan blue exclusion ( see   Note 37 ).   

   18.    Label cells with CD34 and CD38 antibodies in staining buf-
fer ( see   Note 38 ). Incubate 30 min at 4 °C. Rinse cells and 
resuspend cells at a density of approximately 300 μl per 10 7  
cells.   

   19.    Add 15 μl of 7-AAD and proceed to cell sorting ( see  Fig.  2 ).   
   20.    Pellet cells and resuspend in human TSF cytokine media. 

Aliquot cells into 96-well U-bottom plate for culture.   
   21.    Perform tail vein injections of cultured cells into NOD-SCID 

or NOD-scid  Il2rg  recipient mice that have been conditioned 
with radiation.   

   22.    Starting 4 weeks following transplantation and at 4-week 
intervals, collect peripheral blood by maxillary vein punc-
ture and label for total donor engraftment and multi-lin-
eage engraftment for flow cytometric analysis ( see   Note 39 , 
 see  Fig.  2 ).       

Phuong L. Doan and John P. Chute
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4    Notes 

     1.    Reagents are made on the day of experiment.   
   2.    All plasticware should be sterile.   
   3.    We routinely use CD34 FITC, ckit PE, and Sca1 APC-cy7.   
   4.    Cytokines are lyophilized and require resuspension in IMDM, 

1 % FBS, 1 % penicillin–streptomycin and are fi lter-sterilized 
through a 0.2 μm Nalgene bottle. Store at 100× concentra-
tions at −80 °C.   

   5.    Degassed media reduces the introduction of air bubbles into 
columns, which can cause channeling and a decrease in the cell 
capacity of the column. If cell density exceeds the cell capacity 
of the column, then cell purity can be compromised.   

   6.    Note the cord unit cell count, volume, identifi cation number, 
and expiration date and time. We process cord units within 

  Fig. 2    Isolation and ex vivo culture of human CB CD34 + CD38 – Lin –  cells followed by tail vein injection into NOD/
SCID mice. ( a ) StemSep TAC Magnetically labeled cord blood was loaded into a primed and washed 0.6″ mag-
netic column. The action of the peristaltic pump separated lineage-negative cells into a collection tube. Lineage-
negative cells were stained and FACS-sorted for CD34 + CD38 – Lin –  cells. Following 7 days in culture with 500 ng/
ml pleiotrophin and human TSF cytokine media (TSF + PTN) or TSF alone, CD34 + CD38 – Lin –  cells and progeny 
were transplanted via tail vein injection into NOD-SCID or NOD-scid  Il2rg  mice that were conditioned with 
300cGy total body irradiation. ( b ) Bone marrow engraftment at 8 weeks is shown following transplantation of 
the progeny of 2,500 CD34 + CD38 – Lin –  cells following 7 days of culture with TSF or TSF + PTN. * p  < 0.05. ( c ) Top, 
representative FACS plots of total human CD45 +  hematopoietic cell engraftment at 8 weeks following transplan-
tation of CB CD34+CD38–Lin– cells or their progeny following culture with TSF or TSF + PTN; at bottom, myeloid 
(CD 33/13) and B cell (CD 19) engraftment in NOD-SCID mice at 8 weeks after transplantation with the progeny 
of 2,500 cord blood CD34 + CD38 – Lin- cells following culture with TSF + PTN ( see  ref.  1 , Fig. 3d, e)       
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48 h of collection to improve cell viability. Wear personal 
protective equipment (i.e., lab coat, gloves, goggles) when 
handling human specimens. Working with human specimens 
may require approval from the Institutional Review Board.   

   7.    Enrichment kit comes with enough reagents to label 5 × 10 9  cells.   
   8.    Columns come in a variety of sizes. We use 0.6″ columns, which 

has a column capacity to lineage deplete 10 8 –1.5 × 10 9  cells. 
While cell separation could be performed with gravity alone, we 
use a peristaltic pump to both prime and wash cells during 
separation.   

   9.    To improve cell yield, it is critical to ensure cell pellet is fully 
dispersed through vigorous vortexing or aggressive pipetting.   

   10.    This fi ltration step is critical to remove bone fragments following 
fl ushing of bone marrow.   

   11.    After red blood cell lysis, we routinely obtain about 25 million 
whole bone marrow cells per mouse. For fewer than 10 7  cells, use 
same volume as indicated for 10 7  cells. When working with larger 
number of cells, increase volumes accordingly. For example, 
lineage depletion of 2 × 10 7  cells requires 80 μl of buffer.   

   12.    Working on ice may increase incubation times. Longer incuba-
tion times may increase nonspecifi c cell labeling. Biotin- antibody 
cocktail includes monoclonal antibodies to CD5, CD45R 
(B220), CD11b, Anti-Gr-1, anti-7-4, and Ter119.   

   13.    Vortex Anti-biotin Microbeads immediately prior to adding to 
labeled cells since beads may settle in container. Microbeads are 
conjugated to a monoclonal anti-biotin antibody (clone: Bio3-
18E7.2; mouse IgG1).   

   14.    Scale volumes up according for greater than 10 8  cells. It is critical 
that cells are in single-cell suspensions.   

   15.    LS columns should fi t snugly into MidiMACS Separator. Each 
LS column has the capacity to isolate a maximum of 10 8  labeled 
cells and a maximum of 2 × 10 9  total cells. They are packaged 
sterilely and come individually wrapped. Columns are “fl ow 
stop” and will not run dry. They have a void volume of 400 μl 
and a reservoir volume of 8 ml. They are intended for single 
use only.   

   16.    Add buffer when reservoir is empty. This effl uent is the enriched 
lineage-negative cells. The enrichment rate is between 50- and 
1,000-fold, depending on the specifi city of magnetic labeling. 
Lineage-positive cells are retained in columns within the mag-
netic fi eld. If lineage-positive cells are required, remove the LS 
column from the magnet and place into a new 15 ml conical 
tube. Add 5 ml of buffer for lineage depletion to reservoir 
and immediately apply fi rm pressure to plunger supplied with 
column to fl ush out the lineage-positive cell fraction.   

Phuong L. Doan and John P. Chute
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   17.    We typically obtain between 8 × 10 5  and 10 6  lineage negative 
cells per mouse.   

   18.    The concentrations of antibodies used for staining require 
titration based on the specifi c antibody clone and cell density. 
In general, we use 1 μg/ml per 10 6  cells.   

   19.    7-AAD allows for fl ow cytometric exclusion of dead cells, 
which will be 7-AAD positive. Note the number of 34 – KSL 
cells collected from the sorting procedure. If the anticipated 
number of 34 – KSL cells to be collected is less than 5 × 10 5  cells, 
then we collect in 1.5 ml eppendorf tubes containing 300 μl 
of TSF cytokine media. If collecting greater than 5 × 10 5  
cells, then we collect into fl ow tubes containing 1 ml of TSF 
cytokine media.   

   20.    Cultures of 34 – KSL cells in TSF cytokine media serve as con-
trols for testing hematopoietic stem cell expansion with other 
cytokines (i.e., Pleiotrophin, PTN, or epidermal growth factor, 
EGF) ( see  ref. [ 1 ,  2 ]). To measure the regenerative capacity of 
34 – KSL cells following injury such as radiation, cells are irradi-
ated immediately following cell sorting prior to seeding into 
the 96-well U-bottom plates.   

   21.    We typically seed between 30 and 300 cells per well in 200 μl 
of TSF cytokine media. For culture of KSL cells, we have main-
tained these cultures at 5,000 cells per well for 7 days without 
exhausting the TSF cytokine media. Most of our in vitro hema-
topoietic stem cell assays are analyzed at 72 h and 7 days.   

   22.    Competing cell dose is usually 2 × 10 5  whole bone marrow cells 
( see  ref.  4 ). We tend to use CD45.1 +  donor cells and CD45.2 +  
recipient mice.   

   23.    We determine both the cell dose(s) and number of replicates 
for competitive transplantation prior to setting up cultures. 
For example, if we intend to transplant 100 34 – KSL cells and 
progeny donor cells, we seed each well with 100 cells. If we 
want to have 15 mice per group, then 15 wells per group are 
seeded with 34 – KSL cells. At time of transplantation, the entire 
contents of each well are transplanted into one mouse. Injection 
media should contain 2–10 % FBS in IMDM. Total volume of 
injection may range from 100 to 250 μl per mouse.   

   24.    Mice are irradiated 6–24 h prior to transplantation. We maintain 
all mice on water with trimethoprim-sulfamethoxazole follow-
ing total body irradiation.   

   25.    We collect 100–200 μl of peripheral blood and perform a 
RBC lysis as described in Subheading  3.1 ,  steps 4 ,  5 . Cells are 
labeled for fl ow cytometric analysis as follows: total engraft-
ment (CD 45.1 + ), myeloid (Mac-1/Gr-1), B cell (B220), and 
T cell (Thy1.2).   

Ex Vivo Expansion of Murine and Human Hematopoietic Stem Cells
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   26.    We use sterile T175 fl asks. Autoclaved, sterile 1 l bottles would 
work as well.   

   27.    We use 2 volumes of cells to 1 volume of fi coll.   
   28.    Be careful to not disturb interface between cells and fi coll 

when handling tubes. We disable the brake mechanisms on the 
centrifuge for this step.   

   29.    Adjust hand pipet to the slowest speed for collection to 
provide better control. We combine mononuclear cells from 
several tubes (i.e., 3–4) into new conical tubes for ease of han-
dling fewer tubes.   

   30.    As in  Note 9 , aggressive vortexing to disrupt cell pellet will 
improve cell yield.   

   31.    Cell density should be about 5 × 10 7  cells per ml, or within 
the range of 2–8 × 10 7  cells per ml. If cells are still clumped, 
we recommend that cell suspension be passed through a 
40 μm mesh nylon strainer.   

   32.    Enrichment cocktail contains mouse monoclonal IgG 1  antibod-
ies bound to a bispecifi c tetrameric antibody complex directed 
against both dextran and the following human hematopoietic 
surface markers: CD2, CD3, CD14, CD16, CD19, CD24, 
CD56, CD66b, and glycophorin A. Cocktail is in PBS and is 
stable between 2 and 8 °C for 2 years. Longer incubation times 
may lead to nonspecifi c binding.   

   33.    Colloid is stable at 2–8 °C for 6 weeks or at −20 °C for 1 year. 
Colloid should be vortexed prior to refreezing.   

   34.    Column should be inserted from above down into the gap of 
the magnet. Do not insert column from front of magnet. 
Connections between columns and pump tubing should be 
checked to ensure no leaks are present. Priming speed depends 
on column size. For 0.6″ column, column should be primed at 
0.6 ml/min with a pump setting of 3.0. Priming is complete 
when priming media is visible above the magnetic layers of the 
column.   

   35.    For 0.6″ columns, 25 ml of separation media is added to the 
columns. The direction of fl ow for the peristaltic pump should 
be reversed and changed to speed of 2 ml/min at a setting of 
10. At no point should the column run dry or air bubbles will 
be introduced.   

   36.    These cells are lineage-depleted cells and are ready to use. 
Sample purity could be measured by fl ow cytometric analysis 
with anti-CD34 antibody. We routinely achieve greater than 
90 % purity with these methods.   

   37.    Lineage-negative cells could be stored in liquid nitrogen until 
ready to use. Alternatively, they may be stored at 4 °C overnight 
with excellent cell viability.   
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   38.    Volume of antibodies for staining will need to be titrated 
depending on the antibody clone and fl uorophore used.   

   39.    We collect 100–200 μl of peripheral blood and perform a RBC 
lysis as described in Subheading  3.1 ,  steps 4 ,  5 . At the end of 
the study, usually between 8 and 16 weeks, bone marrow cells 
may be collected and analyzed for donor  engraftment. Cells 
are labeled for fl ow cytometric analysis as follows: total engraft-
ment (human CD45), myeloid (human CD 33/13), B cell 
(human CD 19), and T cell (human CD 3). We also stain for a 
phenotypic hematopoietic stem cell population with CD 34 
and CD 38.         
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    Chapter 15   

 Using Microfl uidics to Investigate Hematopoietic Stem Cell 
and Microniche Interactions at the Single Cell Level 

              Byungwook     Ahn    ,     Zhengqi     Wang    ,     David     R.     Archer    , and     Wilbur     A.     Lam    

    Abstract 

   In recent years, microfl uidic devices have become widely used in biology, and with the advantage of requiring 
low sample volumes, enables previously technologically infeasible experiments in hematopoietic stem cell 
(HSC) research. Here, we introduce a microfl uidic device to investigate dynamic interactions between 
HSC and model niches in vitro. The device comprises a pneumatic valve which enables the culturing of 
different types of niche cells in different parts of the same device. Single HSCs can then be injected into 
the microfl uidic device, manipulated, and placed onto different niches within the same device as controlled 
by the user. Here, we describe the device fabrication method, the HSC collection methodology, and the 
operational procedure for the device.  

  Key words     Microfl uidics  ,   Pneumatic valve  ,   Endothelial cell  ,   Niche  ,   Microenvironment  ,   Hematopoietic 
stem cell  

1      Introduction 

 The fi rst applications for microfl uidics were focused on the capability 
of these devices to handle small amounts of liquids in the nanoliter 
and picoliter range and led to the advent of the current ink-jet 
technology [ 1 ]. In late 1990s, “soft lithography” techniques 
enabled microfl uidic devices to be fabricated with the silicone elas-
tomer polydimethylsiloxane (PDMS) [ 2 ], which brought forth the 
advantages of low cost, simple fabrication steps, and bio-compati-
bility. As such, microfl uidics devices are now used in biology and 
biochemistry as a tool that leverage those capabilities and have 
enabled enumerable “lab-on-a-chip” applications. Indeed, almost 
10,000 papers about microfl uidics have been published in last 10 
years alone [ 3 ]. 

 Microfl uidic devices are comprised of glass, thermal-plastic, 
or as mentioned above, PDMS. Glass or silicon wafer based micro-
fl uidics require processes to “etch” channels into the material and 
a thermal bonding process to seal the channels. Glass-based 
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microfl uidics can yield sophisticated three-dimensional structure, 
but cannot be reused. On the other hand, PDMS based microfl u-
idics has relatively simple fabrication steps via soft-lithography, and 
the process yields a silicon master mold, in which large numbers of 
PDMS devices can be fabricated. PDMS is porous and fl exible, 
enabling features such as pneumatic valves to be incorporated into 
the device [ 4 ]. 

 More recently, researchers have used other materials to pro-
duce microfl uidic device. Polystyrene microfl uidics can be fabri-
cated by the hot embossing technique [ 5 ]. As polystyrene is the 
same material as the tissue culture fl asks, the familiar material prop-
erties may be advantageous for biologists. Like PDMS, polystyrene 
is also optically transparent, which enables live cell imaging. 
Recently, paper based microfl uidics has been developed for disease 
diagnostic purpose [ 6 ]. Unlike the other types of the microfl uidics, 
the paper based microfl uidics leverages the wettability of the mate-
rial. The small amount of liquid is absorbed and transferred by a 
highly wettabile material (unpatterned area), but it is blocked or 
guided by a low wettability material (patterned area with wax or 
photoresist). 

 Microfl uidic devices are suitable for biology and biochemistry 
area with the advantages of low volume consumption of reagent and 
samples, and PDMS microfl uidics has key properties—optical trans-
parency, high gas permeability and biocompatibility—that enable 
them to be amenable for biological and biochemical research [ 7 ]. 
In addition, microfl uidic components such as valves, mixers, pumps 
have been incorporated into those microfl uidic systems. Beside the 
basic components, one can embed optical or electrical parts into a 
device for sensing or actuating. Finally, the small size of micro-
fl uidics enables control and manipulation of single cells, which we 
describe here. 

 Microfl uidics has recently been utilized for hematopoietic stem 
cell research and techniques such as purifying, analyzing, or culturing. 
Wu et al. [ 8 ] introduces an integrated microfl uidic system capable 
of sorting of HSCs from cord blood that sorting effi ciency is as 
high as 88 %. The total sorting time of the device takes only 40 min 
which is much faster than with the traditional method. A fi lter 
embedded PDMS device has also been shown to purify HSCs from 
the bone marrow with an effi ciency that is comparable with fl ow 
cytometry [ 9 ]. Furthermore, the micro-well array [ 10 ,  11 ], cell trap-
ping [ 12 ,  13 ], or valved chamber structures [ 14 ] have all recently 
been adaptable to microfl uidic devices that enable to single HSC 
analysis and manipulation under dynamic conditions. 

 Here, we describe a microfl uidic device that enables investigating 
the dynamic interactions between HSCs and the niche microenvi-
ronments of the bone marrow in vitro. The device consists of three 
layers made of PDMS: the valve channel, the thin membrane, and 
the fl uidic channel (Fig.  1a ). The sandwiched PDMS membrane is 
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fl exible, so it can be defl ected to the fl uidic channel and blocking it 
depends on the pressure applied through the valve channel, 
pneumatically (Fig.  1b ). A set of the valve channel A is utilized to 
seed and culture the different niches in the chambers. Once, valve 
channel B is actuated, the injected HSC is guided along the fl uidic 
channel to expose it to the different niches.

2       Materials 

      1.    Cleanroom facility (including spin coater, hotplate, and 
aligner).   

   2.    SU-8 photoresist and developer (Microchem, Newton, 
MA, USA).   

   3.    Silicon wafer (NOVA electronic materials, Flower Mound, 
TX, USA).   

   4.    Photomask.   
   5.    HMDS (Hexamethyldisilazane) (Sigma-Aldrich, St. Louis, 

MO, USA).   
   6.    Sylgard 184 (PDMS) (Dow Corning, Midland, MI, USA).   
   7.    Micro-punch (Syneo, West Palm Beach, FL, USA).      

2.1  Microfl uidic Chip 
Fabrication Process 
Components

  Fig. 1    A schematic of PDMS device and its operation process. ( a ) Top view ( b ) cross-sectional view of PDMS 
device. ( c ) Cell seeding process. The fl uidic channels are separated by controlling the valve (the valve  a : 
Closed, the valve  b : Open). ( d ) Cell culture for 2 days until get confl uence in an incubator. ( e ) Valve modifi cation. 
The valve pressure is controlled to connect the fl uidic channels each other (the valve  a : Open, the valve  b : 
Closed). ( f ) HSCs injecting and transporting. The injected HSC is transported by the pressure from the syringe 
placing over the height adjustable stage       
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      1.    PBS.   
   2.    EGM-2 cell culture media (Lonza).   
   3.    Dextran from Leuconostoc spp. (Sigma-Aldrich, St. Louis, 

MO, USA).   
   4.    Fibronectin solution: 5 % fi bronectin stock solution in PBS 

(fi nal fi bronectin concentration, 50 μg/ml).   
   5.    Syringe pump (Harvard Apparatus, Holliston, MA, USA).   
   6.    Blunt needle (VWR, Suwanee, GA, USA).   
   7.    Small tubing (30 gauge) (Cole-Parmer, Vernon Hills, IL, 

USA).   
   8.    Large tubing (14 gauge) (Cole-Parmer, Vernon Hills, 

IL, USA).   
   9.    Lab jack (Fisher Scientifi c, Pittsburgh, PA, USA).      

      1.    Sterile 100 × 15 mm polystyrene petri dishes.   
   2.    Sterile scissors to remove femur and tibias.   
   3.    Sterile 10 ml syringe, 21 G and 25 G needle to expel bone 

marrow from medullary cavities.   
   4.    BD Falcon cell strainer, 40 μm (#352340) and BD Falcon 

5 ml polystyrene round-bottom tube with cell strainer cap 
(#352235).   

   5.    MACS Separation LS column (Miltenyi Biotec Inc, Auburn, 
CA).   

   6.    StemSep Magnet (STEMCELL Technologies Inc., Vancouver, 
BC, Canada) or Miltenyi AutoMACS Pro separator (Miltenyi 
Biotec Inc, Auburn, CA).   

   7.    Mouse Lineage Cell Depletion Kit (Miltenyi Biotec Inc, 
Auburn, CA).   

   8.    Blocking buffer: 5 % normal mouse serum in PBS.   
   9.    Washing and staining buffer: PBS supplemented with 2 % heat-

inactivated fetal bovine serum.   
   10.    Monoclonal antibodies (eBioscience, San Diago, CA): lineage 

antibodies include Ly-6G (Gr1) ~ FITC (clone RB6-8C5), 
CD11b ~ FITC (clone M1/70), Ter119(Ly-76) ~ FITC 
(Clone TER119), CD45R(B220) ~ FITC (Clone RA3-6B2), 
CD8a ~ FITC (Clone 53-6.7) and CD4 (Clone GK1.5). 
CD150 ~ PE (Clone mShad150), Ly-6A/E (Sca-1) ~ PE-Cy7 
(Clone D7), CD117 (c-Kit) ~ APC (Clone 2B8), and 
CD48 ~ pacifi c blue (clone HM48-1, Biolegend, San Diago, 
CA).   

   11.    BD FACS Aria II Cell Sorter (BD Biosciences, San Jose, CA).       

2.2  HUVEC Culturing 
and Seeding 
Components

2.3  HSC Component
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3    Methods 

     This process should be done in the cleanroom facility with proper 
personal protective equipment. For the best results of the SU-8 
process, the users should follow the specifi c protocols (spin coater 
speed, UV exposure dose, bake temperature and time, develop-
ment time, etc.) that have been offered by the commercial supplier 
of the photoresist or the cleanroom administrator.

    1.    Design photomask patterns using CAD software. The designed 
patterns can be transferred to the chrome photomask from 
commercial supplier.   

   2.    Clean the silicon wafer ( see   Note 1 ).   
   3.    Spin-coat the SU-8 2050 photoresist over the silicon wafer 

with the spin speed of 500 ×  g     for 30 s to get the fi nal fi lm 
thickness to 50 μm.   

   4.    Pre-bake the spin-coated wafer over the hotplate set to 95 °C 
for 10 min ( see   Note 2 ).   

   5.    Exposure the UV light using aligner tool.   

3.1  SU-8 Master 
Mold Process 
(Fig.  2a–d )

  Fig. 2    Device fabrication process. A mold for PDMS device was fabricated by conventional photo- lithography 
process. ( a ) Spin coating of PR over a silicon wafer. ( b ) Exposing UV light through the photomask. ( c ) Developing 
the PR by immersing the UV exposed wafer. ( d ) Silanizing the developed wafer to prevent the PDMS adhesion 
during a curing process. ( e ) Pouring the mixed PDMS over a mold and cure. ( f ) Peeling off the cured PDMS. ( g ,  h ) 
Oxygen plasma bonding with another PDMS slab       
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   6.    Post-exposure bake the UV exposed wafer over the hotplate 
set to set to 95 °C for 8 min.   

   7.    Immerse the baked wafer into the developer and stir the devel-
oper gently until all the unexposed photoresist dissolve in the 
developer (~5 min).   

   8.    Wash the residue of the developer with IPA.   
   9.    Place the patterned master mold with petri-dish containing 

1 ml of HDMS (Hexamethyldisilazane) in the desiccator. 
Connect the desiccator to the vacuum line of the fume hood, 
and then let HMDS to evaporate at least 1 h. During the pro-
cess, the surface of the master mold is coated with HMDS 
vapor which prevents the cured PDMS from sticking over the 
master mold ( see   Note 3 ).      

      1.    Mix the PDMS base and the PDMS curing agent thoroughly 
with 10:1 ratio by weight. Place the mixed PDMS in a vacuum 
desiccator until the air bubbles disappear.   

   2.    Pour the PDMS over the HMDS treated master mold. Place 
the PDMS poured master mold in the convection oven which 
temperature is set to 65 °C overnight.   

   3.    Using a knife or scalpel, cut out around the cured PDMS 
device and peel off the cured PDMS device from the master 
mold gently. Cut the PDMS slap into individual devices if 
necessary ( see   Note 4 ).   

   4.    Spin-coat (500 ×  g , 5 min) the PDMS mixture (10:1 ratio mix-
ture) over the HMDS treated glass slide to make a thin PDMS 
membrane (~10 μm thickness). And cure the spin- coated glass 
slide over the 110 °C hotplate for 20 min.   

   5.    Expose the surface of the PDMS device (valve channel) and thin 
PDMS coated glass slide to oxygen plasma for 30 s using a plasma 
cleaner. Then, place the PDMS device (valve channel side) over 
the thin PDMS coated glass slide to bond each other.   

   6.    Place the bonded device over the 85 °C hotplate overnight to 
increase the bonding strength.   

   7.    Peel off the plasma bonded device from the slide glass.   
   8.    Punch the inlets and outlets of the PDMS devices with 

0.75 mm diameter punch.   
   9.    Do the plasma bond the fl uidic channel PDMS device with the 

PDMS membrane bonded device to make three PDMS layers 
(valve channel, membrane and fl uidic channel).      

       1.    Euthanize the mouse ( see   Note 5 ) and then wet the pelt 
thoroughly with 70 % ethanol.   

   2.    Strip skin from hind limbs, remove excess tissue; use sterile 
sharp scissors, cut off the legs at the hip joints, separate femurs 
and tibias at the knee joints.   

3.2  PDMS 
Fabrication Process 
(Fig.  2e–h )

3.3  Collect the HSC

3.3.1  Bone Marrow 
Harvesting
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   3.    Flush the marrow using 21G (femurs) and 25G (tibias) needles 
attached to a syringe. Collect the bone marrow cells in PBS 
containing 2 % FBS.   

   4.    Make a single cell suspension using 21G needle and pass cells 
through 40 μM cell strainer to remove cell clumps.   

   5.    Count the cell number using hemocytometer after dilution in 
2 % acetic acid (1:1) and Trypan blue (1:1) ( see   Note 6 ). Set 
aside about 5 million cells for control staining. Take the 
remaining cells for depletion of cells positive for lineage.      

      1.    Isolation of lineage negative cells from bone marrow cells is 
 carried out essentially as described in the protocol of Mouse 
Lineage Cell Depletion Kit (Miltenyi Biotec). After magnetic 
labeling, magnetic separation is performed with either LS col-
umn (Miltenyi Biotec) or Miltenyi AutoMACS Pro separator 
(Miltenyi Biotec).   

   2.    Count the enriched lineage negative fraction cells on a hemo-
cytometer and pellet cells at 300 ×  g  for 5 min at 4 °C. Resuspend 
cells into 100–200 μl of blocking buffer for 15–20 min at 
4 °C. Then wash with >4 volume of washing buffer, mix, and 
pellet cells at 300 ×  g  for 5 min at 4 °C.   

   3.    Prepare lineage-FITC antibody cocktail (Anti-Gr1, Mac1, 
B220, Ter119, CD4 and CD8) along with Anti-c-Kit-APC, 
Anti-Sca1-PE-Cy7, Anti-CD150-PE, Anti-CD48-Pacifi c blue 
in 100–200 μl staining buffer.   

   4.    Resuspend cell pellet in antibody cocktail and incubate at 4 °C 
for 15–20 min.   

   5.    Meanwhile set control staining with the bone marrow cells set 
aside. Use 0.5–1 million bone marrow cell per control stain-
ing. No stain control and single color staining control for each 
fl uorochrome used (FITC, PE, APC, PE-CY7, Pacifi c Blue). 
Anti-B220 of each fl uorochrome could be used for single color 
staining control.   

   6.    Add >4 volume of washing buffer, mix, and pellet cells at 
300 ×  g  for 5 min at 4 °C.   

   7.    Wash cells once more and resuspend cell pellet in 0.5–1.0 ml 
of washing buffer. Get single cell suspension by passing 
through cell-strainer cap on BD Falcon 5 ml polystyrene 
tube.   

   8.    Sort HSC with BD FACS Aria II Cell Sorter by gating on 
Lineage - c-Kit + Sca-1 + CD150 + CD48 −  (Fig.  3 ) ( see   Note 7 ).

       9.    Pellet the sorted HSC at 300 ×  g  for 5 min at 4 °C. Resuspend 
into HSC culture medium (Iscove’s modifi ed Dulbecco’s 
medium (IMDM), 15 % FBS (HyClone), 2 % penicillin/strep-
tomycin B supplemented with 50 ng/ml recombinant murine 
stem cell factor, 20 ng/ml recombinant murine interleukin-3, 

3.3.2  Magnetic 
Separation and Cell Sorting 
for HSC
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50 ng/ml recombinant human interleukin-6 (R&D system) 
and ready to culture HSC in microfl uidic device ( see   Note 8 ).   

   10.    Direct cell sorting of single HSC into the wells of the microfl u-
idic device can be achieved by using the automated cell deposi-
tion unit (ACDU) on the FACSAria. The ACDU allows cells 
to be deposited at specifi ed locations in a pre-or self- defi ned 
plate format. The coordinates of the wells are programmed 
into the ACDU using standard procedures and a precise num-
ber of cells are deposited into each well. Of note, the software 
FACSDiva v8 on the FACSAria is capable of indexed cell sort-
ing allowing for the identifi cation of the  phenotype of an indi-
vidual single cell selected by the well in which it was deposited. 
Functional evaluation of HSC can be performed by sorting 
single cells into each well of a plate and following survival and 
growth for 3–5 days. Optimal conditions for this sort are using 
cells from a eGFP expressing mouse and sorting into a Terasaki 
plate that has 20 μl wells. When HSC are plated this way, we 
often achieve identifi cation and differentiation of single cells in 
90–95 % of wells.       

  Fig. 3    Gating scheme for sorting hematopoietic stem cells (HSC). ( a ) Each dot plot represents the events 
 contained in the previous electronic gate. The percentage shown in each dot plot represents the fraction of 
events that fall within the indicated gate. The fl ow cytometry analysis program FlowJo 7.0 was used to generate 
the dot plots shown. ( b ) ( Left  ) Example of single GFP expressing HSC ( arrow  ) sorted into a single well of a plate 
for in vitro studies and ( right  ) a hematopoietic colony formed from a single HSC following 12 days of culture in 
semisolid medium       
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      1.    Prepare three 1 ml syringes fi lled with PBS.   
   2.    Connect the smaller tubing (~1 m long) to the larger tubing 

(~2 cm long), which is connected to a syringe with a blunt 
needle.   

   3.    Load the syringes to the syringe pump and connect to the 
microfl uidic chip (valve channel A, B).   

   4.    Operate the syringe pumps with the slow fl ow rate setup 
(~1 μl/min) until all the air pushed away in the valve channel 
through the PDMS membrane. Release the pressure after 
removing all the air from the valve channels ( see   Note 9 ).   

   5.    Inject the fi bronectin solution (50 μg/ml) to the fl uidic chan-
nel, and create a small (~100 μl) fi bronectin droplet at the 
both inlet and outlet to ensure that the channel stays wet. 
And incubate the microfl uidic chip in the temperature 
(37 °C), CO 2  (5 %) and humidity (90 %) controlled incubator 
for 1 h.   

   6.    Operate the syringe pump which connected the valve channel 
A to add extra the PBS (~20 μl) into the valve channel A. Stop 
the syringe pump when the PDMS membrane is defl ected and 
blocked the fl uidic channel (Fig.  1c ).   

   7.    Prepare 5,000,000 cells/ml of HUVECs in 100 μl of endothe-
lial growth media (EGM-2) with 8 % dextran.   

   8.    Inject the prepared HUVECs using a pipette into the chambers 
through the inlet A and C (Fig.  1d ).   

   9.    Incubate the HUVECs seeded device in an incubator for 
1 h.   

   10.    Load three 10 ml syringe fi lled with EGM-2 at the syringe 
pump and connect the syringes to the microfl uidic device 
through the inlet A to C.   

   11.    Perfuse EGM-2 into the device with the fl ow rate of 2 μl/min. 
A monolayer of endothelial cell is formed on the inside of the 
device within 2–3 days (Fig.  1d ).   

   12.    Once HUVECs become confl uent, release the pressure from 
the “valve A” by disconnecting the tubing from the device. 
Then, apply the pressure for the “valve B” by adding extra PBS 
(~20 μl) through the valve channel B using the syringe pump. 
Now, all the chambers are connected each other for transport-
ing a HSC (Fig.  1e ).   

   13.    Prepare the HSCs in 1 ml syringe and connect to the device 
through inlet D.   

   14.    Place the 1 ml syringe on the lab jack and adjust the height 
of the lab jack to control the position of the HSC (Fig.  1f  ) 
( see   Note 10 ).       

3.4  Microfl uidic 
Device Operation 
and Endothelial Cell 
Seeding
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4    Notes 

     1.    Remove thin oxide or natural oxide over the silicon wafer by 
dipping into buffered oxide etchant (BOE) in 5 min, then 
washed the wafer thoroughly with DI water. Clean the silicon 
wafer by general wafer cleaning step (acetone, methanol, and 
DI water). Then, dehydrate the wafer in a convection oven 
whose temperature is set to 150 °C in 30 min.   

   2.    The baked wafer should be cool down slowly to the room 
temperature before proceeding to the next procedure.   

   3.    HDMS is toxic and corrosive liquid. All the HMDS process 
should be done in the fume hood.   

   4.    Clean the PDMS surface with tape whenever necessary.   
   5.    The use of isofl urane is the preferred method of anesthesia 

because of simple administration (breathing vapors) without 
any noticeable adverse effects on normal function.   

   6.    The use of acetic acid causes additional lysis of red blood cells 
and provides more accurate white blood cells count.   

   7.    The purity of sorted cells could be verifi ed by running a small 
fraction of cells again on BD FACS Aria II Cell Sorter.   

   8.    For better cell tracking, HSC could be purifi ed from EGFP 
transgenic mice instead of normal wild type mice.   

   9.    PDMS membrane is gas permeable, so the air can pass through 
the membrane, but not liquid.   

   10.    We can control the position of the HSC by adjusting the height 
of the lab jack. The pressure difference due to the height differ-
ence between the 1 ml syringe with HSCs and device induces 
the small amount of fl ow from syringe to device or vice versa.         
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    Chapter 16   

 Five-Lineage Clonal Analysis of Hematopoietic 
Stem/Progenitor Cells 

              Ryo     Yamamoto    ,     Yohei     Morita    , and     Hiromitsu     Nakauchi    

    Abstract 

   Hematopoietic stem cells (HSCs) have self-renewal activity and multipotency. Clonal analysis and determi-
nation of HSC differentiation potential into platelets and erythrocytes as well as leukocytes are essential for 
the study of self-renewal and lineage commitment in HSC. However, due to technical limitations, platelet 
and erythrocyte differentiation potentials have not been assessed. This chapter describes principles and 
methods for single-cell sorting, single-cell transplantation, and identifi cation and quantitative analysis of 
cell contribution to platelets and erythrocytes in addition to leukocytes in mouse chimeras.  

  Key words     Hematopoietic stem cell  ,   Hematopoietic progenitor cell  ,   Single-cell sorting  ,   Single-cell 
transplantation  ,   Erythrocyte  ,   Platelet  ,   Granulocyte  ,   B lymphocyte  ,   T lymphocyte  

1      Introduction 

 When bone marrow cells are transplanted into lethally irradiated 
myeloablated mice, the entire hematopoietic system is durably 
reconstituted with transplanted cells. Based on this observation, 
transplanted bone marrow is inferred to contain cells that home to 
bone marrow and clonally differentiate into cells of multiple lin-
eages while self-renewing. Hematopoietic stem cells (HSCs) can 
be isolated by fl ow cytometry based on surface-marker expression. 
Use of a combination of cell surface markers has proved valuable 
for HSC purifi cation. 

 CD34 −/low , c-Kit + , Sca-1 +  lineage-marker -  (CD34 − KSL) cells, 
CD150 + CD48 − KSL cells, and Thy-1 low Flt-3 − KSL cells are all sig-
nifi cantly enriched in HSCs [ 1 – 3 ]. Clonal assays are crucial for 
analysis of HSCs since HSC differentiation and self-renewal poten-
tials must be evaluated at the single-cell level. In our laboratory, we 
began to apply fl uorescence-activated cell-sorting (FACS) clone- 
sorting technology to studies of hematopoiesis 25 years ago. 

 With fl ow cytometry, monoclonal antibodies against the allelic 
CD45 marker, which is expressed on all hematopoietic cells except 
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mature erythrocytes and platelets, can be used to distinguish host 
and donor cells in multiple lineages. However, platelet and eryth-
rocyte differentiation potentials cannot be assessed at a clonal level 
using CD45 status. To address this issue, we have developed a 
transgenic mouse line in which all blood cells, including platelets 
and erythrocytes, express Kusabira-Orange (KuO) fl uorescent 
protein [ 4 ], enabling in vivo tracing of fi ve mature blood lineages 
(granulocytes, B lymphocytes, T lymphocytes, platelets, and eryth-
rocytes). Furthermore, single-cell analysis is essential to assess dif-
ferentiation potentials of transplanted cells precisely [ 5 ]. 

 In this chapter, we describe detailed methods to sort single 
hematopoietic stem/progenitor cells and to perform single-cell 
transplantation.  

2    Materials 

      1.    8–12-Week-old KuO transgenic mice.   
   2.    6 cm Tissue culture dishes.   
   3.    2.5 mL Syringes with 25 G needle.   
   4.    Mortar and muddler ( see   Note 1 ).   
   5.    45 μm Nylon mesh (Sansho, Tokyo, Japan) to fi lter the bone 

marrow cells after isolation.   
   6.    15 mL Tubes to stain bone marrow cells.   
   7.    Hemocytometer.   
   8.    Ice-cold staining medium: Phosphate-buffered saline (PBS, 

without calcium and magnesium) supplemented with 5 % 
heat- activated fetal bovine serum (FBS).      

      1.    Allophycocyanin (APC)-conjugated anti-c-Kit (CD117) 
antibody (2B8, eBioscience, San Diego, CA).   

   2.    Alexa Fluor 700-conjugated anti-CD34 (RAM34, eBioscience).   
   3.    Brilliant Violet 421-conjugated CD150 (TC15-12F12.2, 

BioLegend, San Diego, CA).   
   4.    FITC-conjugated anti-CD41 (MWReg30, eBioscience).   
   5.    PE-Cy7-conjugated anti-Sca-1 (D7, eBioscience).   
   6.    Streptavidin conjugated with APC-Cy7 (BioLegend).   
   7.    Anti-APC MicroBeads (Miltenyi Biotec, Auburn, CA).   
   8.    Lineage-marker antibody cocktail.   
   9.    100 μL Biotin-conjugated anti-mouse Gr-1 antibody 

(RB6-8C5, eBioscience).   
   10.    50 μL Biotin-conjugated anti-mouse B220 (CD45RA) antibody 

(RA3-6B2, eBioscience).   

2.1  Isolation 
of Bone Marrow

2.2  Staining of Bone 
Marrow ( See   Note 2 )

Ryo Yamamoto et al.
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   11.    25 μL Biotin-conjugated anti-mouse CD4 antibody (RM4-5, 
eBioscience).   

   12.    25 μL Biotin-conjugated anti-mouse CD8 antibody (53-6.7, 
eBioscience).   

   13.    100 μL Biotin-conjugated anti-mouse TER-119 antibody 
(TER-119, eBioscience).   

   14.    50 μL Biotin-conjugated anti-mouse IL-7R antibody (A7R34, 
eBioscience).   

   15.    350 μL Staining medium.   
   16.    LS columns (Miltenyi Biotec).   
   17.    Propidium iodide (PI; Sigma-Aldrich, St. Louis, MO) in PBS 

at 200 μg/mL: A stock solution (10 mg/mL) is dissolved in 
water and stored at −20 °C. The fi nal concentration of PI in 
sample should be 1 μg/mL.      

      1.    A FACS machine with at least seven-color capability is required.   
   2.    We use BD FACS Aria II (BD Bioscience) equipped with a 

green laser.      

      1.    C57BL/6-Ly5.2 as recipient mice (8–12 weeks old).   
   2.    X-ray irradiator.   
   3.    Myjector insulin syringes with attached 27 G needles 

(TERUMO, Tokyo, Japan).   
   4.    96-Well round-bottom plate.   
   5.    Glass-type capillary tubes (plain) for blood collection.   
   6.    0.1 M EDTA (Sigma-Aldrich).   
   7.    Eppendorf tubes.   
   8.    Isofl urane for animal (Mylan, Canonsburg, PA).   
   9.    All-in-one anesthetizer for small animals (Muromachi, Tokyo, 

Japan).   
   10.    Red blood cell (RBC) lysis buffer, 140 mM ammonium chloride 

(Wako, Osaka, Japan).   
   11.    Peripheral blood analysis is performed on a Gallios (Beckman 

Coulter, Fullerton, CA) and FACS Cant II (BD Bioscience). 
 Collected data are analyzed with FlowJo software (Tree Star, 

Ashland, OR).   
   12.    Plt/RBC staining cocktail: 

 2 μL APC-conjugated anti-Ter-119 (TER-119, eBioscience). 
 4 μL eFluor450-conjugated anti-CD41 (MWReg30, eBioscience). 
 6 μL FITC-conjugated anti-CD42d (Gon.C2, Emfret, Eibelstadt, 

Germany). 
 4 mL Staining medium (for 20 mice).   

2.3  Single-Cell 
Sorting

2.4  Single-Cell 
Transplantation 
and Peripheral Blood 
Analysis

Single Cell Transplantation
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   13.    WBC staining cocktail: 
 4 μL PE-Cy7-conjugated anti-CD45.1/Ly5.1 (A20, eBio-

science). 
 4 μL Pacifi c Blue-conjugated anti-CD45.2/Ly5.2 (104, Bio-

Legend). 
 2 μL FITC-conjugated anti-Gr-1 (RB6-8C5, eBioscience). 
 2 μL FITC-conjugated anti-Mac-1 (M1/70, eBioscience). 
 2 μL APC-eFluor780-conjugated anti-B220 (RA3-6B2, eBio-

science). 
 3 μL APC-conjugated anti-CD3e (145-2C11, eBioscience). 
 1 mL Staining medium (for 20 mice).       

3    Methods 

  Obtain bone marrow from 8- to 12-week-old mouse.
    1.    Euthanize the mouse according to the method of choice ( see  

 Note 3 ).   
   2.    Dissect the femurs, tibias, and coxal bones by small scissors and 

forceps, taking care to dissect away as much as muscle tissue as 
possible ( see   Note 4 ).   

   3.    Place them in a 60 mm tissue culture dish containing 6 mL 
ice- cold PBS.   

   4.    Crash all bones with a muddler ( see   Note 5 ).   
   5.    Disaggregate bone marrow tissues by repeated aspirations 

using 2.5 mL syringe with 25 G needle.   
   6.    Filter cells through 45 μm nylon mesh into a 15 mL tube 

( see   Note 6 ).   
   7.    Count nucleated cells with a hemocytometer.   
   8.    Centrifuge cells for 5 min at 440 ×  g  at 4 °C.      

      1.    Aspirate the supernatant, and suspend bone marrow cells in 
antibodies at a density of 5 × 10 7  cells per mL.   

   2.    Add 0.5 μL APC-conjugated anti-c-Kit antibody per 10 7  cells.   
   3.    Incubate cells for 30 min in the refrigerator (2–8 °C).   
   4.    Centrifuge cells with 14 mL staining medium for 5 min at 

440 ×  g  at 4 °C. Aspirate supernatant completely.   
   5.    Resuspend cell pellet in 80 μL of staining medium per 10 7  

cells.   
   6.    Add 0.2–0.5 μL of Anti-APC MicroBeads per 10 7  total cells 

( see   Note 7 ).   
   7.    Mix well, and incubate the cells for 15 min in the refrigerator.   
   8.    Centrifuge cells with 14 mL staining medium for 5 min at 

440 ×  g  at 4 °C. Aspirate supernatant completely.   

3.1  Isolation 
of Bone Marrow

3.2  Staining 
of Bone Marrow

Ryo Yamamoto et al.
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   9.    Add 3 mL degassed staining medium ( see   Note 8 ).   
   10.    Apply cell suspension onto an LS column ( see   Note 9 ).   
   11.    Collect unlabeled cells that pass through, and wash column 

twice with 4 mL degassed staining medium.   
   12.    Count nucleated cells with a hemocytometer ( see   Note 10 ).   
   13.    Spin down cells for 5 min at 440 ×  g  at 4 °C. Aspirate supernatant 

completely.   
   14.    Resuspend 10 7  cells per 100 μL staining medium.   
   15.    Add 2.5 μL lineage marker Ab cocktail per 10 7  cells.   
   16.    Incubate the cells for 30 min in the refrigerator.   
   17.    Centrifuge cells with 14 mL staining medium for 5 min at 

440 ×  g  at 4 °C. Aspirate supernatant completely.   
   18.    Resuspend 10 7  cells per 50 μL staining medium.   
   19.    Add 4 μL Alexa 700-anti-CD34, 2 μL Brilliant Violet 421-anti-

 CD150, 1 μL FITC-anti-CD41, 1 μL APC-anti-c-Kit, 0.5 μL 
PE-Cy7-Sca-1, and 1 μL streptavidin APC-Cy7 per 10 7  cells.   

   20.    Incubate the cells for 120 min in the refrigerator ( see   Note 11 ).   
   21.    Wash the cells with 14 mL staining medium.   
   22.    Aspirate the supernatant. Filter the cells through nylon mesh, 

and suspend cells at a density of 10 7  cells per mL to sort the 
cells by FACSAria II.      

  The following protocols describe single-cell transplantation of bone 
marrow stem cells isolated from KuO mice as well as assessment of 
engraftment and reconstitution activity in recipient hosts.

    1.    Using a fl ow cytometer, sort KuO + CD150 + CD34 − CD41 − KSL 
cells from KuO bone marrow (Fig.  1 ), at one cell per well, into 
a round-bottomed 96-well microtiter plate of which each well 
contains 100 μL staining medium ( see   Note 12 ).

3.3  Single-Cell 
Sorting and Single-
Cell Transplantation
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  Fig. 1    Sorting gate for CD150 + CD41 − CD34 − KSL cells. Flow cytometry for analysis and sorting is shown. 
( a ) c-Kit+ enriched cells (doublets and dead cells are excluded) are displayed for c-Kit and lineage expression 
with the sorting gate for Lin− cells. ( b ) Lineage −  cells are displayed for CD34 and c-Kit expression with the 
sorting gate CD34 −  cells. ( c ) CD34 − Lineage −  cells are displayed for c-Kit and Sca-1 expression with the gating 
for Sca-1 +  and c-Kit +  cells. ( d ) CD34 − KSL cells are displayed for CD41 and CD150 expression with the 
gating for CD150 +  and CD41 −  cells       
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       2.    Plate the plate on ice for 2–3 h so that cells settle in the well 
bottoms, permitting easier identifi cation under an inverted 
microscope ( see   Note 13 ).   

   3.    Visually verify under an inverted microscope that one cell is 
present per well.   

   4.    To each well where one cell is found add 100 μL PBS contain-
ing 2 × 10 5  whole bone marrow cells from 8- to 12-week 
B6-Ly5.1/Ly5.2-F1 mice ( see   Note 14 ).   

   5.    Irradiate B6-Ly5.2 mice at a total dose of 9.8Gy (4.9Gy, each 
of the two doses, 4 h apart) ( see   Note 15 ).   

   6.    Aspirate all medium from each well of the plate into an insulin 
syringe ( see   Note 16 ).   

   7.    Inject cells into mice via tail vein ( see   Note 17 ).      

  Peripheral blood analysis is performed periodically ( see   Notes 18  
and  19 ; Fig.  2 ).

     1.    Take up a small amount (10–20 μL) of 0.1 M EDTA into a 
glass capillary tube by capillary attraction ( see   Note 20 ).   

   2.    Obtain 50–100 μL of peripheral blood from the retro-orbital 
plexus of recipient mice under isofl urane anesthesia into a cap-
illary tube containing EDTA.   

   3.    Transfer blood into an Eppendorf tube.   
   4.    For analysis of platelets and erythrocytes, add 1 μL of blood 

sample to prepared tube containing 200 μL Plt/RBC staining 
cocktail.   

   5.    Incubate the tube at 4 °C for 30 min in the refrigerator. After 
the incubation, chimerism of platelets and erythrocytes is ana-
lyzed on a Gallios.   

   6.    For analysis of WBC, add 800 μL red blood cell lysis buffer to 
each blood sample and incubate at room temperature for 
10 min.   

   7.    Spin the tube at 440 ×  g  for 5 min at 4 °C.   
   8.    Discard the supernatant.   
   9.    Add 50 μL of WBC staining cocktail, and incubate cells for 

30 min in the refrigerator.   
   10.    Wash cells with staining medium. Discard the supernatant.   
   11.    Resuspend cells in 100–200 μL staining medium containing PI 

at a fi nal concentration of 1 μg/mL.   
   12.    Keep cells on ice and in the dark until cells are analyzed by 

FACS Canto II.    

3.4  Peripheral Blood 
Analysis

Ryo Yamamoto et al.
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4       Notes 

     1.    When you do not dissect coxal bones, prepare 3 mL syringes 
with 25 G needles to fl ush marrow out of femurs and tibias.   

   2.    All antibodies should be titrated before use and should be used 
at dilutions that brightly stain antigen-positive cells without 
nonspecifi cally staining antigen-negative cells.   

   3.    Animal experiments are to be performed in accordance with 
relevant authorities’ guidelines and regulations.   

   4.    If sterility is required, the procedure may be executed in a bio-
logical safety cabinet.   

   5.    Be careful not to crush too much and damage cells.   
   6.    Prepare a single-cell suspension by drawing the marrow and 

staining medium through the needle into the syringe. The 
resulting cell suspension must be fi ltered, as it is expelled into 
the tube, by placing a nylon screen over the mouse of the 
15 mL tube.   

   7.    Effi ciency of recovery varies depending on the amount of 
monoclonal antibody and magnetic beads. Therefore, a series 
of pretests is required to determine effi cient recovery rates.   

   8.    Degassed medium is required for effi cient recovery of c-Kit- 
positive cells.   

   9.    Prepare a MACS Column and MACS Separator according to 
the manufacturer’s protocol.   

   10.    The typical recovery rate of c-Kit-positive cells is 2–5 %.   
   11.    A minimum of 90 min is required for good staining of cells 

with Alexa 700-anti-CD34 Ab. 120-min staining is desired. 
We have shown that nonspecifi c binding by anti-CD34 Ab 
remains low with this protocol.   

   12.    It is important to verify the accuracy of single-cell deposition by 
the cell sorter used. We adjusted our cell sorter so that single-cell 
sorting and good recovery are achieved. Positive lines should be 
determined via fl uorescence minus one (FMO) controls.   

   13.    One can centrifuge the plate; however, single cells do not drop 
at the center of wells. It becomes diffi cult to verify the presence 
of cells by microscopy.   

   14.    We recommend the use of 2 × 10 5  bone marrow cells as com-
petitor cells because these cells contain minimal numbers of 
HSCs and progenitors to support survival of lethally irradiated 
mice under most circumstances. However, the larger the num-
ber of competitor cells, the lower the sensitivity of detection of 
single-HSC engraftment.   

   15.    The dose of irradiation needs to be verifi ed empirically. Mice 
can also be irradiated the day before transplantation.   

Ryo Yamamoto et al.
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   16.    First, push out air from the Myjector. Before all medium is 
aspirated from a well, repeat aspiration and discharge medium 
several times while avoiding formation of air bubbles. In practice 
approximately 95 % of the volume of medium is injectable 
into mice.   

   17.    Total volume from 200 to 300 μL can be transferred into mice 
via tail vein. Before injection, mice should be warmed, which 
makes it easier to inject bone marrow cells into tail veins com-
pletely. Additional hypodermic injection of PBS is used for 
arrest of bleeding.   

   18.    The timing of PB analyses depends on the kinds of transplanted 
cells (e.g., CD34 − KSL cells, CD34 + KSL cells, or more mature 
cells) and on experimental aims. When transplanting single 
CD34 − KSL cells we usually begin analyses at 10–14 days after 
transplant because platelets appear fi rst, around days 10–12, 
among granulocytes, B lymphocytes, T lymphocytes, erythro-
cytes, and platelets. In contrast, when single CD34 + KSL cells 
are transplanted, we begin PB analyses at 1 week after trans-
plantation because granulocytes appear around days 6–8.   

   19.    The analysis should extend until at least 16 weeks after trans-
plant. We usually analyze PB up to 24 weeks after transplant.  
 Secondary transplantation should be performed for determina-
tion of self-renewal activity. We usually analyze PB from 4 to 
20 (24) weeks after transplant every 4 weeks. For secondary 
transplantation, 0.5–1 × 10 7  whole bone marrow cells are trans-
planted into lethally irradiated mice.   

   20.    Heparinized capillary tubes should not be used since they can 
reduce platelet numbers.         
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    Chapter 17   

 Intravital Imaging of Hematopoietic Stem 
Cells in the Mouse Skull 

           Juwell     W.     Wu    ,     Judith     M.     Runnels    , and     Charles     P.     Lin    

    Abstract 

   Over the past 50 years, much insight has been gained into the biology of hematopoietic stem cells (HSCs). 
Much of this information has been gained though isolation of specifi c bone marrow populations, and 
transplantation into irradiated recipients followed by characterization of chimeras months later. These 
studies have yielded insights into the function of HSCs, but have shed little light on the interactions of 
individual stem cells with their environment. Characterization of the behavior of single HSCs awaited the 
use of relatively noninvasive intravital microscopy, which allows one to identify rare cells in real time and 
follow them in multiple imaging sessions. Here we describe techniques used to image transplanted HSCs 
in the mouse calvarium using hybrid confocal/multi-photon microscopy and second harmonic imaging. 
For detection, fl uorescently tagged HSCs are transplanted into a recipient mouse. The architecture of 
the bone marrow can be delineated using a combination of fl uorescent probes and vascular dyes, second 
harmonic generation to detect the collagen signal from bone, and transgenic recipient mice containing 
specifi c fl uorescent support cell populations.  

  Key words     Intravital imaging  ,   Multi-photon imaging  ,   Confocal imaging  ,   Second harmonic genera-
tion signal  ,   Bone marrow  ,   Hematopoietic stem cell transplantation  

1      Introduction 

    The study of HSCs in vitro and in vivo has relied heavily on that 
population’s ability to regenerate the hematopoietic compartment. 
In vitro, HSCs have been verifi ed by their multilineage colony 
forming ability [ 1 ]. Likewise, in vivo, demonstration of multilin-
eage reconstitution following bone marrow (BM) cell transplant 
identifi es the presence of transplanted HSCs [ 2 ]. Both of these 
methods require signifi cant time periods from the initiation of the 
assays to data collection, and yield no information on early HSC 
engraftment or HSC interaction with the in vivo environment. 
Some information regarding HSC location in the BM environ-
ment has come from histology [ 3 ], and functional studies have 
pointed to the importance of the interaction of HSCs with other BM 
cell types, e.g., endothelial cells [ 4 – 7 ], perivascular cells [ 7 – 10 ], 
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osteoblasts [ 11 – 14 ], and regulatory T cells [ 15 ]. However, real-time 
in vivo studies have required the introduction of intravital imaging 
techniques [ 16 – 19 ]. Bioluminescence imaging has demonstrated 
the regeneration of precursor populations after HSC transplant 
[ 20 – 22 ], but does not have the sensitivity or resolution to detect 
single cells. In order to visualize the interactions of single HSCs 
with its surrounding environment single cell resolution is required. 
Through the use of in vivo confocal and multi-photon microscopy 
to image fl uorescently tagged BM structures and cells, early events 
and interactions of transplanted HSCs have been uncovered [ 16 ]. 
The relatively thin, fl at mouse skull is accessible as the imaging site 
with minimal manipulation [ 23 ], and hence, perturbation of the 
bone marrow. We describe here the procedures we use to image 
HSCs in the mouse calvarial bone marrow.  

2    Materials 

  Any strain of mice can be used, provided appropriate genetically 
compatible donors and recipients are used ( see   Note 1 ). Strains 
differ somewhat in their sensitivities to radiation [ 24 ] and ease of 
intravenous injection post irradiation. We standardly use C57BL/6 
(Charles River Laboratories, Wilmington, MA or Jackson 
Laboratory, Bar Harbor, ME) and strains derived from them. 
There are many transgenic fl uorescent mice that are available in his 
background (Jackson Laboratory, Bar Harbor, ME).  

      1.    Fluorescently conjugated antibodies for HSC isolation (eBio-
science, San Diego, CA; BioLegend, San Diego, CA; BD 
Biosciences, San Jose, CA.  See  ref.  25  for a list of potential 
candidates).   

   2.    PBS: Phosphate-buffered saline without calcium and 
magnesium.   

   3.    Saline: 0.9 % sodium chloride solution (Sigma Aldrich, St 
Louis, MO).   

   4.    FBS: Fetal bovine serum (Life Technologies Corp., Carlsbad, 
CA).   

   5.    BSA: Bovine serum albumin (Sigma Aldrich, St Louis, MO).   
   6.    PBS–BSA: Phosphate-buffered saline without calcium and 

magnesium, 0.1 % BSA.   
   7.    PBS–FBS: Phosphate-buffered saline without calcium and 

magnesium, 2 % FBS.   
   8.    Lipophilic carbocyanine membrane dyes (optional, depending 

upon experiment): Vybrant DiO/DiI/DiD/DiR (Life 
Technologies Corp., Carlsbad, CA).   

2.1  Recipient 
and Donor Mice

2.2  Reagents
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   9.    Fluorescent labels for in vivo labeling (optional, depending 
upon experiment):

 ●    Vascular: AngioSense (Perkin Elmer, Waltham, MA), Rhoda-
mine B–or Tetramethylrhodamine–dextran    70k-2E6 MW 
(Life Technologies Corp., Carlsbad, CA; Sigma Aldrich, St 
Louis, MO), or Qtracker vascular labels (Life Technologies 
Corp., Carlsbad, CA).  

 ●   Cell nuclei: Hoechst 33342 (Life Technologies Corp., 
Carlsbad, CA).  

 ●   New bone (hydroxylapatite): OsteoSense (Perkin Elmer, 
Waltham, MA).  

 ●   Cell markers, adhesion molecules, chemokines: appropri-
ate antibodies, fl uorescent probes for antibody conjuga-
tion (Cy3, Cy5, Cy5.5, Cy7 (GE Healthcare, Piscataway, 
NJ); Alexa Fluor 488, Alexa Fluor 647 (Life Technologies 
Corp., Carlsbad, CA)), antibody conjugation and clean-up 
kits (Thermo-Scientifi c, Rockford, IL).      

   10.    Anesthesia, such as Isofl urane (Forane; Baxter, Deerfi eld, IL) or 
Ketamine–Xylazine mixture (Ketamine Hydrochloride Injection, 
Bioniche Pharma USA LLC, Lake Forest, IL; Xylazine: AnaSed 
Injection, Lloyd Laboratories, Shenandoah, IA).   

   11.    Methocel: 2 % solution (Methocel MC, Sigma Aldrich, St. 
Louis, MO) in PBS or Saline.      

      1.    Gamma Irradiator: In this work, we have used a Gammacell 40 
Exactor (MDS Nordion, Ottawa, ON, Canada).   

   2.    Fluorescence Activated Cell Sorter such as the BD FACS Aria 
series (BD Biosciences, San Jose, CA).   

   3.    Dissection tools: forceps, scissors, suture-holding hemostat 
(World Precision Instruments, Saratosa, FL).   

   4.    Water bath or cell incubator (if using lipophilic carbocyanine 
membrane dyes for labeling HSCs).   

   5.    Centrifuge and/or microcentrifuge (depending upon need to 
label with membrane dye and volume of cells recovered).   

   6.    General lab supplies: sterile centrifuge and microcentrifuge 
tubes; pipettes and micropipettes; foam tip applicators 
(Catalog# 15-960-3J, Fisher Brand, Waltham, MA); alcohol 
wipes; Kimwipes.   

   7.    Disposable syringes (1 ml) and needles (30 G, ½ in.) (Becton 
Dickinson, Franklin Park, NJ), or insulin syringes with perma-
nently attached needle (29 G, ½ in.; EXEL, Los Angeles, CA).   

   8.    Gas anesthesia vaporizer (if using gas anesthesia; SurgiVet, 
Dublin, OH).   

2.3  Supplies 
and Equipment
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   9.    Home-built or commercial confocal/multi-photon scanning 
microscope, customized for live mouse imaging. Appropriate 
accessories for the microscope, such as glass slides and No. 1 
coverslips (Fisher Brand, Waltham, MA).   

   10.    Nylon black monofi lament suture, 6-0, PC-1 needle (Ethilon 
1956G, Ethicon, L.L.C., San Lorenzo, Puerto Rico).   

   11.    Bacitracin + neomycin + polymyxin B triple antibiotic topical 
ointment (for multiple imaging sessions; CVS Corporation, 
Woonsocket, RI).   

   12.    Acetaminophen (for multiple imaging sessions; Tylenol or 
Children’s Tylenol, McNeil Consumer Healthcare, Fort 
Washington, PA).       

3    Methods 

   Because the HSC niche is normally occupied in healthy animals 
under homeostatic conditions, the recipient animals are irradiated 
with 6.5 Gy (650 rads), a sublethal dose, or 9.5 Gy (950 rads), a 
lethal irradiation dose, approximately 24 h before transplant using 
a Cs-137 source in order to facilitate engraftment of donor HSCs.  

  Standard protocols may be followed to isolate either the Lin - cKit +  
Sca-1 +  (LKS) population or long-term stem cells (LT-HSC) [ 26 ] 
from the donor animal. One LT-HSC can be found in approxi-
mately 100,000 whole bone marrow (BM) cells, while LKS cells 
are present at approximately ten times that frequency. In order to 
image the cells in vivo, however, they need to be fl uorescently 
tagged. This can be accomplished by starting with donors that 
carry fl uorescent proteins (FP) in their stem cells: for example, uni-
versal GFP or DsRed mice (expressed under the control of ubiqui-
tin or actin promoters), available from Jackson Laboratory, Bar 
Harbor, ME ( see   Note 2 ). Using mice carrying FP as donors has 
the advantage of allowing one to follow repopulation of the niche 
and measure chimerism over time as all the progeny of the FP-HSC 
will also be marked. 

 Alternatively, if follow-up of donor HSC behavior is short- 
term (within a week), nonfl uorescent mice can be used as donors. 
Following HSC purifi cation, the HSCs can then be labeled using 
lipophilic carbocyanine membrane dyes. Vybrant DiO, DiI, DiD 
and DiR (Life Technologies Corp., Carlsbad, CA) are recom-
mended for this purpose ( see   Note 3 ). Labeling the HSC popula-
tion post FACS isolation has the advantage in that the fl uorescence 
of the membrane dye does not have to be considered in designing 
the HSC isolation strategy. These dyes do not appear to interfere 
with homing or other cellular processes and can be detected 
on dividing cells in vivo for 5–7 cell divisions [ 15 – 17 ,  27 ]   . 

3.1  Bone Marrow 
Transplant

3.1.1  Preparation of BM 
Recipients

3.1.2  Preparation 
of the Donor HSCs
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The following protocol is based on DiD labeling. Other Vybrant 
dyes behave similarly.

    1.    In order to label isolated HSCs, they need to be harvested 
from the FACS collection media by centrifugation at 500 ×  g  
for 5 min ( see   Note 4 ).   

   2.    Resuspend the HSCs at a concentration of 1 × 10 6  cells/ml in 
PBS–BSA. For ease of working, the cells can be transferred to 
a microcentrifuge tube at this point.   

   3.    Add the membrane dye at a fi nal concentration of 5 μM. Mix 
well, but do not vortex.   

   4.    Place the tube with cells and dye in a pre-warmed 37 °C bath, 
and incubate for 20 min.   

   5.    After the incubation period, add at least 1 ml of PBS–FBS ( see  
 Note 5 ). Mix well (FBS concentration should be at least 2 %.).   

   6.    Wash the cells twice with 1 ml of PBS–FBS, centrifuging at 
500 ×  g  for 5 min.   

   7.    Resuspend the cells in PBS–FBS at the proper concentration 
for injection ( see   Note 6 ).    

  Recipient mice can be injected with donor bone marrow cells 
either through the tail vein or retro-orbitally. Tail veins can be 
injected with the help of a commercially available restrainer, or by 
placing the mouse under a beaker under a weight [ 28 ] to restrict 
the mouse’s movement ( see   Note 7 ).   

  HSCs reside in the bone marrow, which is found in both long 
bones and fl at bones. We choose the calvarium (skull) bone mar-
row for in vivo imaging as its cortical bone layer is suffi ciently thin 
to allow for light penetration without the need for bone thinning 
[ 23 ], which can easily disrupt the intricate microarchitecture of the 
bone marrow environment. It has been reported that calvarial 
HSCs are comparable in frequencies, immunophenotype and 
repopulating ability compared to long bones [ 16 ,  29 ]. 

 Our lab uses video rate laser scanning hybrid confocal/two- 
photon microscopes specifi cally designed for intravital bone mar-
row imaging in live mice [ 15 ,  16 ,  19 ,  30 ,  31 ]. Polygon-based 
scanning allows multi-channel (RGB) image acquisition at video 
rate (30 frame per second). The microscopes are equipped with 
multiple diode laser light sources (491/532/561/633 nm) for 
one-photon, confocal imaging and a Ti:Sapphire femtosecond 
pulse laser (700–1,000 nm; Mai Tai, Spectra Physics, Santa Clara, 
CA) for two photon excitation; detection wavelengths for each 
optical channel are fully customizable. For calvarial imaging, we 
use 30–60× water immersion objective lenses (0.9–1.0 NA); at 30× 
magnifi cation, each fi eld of view measures ~330 × 330 μm. The 
microscopes are also equipped with a XYZ motorized stage control 

3.2  In Vivo Imaging
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at micrometer-precision (MP385, Sutter Instrument, Novato, 
CA), a PID temperature-feedback heating system (TCAT-2AC 
controller, Physitemp, Clifton, NJ) and a custom-made holder and 
mount for mouse placement. Isofl urane anesthesia is delivered 
from a stand-alone system to the animal via a fi tted nose cone. 

 In vivo mouse calvarial imaging can also be performed with 
commercial microscopes [ 27 ,  32 – 34 ]. As microscopes vary in 
setup and imaging software, we will focus on the approach and 
potential pitfalls of the imaging process in subsequent sections. 
There are no restrictions on the choice of imaging systems as long 
as animal wellbeing is considered. 

   Microscopes for in vivo bone marrow imaging should, fi rst of all, 
include a stage and holder that secures the animal in a steady but 
comfortable position. Even under anesthesia, mice movement can 
be signifi cant during imaging from breathing and heartbeats. 
The microscope should also have a means of keeping the mouse 
warm (34 °C surface body temperature). All parts accessible to the 
animal should be easy to dissemble for cleaning and disinfection.  

  In vivo images of HSCs are rarely meaningful without including 
reference structures from the bone marrow space. These images 
require multichannel setup during imaging, which captures infor-
mation from multiple fl uorescent probes that each labels a different 
structure. It is important to plan ahead and make sure that the 
imaging system is capable of observing and recording these signals 
prior to HSC and animal preparation. 

 In the bone marrow cavities, the structures that have been to 
our interest in our HSC studies include the surrounding bone 
 (collagen), blood vessels, osteoblasts, and hematopoietic and 
 stromal cells in the cavities. Fluorescent labeling of these structures 
should be specifi c and exclusive. Additional guidelines for probe 
selection are as follows:

 ●    Endogenous labels, if available, are preferred.  
 ●   Overlaps between the fl uorescence spectra of participating 

probes should be kept to minimum ( see   Note 8 ).  
 ●   Literature on in vivo imaging offers the best guidance on 

in vivo probe choices. Fluorescent probes designed for in vitro 
use may not be biocompatible or require higher dosages for 
in vivo use. Certain probes may be cleared too quickly from 
the animals for effective labeling.  

 ●   Fluorescent probes used on HSCs (such as for isolation) prior 
to imaging should be checked for in vivo signal strength before 
proper experiments.    

 We have been able to image the bone by the endogenous sec-
ond harmonic generation (SHG) signal from bone collagen. HSCs, 

3.2.1  Microscope 
Requirements for In Vivo 
Imaging

 Considerations 
for the Mouse

 Considerations for Optimal 
Fluorescence Detection
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as discussed above, are tagged with lipophilic carbocyanine dyes 
and fl uorescent proteins. Fluorescent probes we have used success-
fully for intravital labeling are listed in the Table  1  by target. Spectra 
of many probes in this list overlap signifi cantly, especially towards 
the red and longer wavelengths. Examples include Vybrant DiI/
Cy3, Vybrant DiD/Angiosense680/Osteosense680/Cy5/Cy5.5, 
Vybrant DiR/Cy7. This is often due to similar fl uorophore struc-
tures (cyanines). In some cases, probes with similar fl uorescence 
emission wavelengths can be distinguished by their excitation spec-
tra, particularly in two-photon imaging mode; in such cases, the 
probes can be used simultaneously by choosing appropriate laser 
wavelengths. Minor overlaps, on the other hand, do not preclude 
the use of a probe pair as long as the “tail” of the leaked fl uorescent 
signal remains below the detection limit of the affected channel.

   Sample setups we have used for in vivo HSC imaging are 
shown in Table  2 . An RGB image derived using these setups would 
include information on HSC and two other structures. Additional 
fl uorescently tagged structures may be included and recorded into 
a separate RGB image. For example, “Setup B” can include vascu-
lar imaging with Rhodamine B–Dextran (561 nm excitation, 573–
613 nm detection). “Setup C” uses exclusively two-photon 
imaging mode with a single excitation wavelength. Compared to 
confocal imaging, two-photon imaging offers improved optical 
sectioning and is especially suited for observing the microarchitecture 
of the bone marrow environment.

    Table 1  
  Fluorescent probes su   itable for in vivo bone marrow imaging   

 Target  Fluorescent probe  Notes 

 Vasculature ( see   Note 9 )  Rhodamine- Dextran, 
70k-2E6 MW 

 + Low cost 
 − Relatively fast leakage from vasculature 

 Qtracker Vascular 
Labels 

 + Narrow fl uorescence spectra with large 
Stokes shift 

 − Relatively fast clearance (2 hrs) 
 Angiosense  + Little vascular permeability, slow clearance 

(>24 h) 

 Cells  Hoechst 33342  Labels most non-HSC cell nuclei ( see   Note 10 ) 

 Bone (hydroxylapatite)  OsteoSense  On newly formed bone only 

 Osteoblasts  Col2.3-eGFP  Fluorescent reporter mouse [ 35 ] 

 Cell markers, adhesion 
molecules, and 
chemokines 
(e.g., CD31, 
CD62E, SDF-1) 

 Antibodies conjugated 
with: 

 • Cy3, Cy5, Cy5.5, 
Cy7 

 • Alexa Fluor 488, 
Alexa Fluor 647 

 + Versatile; can identify specifi c cell populations, 
such as endothelial and stromal cells 

 − 10 1  μg antibodies/mouse needed for in vivo 
signal; antigen may still fail detection due to 
low expression 
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     Autofl uorescence from bone marrow cells may cause “false- 
positives” when identifying fl uorescently labeled HSCs in vivo. 
Its excitation and emission spectra are wide, spanning the visible 
wavelengths—strongest in blue and green—and becoming negli-
gible only in the near infrared (>700 nm). Intensity varies from cell 
to cell. In response to this issue, we often include an “autofl uores-
cence channel” during in vivo imaging, especially if the HSCs 
fl uoresce <600 nm (Vybrant DiI, eGFP, DsRed). This channel 
should detect in the autofl uorescence spectral range, without sig-
nal contribution from any fl uorescently labeled bone marrow cells 
(HSCs and others). In “Setup A” (Table  2 ), for example, the auto-
fl uorescence channel can share the same detection setup as the 
blood vessel channel, but with 492 nm excitation turned off to 
make certain no residual eGFP fl uorescence from the HSCs may 
leak into that channel. If the suspect HSC remains bright com-
pared to neighboring cells without 492 nm excitation, it is consid-
ered a non-HSC with bright autofl uorescence, otherwise it is 
considered an HSC.   

       1.    The remaining steps will be done while the animal is under 
anesthesia. Anesthesia can be accomplished using gas [isofl u-
rane (4 % for induction, 2.5 % maintenance) mixed with oxy-
gen in a vaporizer] and delivered through a nose cone, or 
though an intraperitoneal injection of 80 mg/kg ket-
amine + 12 mg/kg xylazine cocktail.   

   2.    Additional fl uorescent probes for intravital bone marrow label-
ing (Table  1 ) are injected either through the tail vein or the 
retro-orbital plexus ( see   Note 6 ).   

 Autofl uorescence

3.2.2  Preparing 
the Mouse for Imaging

    Table 2  
  Sample optical channel setups for in vivo HSC imaging   

 Setup A  Setup B  Setup C 

 HSC  eGFP 
 491 nm excitation 
 509–547 nm detection 

 Vybrant DiD 
 638 nm excitation 
 667–722 nm detection 

 – 

 Bone  SHG 
 840 nm excitation 
 415–455 nm detection 

 SHG 
 840 nm excitation 
 415–455 nm detection 

 SHG 
 920 nm excitation 
 420–500 nm detection 

 Blood vessels  Rhodamine B–Dextran 
 561 nm excitation 
 573–613 nm detection 

 –  Qdot655 
 920 nm excitation 
 625–672 nm detection 

 Osteoblasts  –  Col2.3-eGFP 
 491 nm excitation 
 509–547 nm detection 

 Col2.3-eGFP 
 920 nm excitation 
 505–590 nm detection 
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   3.    In order to prepare the skull for imaging an incision needs to 
be made in the scalp. First, remove the hair over the area to be 
imaged ( see   Note 11 ). This can be done using a depilatory 
( see   Note 12 ), razor blade, or small surgical scissors. When 
using a fl exible razor blade, start scraping from the top of the 
head and move toward the nose, being careful not to cut the 
skin. The cut hair can be removed by wiping the head with a 
wet paper towel or alcohol wipe, making sure to avoid the eyes.   

   4.    Once the hair has been removed a small fl ap of skin will need to 
be cut to expose the bone. There are a few ways in which the 
skin can be cut, but generally this is done so that upon suturing 
the scalp, minimal scarring occurs on the central region of the 
skull. Figure  1a  demonstrates representative incisions. The easi-
est way to begin cutting the scalp is to pick up the skin between 
the ears with forceps and cut a small hole using surgical scissors. 
One side of the scissors can then be inserted under the skin to 
cut in the desired direction. The periosteum, or membrane over 

  Fig. 1    ( a ) Scalp incision methods to expose calvarium for in vivo imaging. ( b ) Mounting the mouse for imaging 
on our in vivo bone marrow microscope.  Top view : the body of the mouse fi ts inside a holder machined from a 
centrifuge tube, which is wrapped by heating tape (not shown) during imaging. Mouse position shown in  white 
outline . Nose cone delivers anesthesia to the animal and two sets of jaw clamps hold its head in place.  Bottom 
view : the animal holder is secured at an angle such that the calvarium lies fl at for imaging. A No. 1 coverslip 
is attached to a holder and placed on the skull       
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the bone, is often attached to the skin so that the fl ap cannot be 
fully pulled away to expose the underside of the skin. The attach-
ment should be cut with small scissors to allow the fl ap to be 
pulled away. The scalp should be washed with saline and wiped 
with foam tip applicators ( see   Note 13 ). Continue wiping the 
skull with fresh applicators as necessary until all hair and as much 
blood, as possible if present, are removed.

         The animal holder for our in vivo microscopes is easily made. We 
use a disposable 50 ml centrifuge tube with machined, beveled 
openings for head and tail placement. The holder is then clamped 
at an angle such that the mouse head, resting on the holder’s ledge, 
is near level and the calvarium is fl at for imaging. Heating tape 
(connected to heating system) is wrapped around the tube to hold 
its temperature at 34 °C for the duration of imaging ( see   Note 14 ). 
After the mouse is placed in the heated tube with an exposed cal-
varium, the skin fl ap is pulled away from the skull and a drop of 
Methocel 2 % solution is placed on the exposed bone. Methocel, 
an ophthalmic lubricant with refractive index matched to water, 
keeps the exposed tissue hydrated and also helps keep the skin fl ap 
from fl ipping to its original position. Air bubbles are removed with 
an applicator. A coverslip holder rests a No. 1 coverslip on the 
mouse skull and further stabilizes the calvarium position with addi-
tional clamps, in metal or plastic, that hold snug at the jaw (Fig.  1b ). 
A drop of water is then placed on the coverslip for use with water 
immersion objectives.  

   Calvarial bone marrow cavities mostly reside in the frontal bones. 
The posterior cavities (closer to the parietal bones) are larger, fl at-
ter and therefore preferred for imaging; they are distributed para-
sagittally along the sagittal suture, along which the central vein 
and artery are also located. These cavities have a size range of 
10 2  μm; some are interconnected at lower depths. Osteoblasts—
large, fl at (~10 μm thick), and irregularly shaped bone forming 
cells—line the bone’s inner cavity surface (endosteum) in a dis-
crete fashion. The cavities are highly vascularized. Blood vessels 
vary with size and architecture, from the mesh of capillary-like 
microvessels that line the endosteum to the larger sinusoids [ 16 ]. 
Hematopoietic and stromal cells pack the spaces unoccupied by 
the vasculature. Yellow marrow (fat cells) is absent as the calvarium 
is a fl at bone. 

  A prominent landmark of the frontal bone marrow space, which 
also serves as a helpful orientation guide while imaging, is the inter-
section between the coronal and sagittal sutures (Fig.  2a ). The cor-
onal suture has a characteristic curvature and striations in the bone’s 
endogenous second harmonic generation signal. This landmark 
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may also be observed in the refl ectance channel, if available on the 
microscope.

   The search for the landmark and the bone marrow cavities can be 
made more effi cient by adjusting the stage or mouse such that the 
approximate location of the landmark, i.e., the suture intersection, 
which is often discernable by careful inspection with naked eye, is 
placed close to the incident light path.

    1.    After the mouse is mounted and the coverslip secured on the 
skull, carefully move the stage such that the objective almost 
touches the coverslip ( see   Note 15 ).   

   2.    Turn on the excitation source for the bone. Slowly move the 
stage away from the coverslip ( Z -axis) until the bone surface 
signal comes to focus in the imaging software. Then scan 
the objective across the surface ( X – Y  axes plane).   

   3.    Note presence of the sagittal suture that runs along the length of 
the calvarium. Once the sagittal suture is located, tracing its path 
will inevitably arrive at the coronal-sagittal suture intersection.   

  Fig. 2    ( a ) Bone marrow cavities and their landmark.  Black dotted line : coronal suture.  Yellow dotted line : sagittal 
suture.  Purple area : parietal bones.  Green area : location of imaging-friendly cavities. ( b ) In vivo image of an 
HSC, 24 h after systemic infusion into an irradiated mouse.  Blue : second harmonic generation signal from bone 
collagen.  Green : Col2.3-eGFP osteoblasts.  White : DiD-labeled HSCs. The  X – Y  plane is the imaging plane; the 
 X – Z  (sagittal) plane shows the calvarial cortical bone covering the bone marrow cavity. Scale bar = 100 μm       
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   4.    If available from the stage control, record the positional 
coordinates of the landmark. It allows easy return to the spot 
later if “lost” while navigating the bone marrow space.   

   5.    Scanning from the landmark, bone marrow cavities are easily 
located along the sagittal suture, towards the nose.      

  HSCs are present in low numbers in vivo. Once the bone marrow 
cavities are located, the next task is to search for and image these 
cells and other bone marrow structures of interest (Fig.  2b ). Exact 
protocols for imaging depend on intended outcome; however, the 
usual approach is as follows:

    1.    Switch on all excitation sources and detection channels. Start 
with a quick scan of the whole bone marrow area, count the 
number of HSCs and observe the general environment. Note 
the quality of fl uorescent labeling and the maximum depth 
each fl uorescence detection channel can reach. The minimum 
of these depth measurements estimates the percent of the bone 
marrow volume that is covered by imaging (~150 μm imaging 
depth into the cavities translates to a volumetric coverage of 
40–60 %). Adjust power of the excitation source and gain of 
the detection channels such that it is optimal for all features. 
This step also allows time for the mouse to settle into fi nal 
position ( see   Note 16 ).   

   2.    Imaging proceeds in descending priority of what needs to be 
imaged. While with motorized, precision stage control it is 
theoretically possible to set up automated mapping with imag-
ing “Z-stacks” that capture the whole bone marrow space, the 
“get all, sieve later” strategy tends to generate large amounts 
of unnecessary data and is taxing for both the animal and the 
imaging system.   

   3.    The autofl uorescence channel is used to distinguish fl uores-
cently labeled HSCs and strongly autofl uorescent cells prior to 
recording images of each HSC. No background correction is 
performed.   

   4.    Images are assumed to  not  co-localize perfectly even if recorded 
in succession. If more than one image is needed for capture the 
HSCs and other relevant bone marrow structures, at least one 
channel’s information is repeated between images so that any 
shift in position or tilt in the animal (due to breathing and 
heartbeats) can later be identifi ed.   

   5.    Z-Spacings of ≤5 μm are recommended when acquiring image 
“Z-stacks” of the calvarial bone marrow. Larger spacings 
(3–5 μm) are usually suffi cient for capturing the locations of 
HSCs. Spacings between 1 and 3 μm, acquired in two photon 
imaging mode, can capture the fi ne details of the bone marrow 
microarchitecture, such as the microvessels at the endosteum–
marrow interface.    

 Locating and Imaging 
the HSCs
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    The imaging approach described above is due to the time constraint 
of in vivo imaging sessions, consequent of animal welfare concerns 
and gradual loss of fl uorescence signals. While animals can remain 
continuously anesthetized, they will, over time, suffer from dehy-
dration. For this reason, bone marrow imaging sessions should be 
limited to no more than 4 h from the start of anesthesia induction. 
Gradual loss of fl uorescence signal is due to the inevitable clearance 
of the fl uorescent probes, which are foreign materials, from the 
animals’ circulation over time. The effect can be direct (vascular 
probes) or indirect, the latter by exhausting the supply of probes 
for labeling (fl uorescently tagged antibodies). Another route to 
fl uorescence signal loss is by photobleaching of the fl uorophore. 
The length of retention and photostability of the probe are both 
specifi c to the probes’ chemistry. Two-photon imaging reduces 
out-of-focus photobleaching ( see   Note 17 ).   

  The mouse can be imaged a few times within a week before signifi -
cant scarring occurs. In order to image multiple times the wound will 
have to be sutured after each imaging session. Before suturing, wash 
the skull and skin fl ap with saline ( see   Note 13 ). Wipe the saline away 
with a foam-tipped applicator. Apply a “dollop” of triple antibiotic to 
the underside of the skin fl ap, fold the skin back to its proper posi-
tion, and begin suturing. A number of videos describing suturing 
techniques are available on the internet [ 36 ,  37 ]. Acetaminophen 
(4.48 mg/ml in drinking water or 7 ml children’s Tylenol in 43 ml 
water) can be placed in the cage water as an analgesic between 
imaging sessions. Upon imaging again, cut the sutures and reopen 
the skin, following Subheadings  3.2.2  through  3.2.4 .   

   Image “Z-stacks” are serial  X – Y  planes captured as a function of 
depth ( Z ) from the calvarial surface. In anatomical terms,  X – Y  
plane images approximate traverse plane anatomical slices, off-axis 
by the tilt of the calvarium during imaging. Views of the orthogo-
nal coronal ( Y – Z ) and sagittal ( X – Z ) planes may convey more 
information regarding the positional relationship of HSCs and rel-
evant bone marrow structures. 

 Due to the time constraints of in vivo imaging, we generate 
these views after the imaging session, using the open source image 
processing software ImageJ or its derivative, FIJI, which is bundled 
with plugins [ 38 ]. Image “Z-stacks” can be opened as a single .tif 
fi le or imported as an image sequence, after which ImageJ should 
present the data visually as a “Stack”. Commands described in the 
following steps are based on FIJI (ImageJA v.1.45b).

    1.    If ImageJ loads the data as separate images, run the command 
 Image>Stacks>Images to Stack  to create a new stack with 
opened images.   

   2.    If dimensional information is not included in the imaging fi les, 
input the  X ,  Y  pixel size of the image “Z-stack” under 

 Limits on Imaging
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3.3  Image 
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 Image>Properties… , as “Pixel Width” and “Pixel Height.” 
Input the Z spacing between consecutive  X – Y  planes as “Voxel 
Depth”.   

   3.    Run the command  Image>Stacks>Reslice[/]… . to convert the 
image “Z-stack” to coronal or sagittal plane view. For coronal 
view, reslicing should start at  Top , sagittal view, at  Left . If the 
Z-spacing is different from the  X – Y  pixel dimensions,  Avoid 
Interpolation  should be unchecked to generate the view in 
accurate aspect ratios.   

   4.    The new view, also an image stack, can be saved as a single .tif 
image or an image sequence. It (as well as the original image 
“Z stack”) can also be exported as an .avi movie at a user-
specifi ed frame rate; the resolution, however, may not match 
the original image data’s.    

    The 3D Viewer plugin in ImageJ and FIJI allows conversion of an 
image “Z-stack” into 3D volumetric representation ( Plugins>3D 
Viewer ,  Display as Volume ). Automatic intensity thresholding 
involved in this conversion often results in the loss of smaller and/
or dimmer features in the resulting 3D representation. We recom-
mend the user perform the binarization step manually, channel by 
channel, to ensure fi delity of image features and input the bina-
rized image “Z-stack” for 3D conversion.    

4    Notes 

        1.    Use of genetically incompatible donors and recipients will result 
in graft versus host disease when the immune system is reconsti-
tuted. Likewise, use of female bone marrow donors in male recipi-
ents, even in the syngeneic situation, may result in graft versus 
host disease, owing to recognition of Y chromosome proteins as 
foreign “other” proteins by the donor female immune cells. This 
situation can confuse experimental results as the mice die due to 
conditions other than those being experimentally tested.   

   2.    Special care needs to be given to the choice of antibody conju-
gates for FACS when using transgenic mice carrying fl uores-
cent proteins (FP) as the FP channel(s) will not be available for 
antibody detection. As always, a single color control for the FP 
(unlabeled FP BM cells) should be run on the FACS for com-
pensation purposes. A good antibody color scheme that works 
well with either DsRed or eGFP is c-kit-APC, Sca-1-PE-Cy7, 
Lin positive-Pacifi c Orange, viability dye-DAPI.   

   3.    We do not recommend the PKH family of lipophilic dyes, 
which require a special iso-osmotic medium Diluent C for cell 
labeling. While it has been reported that transfer of lipophilic 
carbocyanine membrane dyes (including Vybrant DiO, DiI, 

3.3.2  Looking at HSCs 
and the Bone Marrow 
in 3D: A Cautionary Note

Juwell W. Wu et al.



261

DiD, and DiR) from the labeled cell to neighboring cells 
occurs in vivo [ 39 ], we have not found this phenomenon prob-
lematic in our intravital imaging experience. Membrane dye 
transfer has been correlated with the viability of the labeled cell 
[ 40 ] and points to the importance of taking care to eliminate 
unbound dye before injection and to handle cells carefully in 
order to maintain viability. We also caution against the use of 
amine-reactive CFSE for intravital cell tracking experiments of 
HSCs and other cell types. The coupling of CFSE to cell surface 
proteins may affect the cells’ motility and ability to home.   

   4.    In order for lipophilic carbocyanine dyes to insert well into cell 
membranes, there should be few other lipids around. Since 
HSC isolation procedures are generally done in 2 % FBS, after 
FACS collection there is not a requirement for extensive wash-
ing as there will be little FBS remaining. It is important to limit 
the number of centrifugations as well to limit cell loss.   

   5.    This step is necessary to bind and sequester the unbound dye 
molecules, and to prevent the cells from clumping upon cen-
trifugation. If cells clump after lipophilic carbocyanine dye 
labeling, it is virtually impossible to resuspend them.   

   6.    Total combined volume injected into a mouse (from HSC sus-
pension and vascular probe) should not exceed 10 % of the total 
blood volume, 1.5–2.0 ml, depending upon the size of the ani-
mal. If a probe to be injected is solubilized in water, add, at 10 % 
probe volume, 10× concentrated saline or PBS immediately 
before injection. Beware that when using a disposable syringe 
and needle system, a non-injectable “dead volume” (~150 μl) 
collects at the syringe/needle attachment site. Insulin syringes 
do not have this “dead volume”; however, their larger needle 
size renders injections more challenging to perform.   

   7.    Post irradiation, tail vein injections are often more diffi cult 
than usual because the veins may collapse. In pigmented mice, 
visualizing the tail vein can be made easier by using a Seymour 
Light (Syris Scientifi c, Gray, ME), which is fi tted with polariz-
ing lens. Alternatively, the HSCs can be delivered through 
retro-orbital injection.   

   8.    Variable autofl uorescence among bone marrow cells and wave-
length dependence of tissue optics makes fallible an attempt to 
resolve overlapping fl uorescence via ratiometric correction 
(compensation). The full fl uorescence excitation and emission 
spectra (not just the peak wavelengths) should be considered 
when electing optical channels and fi lters for imaging. One-
photon spectra of many fl uorescent probes are available for 
viewing online [ 41 ,  42 ]. Chudakov et al. [ 43 ] provide a good 
reference list for the optical properties of commonly used fl uo-
rescent proteins. Two-photon fl uorescence spectra are usually 
equivalent to one photon’s, but the excitation spectra can deviate 
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signifi cantly from the twofold approximation of wavelength 
 values [ 44 – 46 ].   

   9.    High molecular weight is needed for dextran-based vascular 
dyes as much of the bone marrow vasculature is sinusoidal and 
fenestrated and more leaky than other vessels throughout the 
body [ 47 ]. Angiosense and Qtracker vascular probes are spe-
cifi cally designed to remain in the circulation for hours in vivo.   

   10.    The Hoechst exclusion “side population” assay was, in fact, an 
early method of HSC enrichment [ 48 ].   

   11.    In addition to harboring bacteria and therefore capable of 
causing infection at the wound site, hair is highly autofl uores-
cent under the microscope. For these reasons, hair should be 
eliminated as much as possible.   

   12.    If using a depilatory, the procedure should be done 24 h before 
imaging as the cream will cause irritation to the skin.   

   13.    Before washing the skull and scalp, make sure that the animal 
is on a piece of absorbent material that will not allow the saline 
to bead on the surface. This precaution will prevent the possi-
bility of drowning the animal, which cannot breathe in any 
liquid. Foam-tipped applicators are preferable to cotton-tipped 
applicators as the cotton leaves fi bers on the skull that will be 
detected upon imaging. Foam is also a good material for 
removal of stray cut hairs.   

   Table 3  
  Guide to dosages for fl uorescent probes ( see   Note 18 )   

 Target  Fluorescent probe  Dosage 

 Vasculature  Rhodamine–Dextran, 70k-2E6 MW  2.5–5.0 mg/kg mouse weight 
 (0.05–0.1 mg/mouse) 
 i.v. Immediately before imaging 

 Qtracker Vascular Labels  3.5 nmol/kg mouse weight 
 (70 pmol/mouse) 
 i.v. Immediately before imaging 

 Angiosense  0.1 μmol/kg mouse weight 
 (2 nmol/mouse) 
 i.v. Immediately before imaging 

 Cells  Hoechst 33342  10–30 mg/kg mouse weight 
 (0.2–0.6 mg/mouse) 
 i.v. Immediately before imaging 

 Bone  OsteoSense  0.2 μmol/kg mouse weight 
 (4 nmol/mouse) 
 i.v. 24 h before imaging 

 Cell markers, adhesion 
molecules and chemokines 

 Antibodies conjugated with: 
 • Cy3, Cy5, Cy5.5, Cy7 
 • Alexa Fluor 488, Alexa Fluor 647 

 0.5–1.5 mg/kg mouse weight 
 (10–30 μg/mouse) 
 i.v. 24 h before imaging 
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   14.    Due to its small size and compromised ability to self-regulate 
body temperature while anesthetized, the animal must be kept 
warm during the imaging session and while it recovers from 
anesthesia. Otherwise, it can expire due to  hypo thermia. 
However, to avoid  hyper thermia, the temperature control on 
the heater should be set at the temperature of the surface of 
the skin, about 34 °C.   

   15.    The coverslip should rest snugly against the skull. When imag-
ing smaller mice, a rolled Kimwipe can help steady the mouse 
in its holder; in our setup, for example, we push it into the 
animal holder below the mouse tail.   

   16.    It is common for the mouse to sag slightly in the fi rst 5–10 min 
of imaging as gravity pulls the body to the lowest position per-
mitted by the animal holder. However, sudden, renewed restless-
ness in the animal and/or inability to remain in suffi cient 
anesthesia depth may be due to uncomfortable mouse mount-
ing, such as poor positioning of the neck and head. Nose wetting 
by Methocel, which disrupts proper breathing, may also be the 
cause. Prompt attention should be given to the animal. Depth of 
anesthesia should be checked frequently.   

   17.    Photobleaching can be quick for some fl uorescent probes, but 
the loss of signal remains a gradual process. A  sudden  loss of 
fl uorescent signal is often due to drying of the water or 
Methocel above and below the coverslip.    

  18.    We have used the dosages described in Table  3  for in vivo bone 
marrow imaging. They serve as starting guides; optimal dos-
ages will depend on the imaging setup.          
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    Chapter 18   

 Immunodefi cient Mouse Model for Human Hematopoietic 
Stem Cell Engraftment and Immune System Development 

              Ken-Edwin     Aryee    ,     Leonard     D.     Shultz    , and     Michael     A.     Brehm    

    Abstract 

   Immunodefi cient mice engrafted with human immune systems provide an exciting model to study human 
immunobiology in an in vivo setting without placing patients at risk. The essential parameter for creation of 
these “humanized models” is engraftment of human hematopoietic stem cells (HSC) that will allow for 
optimal development of human immune systems. However, there are a number of strategies to generate 
humanized mice and specifi c protocols can vary signifi cantly among different laboratories. Here we describe 
a protocol for the co-implantation of human HSC with autologous fetal liver and thymic tissues into immu-
nodefi cient mice to create a humanized model with optimal human T cell development. This model, often 
referred to as the Thy/Liv or BLT (bone marrow, liver, thymus) mouse, develops a functional human 
immune system, including HLA-restricted human T cells, B cells, and innate immune cells.  

  Key words     Hematopoietic stem cells  ,   SCID  ,   Thymus  ,   HSC  ,   Humanized mice  ,   BLT  

1      Introduction 

    The study of human immunobiology is constrained by ethical and 
logistical concerns of working with patients [ 1 ,  2 ]. Given these 
complications, our basic understanding of many fundamental 
 biological processes in humans has been shaped by experimental 
studies in animal models, particularly in rodents. However, many 
characteristics and properties of mammalian biological systems, 
 particularly mouse and human immune systems, are species- specifi c, 
and these species differences often limit the translation of experi-
mental fi ndings from rodent studies to the clinic [ 3 – 5 ]. Moreover, 
the use of nonhuman primates for basic research in Europe and 
United States is severely restricted [ 6 ]. Immunodefi cient mice that 
are engrafted with human hematopoietic stem cells (HSC) and that 
develop human immune systems or “humanized mice” are an 
attractive alternative to study immunobiology [ 7 – 9 ]. 

 The ideal mouse strains for engraftment of human HSC are 
immunodefi cient stocks of  scid ,  Rag1   null  , or  Rag2   null   mice [ 9 ] that 
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express targeted mutations within the IL-2 receptor common 
gamma chain ( IL2rγ ) gene. The  IL2rγ  chain is a critical  component 
of the IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 receptors [ 10 ,  11 ]. 
The absence of this  IL2rγ  chain leads to severe impairments in 
adaptive immune system development and function and com-
pletely prevents NK cell development [ 12 ,  13 ]. Immunodefi cient 
mice bearing a mutated  IL2rγ  gene support greatly enhanced 
engraftment of human HSC [ 13 ] and fetal thymic tissues [ 14 ] as 
compared with previous models. 

 Humanized mice can be generated using human HSC derived 
from a number of sources, including umbilical cord blood, G-CSF 
mobilized peripheral blood, bone marrow and fetal liver [ 15 ]. 
NOD -Prkdc   scid   IL2rg   Tm1Wjl   (NSG) mice engraft effi ciently with 
human HSC and give rise to functional human immune systems 
[ 16 ,  17 ]. However human T cell development in immunodefi cient 
mice injected with HSC is hindered by the absence of human thy-
mic epithelium that is required for T cell education [ 18 ]. This 
problem can be overcome by co-implanting human fetal thymic 
tissues with autologous fetal liver derived HSC [ 19 ]. This model, 
originally referred to as the SCID-hu mouse, has been modifi ed 
over recent years and allows for optimal generation of functional 
human T cells that are HLA-restricted [ 20 – 23 ]. This chapter 
describes a current technique to generate these Thy/Liv or “BLT” 
(bone marrow, liver thymus) mice as practiced by our lab.  

2    Materials 

      1.    Wash Buffer: RPMI 1640 (Gibco, Life technologies, Grand 
Island, NY USA) supplemented with 1 % Penicillin–
Streptomycin (Gibco, Life Technologies, Grand Island, NY 
USA), 2.5 μg/mL Fungizone (Gibco, Life Technologies, 
Grand Island, NY USA) and 10 μg/mL Gentamicin (APP 
Pharmaceuticals, Lake Zurich, IL, USA). Keep washing buffer 
sterile and chilled on ice. The buffer can be stored at 4 °C.   

   2.    Quenching Buffer: Wash Buffer supplemented with 3 % fetal 
bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA, 
USA).   

   3.    Human fetal liver and fetal thymus tissue (Advanced Bioscience 
Resources, Alameda, CA) ( see   Note 1 ).   

   4.    100 mm plastic petri dishes (BD Falcon, Franklin Lakes, NJ, 
USA), sterile.   

   5.    No. 21 disposable scalpel (Feather Safety Razor Co., LTD, 
Kita-Ku, Osaka, Japan).   

   6.    50 mL centrifuge tubes (BD Falcon, Franklin Lakes, NJ, USA).   
   7.    Liver digest buffer (Gibco, Life technologies, Grand Island, 

NY, USA).   

2.1  Fetal Tissue 
Preparation

Ken-Edwin Aryee et al.
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   8.    Water bath.   
   9.    Parafi lm.   
   10.    Nutating mixer (VWR international, Randor, PA, USA).   
   11.    Laboratory tape or alternatively rubber bands.   
   12.    85 mm tissue grinder homogenizer cup with size 50 metal 

sieve (Sigma-Aldrich, St Louis, MO, USA).   
   13.    10 mm Syringe.   
   14.    Histopaque-1077 (Sigma-Aldrich, St Louis, MO, USA).      

      1.    Human CD3 microbead kit (Miltenyi Biotec, Auburn, CA, 
USA) ( see   Note 2 ).   

   2.    MidiMACS Separator (Miltenyi Biotec, Auburn, CA, USA).   
   3.    MACS multistand (Miltenyi Biotec, Auburn, CA, USA).   
   4.    LD columns (Miltenyi Biotec, Auburn, CA, USA).   
   5.    MACS Buffer: PBS supplemented with 2 % FBS, 1 mM 

EDTA. Sterilize buffer through a vacuum fl ask with a 0.2 μm 
fi lter.      

      1.    FACS buffer: phosphate buffered saline (PBS) supplemented 
with 1 % FBS, and 0.1 % Sodium azide ( see   Note 3 ).   

   2.    Human CD29 FITC, Clone K20 (Beckman Coulter, Marseille, 
France).   

   3.    HLA-A2 FITC, Clone BB7.2; Human CD29 PE, Clone 
MAR4; Human CD34 PE, Clone 581; Human CD3 PE, 
Clone UCHT1; Human CD45 APC, Clone HI30; Human 
CD45 APC-H7, Clone 2D1; Human CD3 FITC, Clone 
UCHT1; Human CD20 APC, Clone 2H7; Human CD4 
Pacifi c Blue, Clone RPA-T4; Human CD8 PE, PTA-T8; 
Mouse Ly5 PerCP, Clone 30-F11 (BD Biosciences, San Jose, 
CA, USA).      

      1.    Immunodefi cient mice: Our laboratory primarily uses NOD - 
Prkdc    scid         IL2rg   Tm1Wjl   (NSG) mice between 8 and 12 weeks of 
age ( see   Note 4 ).   

   2.    Ketamine–Xylazine solution (store at 4 °C), Working concen-
tration is 15 mg/mL of Ketamine and 2 mg/mL of xylazine, 
(Hospira, Lake Forest, IL, USA) diluted in PBS. Dosage per 
mouse is 150 and 10 mg/kg of body weight, respectively.   

   3.    Buprinex SR (slow release), 1 mg/mL (Zoopharm, Laramie, 
WY, USA). Dosage per mouse is 2.4 mg/kg. Store at 4 °C.   

   4.    Cefazolin–Gentamicin (Sandoz, Princeton, NJ, USA/APP 
Pharmaceuticals, Lake Zurich, IL, USA): Working concentra-
tion is 8.3 mg/mL of cefazolin and 2 mg/mL gentamicin. 
Dosage per mouse is 0.83 and 0.2 mg, respectively. Store 
working stock in 1 mL aliquots at −20 °C.   

2.2  CD3 T Cell 
Depletion

2.3  Flow Cytometry 
Analysis

2.4  Reagents 
and Materials 
for Tissue Implant
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   5.    Sterile surgical draping.   
   6.    Betadine surgical scrub: 10 % Povidone–iodine (Purdue 

Pharma L.P., Stamford, CT, USA).   
   7.    70 % Ethanol: Mix 70 mL of absolute ethanol with 30 mL of 

deionized water.   
   8.    Sterile physiological (0.85 %) saline: 10 mL bottle.   
   9.    100-mm plastic petri dishes (BD Falcon, Franklin Lakes, NJ, 

USA), sterile.   
   10.    30-mm plastic petri dishes (BD Falcon, Franklin Lakes, NJ, 

USA), sterile.   
   11.    Ohaus portable balance (Fisher Scientifi c, Pittsburgh, PA, USA).   
   12.    Sterile Curity gauze sponges 4″ × 4″ (Covidien, Mansfi eld, 

MA, USA).   
   13.    No. 21 disposable scalpel.   
   14.    Electric clipper with size 40 blade.   
   15.    10 mL syringe with 20-G needle.   
   16.    1 mL syringe with 25-G needle.      

  Sterilized by placing in an instant sealing sanitization pouch (Fisher 
Scientifi c, Pittsburgh, PA, USA) and autoclaving before use

    1.    Microdissecting forceps curved (small).   
   2.    Dressing forceps (large).   
   3.    Operating scissors: straight, sharp (Large).   
   4.    Microdissecting scissors: straight, sharp (small).   
   5.    5.16-G Trocar.   
   6.    Olsen-Hegar needle holder.   
   7.    Surgical suture.   
   8.    Autoclip wound clip applicator and 9-mm autoclips.       

3    Methods 

 This protocol involves the extensive manipulation of human tissues 
and cells. Extreme care should be taken when handling the speci-
mens and all work should be done in a standard laminar fl ow hood. 
All unused tissues and waste should be disposed of using protocols 
approved by an Institutional Biosafety Committee. All mouse sur-
geries should be done using protocols approved by an Institutional 
Animal Care and Use Committee. 

       1.    Place fetal liver and thymus tissues into 100 mm plastic petri dishes 
with 10 mL of Wash Buffer. Reserve medium that tissues w   ere 
shipped in to combine with liver preparation ( see  below). 

2.5  Surgical 
Instruments

3.1  Fetal Tissue 
Preparation
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Using a scalpel cut one piece of liver and one piece of thymus 
of suffi cient size to prepare the quantity of 1 mm 3  pieces 
needed to implant all recipient mice. Place pieces in separate 
50 mL conical tubes in 30 mL of Wash Buffer ( see  
Subheading  3.3 ,  step 3  below) and keep on ice until trans-
plant ( see   Note 5 ). In addition, dissect 1 mm 3  pieces of liver 
and thymus for optional fl ow cytometric analysis to evaluate 
HLA-A2 status ( see  Subheading  3.4 ,  step 1 ). Dissect the 
remaining fetal liver tissue into 4–5 mm 3  pieces that are of suf-
fi cient size to pass through the bore of a 25 mL pipette. 
Combine liver pieces and Wash Buffer with reserved liver ship-
ping medium into two 50 mL tubes and centrifuge (400 ×  g  for 
10 min at 4 °C).   

   2.    Thaw Liver Digest Buffer at room temperature. Resuspend 
liver tissue pellets from both tubes in a total of 25 mL of Liver 
Digest Buffer and combine into one 50 mL conical tube. Seal 
tube lid tightly with Parafi lm. Place the 50 mL conical tube 
with digesting liver tissues on a Nutator in a 37 °C incubator 
for 20–25 min. Secure tube to platform with laboratory tape 
or rubber bands.   

   3.    Decant contents into a size 50 mesh in the 85 mm tissue 
grinder homogenizer cup that is sitting in a fresh 100 mm petri 
dish. Using a 10 mL syringe plunger, homogenize tissue 
through the sieve. Rinse the sieve well with 25 mL of 
Quenching Buffer to stop digestion reaction and split volume 
equally in two 50 mL conical tubes (approximately 60 mL 
total volume) ( see   Note 6 ).   

   4.    Allow cell suspension to settle for 3 min to preferentially pellet 
the fetal liver hepatocytes Each tube should have a large pellet 
that is brown in color and that contains primarily nucleated 
cells and some RBCs. Carefully remove supernatant (leukocyte 
rich) without disturbing the hepatocyte pellet and spit volume 
equally into four fresh 50 mL conical tubes. Bring total volume 
to 30 mL per tube using Quenching Buffer.   

   5.    Underlay with 12 mL of Histopaque in each tube by slowly 
pipetting the Histopaque into bottom of tube. Ensure a clear 
interface is maintained between the Histopaque and the cell- 
containing medium. Centrifuge the layered tubes at 400 ×  g  for 
30 min at 18–20 °C.   

   6.    Carefully harvest cells along the interface, collecting all visible 
cells. Transfer interface cells to fresh 50 mL conical tubes 
and add at least 4 volumes of Quenching Buffer. Centrifuge 
the tubes at 400 ×  g  for 10 min at 18–20 °C. Resuspend the 
pellets in a total volume of 10 mL Quenching Buffer and 
determine viable cell number. Keep recovered cells on ice. 
Reserve 200 μL of cells for fl ow cytometric evaluation ( see  
Subheading  3.4 ).      
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    For the depletion step we use reagents from Miltenyi Biotec and 
follow the manufacturer’s recommendations ( See   Note 3 )

    1.    Resuspend recovered cells in 1 mL RPMI and perform viable 
cell counts.   

   2.    Reserve 100,000 cells for fl ow cytometric analysis to validate 
depletion of CD3 T cells and to quantify the CD34 +  cells 
( see  Subheading  3.4 ,  steps 2 ,  3 ).   

   3.    Based on results of CD34 +  cell analysis, resuspend recovered 
liver cells at 4.0 × 10 5  CD34 +  cells per mL in Wash Buffer. Keep 
cells on ice until injection.    

         1.    Irradiate recipient mice by whole body gamma irradiation (a  137 Cs 
radioactive source is most commonly used). For the NSG 
mouse strain, our laboratory use a conditioning dose of 
200 cGy, which is normally well tolerated by adult NSG mice. 
Tissues implant can be performed immediately after irradia-
tion. However HSC injection must be performed at 4–24 h 
after irradiation ( see   Note 7 ).   

   2.    Using fetal thymic and liver pieces from Subheading  3.1 ,  step 1  
above, place the tissues and medium into a 100 mm petri dish. 
Dissect fetal tissues into 1 mm 3  pieces using a scalpel.   

   3.    Determine mouse weight using balance and use ear punch to 
give each mouse a unique identifi er.   

   4.    Inject each mouse with 0.1 mL of cefazolin–gentamicin antibiotic 
mixture subcutaneously ( see   Note 8 ).   

   5.    Anesthetize the mice by intraperitoneal injection of ketamine–
xylazine solution at a dose of 150 and 10 mg/kg, respectively. 
When the mice are fully anesthetized, proceed to the next step. 
This generally takes between 10 and 15 min.   

   6.    Place anesthetized mouse on sterile draping with left side fac-
ing up. Shave the left side of the mouse from the level of the 
shoulder joint to that of the hip joint with an electric clipper. 
Scrub the left side of the mouse 6 times alternating between 
betadine and 70 % alcohol (Fig.  1a ).

       7.    Use a pair of operating scissors and dressing forceps to make a 
left-side skin incision (1.5 cm long) ventral to the spine and 
between the last rib and the hip joint. Loosen connective tissue 
under the skin using the blunt side of the operating scissors. 
Make a 0.5 cm incision in a longitudinal direction in the 
abdominal wall (through muscle wall) (Fig.  1b ).   

   8.    Using a pair of straight microdissecting forceps, grasp the fatty 
tissue at the base of the kidney and gently expose the kidney 
through the incision. Do not apply direct pressure to the 
kidney to prevent damaging the organ. Secure the kidney by 
grasping the renal vessels and ureter just below kidney between 

3.2  Depletion 
of CD3 +  T Cells 
from Fetal Liver 
Hematopoietic Cells

3.3  Preparation 
of Mice for Surgery 
and Tissue Implant
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the fl aps of skin with a second pair of straight microdissecting 
forceps. Throughout the surgical procedure, keep the exposed 
kidney moist, by frequently applying sterile PBS to tissue surface 
with a 10 mL syringe with an 18-G needle (Fig.  1c ).   

   9.    Place the trocar plunger inside the trocar barrel. Using a pair 
of curved dissecting forceps, place a 1 mm 3  piece of fetal thy-
mus on the tip of the trocar and aspirate it inside by drawing 
back the plunger piece of the trocar. Place a 1 mm 3  piece of 
fetal liver and aspirate it inside using the same technique.   

   10.    Make a small (1–2 mm) incision in kidney capsule at the 
posterior lateral side with a scalpel. Insert the trocar loaded 
with human tissue as far as possible through the incision in the 

  Fig. 1    Surgical procedure for implantation of human fetal thymus and liver. ( a ) Fur is removed from anesthe-
tized NSG mice and ( b ) a 0.5 cm incision in a longitudinal direction in the abdominal wall (through muscle wall). 
( c ) Using a pair of straight microdissecting forceps, expose kidney through the incision. ( d ) Secure the kidney 
by grasping the renal vessels and ureter just below kidney between the fl aps of skin with a pair second pair of 
straight microdissecting forceps. Make a small (1–2 mm) incision in kidney capsule at the posterior lateral side 
with a scalpel. Insert the trocar loaded with human tissue as far as possible through the incision in the kidney 
capsule and staying as superfi cial as possible. Push the plunger piece of the trocar to expel the loaded tissue. 
( e ) Remove trocar from kidney. Gently pull apart the two cut edges of the muscular wall using two pairs of 
microdissecting forceps. The kidney will retract into the peritoneal cavity. ( f )    Close the abdominal wall with two 
separate sutures, using the Olsen-Hegar needle holder and surgical suture. Cut the ends of the suture and 
close the knots. Close the skin incision with three autoclips, using an autoclip wound-clip applicator. The mice 
are then placed on a warming tray and observed until they awake from the anesthesia       
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kidney capsule and staying as superfi cial as possible. The kidney 
capsule is delicate and caution should be taken to not rupture. 
Push the plunger piece of the trocar to expel the loaded tissues. 
Remove trocar from kidney. To prevent tissues from sliding 
out with the trocar, light pressure can be applied to the kidney 
and against the tissues using a pair of straight microdissecting 
forceps as the trocar is removed (Fig.  1d, e ).   

   11.    Gently pull apart the two cut edges of the muscular wall using 
two pairs of microdissecting forceps. The kidney will retract 
into the peritoneal cavity. Close the abdominal wall with two 
separate sutures, using the Olsen-Hegar needle holder and sur-
gical suture. Cut the ends of the suture and close the knots. 
Close the skin incision with three autoclips, using an autoclip 
wound-clip applicator (Fig.  1f ).   

   12.    Once the mice recover from the anesthesia and are active, 
dose each mouse with 2.4 mg/kg buprenex SR (1 mg/mL) 
by intraperitoneal injection. Check the mice daily for surgi-
cal would healing and remove autoclips, 5–7 days after 
surgery.   

   13.    Inject 2 × 10 5  CD34 +  fetal liver hematopoietic cells isolated 
earlier ( see  Subheading  3.2 ,  step 3 ) through the lateral tail vein 
at least 4 h after irradiation ( see   Notes 9 ,  10 ).   

   14.    At 12 weeks after tissue transplants run a FACS analysis on the 
peripheral blood of the mice to validate human immune cell 
engraftment.      

         1.    For the optional HLA-A2 FACS, mechanically dissociate the 
saved liver and thymus tissue pieces to make a suspension, 
keeping tissues separate. Stain with anti-CD29 FITC (1:50) as 
a FITC control, and stain test sample with anti-HLA-A2 FITC 
(1:50).   

   2.    To validate the CD3 +  T cell depletion, stain the saved cells 
from Subheading  3.2 ,  step 3  with anti-CD45 PE (1:50) as PE 
control, anti-CD45 APC (1:50) as an APC control and stain 
the test sample with anti-CD3 PE (1:50) and anti-CD45 APC 
(1:50).   

   3.    To determine the CD34 +  cell levels, stain the saved cells with 
anti-CD45 PE (1:50) as PE control, anti-CD45 APC (1:50) as 
APC control and stain the test sample with anti-CD34 PE 
(1:50) and anti-CD45 APC (1:50).   

   4.    To determine the engraftment of human lymphocytes, stain 
120 μL of blood with the following antibody mixture: CD45 
APC-H7 (1:100), CD3 FITC (1:50), CD20 APC (1:25), 
CD8 PE (1:50), CD4 Pacifi c Blue (1:50), and mLy5 PerCP 
(1:100) (Fig.  2a–d ).

3.4  Flow Cytometry 
Analysis
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4            Notes 

     1.    The gestational ages of the human tissues are between 16 and 
20 weeks.   

   2.    Injection of mature human T cells into immunodefi cient mice 
such as the NSG mice results in the development of a severe 
xenogeneic graft-versus-host disease (GVHD). For this reason 
we use a magnetic-bead based approach to deplete T cells from 
the liver cell preparation. The frequency of human T cells 
within the recovered cells generally falls between 0.3 and 0.5 % 

  Fig. 2    Evaluation of human cell chimerism. At 12 weeks post-implant human immune cell chimerism levels 
can be evaluated in the peripheral blood. Our standard panel includes antibodies specifi c for mouse CD45, 
human CD45, human CD3, human CD20, human CD4, and human CD8. ( a ) The gating strategy for this panel 
includes fi rst evaluating percentages of human CD45 +  and mouse CD45 +  cells. ( b ) Human CD45 +  cells are 
evaluated for expression of human CD3 to enumerate T cells and human CD20 to enumerate B cells and 
( c ) then the T cells populations are further defi ned by CD4 and CD8 expression. ( d ) In addition the human 
thymocytes recovered from the thymic organoid can be evaluated by expression of human CD4 and CD8       
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of total cells. Alternatively CD34+ HSC can be isolated by a 
positive selection approach, which will exclude T cells and 
other cell types from the fi nal cell preparation [ 21 ]. We routinely 
use the CD3 depletion approach as accessory cells (CD34 
negative and CD3 negative) present within the liver cell prepa-
ration have been shown to facilitate engraftment of human 
HSC in immunodefi cient mice [ 19 ].   

   3.    We substituted FBS for BSA.   
   4.    NSG mice are available from the Jackson Laboratory. The mice 

are maintained on medicated (sulfamethoxazole/trimethoptrim) 
water to prevent infections. An alternative strain for engraft-
ment is NOD- scid  mice.   

   5.    In our experience we generally receive tissues that are suffi cient 
to implant 30–40 mice but the size of the tissues can be variable. 
It is critical to have suffi cient liver tissue for HSC recovery. 
The recovery of HSC can vary with the gestational age of 
the tissues.   

   6.    For optimal cell recovery from the liver tissues, ensure that the 
liver has been completely disaggregated and that the sieve has 
been extensively rinsed.   

   7.    The specifi c dose of irradiation used will be dependent on the 
specifi c strain being used as a recipient. Mice homozygous for 
the  scid  mutation are radiosensitive, while  Rag1   null   or  Rag2   null   
mice are more radioresistant and require higher irradiation 
doses for optimal conditioning. Each laboratory will need to 
determine the optimal dose based on the mouse strain and the 
specifi c irradiation source.   

   8.    The use of antibiotics is at the discretion of the laboratory. 
However, procurement of the fetal tissues is not done under 
sterile conditions, and in our experience, pretreatment with 
antibiotics reduces the risk of infection and premature death of 
engrafted mice.   

   9.    Cryopreserving/thawing the fetal thymus before transplanta-
tion into the mice has been reported to support human thy-
mopoiesis and T-cell reconstitution while clearing preexisting 
thymocytes from the thymic graft [ 24 ].   

   10.    Another modifi cation for generating BLT mice involves trans-
plantation of the autologous fetal thymic and liver tissue under 
the renal capsules of the mice. After 3 weeks, the engrafted 
mice are sublethally irradiated and injected through their tail 
veil with the autologous cryopreserved/thawed CD34 +  cells 
isolated from the fetal liver [ 23 ].         
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    Chapter 19   

 Homing and Migration Assays of Hematopoietic 
Stem/Progenitor Cells 

              Xi     C.     He    ,     Zhenrui     Li    ,     Rio     Sugimura    ,     Jason     Ross    ,     Meng     Zhao    , 
and     Linheng     Li    

    Abstract 

   Hematopoietic stem and progenitor cells (HSPCs) reside mainly in bone marrow; however, under 
homeostatic and stressed conditions, HSPCs dynamically change their location—either egressing from 
bone marrow and getting into circulation, a process of mobilization; or coming back to the bone marrow, 
the homing process. How to analyze these two processes will be critical for understanding the behavior 
of HSPCs. Here we provide an experimental protocol to monitor and analyze homing and migration 
of HSPCs.  

  Key words     Hematopoietic stem and progenitor cells  ,   Homing  ,   Lodging  ,   Migration  

1      Introduction 

 In this chapter we introduce three interrelated protocols that can 
facilitate assaying homing and migration of HSPCs. Part I focuses 
on the homing and lodging assay. Fluorescently labeled bone mar-
row or LSK (Lin - Sca-1 + c-Kit + ) cells were transplanted into the 
mouse model and assessed for the ability to home to or lodge 
within the bone marrow (primarily a property of hematopoietic 
stem cells—HSCs). Total bone marrow was labeled with 5- (and 6) 
carboxyfl uorescein diacetate succinimidyl ester per manufacturer's 
instructions and transplanted into irradiated recipient mice for 
homing assay and into non-irradiated mice for the lodging assay. 
At different time points, recipient-derived BM and spleen cells 
were evaluated by fl ow cytometry for donor cells. Part II focuses 
on dynamically monitoring HSPC under the homeostatic state or 
during the migrating process using the ex vivo imaging stem cells 
(EVISC) system. Part III focuses on measuring migration behavior 
of HSPC in vitro using Transwell insert system.  
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2    Materials 

         1.    1× PBS/2 % FBS.   
   2.    Hemolytic buffer: NH4Cl 8.3 g/L, NaHCO 3  1.0 g/L, EDTA 

37 mg/L.   
   3.    Carboxyfl uorescein diacetate succinimidyl ester (CFDA-SE).   
   4.    Water Incubator.   
   5.    Refrigerated Centrifuge.   
   6.    5 mL Polypropylene Round Bottom Falcon Tubes.      

      1.    LE Agarose (BioExpress, Cat. No. E-3120-500); DMEM 
(1×).   

   2.    35 mm glass bottom culture dishes (uncoated).   
   3.    LSM-710 two photon microscope (Zeiss) 

 Scl-tTA:H2B-GFP mice are Dox-chased for 90 days [ 1 ,  2 ]. The 
best way is to transplant bone marrow derived from 
 Scl- tTA:H2B-GFP mice into non-GFP transgenic mice. After 
stabilization (1–2 months), start chasing for 2–3 months, thus 
reducing nonspecifi c background as Tre-H2BGFP mainly 
leaks to osteocyte without activation by Scl-driven tTA.     

 Under stressed conditions:

    4.    5FU (Sigma-Aldrich, Cat. No. F6627).   
   5.    Scl-tTA:H2B-GFP mice are Dox-chased for 90 days [ 1 ,  2 ]. 

Four days before EVISC, inject 5FU into mice once via tail 
vein at 150–300 μg/g body weight [ 3 ]. The other materials as 
described above.      

      1.    Transwell plate + inserts.   
   2.    DMEM (no phenol red) + 5 % FBS.   
   3.    Recombinant SDF-1 (dissolved in PBS).   
   4.    Trypan blue.   
   5.    Hemocytometer.   
   6.    24-well plate.       

3    Methods 

      1.    Harvest bone marrow from the femur and tibia of the desired 
mice according to standard techniques.   

   2.    Lyse the red blood cells (RBCs) from the sample using hemo-
lytic buffer (NH 4 Cl 8.3 g/L, NaHCO 3  1.0 g/L, EDTA 
37 mg/L).   

   3.    Count the number of cells post lysis of RBCs.   

2.1  Homing 
and Lodging Assay by 
Combining CFDA-SE 
Labeling 
and Quantifi cation 
Using Flow Cytometry

2.2  Ex Vivo Imaging 
Stem Cells (EVISC)

2.3  In Vitro Migration 
Assay on Sorted LSK/
Flk2-/CD34-Cells 
Using Transwell

3.1  Homing 
and Lodging Assay by 
Combining CFDA-SE 
Labeling 
and Quantifi cation 
Using Flow Cytometry
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   4.    Concentrate the cells by centrifuging at 500 ×  g  for 5 min and 
aspirate the supernatant.   

   5.    Resuspend the cells in 5 μM CFDA staining solution (prepared 
according to manufacturer’s specifi cations).   

   6.    Incubate the cells for 5 min at room temperature.   
   7.    Concentrate the cells by centrifuging at 500 ×  g  for 5 min and 

aspirate the supernatant.   
   8.    Resuspend the cells in 3 mL PBS.   
   9.    Repeat  steps 7 – 8  two more times.   
   10.    IV inject 1 × 10 6  cells into irradiated recipient mice for homing 

per recipient mice; IV inject 1 × 10 7  cells into nonirradiated 
mice for lodging assays per recipient mice.   

   11.    After 6 h, harvest the bone marrow from one femur and tibia 
of the recipient mice. The other femur and tibia will be fi xed 
for image analysis.   

   12.    Harvest the spleens from these same mice; a portion of spleens 
will be used for preparation of single cell suspension using 
standard techniques; a portion of spleens will be fi xed for 
image analysis.   

   13.    Lyse the red blood cells from single cell suspension.   
   14.    Process the samples on the fl ow cytometer, according to 

manufacturer’s instructions.   
   15.    Repeat  steps 11 – 14  after 18 h.   
   16.    Analyze the data using FlowJo (Tree Star) or a similar fl ow 

cytometry data analysis package.     

 A two dimensional dot plot can be used to compare the number 
of cells that lodged in each tissue type, while a single dimensional 
histogram can demonstrate cell division times.  

      1.    Sacrifi ce Scl-tTA:H2B-GFP mice that have been Dox-chased 
for 90 days with or without 5-FU treatment. Isolate the femurs 
from the mice and soak in PBS/2 % FBS until ready to use.   

   2.    For transplanted purifi ed HSCs, irradiate recipient mice with 
10 Gray. 10–12 h later, inject into the tail vein 50,000 HSCs 
(Flk2 − LSK cells) purifi ed from BM cells from actin-eGFP 
transgenic mice. 4–6 h after transplantation, sacrifi ce the mice. 
Isolate the femurs from the mice and soak in PBS/2 % FBS 
until ready to use.   

   3.    Prepare 0.5 % agarose gel dissolved in DMEM media (phenol- 
red free) and let it cool down to appropriate temperature 
( see   Note 1 ).   

   4.    While the 0.5 % agarose gel is cooling down, section the femur 
in the vertical orientation with the coronal plane (2–3 mm 
height), embed bone (especially trabecular bone) vertically in 

3.2  Ex Vivo Imaging 
Stem Cells (EVISC)
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0.5 % agarose in DMEM medium (phenol-red free) 35 mm 
glass bottom culture dish, with the sectioned plane facing 
down to the coverslip glass bottom, allowing the laser beam to 
penetrate into the bone marrow from the open end of bone/
bone marrow. Diagram showing the process of EVISE (Fig.  1 ) 
( see   Note 2 ).

       5.    Apply 2–4 mL cooled 0.5 % agarose gel to the femur section and 
make sure that the femur section is soaked in the gel. Let the 
agarose gel polymerize on the bench for 10 min ( see   Note 3 ).   

   6.    Detect live GFP hi  LRCs images under a confocal laser scanning 
 LSM-710  two photon microscope (Carl Zeiss).      

      1.    Harvest BM following standard protocol and process for 
nucleated, single-cell suspension.   

   2.    Count cells on the Quanta to determine number of cells and 
concentration.   

   3.    Stain with antibody panel for LSK/CD34/Flk2 (as follows) 
and wash with PBS + 2 % FBS. Stain with Lin-PECy5, Sca1- 
PECy7, cKit-APC, CD34-Fitc, and Flk2-PE.   

   4.    Prepare Transwell plate by placing a Transwell insert into an 
empty well, inverting the plate, using the insert as a guide to 
draw a grid on the bottom of the plate, similar to the example 
to the right (Fig.  2 ) ( see   Note 4 ).

       5.    Aliquot 600 μL of media + SDF-1 (100 ng/mL) per well for 
each assay and media alone for negative controls. Pre-warm in 
37 °C incubator.   

   6.    Single-pass sort 1,000 LSK/CD34-/Flk2-cells directly into 
Transwell inserts containing 100 μL of media alone.   

3.3  In Vitro Migration 
Assay on Sorted LSK/
Flk2-/CD34-Cells 
Using Transwell

  Fig. 1    Diagram showing the process of ex vivo imaging of stem cells (EVISC)       
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   7.    Place inserts containing cells into wells and incubate the plate 
at 37 °C, 5 % CO 2  for 3 h ( see   Note 5 ).   

   8.    Remove the inserts, add 20 μL of trypan blue to the lower 
chamber, and allow the plate to sit at room temperature for 
5 min. Using an inverted microscope, proceed to count viable 
cells that have migrated.   

   9.    As a control, remove all media from each insert and transfer to 
a 1.5 mL microcentrifuge tube. Add 10 μL of trypan blue and 
allow to sit at room temperature for 5 min. Load a hemocytom-
eter and count viable cells (to determine viability of unmigrated 
fraction).       

4    Notes 

     1.    Cooling down the 0.5 % agarose gel is very important to avoid 
destruction of bone marrow as well as to prevent HSC activity 
reduction.   

   2.    The orientation for the bone section in the EVISC system can 
also be in sagittal way, thus obtaining different view of bone 
and bone marrow.   

   3.    Apply the 0.5 % agarose gel before it starts to polymerize.   
   4.    This is simply a guide to aid in counting migrated cells. All 

migrated cells will fall within this area.   
   5.    Note—for inhibitor treatment, pre-incubate the plate with 

inserts at 37 °C, 5 % CO 2  for 45 min–1 h, then proceed with 
migration assay.         
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  Fig. 2    Illustration of Transwell migration assay to test the response of HSPCs to 
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    Chapter 20   

 Retroviral Transduction of Murine and Human 
Hematopoietic Progenitors and Stem Cells 

              Marioara     F.     Ciuculescu    ,     Christian     Brendel    ,     Chad     E.     Harris    , 
and     David     A.     Williams    

    Abstract 

   Genetic modifi cation of cells using retroviral vectors is the method of choice when the cell population is 
diffi cult to transfect and/or requires persistent transgene expression in progeny cells. There are innumer-
able potential applications for these procedures in laboratory research and clinical therapeutic interven-
tions. One paradigmatic example is the genetic modifi cation of hematopoietic stem and progenitor cells 
(HSPCs). These are rare nucleated cells which reside in a specialized microenvironment within the bone 
marrow, and have the potential to self-renew and/or differentiate into all hematopoietic lineages. Due to 
their enormous regenerative capacity in steady state or under stress conditions these cells are routinely used 
in allogeneic bone marrow transplantation to reconstitute the hematopoietic system in patients with meta-
bolic, infl ammatory, malignant, and other hematologic disorders. For patients lacking a matched bone 
marrow donor, gene therapy of autologous hematopoietic stem cells has proven to be an alternative as 
highlighted recently by several successful gene therapy trials. 

 Genetic modifi cation of HSPCs using retrovirus vectors requires ex vivo manipulation to effi ciently 
introduce the new genetic material into cells (transduction). Optimal culture conditions are essential to 
facilitate this process while preserving the stemness of the cells. The most frequently used retroviral vector 
systems for the genetic modifi cations of HSPCs are derived either from Moloney murine leukemia-virus 
(Mo-MLV) or the human immunodefi ciency virus-1 (HIV-1) and are generally termed according to their 
genus gamma-retroviral (γ-RV) or lentiviral vectors (LV), respectively. This chapter describes in a step-by- 
step fashion some techniques used to produce research grade vector supernatants and to obtain purifi ed 
murine or human hematopoietic stem cells for transduction, as well as follow-up methods for analysis of 
transduced cell populations.  

  Key words     HSPC isolation  ,   HSPC transduction  ,   γ-Retroviral vectors  ,   Lentiviral vectors  ,   Gene therapy  

1      Introduction 

    HSPCs give rise to all mature blood lineages over the lifetime of 
the animal. Intense research has been carried out in the fi eld of 
hematopoiesis during the past decades due to the high clinical 
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relevance in transplantation-based therapies in leukemia and other 
congenital blood disorders. These studies led to the identifi cation 
of a discrete stem and progenitor cell (HSPCs) hierarchy which 
allows for the prospective isolation of these cells based on cell 
surface immunophenotype. The most commonly isolated HSPC 
populations used for in vitro manipulation are CD34 +  or 
CD34 + CD38 -  cells in the human system, and lineage-negative 
(lin − ) or lineage-negative/Sca-1 + /c-Kit +  (LSK) cells in the murine 
setting. Using multiple surface markers leads to higher enrichment 
of HSPCs, but at the expense of total cell yield, higher costs, and 
time required for the procedure. Purifi cation of HSPCs using the 
aforementioned markers yields functionally heterogeneous popula-
tions which can be further subdivided according to subtle differ-
ences in surface marker profi les, functional properties, or gene 
expression patterns. Nonetheless, these purifi cation methods effec-
tively enrich for HSPCs, which are a good starting material for 
further manipulation using retroviral vectors in vitro. It is worth 
mentioning that many alternatives to isolate HSPCs do exist and 
that new ones are added frequently which are based on the expression 
of other surface markers (e.g., CD133 +  in humans [ 1 ]) or CD150 + /
CD48 -  in mice [ 2 ] and specifi c properties such HOECHST-dye 
exclusion (the so-called side population [ 3 ]) or low reactive 
oxygen species levels (ROS-low, isolated as Rhodamine123-low 
cells [ 4 ]) to name just a few. 

 One of the most essential components for successful gene ther-
apy or various types of laboratory research is effi cient, stable and 
reproducible expression of the therapeutic gene or gene of interest. 
To this end researchers make use of the natural properties of retro-
viruses to stably integrate genetic material into a host cell genome, 
thus mediating permanent vector-directed transgene expression 
and transmission of the vector genome into the transduced cell 
progeny. The most frequently used retroviral vector systems are 
genetically engineered γ-retroviruses (γ-RV) or lentiviruses (LV). 

 Retroviral particles consist of an enveloped protein shell 
(retroviral capsid) that contains the viral genome [ 5 ]. The retro-
viral genome is linear, nonsegmented, single stranded RNA- 
(ssRNA) [ 6 ]. RVs are classifi ed as simple oncogenic retroviruses 
(e.g., Moloney murine leukemia virus) or complex-type retrovi-
ruses (e.g., lentiviruses). Simple retroviruses contain  gag, pol  and 
 env  genes which encode the corresponding proteins. Each protein 
has a specifi c function during the retroviral lifecycle as summarized 
in Table  1 . In contrast, lentiviruses encode two essential regulatory 
factors  rev  and  tat  as well as several nonessential accessory proteins 
in addition to  gag ,  pol ,  env .

   The retroviral life cycle begins with the binding of viral enve-
lope molecules to specifi c host receptors. After receptor uptake, 
the viral core is released into host cell cytoplasm through the fusion 
of viral and cellular lipid membranes or via an endosomal escape 
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mechanism [ 7 ,  8 ]. Reverse transcription of the viral ssRNA into 
dsDNA [ 9 – 11 ] takes place simultaneously and is completed in the 
cytoplasm of the host cell. The dsDNA integrates into the host 
cell genome after breakdown of the nuclear membrane during cell 
cycle (γ-RV) or after actively being shuttled into the nucleus in 
non-dividing cells (LV). The integrated genome becomes a perma-
nent part of the host cell genome adopting a proviral form. In this 
context the provirus is transcribed by RNA polymerase II which 
gives rise to several viral protein coding mRNAs as well as the full 
length viral genomic RNA. After translation and assembly of the 
individual viral components on the cell membrane viral particles 
containing viral genomic RNA can bud and escape from the cell 
and infect other cells [ 12 ]. 

 Retroviruses are able to transduce a great variety of different 
cell types through receptor mediated uptake. The effi ciency of 
transduction largely depends on the presence of the cognate receptor 
on the target cell surface. To obtain optimal transduction effi cien-
cies diverse viral envelope proteins are available that can be used to 
pseudotype vector particles. The most frequently used pseudotypes 
for γ-retroviral vectors are ecotropic-MLV envelope (Eco, targets 
mouse and rat cells), amphotropic MLV-envelope (Ampho, targets 
multiple species, including mouse and human) or gibbon ape leu-
kemia virus envelope (GALV, targets primate cells, including 
human) (reviewed in [ 13 ]). The almost universal pseudotype used 
for lentiviruses is the vesicular stomatitis virus glycoprotein enve-
lope (VSV-G) owing to its broad spectrum of target cells and spe-
cies and the physical stability allowing for the concentration of viral 
supernatants by ultracentrifugation. Alternative envelope proteins 
for lentiviral vectors are derived from simian endogenous retrovi-
rus (RD114), lymphocytic choriomeningitis virus (LCMV) or 
measles virus (MV), each one exhibiting a specifi c tropism for 
certain cell types (reviewed in [ 14 ]). 

   Table 1  
  Function of retroviral genes   

 Gene  Full name  Function 

  gag   Group associated antigen  Codes for viral core structural proteins 

  pol   Codes for reverse transcriptase, integrase, and viral protease 

  env   Envelope  Codes for viral envelope proteins 

  rev   Regulator of expression of virion 
proteins 

 Binds to rev responsive element (RRE) in lentiviral genome, 
essential for nuclear export of unspliced viral genomic RNA 

  tat   HIV trans-activator  Binds to TAR element in virus long terminal repeat, acts as a 
transcriptional activator 
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 In order to use retroviruses as transfer vectors they have been 
genetically engineered to render them replication defective and to 
allow for the inclusion of a gene(s) of interest. These modifi cations 
include the development of the split packaging design, where 
genes encoding all essential viral components are provided on sep-
arate plasmids for vector production. As a result the transfer vector 
is devoid of all protein coding reading frames giving space to 
include a recombinant expression cassette. For γ-retroviral vectors 
a three plasmid system is used (Fig.  1 ). One plasmid contains the 
transfer vector, which harbors the gene(s) of interest fl anked by the 
viral LTRs, a second plasmid contains the gag and pol reading 
frames, while the envelope is encoded on a third plasmid [ 15 ].

   A very similar three plasmid system is available for lentiviral 
vectors, but here the packaging plasmid containing the  gag-pol  
reading frames additionally encodes for the  rev  and  tat -proteins 
(second generation lentiviral systems), [ 16 ,  17 ]. A newer genera-
tion of lentiviral vectors has been introduced which uses a four plas-
mid system (Fig.  1 ) [ 18 ]. Here the  rev -coding region is provided 
on a separate plasmid and tat sequences are completely deleted.  Tat  
is dispensable in this generation of lentiviral vectors due replace-
ment of the HIV-U3 region within the 5′LTR with a  tat -indepen-
dent heterologous promoter such as from Cytomegalovirus (CMV) 
or Rous  sarcoma virus (RSV). 

 As a second layer of additional safety modifi cations the self- 
inactivating vector (SIN) design has been introduced for both the 
γ-retroviral and lentiviral vectors. A major deletion of the viral 
promoter sequences within the U3 region of the LTR abolishes 
transcriptional activities of integrated vectors, thus preventing 
generation of full length viral genomic RNA, rendering the vector 
replication incompetent. The abrogation of viral LTR-driven 

  Fig. 1    Plasmid systems for generating retrovirus vectors. ( a ) Four plasmid system used for transfection of HEK-
293T cells during production of lentiviral vector particles. ( b ) γ-retroviral three plasmid system. On top the 
transfer plasmid harboring the GOI, below plasmids providing the accessory proteins in trans:  gag, pol, env  
(and  rev ). Abbreviations:  CMV  cytomegalovirus promoter,  RSV  Rous sarcoma virus promoter, Ψ packaging 
signal,  RRE  rev responsive element,  cPPT  central polypurine tract,  GOI  gene of interest,  WPRE  woodchuck 
hepatitis virus posttranscriptional regulatory element,  env  envelope protein gene,  gag/pol  viral capsid proteins 
and enzymes,  pA  polyadenylation signal       
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promoter activity necessitates the inclusion of an internal heterolo-
gous promoter to express the vector encoded transgene. Different 
promoters can be chosen to obtain the desired expression levels 
or provide restricted expression in specifi c cell types, the most 
prominent ones being derived from CMV, Spleen Focus Forming 
Virus (SFFV), Elongation Factor 1 α (EF1α), or Phosphoglycerate 
Kinase (PGK) to name just a few. 

 A convenient method to monitor vector mediated transgene 
expression is to coexpress a selectable marker protein along with 
the gene of interest. This can be accomplished by use of an internal 
ribosomal entry site (IRES) between the gene of interest and the 
reporter coding region. These virus derived sequences allow for 
translation reinitiation of a second reading frame from a polycis-
tronic mRNA (reviewed in [ 19 ]). Viruses use these elements to 
bypass shutdown of cap-dependent translation as a consequence of 
cellular antiviral responses. As an alternative, 2A peptide sequences 
can be used (reviewed in [ 20 ]). This type of element is available 
from multiple different viruses and sequential coupling of several 
of them or the combination with an IRES element enables the 
expression of polycistronic mRNAs. The stoichiometry of trans-
gene expression in bicistronic or polycistronic vectors is diffi cult to 
predict and needs to be empirically determined. Generally the sec-
ond transgene is less effi ciently translated than the fi rst one, and in 
most cases the reporter is placed in second position. A long list of 
useful reporters exists, among them fl uorescent proteins, antibiotic 
resistance genes or cell surface markers. Available fl uorescence pro-
teins cover the full range of wavelengths detectable in FACS or 
fl uorescence microscopy and the palette of colors is being continu-
ously expanded. Resistance markers have the advantage that a pure 
population of transduced cells can be obtained upon antibiotic 
selection, while expression of a cell surface marker such as signaling 
defective truncated versions of CD34 or low affi nity nerve growth 
factor receptor (LNGFR) allow for quick and easy magnetic assisted 
cell selection (MACS) [ 21 ,  22 ]. However, both vector systems 
have limitations in their packaging capacity. Using γ-retroviral vec-
tors, expression cassettes of about up to 8 kb can be effi ciently 
packaged, while lentiviral vectors can effi ciently package roughly 
an additional 2 kb (e.g., up to ≈10 kb). Although no strict size 
limitation exists, there is a negative correlation between insert size 
and the amount of infectious viral particles produced. As a rule of 
thumb the larger the insert the lower the vector titer is. 

 Transgene expression and vector titers can be increased by incor-
poration of the woodchuck hepatitis virus posttranscriptional regu-
latory element (WPRE) downstream of the transgene. The WPRE 
stabilizes the mRNA through secondary structures resulting in an 
up to fi vefold increase in gene expression [ 23 ,  24 ]. 

 Vector production occurs by cotransfection of the transfer 
vector and the packaging plasmids into a producer cell line, such as 
HEK-293T cells. Alternatively, stable packaging cell lines are 
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available for γ-retroviral vectors which constitutively express the 
viral accessory proteins (gag, pol, env) necessitating transfection of 
the transfer plasmid alone [ 25 ,  26 ]. The supernatant containing 
the vector particles is collected on subsequent days and cleared by 
ultrafi ltration. This supernatant can be directly used to transduce 
target cells, stored at −80 °C for later use or concentrated, a step 
routinely performed when working with VSV-G-pseudotyped 
vector particles. 

 Considering the sometimes low titers of retroviral vector prepa-
rations, much work has been done to enhance the transduction effi -
ciency particularly of diffi cult to transduce cell types. Improved 
transduction of murine HSPC was fi rst reported utilizing “cocul-
ture” of target cells with vector producer cell lines [ 27 ]. Subsequent 
clinically relevant improvements were reported [ 28 ], where co- 
localization of ecotropic retroviral particles with the target cells 
mediated by fi bronectin leads to enhanced transduction of HSPCs. 
Recombinant fi bronectin fragments, CH-296 (RetroNectin™) can 
interact with different adhesion domains, such as integrins (very 
late antigens 4 and 5 (VLA4 and VLA5)) and proteoglycans, and 
moreover can mediate co-localization of ecotropic and ampho-
tropic retroviral particles to the cells via a heparin-binding domain 
[ 29 ]. Furthermore, it has been reported that nonhuman primate 
CD34 +  cells showed less apoptosis and increased proliferation in the 
presence of CH-296 [ 30 ]. Coating of tissue vessels with CH-296 
has become a standard method adopted in many clinical transduc-
tion protocols as well as in basic research laboratories. 

 Progress in the development of retroviral vectors and their 
application has led to the initiation of several gene therapy trials 
during the past two decades. Examples are X-linked and ADA- 
severe combined immunodefi ciencies [ 31 – 34 ], Wiskott-Aldrich- 
Syndrome [ 35 ,  36 ], X-linked Chronic Granulomatous Disease [ 37 ], 
Adrenoleukodystrophy [ 38 ], and more recently Metachromatic 
Leukodystrophy [ 39 ]. Despite the occurrence of several cases of 
severe adverse events these trials represent a major breakthrough in 
the treatment of serious, life-threatening diseases utilizing HSPCs 
as targets and serve as basis for further developments in this fi eld. 

 Current research is focusing on reducing the genotoxicity and 
improving the expression properties of vectors by shielding the 
vector genome from its chromosomal environment using “insula-
tors” in the virus long terminal repeats. Substantial improvements 
from early attempts have been made after the identifi cation of min-
imal essential sequences conferring enhancer blocking activity as 
well as chromatin boundary function [ 40 – 42 ] . This approach may 
also limit the impact of the vector on genes adjacent to proviral 
integration sites, thus reducing the risk of a potentially harmful 
dysregulation of cellular genes. Another approach to improve gene 
expression include the use of the so-called chromatin opening 
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elements (UCOEs) to prevent epigenetic silencing and reduce 
position effect variegation (PEV), a problem which is particularly 
important when working with embryonic stem cells, but is also 
observed in other cell types. PEV contributes to loss of expression 
or heterogeneous expression between different cell clones [ 43 – 45 ]. 
Following is a list of specifi c reagents and protocols utilized in viral 
 production and cell transduction analysis.  

2    Materials 

      1.    Phosphate Buffer Saline (PBS).   
   2.    Hank’s Balanced Salt Solution (HBSS).   
   3.    Dulbecco’s modifi ed Eagle’s medium (DMEM).   
   4.    Iscove’s modifi ed Dulbecco’s medium (IMDM).   
   5.    Fetal Calf Serum (FCS, Biowest, Nuaillé, France).   
   6.    Penicillin–Streptomycin stock solution-100× (pen–strep).   
   7.    Wash/Staining Buffer: PBS, 2 % (v/v) FCS, 1 % (v/v) 

pen–strep.   
   8.    Red blood cells (RBC) lysing buffer (BD Biosciences, San 

Jose, CA).   
   9.    Trypsin–EDTA stock solution-0.05 %.   
   10.    Cell dissociation buffer (Life Technologies).   
   11.    Calcium Phosphate transfection kit containing CaCl 2 , H 2 O, 

HBS (Life Technologies, Grand Island, NY, USA).   
   12.    Histopaque-1083.   
   13.    Dynabeads (Life Technologies, Grand Island, NY, USA).   
   14.    Gelatin: 1 % gelatin in dH 2 O.   
   15.    RetroNectin™: 60–80 μg of FN in 2 mL PBS (Takara, Otsu 

Shiga, Japan).   
   16.    Hexadimethrine bromide (Polybrene 1 μL/mL, stock solu-

tion: 8 mg/mL, Sigma-Aldrich Corp. St. Louis, MO, USA).   
   17.    5 Fluorouracil (5-FU, stock solution: 68–80 mg/mL): dissolved 

in HBSS, to a fi nal concentration 10 mg/mL.   
   18.    Chloroquine (25 mM, Sigma-Aldrich Corp. St. Louis, MO, 

USA).   
   19.    1 M Hepes buffer solution.   
   20.    Calf Serum (CS, Thermo Scientifi c).   
   21.     L -Glutamine-100× (Life Technologies).   
   22.    StemSpan SFEM (STEMCELL Technologies Inc., Canada).   
   23.    Polyethyleneimine (linear from Polysciences MW ~25.000; 

branched from Sigma, MW ~25,000).   

2.1  Reagents
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   24.    Neomycin sulfate.   
   25.    1 M NaOH.   
   26.    Recombinant murine stem cell factor (rmSCF, Peprotech).   
   27.    Recombinant human granulocyte colony stimulating factor 

(rhGCSF, Peprotech).   
   28.    Recombinant human Thrombopoietin (rhTPO, Peprotech).   
   29.    Bovine serum albumin 95 % (BSA).   
   30.    Dynal MPC-L magnet (Invitrogen, Carlsbad, CA, USA).      

      1.    Retroviral Growth Media: DMEM, 10 % (v/v) CS, 1 % (v/v) 
pen/strep.   

   2.    Retroviral Transfection Media: retroviral growth media 
 supplemented with 25 μM chloroquine solution.   

   3.    Retroviral Harvest Media: DMEM, 10 % (v/v) FCS, 1 % (v/v) 
pen/strep, 0.67 mL 1 M NaOH, 1 % (v/v) Hepes, 1 % (v/v) 
 L -Glutamine.   

   4.    Retroviral Titering Media: DMEM, 10 % (v/v) CS, 1 % (v/v) 
pen/strep, 8 mg/mL hexadimethrine bromide (Polybrene).      

      1.    Cell Growth Media: DMEM, 10 % (v/v) FCS, 1 % (v/v) 
pen–strep.   

   2.    Bone marrow cell (BMC) culture media: IMDM, 10 % (v/v) 
FCS, 1 % (v/v) pen/strep supplemented with 100 ng/mL 
rmSCF, 100 ng/mL rhGCSF, and 100 ng/mL rhTPO.   

   3.    Alternatively serum-free culture medium can be used for the 
cultivation of mouse and human HSPCs: StemSpan SFEM 
supplemented with 100 ng/mL SCF (species matched), 
100 ng/mL hTPO (interspecies cross-reactive), 100 ng/mL 
hFLT3-L (interspecies cross-reactive), and 20 ng/mL IL-3 
(species matched).      

      1.    Monoclonal antibodies: B220 (Pacifi c Blue, clone RA-6B2), 
Gr-1 (APC-Cy7, clone RB6-8C5), CD45.1 (PerCP-Cy), 
CD45.2 (APC) all from BD Biosciences, San Jose CA, CD3 
(PE-Cy7, clone 145-2C11), Sca-1 (FITC, clone D7), c-Kit 
(APC, clone 2B8), Streptavidin (PE), CD34 (APC, clone 
4H11) eBioscience, San Diego, mCD45 (Brilliant-Violet 421, 
clone 30-F11), Biolegend, San Diego, hCD45 (PerCP-Cy5.5, 
clone 2D1) eBioscience, San Diego, hCD (PE-Cy7, clone 
HIB19) Biolegend, San Diego, CD33 (PE, P67.7) eBioscience, 
San Diego, hCD3 (APC, OKT3), eBioscience, San Diego, 
human and mouse Fc-Block, Miltenyi Biotech, Auburn, fi xable 
viability dye eFluor780, eBioscience, San Diego, CA, USA.   

   2.    Biotin-labeled antibodies for lineage depletion (lin − ): Gr-1 (clone 
RB6-8C5), Mac-1 (clone M1/70), Ter119 (clone TER- 119), 

2.2  Retroviral 
Production 
and Titration Media

2.3  Cell 
Culture Media

2.4  Antibodies
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B220 (clone RA-6B2), CD5 (clone 53-7.3), and CD8a (clone 
53-6.7), all from BD Biosciences, San Jose, CA, USA.   

   3.    Mouse lineage cell depletion kit, Miltenyi Biotech, Auburn, 
CA, USA.   

   4.    CD34 MicroBead Kit, Mitenyi Biotech, Auburn, CA, USA.      

      1.    HEK-293T cells (ATCC, Manassas, VA, USA).   
   2.    NIH-3T3 cells (ATCC, Manassas, VA, USA).   
   3.    HT 1080 cells (ATCC, Manassas, VA, USA).      

      1.    C57BL/6J (No. 000664, Jackson Laboratory, Bar Harbor, 
ME, USA).   

   2.    B6.SJL-Ptprc a -Pep3 b /BoyJ (No. 002014, Jackson Laboratory, 
Bar Harbor, ME, USA).   

   3.    NOD.Cg-Prkdc scid  Il2rg tm1Wjl /SzJ (No. 005557, Jackson 
Laboratory, Bar Harbor, ME, USA).       

3    Methods 

  Production of retroviral vector particles is performed by co- 
transfection of retroviral plasmids into human embryonic kidney 
(HEK)-293T cells. Expression of the SV40-large T-antigen in this 
cell line mediates episomal replication of plasmids harboring the 
SV40-ori, which is present on plasmids used for vector production. 
A schematic representation of retroviral supernatant production is 
shown in Fig.  2 . Effi cient transfection of 293T cells is the key to 
obtain high titer vector supernatants and is often the fi rst step in a 
series of optimizations that may be required. Here, we describe 
two methods for the transfection of HEK-293T for vector produc-
tion, which usually give comparable results. Due to the many fac-
tors infl uencing the outcome of the process, such as cell passage 
and transfectability, plasmid quality, and even minor factors like 
temperature during calcium phosphate precipitate formation, it is 
associated with a signifi cant degree of variability and is diffi cult to 
control.

         1.    Grow HEK-293T cells to 70–80 % confl uence in growth media 
on 10-cm tissue-culture-treated dishes (TCT). Optional: TCT can 
be gelatinized using 0.1 % gelatin for 5 min at 37 °C if detachment 
of cells during virus production procedure is observed.   

   2.    Remove media from the HEK-293T cells and rinse with 5 mL 
PBS. Discard the PBS and add 1 mL of 0.05 % trypsin.   

   3.    Incubate until the cells are detached. Inactivate the enzymatic 
reaction by adding a minimum of 2 mL growth media. Pipet 
until a single cell suspension is obtained.   

2.5  Cell Lines

2.6   Mice

3.1  Retroviral 
Supernatant 
Production

3.1.1  HEK- 293 Cells 
Culture
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   4.    Spin the cells down at 400 ×  g /5 min and decant supernatant. 
Resuspend cell pellet in transfection media, add to transfection 
cocktail ( see  Subheading  3.1.2 ) and plate to a density of 
50–70 %.      

        1.    Thaw the transfection reagents to room temperature (RT).   
   2.    Using a sterile reaction tube add water, plasmids and mix with 

CaCl 2  ( see  Table  2 ).
       3.    Add HBS and bubble air through the mixture using a portable 

Pipet-Aid (BD, Bioscience, Bedford, MA) for 45 s to 1 min.   
   4.    To obtain an effi cient formation of DNA–calcium phosphate 

precipitate, incubate the transfection cocktail for 45 min at RT.   
   5.    ( Day 0 ): Mix cell suspension ( see  Subheading  3.1.1 ,  step 4 ) 

with transfection cocktail and divide among the plates to 
achieve a 50–70 % cell density. Incubate at 37 °C, 5 % CO 2  
overnight.   

   6.    ( Day 1-morning ): Replace the transfection media with 5 mL 
fresh virus-harvest media and incubate.   

   7.    ( Day 1-evening ): After 8–10 h collect the viral supernatant 
containing the vector particles from the plate into 50 mL 

3.1.2  Transfection 
of HEK-293T for Vector 
Production using Calcium 
Phosphate (CaPO 4 )

Collect, aliquot, 
freeze retroviral 

supernatant   

Retroviral Production 

HEK 293T cells

Transfection

Retroviral Titration

NIH-3T3 cells

Transduction

Measure and determine 
the viral titer

(FACS)

GFP+

  Fig. 2    Experimental timeline of retrovirus vector production and titration.  HEK 
293T  Human Embryonic Kidney Cells,  NIH 3T3  3T3 fi broblast cell line       
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Falcon tube. Refresh media by adding 5–6 mL of harvest 
media. Keep the collected supernatant at 4 °C, overnight.   

   8.    ( Day 2-morning ): Perform collection of viral particles up to 
3 days post transfection, in 12–24 h intervals, and keep cool 
or at 4 °C. Continue collecting viral supernatant as described 
at  step 5  until three collections are obtained depending on 
cell viability.   

   9.    ( Day 4 ): Combine the viral supernatant and fi lter the superna-
tant through 0.45 μm fi lter unit. If desired proceed to viral 
particle concentration ( see   step 9 ).   

   10.    Viral supernatants can be used immediately or stored at −80 °C 
for later purposes. Optional: viral supernatant can be concen-
trated using an ultracentrifuge rotor at 70,000 ×  g  for 2 h, 4 °C 
or 13,233 ×  g  overnight at 4 °C in a Beckman XL-90 using an 
appropriate swinging bucket rotor (e.g., SW28 or SW32Ti).   

    Table 2  
  Transfection mixture for retrovirus or lentivirus production   

 γ-Retroviral plasmids 

 Construct  μg/1 plate 

 Retroviral plasmid  8–10 μg a  

 GAG/POL plasmid  10 μg 

 Envelope (Eco/Ampho/GALV)  3 μg 

 CaCl 2   36 μL 

 H 2 O  Fill to 300 μL 

 HBS  300 μL 

 Lentiviral plasmids 

 Construct  μg/1 plate 

 Lentiviral vector  8–10 μg a  

 pCDNA3.1 gag/pol  5 μg 

 RSV-Rev  2.5 μg 

 VSV-G  2.5 μg 

 CaCl 2   36 μL 

 H 2 O  Fill to 300 μL 

 HBS  300 μL 

  The amount of plasmid listed indicated microgram (μg) of DNA needs/10 cm plate 
  a The amount of plasmid should be determined depending on the size of construct  
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   11.    After spin, resuspend the viral pellet in a small volume of 
IMDM, 1 % BSA (e.g., to obtain a 100–300-fold concentra-
tion). Combine the fi rst and second rinse together, mix, then 
aliquot in smaller volumes (suitable working volumes: 
10–100 μL), freeze, and store at −80 °C ( see   Note 1 ).   

   12.    Proceed to titration step ( see  Subheading  3.2 ) using a small 
aliquot of viral supernatant, e.g., 40 μL for concentrated virus, 
200 μL for unconcentrated virus.      

  In this procedure plasmid DNA entry into the cell is augmented by 
complexation with PEI. Both linear and branched PEI have been 
used with similar success. The method is simple, relatively robust, 
and cost-effective.

    1.    To prepare PEI solution for transfection create a 20 mg/mL 
stock solution in water (heating to ~80 °C is required for linear 
PEI). Adjust to pH 7, fi lter-sterilize, and make a working solu-
tion of 1 mg/mL by diluting with sterile water. Store at 4 °C.   

   2.    For transfection mix plasmids as shown in Table  2 , in 1 mL of 
DMEM (no additives) per 10-cm plate.   

   3.    Add 3 μL of PEI solution per μg of plasmid DNA, mix imme-
diately, and incubate for 20–30 min, RT. The ratio of PEI to 
DNA is a critical factor and different ratios may be tested for 
optimization of transfection.   

   4.    Apply the transfection mix gently to the cells and incubate 
overnight.   

   5.    Twelve hours to 24 h after transfection replace medium with 
5–6 mL collection medium.   

   6.    Continue with  step 6  of Subheading  3.1.2 .       

   The concentration of infectious vector particles in the supernatant 
can be determined by titration on a permissive “standard” cell line. 
This is done by applying serial dilution of the retroviral supernatant 
to the culture media of an appropriate cell line, species matched to 
the retroviral envelope (e.g., NIH-3T3 for ecotropic envelope). 
The following steps are describing the titration of retroviral super-
natants on NIH-3T3 cells.

    1.    Plate ≈100,000 NIH-3T3 cells well into 6-well TCT dishes in 
2 mL growth medium ( see   Note 2 ).   

   2.    24 h later perform cell count of one or two unused wells for 
titer calculation.   

   3.    (Day 0): Aspirate media from seeded cells and add complete 
growth media supplemented with Polybrene at a fi nal concen-
tration of 8 μg/mL to each well (1.8 mL per well). Perform 
10-fold serial dilutions of vector supernatant; starting with 
200 μL for unconcentrated and 50 μL for concentrated retrovi-

3.1.3  Transfection 
of HEK-293T for Vector 
Production Using 
Polyethyleneimine (PEI)

3.2  Titration of Viral 
Supernatants
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ral supernatant (as shown Fig.  2 ). When fi nished, incubate at 
37 °C/5 % CO 2 .   

   4.    (Day 1): Remove the supernatant from the wells and refresh 
media by adding 3 mL of growth media/well.   

   5.    (Day 3): 48 h post-viral transduction, perform FACS analysis 
and examine transduction effi ciency (e.g., via GFP or tCD34).   

   6.    Wash with PBS and then detach cells using 1 mL of 0.05 % 
trypsin and resuspend cell in 2 mL PBS.   

   7.    Transfer 500 μL cell suspension into a fl ow tube and perform 
fl ow cytometry analysis.     

 The concentration of infectious viral particles/mL is deter-
mined using the following formula ( see   Note 3 ):

 

infectious particles mL of cells at time of transduction

of f

/ #

%

= ( )
´ lluorescent cells factor of dilution total volume mL( ) ´ ( ) ( )( )/    

     CD34 positive HSPCs can be isolated from bone marrow aspi-
rates, cord blood or mobilized peripheral blood. The frequency of 
CD34 +  cells in these samples normally ranges from 0.1 % to 4 % of 
all nucleated cells. Depending on the source and upstream han-
dling of the sample the technical procedures for enrichment of 
CD34 +  cells differ. Generally, washing the cells precedes the enrich-
ment of mononuclear cells by Ficoll. Finally, after immunolabeling 
the cells magnetic assisted cell sorting (MACS) is performed to 
isolate the CD34 +  fraction. As very reliable commercially available 
kits do exist, we recommend using these kits and following the 
manufacturer’s instructions. Then proceed to transduction ( see  
Subheading  3.4 ).  

     Proliferating cells are eliminated by application of the nucleotide 
analog 5-Fluorouracil (5-FU). This step mainly eliminates the bulk 
fraction of late progenitor cells and as a consequence quiescent 
HSPCs, which are not affected by 5-FU treatment, become 
enriched in the mononuclear fraction.

    1.    Inject 150 mg/kg of 5-FU intravenously.   
   2.    4 days post injection, mice are euthanized. Harvest bones 

(femur, tibia and iliac crest) from donor mice and place in PBS, 
at RT.   

   3.    Under sterile conditions crush bones with mortar and pestle, 
and rinse the cells with PBS. Filter the cell suspension through 
40 nm cell strainer and spin down at 400 ×  g , 5 min, RT.   

   4.    Resuspend cell pellet in PBS (e.g., 5 mL/5 mice).   
   5.    Perform a Ficoll by layering the cell suspension over an equal 

volume of Histopaque-1083, centrifuge at 450 ×  g , for 20 min, 
RT without brake. Cells are separated according to density.   

3.3  Hematopoietic 
Stem Cell Isolation

3.3.1  Isolation of Human 
CD34 Cells

3.3.2  HSPC Enrichment 
After 5-FU Induction 
of Donor Mice
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   6.    Collect interphase layer of cells into a 50 mL conical tube 
containing 30 mL ice cold washing buffer. The interphase layer 
contains the low-density bone marrow cells (LDBM) including 
the HSPCs.   

   7.    Centrifuge the cells at 400 ×  g , 5 min, RT, discard the supernatant 
and resuspend the cells into desired volume of bone marrow 
culture media.   

   8.    Plate the cells (≈0.5–1 × 106/mL) into a non-tissue-culture- 
treated (NTC) dishes, at 37 °C, 5 % CO 2 , for 24 h. If desired 
perform retroviral transduction ( see   Note 4 ).      

   Low-density bone marrow cells are isolated using Histopaque-1083 
as previously described ( see  Subheading  3.3.2 ,  steps 2 – 6 ). Lineage 
positive cells are depleted using lineage specifi c biotin-conjugated 
antibodies and a Dynal MPC-L magnet (Invitrogen, Carlsbad, CA).

     1.    Perform bone marrow harvest and Ficoll ( see  Subheading  3.3.2 , 
 steps 2 – 6 ).   

   2.    Resuspend the pellet in PBS (1 mL/mouse), save an aliquot of 
100 μL cell suspension for future controls, and determine cell 
number and viability (≈0.5–2.5 × 10 7  cells/mouse); all manipula-
tions from here on should be done at 4 °C. According to the 
LDBM cell number, prepare a mix of biotin-labeled antibodies 
( see  Table  3 ). Add 112.4 μL antibody mix/1 × 10 8  cells, place the 
labeled cells on rotator, in cold room, at low speed for 45 min.

       3.    After incubation wash cells and antibody with ice-cold wash 
buffer. Aliquot a sample of this suspension for fl ow cytometry 
(undepleted control). Centrifuge the cell suspension at 400 ×  g , 

3.3.3  HSPC Isolation 
from Bone Marrow Cells

   Table 3  
  Biotin-labeled antibody cocktail   

 Monoclonal antibody 

 CD3 (PE-Cy7) 

 B220 (Pac Blue) 

 Gr-1 (APC-Cy7) 

 CD45.1 (PerCP-Cy) 

 CD45.2 (APC) 

 Sca-1 (FITC) 

 c-Kit (APC) 

 Streptavidin (PE) 

  The volume listed indicate microliter (μL) of biotin-labeled antibody per 1 × 10 8  cells  
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4 °C, 5 min, and resuspend pellet in 1.5 mL of PBS 2 % FCS 
and 1 % pen/strep.   

   4.    Add cells to a tube of prewashed Dynabeads (1 mL/1 × 10 8  
cells, equals 4 beads/cell) in a 15 mL conical tube and place 
back on the rotator at low speed for 45 min.   

   5.    Fill to 7 mL with cold staining buffer and place tube on Dynal 
MPC-L magnet. After 2–3 min collect lineage negative cell 
suspension (in solution) with the tube still mounted on the 
magnet. Do not disturb pellet of labeled cells sticking to the 
tube wall. Repeat the procedure up to four times to increase 
purity of lineage negative cells.   

   6.    Count the depleted cells using a cell counter, then centrifuge the 
cells at 400 ×  g , 4 °C for 5 min, decant, and resuspend the cell 
pellet in 1–2 mL of staining buffer (≈0.5–1 × 10 6  cells/mouse).   

   7.    To the resuspended cells and control ( see   step 2 ) add 
Streptavidin (PE), c-Kit (APC), and Sca-1 (FITC) at a concen-
tration of 6 μL/1 × 10 7  cells, mix, and keep it on ice for 30 min, 
in dark.   

   8.    Single color/isotope controls should be set up for FACS com-
pensation from pre-depletion sample. As well as viability 
controls.   

   9.    Add 10–15 mL of cold PBS, 2 % FCS, 1 % pen/strep to remove 
unbound antibody, and spin down at 400 ×  g , 4 °C, and 5 min. 
Decant, fi lter the cell suspension through 40 μm cell strainer 
into FACS tube, and proceed to fl ow sorting.   

   10.    After sorting, count the viable cells (hemocytometer), centrifuge 
at 400 ×  g , 4 °C, 5 min, decant, then resuspend the pellet in 
cytokine-supplemented BMC culture media (rhGCSF, rhTPO, 
rmSCF), (≈2–7 × 10 4  cells/mouse).   

   11.    Day 0: Plate sorted LSK cells into NTC (e.g., at a density of 
0.5–2 × 10 6  cells/mL).    

    A simple alternative to the above mentioned method is to use the 
Miltenyi mouse lineage cell depletion kit according to the manu-
facturer’s instructions. Similar kits are also available from other 
suppliers, and all of them follow the same principle. After depletion 
the user can either directly proceed to viral transduction ( see  
Subheading  3.4 ) or continue to  step 5  of Subheading  3.3.2  for 
isolation of LSK cells.   

      After purifi cation of the desired population (human CD34 + , mouse 
lineage negative or LSK cells) the cells are cultivated in cytokine 
supplemented medium. The type and concentration of added cyto-
kines has a major impact on the resulting cell phenotype, prolifera-
tion, biology, and success of viral transduction. A large number of 
different cultivation conditions have been published, unfortunately 
often using different read out assays either in vitro and/or in vivo. 

3.3.4  Alternative 
Protocol: Lineage Depletion 
Using Commercially 
Available Kits

3.4  Cultivation 
and Retroviral 
Transduction 
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Cells
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No comprehensive study exists to date comparing them all, particu-
larly not in the context of viral transduction. Consequently, there is 
no state of the art cultivation method for laboratory purposes and 
the cultivation conditions described here may be replaced by the 
experimentator’s conditions of choice most suitable for their down-
stream application. Nonetheless, newer protocols mostly use 
serum-free culture conditions to reduce inter- experimental vari-
ability. Furthermore, for clinical gene therapy high-dose cytokine 
supplementation using SCF (100 or 300 ng/mL), Flt3-L (100 or 
300 ng/mL), TPO (100 ng/mL), and IL-3 (60 ng/mL) has been 
established. 

 Depending on the desired target cell retroviral copy number 
and vector titer, HSPCs can be transduced once or more. It is 
worth mentioning that the effi ciency of transduction signifi cantly 
differs between cell lines used for titration and primary HSPCs. 
Furthermore, the cytokine mix as well as the species and tissue 
origin of HSPCs has a great impact on transduction. For example 
freshly isolated human mobilized peripheral blood CD34 +  cells are 
known to be diffi cult to transduce, so multiplicity of infection 
(MOI) of 50–100 are used to achieve ~40–90 % of transduction. 
Bone marrow derived CD34 +  cells or murine HSPCs are easier to 
transduce, and similar results can be obtained by applying an MOI 
of 20–50. The protocol below describes a double transduction 
procedure, followed by a 24 h recovery (as outlined in Fig.  3 ). 
The procedure is suitable to transduce HSPCs isolated by any of 
the previously described methods using either γ-retroviral or lenti-
viral vectors. For lentiviral vectors, which are able to transduce 
non-dividing cells the duration of the total procedure can be 
reduced by prestimulation for only 24 h and by performing a single 
round of transduction. However, if the cells need to be  FACS- sorted, 
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  Fig. 3    Schematic representation of viral serial dilution used to determine supernatant titer       
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at least 48 h time should be given after transduction to allow for 
marker transgene expression.

    1.    ( Day 2 ): 48 h post-isolation count the plated cells from  Day 0  
( see  Subheading  3.3.3 ,  step 11 ) and determine viability. If 
debris has accumulated wash in PBS at low speed (~150 ×  g ) 
for 5 min and discard supernatant. Resuspend cells in cytokine 
supplemented growth media.   

   2.    Pretreat NTC well plates with RetroNectin™ 4–20 μg/square 
cm diluted in PBS, and incubate 2 h at 37 °C. After incuba-
tion, remove RetroNectin™ and save ( see   Note 4 ). If working 
with ecotropic γ-retroviral vectors continue with pre-loading 
of vector particles to RetroNectin™ ( step 3 ), in all other appli-
cations proceed to  step 4 .   

   3.    Add virus to the well and allow the plate to sit in the incubator 
for 30 min ( see   Note 5 ).   

   4.     1st Transduction : Add cells in an appropriate volume of growth 
media for the selected cell culture plate. If working with eco-
tropic γ-retroviral vectors continue with  step 5 , in all other 
cases add suitable virus volume to the cell suspension and mix. 
Incubate overnight (6–12 h).   

   5.     2nd Transduction : ( Day 3 ) Aspirate the supernatant without 
removing the cells. Refi ll to original volume by adding fresh 
viral supernatant and media supplemented with cytokines. 
Return to the incubator overnight.   

   6.    ( Day 4 ): Aspirate the viral supernatant and replace with fresh 
BMC growth media.   

   7.    ( Day 5 ): Detach the cells using cell dissociation buffer; count after 
spinning down at 400 ×  g , 5 min. Pass the cell suspension through 
a 40 μm cell strainer and proceed to FACS analysis and sort for cell 
surface marker or fl uorescence expression. Alternatively sorting of 
transduced cells can be omitted and downstream experiments can 
be performed using the bulk population.   

   8.    Fluorescent sorted cells can be used for in vitro or in vivo 
experiments as described in Fig.  4 .

         In many cases the relevant scientifi c questions can be answered by 
in vitro experiments, which saves the time and costs associated with 
animal work. Given the diversity of possible in vitro assays, a com-
prehensive description is beyond the scope of this chapter. Thus, 
only an overview will be given. Frequently used assays aiming to 
identify HSPC content include colony-forming cell assays (CFC) 
in semisolid medium (measures progenitor cell frequency/activity), 
or the long-term culture initiating cell (LTC-IC) and cobblestone 
area forming cell assay (CAFC). The latter two are used to monitor 
the presence and frequency of more immature HSPCs and require 
cultivation for 5–10 weeks on a stromal cell layer.  

3.5  In Vitro 
Experiments
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  Generally, recipient mice have to be conditioned by irradiation or 
chemotherapy to allow for effi cient engraftment of donor cells. 
The sensitivity of mice to these kinds of treatments may differ 
between strains, age, and gender of the animals. Also, there is vari-
ability between the irradiation devices used, so that a dose response 
curve may need to be established. Engraftment of donor cells in 
the mouse/ mouse setting can be monitored by exploitation of a 
naturally occurring polymorphism in the CD45 surface antigen. 
Leucocytes in the mouse strain C57BL/6 express the CD45.2 iso-
form, which can be discriminated via specifi c antibodies from the 
CD45.1 isoform expressed on the leukocytes of the congenic 
mouse strain BoyJ. The number of the cells required for the trans-
plantation varies signifi cantly depending on the cells used and the 
pre-treatment  in vitro . 

      1.    Recipient mice (BoyJ) are lethally irradiated up to 24hrs in 
advance ( see   Note 6 ).   

   2.    Count HSPCs from (see subheading  3.4 ,  step 8 ) spin down 
for 5 min, 400 ×  g . Resuspend cells in PBS, ( see   Note 7 ).   

   3.    Inject 5 × 10 5 –2 × 10 6  transduced cells/ mouse- when assessing 
homing experiments. For engraftment purposes transplant 
5 × 10 4 –1 × 10 5  cells/ mouse together with helper cells 
(5 × 10 5 –1 × 10 6  cells/ mouse). Prepare the cells suspension in 
up to 300 µL and administer intravenously via tail vein 
injection.      

  NOD.Cg-Prkdc scid  Il2rg tm1Wjl /SzJ (NSG-mice) carry both the 
severe combined immune defi ciency (scid) mutation and a knock-
out of the interleukin-2 receptor gamma chain in the NOD/ShiLtJ 
background. As a result, NSG mice lack mature T, B, and NK cells, 
and are defi cient in cytokine signaling. Human hematopoietic stem 
cells can be effi ciently engrafted in this mouse strain after mild 
conditioning, although the lineage output is heavily biased towards 
B-lymphocytes [ 46 ]. In case low numbers of cells are transplanted, 
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  Fig. 4    Schematic representation of retrovirus vector transduction on RetroNectin™ and in vitro  and  in vivo 
analysis.  Lin   −   lineage negative fraction,  LSK  Lin − Sca - 1 + c-Kit + ,  5-FU  cells isolated post 5-Fluorouracil treatment, 
 CFU  colony-forming units       

 

Marioara F. Ciuculescu et al.



305

female mice should be chosen as recipients as they have been shown 
to better engraft human cells.

    1.    Recipient mice are sublethally irradiated with 2.5Gy within 
24 h of transplantation. Due to the severe immunodefi ciency 
and conditioning Neomycin or Baytril-supplemented water 
should be provided thereafter.   

   2.    Harvest the cells from the culture or FACS-sort. Pellet at 
400 ×  g  for 5 min. Resuspend the pellet in up to 300 μl per 
mouse in plain IMDM or PBS for transplantation. As recipient 
mice are sublethally irradiated, remaining endogenous hema-
topoietic activity competes with transplanted cells. As a conse-
quence the total applied cell dose will be refl ected by the 
degree of human cell engraftment. Application of more than 
2 × 10 5  cells is recommended, and up to 10 7  cells per mouse 
can be administered.   

   3.    Proceed to tail vein injection.    

        1.    Recipient mice (BoyJ) are lethally irradiated up to 24 h in 
advance ( see   Note 7 ).   

   2.    Count HSPCs from ( see  Subheading  3.4 ,  step 8 ) spin down 
for 5 min, 400 ×  g . Resuspend cells in PBS, ( see   Note 8 ).   

   3.    Inject 5 × 10 5 –2 × 10 6  transduced cells/mouse- when assessing 
homing experiments. For engraftment purposes transplant 
5 × 10 4 –1 × 10 5  cells/mouse together with helper cells 
(5 × 10 5 –1 × 10 6  cells/mouse). Prepare the cells suspension in 
up to 300 μL and administer intravenously via tail vein 
injection.       

  Transplanted HSPC cells engraft into the bone marrow of condi-
tioned animals and will continuously produce all mature blood 
 lineages. Engraftment occurs sequentially, it can fi rst be observed in 
the short lived granulocytic lineage, while it is delayed in the long 
lived T-cell fraction. Blood counts normalize around 6 ± 2 weeks post 
transplantation; accordingly it may be helpful to perform analysis of 
donor-derived leukocytes around this time point. 

        1.    Take a blood sample according to the procedure established at 
your institute. Collect the blood (50–200 μL/mouse) using 
micro-capillary tubes into an EDTA coated micro-containers. 
Optional: Perform total blood counts.   

   2.    Lyse the erythrocytes with hypotonic 1× RBC-lysis buffer 
(1 mL of 1× lysis buffer for 100 μL of blood). Incubate 10 min, 
at room temperature. Pellet the cells at 400 ×  g , 5 min. 
Resuspend the cells in wash buffer, spin down 400 ×  g , 5 min.   

   3.    Add 1 μL of antibody per sample: human FcR-block, mouse-
FcR- block, hCD45 (PercP-Cy5.5), hCD33 (PE), mCD45 
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(Brilliant-Violet 421), hCD19 (PE-Cy7), hCD3 (APC), and 
fi xable viability dye eFluor780. Incubate for 30 min, at 4 °C in 
the dark.   

   4.    Wash the cells using 1 mL of PBS via centrifugation at 400 ×  g , 
5 min. Resuspend the cell pellet in 350 μL of PBS. Proceed to 
fl ow cytometry measurement. Analyze fl uorescence and surface 
marker expression.      

      1.    For blood samples perform as described in  steps 1  and  2  of 
Subheading  3.7.1 .   

   2.    Add 1 μL of each antibody (for up to 1 × 106 cells/tube): 
B220 (Pacifi cBlue), Gr-1 (APC-Cy7), CD45.1 (PerCP-Cy5.5), 
CD45.2 (APC), all from BD Biosciences, San Jose CA, CD3 
(PE-Cy7), eBioscience, San Diego, CA, and incubate, 
25–30 min, 4 °C, dark ( see   Note 8 ). Optional: Block the 
unspecifi c binding by adding blocking antibody (CD16/
CD32—Fc III/II R, clone 2.4G2).   

   3.    For FACS analysis  see  Subheading  3.7.1 ,  step 4 .        

4    Notes 

     1.    It is recommended to aliquot the retroviral supernatant in 
small volumes. When thawing, retrovirus vectors can lose up to 
50 % of viral activity with each thaw.   

   2.    When determining the viral titer, we usually plate three wells 
for each virus concentration and an extra three wells for con-
trols (two wells are for cell counting).   

   3.    The calculation of viral titers should be done using dilutions 
resulting in transduction effi ciencies between 5 and 20 %. At 
high transduction rates the titer will be underestimated due to 
multiple integration events in each cell.   

   4.    RetroNectin™ incubation can be 2 h, 37 °C, 5 % CO 2  prior the 
transduction or overnight at 4 °C. We reuse the RetroNectin™ 
3 times.   

   5.    Typically we transduce 500,000 cells/well in a six well plate.   
   6.    We normally use a split dose of 7Gy and 4Gy, 3–4 h apart.   
   7.    When homing of cells to the bone marrow is assessed, it is 

recommended to label the cells with specifi c dyes such as 
Vibrant DiD or CellTrace CFSE. This will help to achieve a 
better readout.   

   8.    Since applications of antibodies vary, it is recommended to 
titer the reagents according to the manufacturer’s instructions 
for optimal results.         

3.7.2  Analysis of BoyJ 
Mice Transplanted 
with Murine Cells: C57BL/6

Marioara F. Ciuculescu et al.
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    Chapter 21   

 Lentiviral Gene Transduction of Mouse and Human 
Hematopoietic Stem Cells 

              Niek     P.     van     Til     and     Gerard     Wagemaker    

    Abstract 

   Lentiviral vectors can be used to genetically modify a broad range of cells. Hematopoietic stem cells 
(HSCs) are particularly suitable for lentiviral gene augmentation, because these cells can be enriched with 
relative ease from mouse bone marrow and human hematopoietic sources, and in principle require rela-
tively limited cell numbers to completely reconstitute the hematopoietic system in vivo. Furthermore, 
lentiviral vectors are very effi cient if pseudotyped with broad tropism envelope proteins. This chapter 
focuses on gene modifi cation by the use of self-inactivating third-generation human immunodefi ciency 
virus-derived lentiviral vectors for ex vivo HSC modifi cation for both mouse and human application.  

  Key words     Hematopoietic stem cells  ,   Lentiviral vectors  ,   Ex vivo  

1      Introduction 

    Lentiviral vectors based on the human immunodefi ciency virus 
(HIV) have been used for more than a decade to genetically modify 
almost any type of cell. These lentiviral vectors are effi cient, are 
able to transduce both dividing and nondividing cells [ 1 ,  2 ], do 
not require pretreatment with cytokines for transduction of hema-
topoietic stem cells (HSCs) [ 3 ], and have a relatively low geno-
toxic risk compared to gammaretroviral vectors [ 4 ]. 

 In this chapter we focus on the in vitro manipulation of HSCs 
by third-generation self-inactivating lentiviral vectors (LV) [ 5 – 8 ] 
for potential transplantation in vivo. Third-generation lentiviral 
vectors are a four-plasmid-based system, in which the transfer vec-
tor containing the expression cassette has been separated from the 
required structural proteins, i.e., gag/pol (containing reverse tran-
scriptase and integrase), another plasmid with  Rev , and one con-
taining the envelope protein. These structural proteins are divided 
over three packaging plasmids to reduce the risk of replication- 
competent virus generation by homologous recombination. The 
transfer vector transcript in this system is expressed from a chimeric 
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enhancer/promoter region of the 5′ long-terminal repeat (LTR) 
and in combination with a deleted U3 region (ΔU3) of the 3′ LTR 
that is self-inactivating. This ΔU3 region is copied to the 5′LTR 
during reverse transcription, resulting in a 5′LTR with very little to 
no residual promoter activity [ 9 ]. Hence, the internal promoter 
cassette can be used to provide constitutive active or cell-specifi c 
expression from a eukaryotic promoter. Lentiviral vectors are com-
monly produced in cell lines with high transfectability, e.g., human 
embryonic kidney (HEK) 293T cells. To transduce HSCs effi -
ciently, LV virus particles are vesicular stomatitis virus G-protein 
(VSV-g) pseudotyped, which provides a broad tropism to trans-
duce many different cell types. In the case of HSCs, both mouse 
and human HSCs can be effectively transduced up to 100 % by a 
single overnight incubation without pretreatment with cytokines. 

 We have successfully used this protocol for therapeutic LV 
transduction of hematopoietic stem cells in several mouse models 
for enzyme defi ciencies and a lysosomal storage disease [ 3 ,  10 ,  11 ]. 
Furthermore, LV vectors based on the same self-inactivating third- 
generation lentiviral vector backbone have most recently been used 
in two clinical trials for metachromatic leukodystrophy (MLD) 
[ 12 ] and Wiskott–Aldrich syndrome [ 13 ] and resulted in effi cient 
transduction and reconstitution of gene-modifi ed HSCs in patients.  

2     Materials 

      1.    HEK 293T cells (ATCC CRL-11268, or other cells with high 
transfectability).   

   2.    For calcium phosphate transfection prepare 2.5 M calcium 
chloride (CaCl 2 ) solution in ultrapure water. Sterile fi lter with 
0.22 μm pore.   

   3.    4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) 
solution containing 100 mM HEPES (Sigma, product no. 
H4034), 281 NaCl, 1.5 mM Na 2 HPO 4 , pH 7.09–7.12 in 
ultrapure water. Sterile fi lter with 0.22 μm pore ( see   Note 1 ).   

   4.    DMEM culture medium consists of Dulbecco’s modifi ed 
Eagle’s medium (DMEM, 500 mL) with 10 % fetal calf serum 
(FCS), 5 mL (100×) 10,000 units of penicillin and 10,000 μg 
of streptomycin per mL (Gibco), and 5 mL  L -glutamine 
(200 mM, Gibco).   

   5.    Trypsin–EDTA (Life Technologies).   
   6.    Plasmids pMDLg/pRRE (Addgene: 12251), pMD-VSV-G 

(Addgene: 12259), pRSV-REV (Addgene: 12253), and a 
transfer vector, e.g., pRRLSIN.cPPT.PGK-GFP.WPRE 
(Addgene: 12252) dissolved in ultrapure water. This transfer 
vector contains a chimeric promoter driving the lentiviral vector 

2.1  Production 
of Lentiviral Vectors
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transcript expression, in this case Rous sarcoma virus (RSV) 
promoter (RRL backbone) [ 5 ,  7 ]. This plasmid also contains 
the central polypurine tract (cPPT), the promoter cassette con-
taining the human phosphoglycerate kinase (PGK) promoter, 
green fl uorescent protein (GFP), and the Woodchuck post-
translational regulatory element (WPRE). Inclusion of the 
cPPT increases the transport of the proviral genome to the 
nucleus [ 14 ]. The WPRE stabilizes the RNA transfer vector 
transcript, thereby increasing titer and transgene transcript- 
driven expression from the internal promoter cassette after 
genomic integration [ 15 ,  16 ]. Alternative promoters providing 
similar constitutive active expression as the PGK promoter are 
elongation factor 1α (intron containing) and a short  version 
(enhancer-less) [ 17 ]. If higher constitutive active expression is 
required spleen focus-forming virus-based elements are optional 
[ 17 ,  18 ].   

   7.    T175 culture fl asks for tissue culture of HEK293T cells.   
   8.    Polystyrene tissue culture dish (14.5 cm diameter, CELLSTAR: 

cat. no. 639160).   
   9.    Corning 50 mL centrifuge tubes (Sigma-Aldrich).   
   10.    Nalgene SFCA cellulose acetate membrane (0.45 μm pore 

size) fi lter units with 150 mL funnel (Thermo Scientifi c, cat. 
no. 155-0045). Funnels for collection of larger volumes of 
vector batches are also available.   

   11.    Ultracentrifuge (Optima LE-80 K, Beckman Coulter, or similar), 
SW32Ti rotor, or alike with buckets and autoclaved polyallomer 
centrifuge tubes (25 × 89 mm, Beckman Coulter, cat. no. 
326823). Clean the centrifuge buckets with 70 % ethanol, and 
leave to dry in a laminar fl ow cabinet. Autoclaved (or sterile) 
polypropylene Eppendorf tubes (0.5 mL).   

   12.    HeLa cells for titration (ATCC ®  CCL-2). Other cell types can 
also be used and may be less or more susceptible to transduc-
tion by lentiviral vectors.      

      1.    Genomic DNA extraction kit.   
   2.    HIV-U3 forward primer, 5′-CTGGAAGGGCTAATTCAC

TC-3′, and HIV reverse primer, 5′-GGTTTCCCTTTCGCT
TTCAG-3′. The forward primer anneals to the ΔU3 region in 
the 3′LTR and the reverse primer in the primer-binding site 
(PBS) region of the lentiviral vector. After reverse transcription 
the ΔU3 region is copied to the 5′LTR, and a 274 bp fragment 
can be amplifi ed by qPCR [ 19 ].   

   3.    SYBR Green Master mix (Roche or any other supplier) and 
96-well PCR plates for Applied Biosystems (Kisker Biotech).   

   4.    ABI PRISM 7900 HT sequence detection system (Applied 
Biosystems) or any other real-time quantifi cation device.      

2.2  Quantitative PCR 
to Determine 
the Vector 
Copy Number

Lentiviral Gene Transduction of Mouse and Human Hematopoietic Stem Cells
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      1.    Hanks’ + HEPES buffer (H + H): 1 pack Hanks’ Balanced Salts 
(Sigma, product no. H1387) for 10 L, 1 g Streptomycin sulfate 
(Fisiopharma, Italy) and 1 × 10 6  units (sodium-) penicillin G 
(Astellas Pharma B.V., The Netherlands), 25 g HEPES. Fill up 
to 10 L, and add 2.25 mL 10 N NaOH. Check if osmolarity is 
~300 mM (300–310 mM), and sterile-fi lter with a 0.2 μm fi lter 
(Nalgene 1,000 mL, rapid top fi lter with fl ow bottle, aPES mem-
brane, Thermo Scientifi c, cat no. 597-4520). Optional: Use cell 
culture-grade phosphate-buffered saline instead of H + H.   

   2.    Hematopoietic medium: Use serum-free medium for HSC 
culture, e.g., StemSpan medium (StemCELL Technologies) or 
StemMACS HSC Expansion Media XF (Miltenyi), or other 
HSC medium are optional.   

   3.    Add for mouse HSC culture the cytokine murine stem cell fac-
tor (mSCF) 100 ng/mL, human FMS-like tyrosine kinase 
3-ligand (hFlt3-L) 50 ng/mL, and murine thrombopoietin 
(mTPO) 10 ng/mL. For human HSCs use hSCF 100 ng/mL 
and hTPO 10 ng/mL instead of the mouse cytokines ( see  
 Note 2 ).       

3      Methods 

       1.    In this protocol lentiviral vector production is performed by 
calcium phosphate transfection. Commercial calcium phos-
phate transfection kit may also be purchased (e.g., CAPHOS, 
Sigma), but it is relatively easy to prepare all the solutions 
( see   Note 3 ). Alternatively, other effective transfection methods 
may be used, e.g., transfection with polyethylenimine (PEI) or 
lipid-based formulations.   

   2.    For calcium phosphate transfection, at the fi rst day, remove all 
medium in the afternoon from one fully confl uent T175 fl ask, 
and trypsinize the HEK293T cells with 5 mL trypsin–EDTA 
solution ( see   Notes 4  and  5 ). Incubate at 37 °C for a few min-
utes until the cells detach. Add 3 mL DMEM culture medium 
to inactivate the trypsin, and resuspend the cells thoroughly. 
Divide the cell suspension over four ∅14.5 culture dishes 
with 15 mL DMEM culture medium. Make sure that the cells 
are dispersed evenly. Alternatively, count and seed 1.5 × 10 7  
HEK293T cells per culture dish.   

   3.    The second day, replace the medium around noon. About 2 h 
later, for one dish combine the plasmids pMDLg/pRRE 
(13 μg), pMD-VSV-G (7 μg), and pRSV-REV (5 μg) and the 
transfer vector pRRLSIN.cPPT.PGK-GFP.WPRE (20 μg), and 
add up to 900 μL ultrapure water. Subsequently, add 100 μL 
2.5 M CaCl 2  solution, mix, and leave for 10 min. Then add the 
DNA mixture to 1 mL HEPES dropwise by vortexing. Add 
immediately to the HEK293T cells, and disperse the cells evenly.   

2.3  Culture 
and Transduce 
Hematopoietic 
Progenitor Cells

3.1  Lentiviral Vector 
Production 
and Concentration
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   4.    The third day, replace the culture medium in the morning. Do 
not add fl uid/medium directly onto the cells.   

   5.    At day 4, harvest the viral vector supernatant and centrifuge in 
50 mL tubes for 5 min at 1,600 rpm (300 ×  g ) to dispose of 
cellular debris. Days 5 and 6 can also be used to harvest vec-
tor supernatant, but vector quality and titers will drop 
substantially.   

   6.    Filtrate the supernatant with 0.45 μm SFCA cellulose acetate 
membrane fi lter units.   

   7.    Fill ultracentrifuge polyallomer tubes up to 35 mL with the 
vector supernatant and centrifuge for 2 h at 20,000 rpm 
(49,000 ×  g ) at 4 °C. Ultracentrifugation is necessary to remove 
the FCS- containing culture medium and concentrate the lenti-
viral vector batches to high titers.   

   8.    Dissolve the lentiviral vector pellet in PBS or HSC medium 
(concentrate ±150×, and if low numbers of HSCs are trans-
duced dissolving the lentiviral vector pellet in HSC medium is 
recommended), aliquot in 0.5 mL tubes, and store at −80 °C 
until further use.   

   9.    Determine the titer of the LV vector batch. Dilute the concen-
trated vector batch 100×. Seed HeLa cells (other cells are 
optional) at 2 × 10 5  per 10 cm 2  well in 2 mL DMEM culture 
medium. Then add serially diluted vector batch, i.e., 500, 50, 
and 5 μL to the wells, and replace the medium the next day.     

 Leave the cells for at least 5 days for the provirus to integrate, 
then trypsinize, and use the cells for fl ow cytometry. Calculate the 
titer (transducing units per mL) by multiplying by the dilution fac-
tor (100×), the number of cells seeded (2 × 10 5 ), and (1 mL/ 
volume vector supernatant administered). For lentiviral vectors 
without fl uorescent markers use quantitative PCR to determine 
the titer.  

       1.    Extract genomic DNA from the transduced cells according to 
the manufacturer’s protocol. Check genomic DNA quality 
with a spectrophotometer (Nanodrop, Thermo Scientifi c).   

   2.    Measure the product of the quantitative PCR in an ABI PRISM 
7900 HT sequence detection system (Applied Biosystems) or 
a similar device for PCR product quantifi cation.   

   3.    Perform the qPCR reaction on 100 ng of genomic DNA with 
SYBR Green PCR Master Mix (Applied Biosystems) with 
primers HIV-U3-FW and HIV-RV. For every reaction use 12.5 
(2×) SYBR Green Master + 20 pmol HIV-U3-FW + 20 pmol 
HIV-RV, and add up to 21 μL with ultrapure water. Prepare 
one mix for all your samples, and pipette into the 96-well dish. 
Finally, add 100 ng genomic DNA template (4 μL of 25 ng/μL 
genomic DNA solution) to 96-well dishes. 

3.2  Quantitative PCR 
to Determine Titer

Lentiviral Gene Transduction of Mouse and Human Hematopoietic Stem Cells
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 A standard line for LV integrations can be prepared by trans-
ducing HeLa cells at a low multiplicity of infection (MOI ~0.05) 
with an LV vector containing a fl uorescent marker. By using a 
low MOI the average vector copy number (VCN) will approach 
~1 per cell, because transduction of cells occurs at random. The 
transduced GFP-positive cells can be obtained by fl uorescence-
activated cell sorting (FACS) to obtain a population of cells with 
an average 1 VCN per cell. Expand these cells, viable freeze, and 
also extract genomic DNA for qPCR. To obtain a standard line 
for mouse HSCs transduced mouse 3T3 cells can be sorted, and 
for human HSCs sorted fi broblasts can be used.   

   4.    The following qPCR program can be used for the ABI PRISM 
7900 HT sequence detection system (Applied Biosystems): 
2 min 50 °C, 10 min 95 °C, then repeat 35 cycles of 15 s 95 °C 
and 1 min 62 °C, and fi nally 4 °C. This can be adapted for dif-
ferent real-time PCR machines. A dissociation curve can be 
included at the end of the qPCR program: continue with 15 s 
at 95 °C, 15 s at 60 °C, and 15 s at 95 °C.   

   5.    Analyze samples with SDS 2.2.2 software or other real-time 
PCR software.      

      1.    Use concentrated vector batches with titers higher than 
1 × 10 8  TU/mL. Lower titers starting from 1 × 10 7  TU/mL 
can be used but may affect the transduction effi ciency.   

   2.    For transduction of mouse HSCs, extract donor bone marrow 
from both femurs and tibias of mice and prepare a single-cell 
suspension. Total mouse bone marrow cell suspensions can be 
used for transduction, but the HSC population can also be 
further enriched to reduce the lentiviral vector dose required 
( see  Subheading  3 ).   

   3.    To enrich mouse HSC progenitors approximately tenfold 
purify by lineage depletion (Lin − ) according to the manufac-
turer’s protocol (BD Biosciences or other providers) and con-
tinue at Subheading  3.4 .   

   4.    Optional: Enrich hematopoietic progenitor cells further for 
Sca-1 +  and c-Kit +  cells with FACS.   

   5.    For transduction of human HSCs from human umbilical cord 
blood (UCB) cells, bone marrow aspirates, or mobilized 
peripheral blood isolate mononucleated cells by Ficoll density 
gradient centrifugation (1.077 g/cm 2 ; Nycomed Pharma AS, 
Oslo, Norway).   

   6.    Use CD34 MicroBead Kit UltraPure (Miltenyi) or MACs 
technology (Miltenyi) to enrich CD34 +  cells according to the 
manufacturer’s protocol. Optional: Obtain CD34 +  cells with a 
FACS sorter.   

   7.    Optional: Sort for CD34 + CD38 −  cells for highly purifi ed HSC 
progenitor populations.      

3.3  Selection 
of Mouse 
Hematopoietic 
Progenitor Cells
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       1.    Suspend the Lin −  mouse cells or CD34 +  cells in serum-free 
medium with cytokines ( see  Subheading  2 ) ( see   Note 6 ). 
Maintain a cell density of at least 1 × 10 6  cells/mL. Transduce 
at a multiplicity (MOI) of 2 aiming at an average of 1 vector 
copy per cell (VCN). If higher average VCNs are required 
increase the MOI accordingly. Use 24-well dishes for up to 
3 × 10 6  cells per mL or 6-well dishes up to 12 × 10 6  in 4 mL.   

   2.    Transduce the HSCs overnight. Of note: Addition of retronec-
tin to immobilize the HSCs or charged compounds such as 
polybrene or DEAE-dextran are  not  required for effi cient 
transduction.   

   3.    Resuspend the cells in the HSC medium, and transfer all 
medium from the wells to a 12 mL tube.   

   4.    Add another 1 mL H + H or PBS, and transfer to the same tube 
under Subheading  3 .   

   5.    Add up to 12 mL, and centrifuge at 1,600 rpm for 5 min.   
   6.    Discard supernatant, add 12 mL H + H or PBS, resuspend the 

HSCs, and centrifuge for another 5 min at 1,600 rpm at room 
temperature.   

   7.    Discard the supernatant, dissolve in H + H or PBS, and leave at 
room temperature for injection into preconditioned mice. If 
further culture is required dissolve the HSCs into HSC medium 
instead of buffer.   

   8.    To determine the transduction effi ciency keep the cultured 
HSCs in culture for at least 5 days before collecting the cells 
for genomic DNA extraction. If lentiviral vectors with fl uores-
cent markers are used determine the transduction effi ciency by 
fl ow cytometry. Additionally, confi rm the transduction effi -
ciency by quantitative PCR as described above under 
Subheading  3.2  to control for effective transduction.       

4    Notes 

        1.    HEPES buffer for transfection pH has to be strictly between 
pH 7.09 and 7.12.   

   2.    Other cytokines than described above are obsolete for effi cient 
transduction of HSCs, although further developments in inhi-
bition of stem cell differentiation are not excluded.  

    3.    When making new components for calcium phosphate precipi-
tation always check the transfection effi ciency by comparing 
the previous batch. Use a lentiviral vector with a fl uorescent 
marker. Prepare one dish with both HEPES batches, check the 
fl uorescence signal with a fl uorescence microscope, and deter-
mine and compare the titers. In general, titer has to be >1 × 10 6  
HeLa transducing units/mL to be considered for further use.   

3.4  Transduction 
of Hematopoietic Stem 
Cell Progenitors
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   4.    Use HEK 293T cells of low passage number, in general below 
passage 20.   

   5.    Maintain the quality of the HEK293T cells, replate the cells 
twice a week, and do not overgrow the cells.   

   6.    Wash your HSCs thoroughly to remove any remaining sodium 
azide after HSC enrichment and before transduction.         
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    Chapter 22   

 High-Throughput Genomic Mapping of Vector 
Integration Sites in Gene Therapy Studies 

              Brian     C.     Beard    ,     Jennifer     E.     Adair    ,     Grant     D.     Trobridge    , 
and     Hans-Peter     Kiem    

    Abstract 

   Gene therapy has enormous potential to treat a variety of infectious and genetic diseases. To date hundreds 
of patients worldwide have received hematopoietic cell products that have been gene-modifi ed with retro-
virus vectors carrying therapeutic transgenes, and many patients have been cured or demonstrated disease 
stabilization as a result (Adair et al., Sci Transl Med 4:133ra57, 2012; Biffi  et al., Science 341:1233158, 
2013; Aiuti et al., Science 341:1233151, 2013; Fischer et al., Gene 525:170–173, 2013).    Unfortunately, 
for some patients the provirus integration dysregulated the expression of nearby genes leading to clonal 
outgrowth and, in some cases, cancer. Thus, the unwanted side effect of insertional mutagenesis has become 
a major concern for retrovirus gene therapy. The careful study of retrovirus integration sites (RIS) and the 
contribution of individual gene-modifi ed clones to hematopoietic repopulating cells is of crucial impor-
tance for all gene therapy studies. Supporting this, the US Food and Drug Administration (FDA) has 
mandated the careful monitoring of RIS in all clinical trials of gene therapy. An invaluable method was 
developed: linear amplifi cation mediated-polymerase chain reaction (LAM-PCR) capable of analyzing 
in vitro and complex in vivo samples, capturing valuable genomic information directly fl anking the site of 
provirus integration. Linking this method and similar methods to high-throughput sequencing has now 
made possible an unprecedented understanding of the integration profi le of various retrovirus vectors, and 
allows for sensitive monitoring of their safety. It also allows for a detailed comparison of improved safety- 
enhanced gene therapy vectors. An important readout of safety is the relative contribution of individual 
gene-modifi ed repopulating clones. One limitation of LAM-PCR is that the ability to capture the relative 
contribution of individual clones is compromised because of the initial linear PCR common to all current 
methods. Here, we describe an improved protocol developed for effi cient capture, sequencing, and analysis 
of RIS that preserves gene-modifi ed clonal contribution information. We also discuss methods to assess 
dominant/overrepresented gene-modifi ed clones in preclinical and clinical models.  

  Key words     Retrovirus  ,   Gene therapy  ,   Integration  ,   PCR  ,   Computation  ,   High-throughput sequencing  

1      Introduction 

    A number of different types of retrovirus vectors including 
gammaretrovirus, lentivirus, foamy virus, and alpharetroviruses 
have been used for genetic modification of hematopoietic cells 
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in preclinical studies. Thus far, only gammaretroviruses and 
lentiviruses have been translated to human clinical trials for hema-
topoietic cell gene therapy. While these clinical studies have fi nally 
fulfi lled the early promise of hematopoietic cell gene therapy, per-
manent modifi cation of the genome by provirus integration is not 
a benign event and can lead to altered cellular behavior. 
Furthermore, the nucleotide sequences included in the vector, 
such as promoter and enhancer elements, can also dysregulate 
nearby genes and impact clonal behavior. These factors can cause 
clonal dominance (overrepresentation of a single gene-modifi ed 
clone within a pool of multiple gene- modifi ed clones) or monoclo-
nality (identifi cation of a single gene-modifi ed clone contributing 
all detectable gene-modifi ed cell hematopoiesis), both of which 
can be observed in the setting of normal or malignant hematopoi-
esis [ 1 – 4 ]. For this reason, identifying specifi c retrovirus integra-
tion sites (RIS) and identifying overrepresented clones with a 
presumed selective advantage in vivo is powerful method to evalu-
ate the safety of retrovirus-mediated gene therapy. 

 To begin to address these issues, early studies using retrovirus 
vectors for gene transfer studies used fairly straightforward meth-
ods for provirus detection and even rudimentary copy number 
analysis by Southern blot and provirus-specifi c polymerase chain 
reaction (PCR) [ 5 ]. These methods were limited in sensitivity and 
specifi city and gave limited information regarding the genomic 
DNA fl anking the provirus. More specifi cally, retrovirus integra-
tion, broadly termed “insertional mutagenesis,” can subsequently 
result in a variety of issues, including proto-oncogene activation, 
tumor suppressor inactivation/suppression, or microRNA dysreg-
ulation (reviewed in ref.  6 ). To address this, methods were devel-
oped that would allow for simultaneous detection of provirus and 
surrounding genomic information. Inverse PCR [ 7 ], and to a 
lesser extent splinkerette PCR [ 8 ], made possible for the fi rst time 
reliable detection of genomic DNA fl anking sites of provirus inte-
gration. Inverse PCR detected up to 40 RIS from bone marrow 
colony-forming unit (CFU) cells in a rhesus macaque ( Macaca 
mulatta ) [ 9 – 11 ], but this method did not allow for a detailed anal-
ysis of complex in vivo samples and suffered from relatively low 
sensitivity. A major advance to the fi eld of retrovirus gene therapy 
was the development of linear amplifi cation-mediated (LAM)-
PCR [ 12 ,  13 ]. LAM-PCR allowed for the detection of numerous 
rare RIS from complex DNA samples, such as bulk peripheral 
blood white blood cells (WBCs). LAM-PCR proved to be a very 
effective method for RIS detection, but was a lengthy process that 
required laborious sequencing of individual clonal sequences. The 
rapid detection of RIS was not accomplished until directly coupling 
bulk LAM-PCR product cloning and sequencing, often referred to as 
shotgun sequencing [ 14 ]. This began the era of high-throughput 
RIS detection and was a precursor to the most advanced techniques 
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used today. All techniques currently applied require identifi cation 
of a known sequence some distance from the site of provirus inte-
gration such that PCR amplifi cation of a suffi cient length of inter-
vening genomic DNA can be accomplished to identify the locus of 
integration. LAM-PCR initially relied on digestion of genomic 
DNA with restriction enzymes known to have high frequency rec-
ognition sites within the genome of interest followed by ligation of 
a known linker cassette; however, this introduced bias into the pro-
cedure by only retrieving clones with restriction digest sites within 
certain ranges of provirus integration. To reduce inherent bias, 
optimized LAM-PCR techniques have been developed eliminating 
all use of restriction sites for DNA fragmentation [ 15 ]. Another 
technique developed by Ronen et al. utilizes the Mu transposon to 
provide a known sequence from which to anchor a primer for 
amplifi cation of intervening genomic DNA [ 16 ]. Each of these 
approaches have further improved RIS retrieval by multiple meth-
ods, including adaptation of a solid-phase-based enrichment of ini-
tial PCR products and coupling massively paralleled sequencing 
that allows for millions of sequence reads [ 16 ,  17 ]. More recently, 
we have adapted additional methods to whole genome sequencing 
techniques, termed modifi ed genome sequencing (MGS)-PCR [ 1 , 
 18 ], that allow for additional clonal population analysis not previ-
ously possible and that improve the reliability of dominant clone 
identifi cation (Fig.  1 ). The resulting protocol, described herein, is 
short, sensitive, and quality-controlled for identifi cation of truly 
overrepresented clones rather than those amplifi ed by bias in PCR 
effi ciency.

2              Materials 

  Gentra Puregene Blood Kit (QIAGEN; Hilden, Germany) or any 
other method for high-quality genomic DNA isolation.  

      1.    Covaris apparatus for focused acoustic DNA fragmentation 
(Covaris; Woburn, MA, USA).   

   2.    Fragment end polishing kit such as End-It DNA End-Repair 
kit (Epicentre; Madison, WI, USA).      

      1.    Linker cassette oligonucleotides:

  Linker Cassette T-end Upper (LCTU): 

  5′-GAC CCG GGA GAT CTG AAT TCA GTG GCA CAG 
CAG TTA GG-3′   

  Linker Cassette T-end Lower Short (LCTLS): 

  5′-CCT AAC TGC TGT GCC ACT GAA TTC AGA TC-3′   

2.1  Genomic DNA 
Preparation

2.2  DNA 
Fragmentation 
and Polishing

2.3  Preparation 
of Linker Cassette 
and Ligation

Vector Integration Site Analyses
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  Linker Cassette Annealing Protocol (Linker Master Mix): 

  40 μL LCTU [1 mM].  
  40 μL LCTLS [1 mM].  
  110 μL 250 μM Tris pH 7.5.  
  20 μL 50 mM MgCl 2 .   

  Fig. 1    Schematic Representation of MGS-PCR Amplifi cation and Processing of Provirus Integration Sites.  Upper 
left , focused acoustic shearing of DNA.  Upper right , desired DNA fragment containing fl anking linker cassettes 
( blue ), retrovirus LTR ( gray ), and intervening DNA “query” ( yellow / orange ) following processing and prior to 
purifi cation and sequencing.  Lower right , representative agarose gel to purify the desired DNA fragment 
lengths for DNA sequencing.  Lower left , sequencing and processing schematic of DNA sequence data of pro-
virus integration sites       

 

Brian C. Beard et al.



325

   (a)    Heat block or water bath set to 95 °C.   
  (b)    Mix the reagents outlined above. Multiple tubes can be 

made in parallel.   
  (c)    Place the tubes at 95 °C for 5 min.   
  (d)    Remove samples from heat and allow to cool to room 

temperature.   
  (e)    Aliquot the samples and freeze at −20 °C for storage.    

      2.    Fast-Link™ DNA Ligation kit (Epicentre) or similar DNA 
ligation kit.   

   3.    Heat block or water bath set to 70 °C.   
   4.    MinElute PCR Purifi cation kit (QIAGEN) or similar PCR 

purifi cation kit.   
   5.    Microcentrifuge.      

      1.    AMPure XP beads (Beckman Coulter; Brea, CA, USA) or 
similar solid-phase reversible immobilization (SPRI) beads.   

   2.    70 % Ethanol.   
   3.    QIAGEN Buffer EB (QIAGEN) or similar elution buffer 

(10 mM Tris–Cl, pH 8.5).   
   4.    Magnetic Particle Concentrator (MPC).   
   5.    Vortex device.      

      1.    Molecular biology grade H 2 O.   
   2.    Thermocycler.   
   3.    Taq DNA Polymerase (Invitrogen/Life Technologies; Grand 

Island, NY, USA) or similar DNA polymerase.   
   4.    10× PCR Buffer (200 mM Tris–HCl, pH 8.4, 500 mM KCl).   
   5.    50 mM Magnesium Chloride.   
   6.    10 mM dNTP mix (PCR grade).   
   7.    Primary PCR Primers (one linker cassette-specifi c and one 

LTR-specifi c, biotin-tagged):
   MSCV-specifi c-1: 5′-[Biotin]-TCC TCC GAT AGA CTG 

CGT CG-3′.  
  MND-specifi c-1: 5′-[Biotin]-CAA CTG TTC TTG GCC 

CTG AG-3′.  
  Lentivirus-specifi c-1: 5′-[Biotin]-AGC TTG CCT TGA GTG 

CTT CA-3′.  
  Foamy virus-specifi c-1: 5′-[Biotin]-ACC GAC TTG ATT 

CGA GAA CC-3′.  
  Alpharetrovirus-specifi c-1: 5′-[Biotin]- GCA ATA CTC TTG 

TAC GTA GTG-3′.  

2.4  Small DNA 
Fragment Removal by 
Solid-Phase 
Reversible 
Immobilization

2.5  First, Standard 
Exponential PCR

Vector Integration Site Analyses
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  Linker cassette-specifi c-1: 5′-GAC CCG GGA GAT CTG AAT 
TC-3′.  

  All oligonucleotide primers are purchased from commercially 
available sources and have been designed to be optimum 
for RIS capture ( see   Note 1 ).         

      1.    Dynabeads M-280 Streptavidin (Invitrogen/Life Technologies) 
or similar beads for capture of biotinylated oligonucleotides.   

   2.    1 mg/mL bovine serum albumin (BSA).   
   3.    Formamide solution (95 % formamide in 10 mM EDTA, 

pH 8.2).   
   4.    10× Binding buffer (0.1 % Triton X-100, 100 mM NaCl, 

50 mM Tris, pH 7.5, 5 mM EDTA, pH 8.0).   
   5.    MPC.   
   6.    Thermomixer.   
   7.    MinElute PCR Purifi cation kit (QIAGEN) or similar PCR 

purifi cation kit.   
   8.    Microcentrifuge.      

      1.    Molecular biology grade H 2 O.   
   2.    Thermocycler.   
   3.    Taq DNA Polymerase (Invitrogen/Life Technologies) or simi-

lar DNA polymerase.   
   4.    10× PCR Buffer (200 mM Tris–HCl, pH 8.4, 500 mM KCl).   
   5.    50 mM Magnesium Chloride.   
   6.    10 mM dNTP mix (PCR grade).   
   7.    Second, nested PCR primers (one linker cassette-specifi c 

nested primer and one barcoded, LTR-specifi c nested primer):
   MSCV-specifi c-2: 5′-XX-[Barcode]-GCC TCT TGC TGT 

TTG CAT CC-3′.  
  MND-specifi c-2: 5′-XX-[Barcode]-GGC AGG AAC TGC 

TTA CCA CA-3′.  
  Lentivirus-specifi c-2: 5′-XX-[Barcode]-AGT AGT GTG TGC 

CCG TCT GT-3′.  
  Foamy virus-specifi c-2: 5′-XX-[Barcode]-GCT AAG GGA 

GAC ATC TAG TG-3′.  
  Alpharetrovirus-specifi c-2: 5′-XX-[Barcode]-TTG GTG TGC 

ACC TGG GTT GA-3′.  
  Linker cassette-specifi c-2: 5′-XX- GAT CTG AAT TCA GTG 

GCA CAG-3′.  
  XX: refers to any sequence that needs to be included at the 

 terminus of sequences for various high-throughput 
sequencing platforms.  

2.6  Biotin- 
Streptavidin PCR 
Product Capture

2.7  Nested 
Exponential PCR
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  Barcode: Any unique identifying sequence that will allow for 
sorting of resulting sequence reads. There are numerous 
publically available and common lists that have been tested 
for optimum resolution of resulting sequencing reads 
(e.g., Roche MID 1-100).  

  All oligonucleotide primers are purchased from commercially 
available sources and have been designed to be optimum 
for RIS capture ( see   Note 1 ).         

      1.    E-Gel pre-cast ethidium bromide 2 % agarose gels (Invitrogen/
Life Technologies) or similar 2 % agarose gel with ethidium 
bromide for visualization of resolved DNA.   

   2.    6× Orange Loading Dye (New England Biolabs; Ipswich, MA, 
USA) or similar Orange G DNA Loading dye.   

   3.    Molecular grade H 2 O.   
   4.    E-gel electrophoresis apparatus or similar agarose gel electro-

phoresis tank.
   (a)    If using electrophoresis tank, Tris/Borate/EDTA (TBE) buf-

fer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3).       
   5.    Ultraviolet light.   
   6.    Sterile, DNase-free razor blades.   
   7.    QIAquick gel extraction kit (QIAGEN) or similar agarose gel 

extraction kit.      

      1.    AMPure XP beads or similar SPRI beads.   
   2.    70 % Ethanol.   
   3.    QIAGEN Buffer EB (QIAGEN) or similar elution buffer 

(10 mM Tris–Cl, pH 8.5).   
   4.    Magnetic Particle Concentrator (MPC).   
   5.    Vortex device.   
   6.    Access to IonTorrent ®  Next-Generation sequencing platform 

(Invitrogen/Life Technologies) or other similar next-genera-
tion sequencing platform.      

  Computer with internet access and 64-bit Microsoft Excel.   

3       Methods 

 The methods outlined below describe (1) initial considerations for 
RIS analysis, (2) a minimally biased PCR-based method for ampli-
fi cation of RIS, (3) high-throughput sequencing and analysis of 

2.8  Separation 
of PCR Products 
in an Agarose Gel

2.9  Purifi cation 
of Products and DNA 
Sequencing

2.10  Analysis 
of Sequences 
for Identifi cation 
of RIS and Relative 
Clonal Contribution

Vector Integration Site Analyses
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sequencing data, and (4) assessment and quality control of domi-
nant (overrepresented) gene-modifi ed clones. 

  Factors to consider prior to initiating RIS analysis include the level 
of gene transfer in the source sample to be used for RIS analysis, 
the quantity of genomic DNA available for RIS analysis, and the 
ability to manage resulting sequencing data. These considerations 
are discussed in Subheadings  3.1.1 – 3.1.3 . 

   As next-generation sequencing platform technologies advance, the 
sensitivity of RIS amplifi cation procedures also improves ( see   Note 2 ). 
However, even with hundreds of millions of sequencing reads pos-
sible on single chip platforms, the level of gene marking in the 
source sample to be analyzed will dramatically affect the resulting 
RIS integration profi les. Generally speaking, gene marking levels 
>5 % of all genomes in the sample will yield reasonable results with 
no other considerations required given reasonable amounts of 
DNA can be isolated ( see  Subheading  3.1.2 ). If the level of gene 
marking in the source sample to be analyzed is <5 %, and especially 
<1 %, of all genomes, sorting the gene-modifi ed cell population by 
any vector-specifi c marker or phenotype is ideal. It should be noted 
that if cells are sorted based on provirus transgene expression (e.g., 
green fl uorescent protein expression sorting by fl ow cytometry), 
poorly expressing or silenced gene-modifi ed clones may be missed.  

   In addition to the considerations concerning the levels of gene- 
modifi ed cells, the total number of cells from which gDNA can be 
isolated is also of importance. The ideal quantity of starting 
genomic DNA is 1.5–3 μg per sample; however, as little as 100 ng 
can be used. The number of cells, bulk or sorted, required to 
obtain this amount of gDNA following extraction varies based on 
the target cell population to be analyzed. Included in Table  1  is a 

3.1  Initial 
Considerations 
for RIS Analysis

3.1.1  Impact of the Level 
of Gene Transfer on RIS 
Capture Effi ciency

3.1.2  Impact 
of the Quantity of Genomic 
DNA Available on Effi ciency 
of RIS Analysis

   Table 1  
  Cell numbers from blood and bone marrow cell sources for extraction of 3 μg gDNA   

 Cell source 
 Input cell number reliably 
yielding 3 μg gDNA a  (10 6 ) 

 Bulk peripheral blood or bone marrow WBCs  0.5 

 Bulk peripheral blood granulocytes  5–7 

 Bulk peripheral blood mononuclear cells  0.3 

 Sorted peripheral blood or bone marrow mononuclear cells 
(CD34 + , CD3 + , CD20 + ) 

 0.5 

   a Based on gDNA extraction using the GENTRA Puregene Blood kit or the QIAamp DNA blood kit (both 
from QIAGEN)  
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reference range of cell numbers for several human blood and bone 
marrow cell sources which reliably yield 1.5–3 μg of genomic DNA 
based on our laboratory’s experience. It should be noted that 
required cell numbers can also vary based on the species of origin 
and the method of gDNA extraction being used. If cell numbers of 
interest are limiting, whole genome amplifi cation (i.e., REPLI-g; 
QIAGEN) of isolated gDNA can be used to render suffi cient 
quantities of input DNA; however, bias within the amplifi cation 
procedure may affect RIS capture effi ciency, especially in source 
samples with low gene marking constituted by a number of low-
frequency clones (polyclonality).

      In order to provide a comprehensive overview of the RIS profi le 
the most advanced RIS amplifi cation protocols must be coupled 
with massively paralleled sequencing. As sequencing technologies 
have advanced to provide hundreds of millions of reads in a single 
chip platform, managing large sequencing data sets is an absolute 
necessity. With this, cataloging and storage concerns also have to 
be considered. In later sections a general overview of computer 
scripting required to process data sets is addressed, with mention 
of publicly available tools for accomplishing data processing. 
Although it will not be explicitly detailed in Subheading  3 , a rela-
tional database to allow for easy comparison and extraction of 
desired datasets is just as important as automated processing, and 
ideally the two can be linked.   

  The amplifi cation of provirus integration sites using the MGS- 
PCR method comprises the following major procedures: prepara-
tion of gDNA from source cell sample ( see  Subheading  3.2.1 ), 
fragmentation and polishing of gDNA ( see  Subheading  3.2.2 ), 
ligation of linker cassette and small fragment removal ( see  
Subheading  3.2.3 ), standard exponential PCR to amplify target RIS 
( see  Subheading  3.2.4 ), solid-phase capture of fi rst PCR products ( see  
Subheading  3.2.5 ), nested PCR ( see  Subheading  3.2.6 ),  agarose 
gel resolution and purifi cation of products for next-generation 
sequencing ( see  Subheading  3.2.7 ), and fi nal purifi cation of prod-
ucts for next-generation sequencing ( see  Subheading  3.2.8 ). 

   Generally any common method for gDNA extraction is acceptable 
provided the resulting gDNA remains relatively intact, and contains 
minimal protein contamination for accurate DNA quantitation. In 
the case that a lower limit of DNA cannot be met ( see  below) for a 
particular gene-modifi ed cell population, a crude extraction proto-
col can be utilized to maximize DNA yield as follows:

    1.    Suspend cells in 90 μL of molecular grade, DNase-free H 2 O 
containing 19 Units/mL proteinase K.   

3.1.3  Managing Large 
Sequencing Data Files

3.2  Minimally 
Biased, Modifi ed 
Genomic Sequencing 
(MGS)-PCR Method for 
Amplifi cation of RIS

3.2.1  Sample Collection 
and DNA Isolation
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   2.    In a thermocycler, heat the sample to 56 °C for 2 h, then 
inactivate proteinase K by increasing the temperature to 
99 °C for 10 min.   

   3.    Resulting samples should be stored at −20 °C until RIS analysis 
can be performed. The entire sample should be used.    

  Also, genome amplifi cation of samples with exceedingly low 
amounts of DNA (picogram quantities) is possible (Kiem labora-
tory unpublished data), but the impact of this additional, non-
provirus- specifi c amplifi cation step on effi ciency of RIS integration 
profi le identifi cation is potentially dramatic. This is especially true 
in samples containing low levels of gene-modifi ed cells (<5 %), or 
in samples with large numbers of low-frequency RIS. While com-
mercial methods of unbiased whole genome amplifi cation are 
available, the effi ciency of amplifi cation of specifi c genomic loci, 
and thus specifi c RIS, can vary signifi cantly.  

   To reduce inherent bias of DNA fragmentation by restriction 
enzyme digest in traditional LAM-PCR [ 19 ], most studies now use 
some form of non-restriction (nr) LAM-PCR or transposon integra-
tion coupled with a high-throughput sequencing approach [ 15 ,  17 ]. 
The method described here is a modifi ed, whole genome sequencing 
approach. Specifi cally, the linear PCR in LAM-PCR techniques has 
been eliminated and instead the fi rst step is to acoustically fragment 
the DNA along with other modifi cations outlined below [ 1 ,  18 ]. 
The advantage of initial gDNA fragmentation is that the resulting 
variation in DNA fragment lengths allows for quality control of 
PCR bias in RIS detection and additional population analysis not 
possible with LAM-PCR (s ee  Subheading  3.4.1  longitudinal analysis 
of gene-modifi ed clonal contribution). 

 The desired fragment length for MGS-PCR is 1,500 bp to 
assure that the maximum number of fragments contain a portion 
of the retrovirus LTR and suffi cient fl anking genomic sequence. 
With the development of focused acoustic DNA shearing by 
Covaris, it is possible to generate distinct size range DNA frag-
ments reproducibly without thermal damage or GC bias in a high- 
throughput workfl ow [ 20 ]. A range of instrumentation is available 
to suit a variety of workfl ows. Following fragmentation, DNA ends 
may be damaged or recessed, requiring a “polishing” step to repair 
ends for blunt-end ligation of linker cassettes.

    1.    Between 100 ng–3 μg of gDNA is transferred to the appropri-
ate vessel for fragmentation using a Covaris apparatus.   

   2.    Following focused acoustic fragmentation, dry samples com-
pletely using a SpeedVac™ or similar method, and then resus-
pend dried pellets in 30 μL of QIAGEN’s Buffer EB.   

   3.    Damaged or recessed ends should be repaired using the End-It 
DNA End-Repair Kit (Epicentre) or similar DNA fragment 

3.2.2  Fragmentation 
and Polishing of gDNA
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end repair kit following the manufacturer’s instructions. The 
entire 30 μL sample of the fragmented DNA is polished for 
downstream manipulation. 

 When processing multiple samples, a DNA end-repair 
“Master Mix” is useful. The amount of Master Mix per sample 
should be as follows:
   4 μL H 2 O.  
  5 μL 10× End-Repair Buffer.  
  5 μL dNTP.  
  5 μL ATP.      

   4.    For the fi nal reaction mixture, 19 μL of the Master Mix is 
added to the entire 30 μL of fragmented DNA sample.   

   5.    Following DNA polishing the sample is purifi ed using a 
QIAGEN  MinElute  PCR Purifi cation Kit following the manu-
facturer’s instructions with the following exceptions: For each 
sample, (50 μL total volume), plus 250 μL (5× the sample 
volume) buffer PB is applied to one column. During the dry-
ing centrifugation spins the tube is rotated 180° to remove 
residual ethanol. After the fi nal drying step the sample is eluted 
with just 11 μL of QIAGEN’s Buffer EB, incubated at room 
temperature for 20 min, and then spun in a microcentrifuge 
for 1 min.    

      Blunt-ended, double-stranded (ds)DNA linker cassettes are ligated 
onto the purifi ed, polished, and fragmented DNA using the Fast- 
Link DNA Ligase system (Epicentre) or similar ligation system fol-
lowing the manufactures instructions with the specifi c reaction 
mixtures noted. When processing multiple samples a “Ligation 
Master Mix” is made that contains the following components in a 
per-sample volume:

   1.5 μL of 10× Fast-Link Ligation Buffer.  
  0.75 μL 10 mM ATP.  
  2.5 μL of the dsDNA linker cassette (described in 

Subheading  2 ).   
    1.    To make the fi nal mixture, 4.75 μL of the Ligation Master Mix 

is added to ~9.25 μL of the polished DNA (the entire 11 μL 
sample with minor losses from the column above) and 1 μL of 
Fast-Link DNA Ligase.   

   2.    Ligation reactions are incubated at room temperature for 
15 min before stopping the reaction by incubated at 70 °C for 
10 min.   

   3.    After ligation, samples are purifi ed using a QIAGEN  MinElute  
PCR Purifi cation Kit according to the manufacturer’s proto-
col with the following exceptions: 75 μL (5× the sample vol-
ume) buffer PB plus the sample volume (15 μL) is applied to 

3.2.3  Ligation of Linker 
Cassette and Small 
Fragment Removal
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a single column. During the drying centrifugation spins, the 
tube is rotated 180° to remove residual ethanol. After the fi nal 
drying step the sample is eluted with 20 μL of QIAGEN’s 
Buffer EB, incubated at room temperature for 20 min, and 
then spun in a microcentrifuge for 1 min. 

 To further purify the desired DNA fragments, small “con-
taminating” fragments are removed using solid-phase revers-
ible immobilization beads such as AMPure XP.   

   4.    Bring the purifi ed/eluted DNA samples from above to 100 μL 
with QIAGEN Buffer EB and add 65 μL of room temperature 
AMPure XP beads.   

   5.    Vortex the samples thoroughly and incubate for 5 min at room 
temperature.   

   6.    Using a magnetic particle concentrator (MPC), pellet the 
beads against the wall of the microcentrifuge tube.   

   7.    Remove the supernatant slowly, being careful not to disturb 
the pellet.   

   8.    While leaving the tube on the MPC, wash the beads twice for 
30 s each wash with 500 μL of freshly prepared 70 % ethanol.   

   9.    After removing the last of the ethanol wash allow the pellet to 
air dry.   

   10.    Once dry, add 33 μL of QIAGEN’s Buffer EB and pulse-vortex 
the sample until the AMPure XP beads are resuspended, then 
vortex continuously for 15–20 s to dislodge the desired DNA 
fragments from the AMPure XP beads.   

   11.    Briefl y pulse-centrifuge the sample and then place the sample 
back on the MPC and transfer the supernatant containing the 
purifi ed DNA fragments to a fresh, labeled microcentrifuge 
tube. Purifi ed fragments can be stored at −20 °C for later use.    

      Initial amplifi cation of RIS is done using a standard PCR proce-
dure with a biotin-tagged, LTR-specifi c primer that allows for 
enrichment of LTR-containing PCR products. Briefl y, for multiple 
samples a “First PCR Master Mix” is formulated containing the 
following per-sample component volumes:

   26.5 μL H 2 O.  
  5 μL 10× PCR Buffer (MgCl 2 ).  
  1.5 μL 10 mM MgCl 2 .  
  1 μL 10 mM dNTP.  
  1 μL standard Taq polymerase.  
  2.5 μL 10 μM linker cassette-specifi c primer #1 ( see  Subheading  2 ).  
  2.5 μL 10 μM biotin-tagged LTR-specifi c primer ( see  Subheading  2 ).    

3.2.4  Standard 
Exponential PCR to Amplify 
Target RIS
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 Note: If processing samples containing different retrovirus back-
bones, separate First PCR Master Mixes will have to be prepared 
for each backbone.

    1.    For each sample, 40 μL of the First PCR Master Mix is trans-
ferred to fresh PCR tubes with 10 μL of the SPRI bead-puri-
fi ed DNA fragments. For each sample, triplicate PCRs are set 
up and run in parallel to maximize amplifi cation of RIS.   

   2.    Samples should be subjected to PCR in a thermocycler. The 
PCR program consists of in initial denaturation step, 95 °C for 
5 min, and then 30 cycles of the following program:
   (a)    Denaturation at 95 °C for 1 min.   
  (b)    Annealing at 60 °C for 45 s.   
  (c)    Extension at 72 °C for 90 s.         
 The program should also include a single fi nal extension at 

72 °C for 10 min. PCR products can be held at 4 °C if immediate 
removal from the thermocycler is not convenient.  

   The biotin tag on the LTR-specifi c primer used during First PCR 
amplifi cation of RIS is used to enrich for LTR-containing PCR 
products.

    1.    Triplicate PCR products for each individual sample are pooled 
into one tube with a total volume of ~150 μL.   

   2.    Suffi cient quantities of Dynabeads M-280 Streptavidin or 
other streptavidin beads should be prepared for capture of all 
samples with a two-sample excess using standard procedures.   

   3.    20 μL of streptavidin beads (per sample) should be transferred 
to a fresh microcentrifuge tube.   

   4.    Place the tube on a MPC and discard the supernatant.   
   5.    Rinse the beads twice with a wash volume equal to the initial 

bead volume of 1  mg/mL bovine serum albumin (BSA). 
During each rinse remove the tube from the MPC, gently 
resuspend the pellet, pulse-centrifuge to collect all material at 
the bottom of the tube, place back on the MPC, and remove 
the supernatant.   

   6.    To prepare the streptavidin beads for binding, rinse once with 
1× Binding Solution ( see  Subheading  2 ). Use a volume of 1× 
Binding Solution equivalent to the initial bead volume. Gently 
resuspend the pellet, pulse-centrifuge to collect all material at 
the bottom of the tube, place back on the MPC, and remove 
the supernatant.   

   7.    Resuspend beads in 50 μL of 1× Binding Solution per sample 
and transfer 50 μL of the 1× Binding Solution/streptavidin 
bead mixture to the tubes containing the combined PCR 
product for a total volume of ~200 μL.   

3.2.5  Solid-Phase 
Capture of Products 
from the First PCR
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   8.    Incubate the samples for 1 h at room temperature on a shaking 
thermomixer to assure that the beads remain in solution.   

   9.    After incubation remove the samples from the thermomixer 
and pulse-centrifuge to collect the entire sample at the bottom 
of the tube.   

   10.    Place the tube on the MPC and remove the supernatant.   
   11.    Remove the tube from the MPC and resuspend the pellet in 

100 μL H 2 O.   
   12.    Place the tube back on the MPC and remove the supernatant.   
   13.    Remove the tube from the MPC and add 10 μL formamide 

solution ( see  Subheading  2 ) and incubate at 65 °C for 5 min in 
the thermomixer.   

   14.    To remove the formamide and prepare the samples for the sec-
ond PCR remove the samples, pulse-centrifuge briefl y, place 
the tube on the MPC, and transfer the supernatant containing 
the DNA fragments to a fresh tube.   

   15.    Bring the samples to 100 μL with H 2 O and purify the DNA 
using the  MinElute  PCR Purifi cation kit according to the man-
ufacturer’s protocol with the following exceptions: 500 μL (5× 
the sample volume) buffer PB plus the sample volume (100 μL) 
is applied to a single column. During the drying centrifugation 
spins, the tube is rotated 180° to remove residual ethanol. 
After the fi nal drying step the sample is eluted with 15 μL of 
QIAGEN’s Buffer EB, incubated at room temperature for 
20 min, and then spun in a microcentrifuge for 1 min.      

   The nested PCR will further amplify RIS and also add necessary 
sequences required for various high-throughput sequencing plat-
forms. For multiple samples a “Nested PCR Master Mix” is formu-
lated as follows using per sample volumes:

   34.5 μL H 2 O.  
  5 μL 10× PCR buffer (MgCl 2 ).  
  1.5 μL 10 mM MgCl 2 .  
  1 μL 10 mM dNTP.  
  1 μL standard Taq polymerase.  
  2.5 μL 10 μM linker cassette-specifi c primer #2 ( see  Subheading  2 ).  
  2.5 μL 10 μM LTR-specifi c barcoded primer ( see  Subheading  2 ) 

Note: Different Master Mixes need to be prepared if 
 processing samples with different retrovirus backbones or 
multiplexing samples using barcoded primers.   

    1.    For each sample transfer 48 μL of the Master Mix to fresh PCR 
tubes with 2 μL of the purifi ed DNA fragments from  step 7 . 
Triplicate PCRs should be set up and run in parallel to maximize 

3.2.6  Nested PCR
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amplifi cation of RIS. The PCR program is the same as outlined 
above in Subheading  3.2.4 .   

   2.    After the nested PCR, the triplicate samples are combined and 
purifi ed using the MinElute PCR Purifi cation kit according to 
the manufacturer’s protocol with the following exceptions: 
250 μL (5× the sample volume) buffer PB plus the sample 
volume (50 μL) is applied to a single column. During the dry-
ing centrifugation spins, the tube is rotated 180° to remove 
residual ethanol. After the fi nal drying step the sample is eluted 
with 18.5 μL of QIAGEN’s Buffer EB, incubated at room 
temperature for 20 min, and then spun in a microcentrifuge 
for 1 min.    

     Samples are gel purifi ed to remove small fragments that can dra-
matically reduce the number of useable sequencing reads.

    1.    To visualize samples, 3 μL of Orange G Loading dye 
(Invitrogen/Life Technologies) is added to each sample.   

   2.    The samples are loaded and run on Invitrogen’s E-Gel pre-cast 
2 % agarose gels containing ethidium bromide using standard 
settings for 52 min. A 100 bp ladder is run in parallel to visual-
ize approximate fragment lengths.   

   3.    The gel is removed from the plastic casing and visualized under 
a UV light. The PCR amplifi ed products will appear as a smear.   

   4.    Using a clean razor blade, the portion of the gel corresponding 
to products ~400–800 bp in length is isolated for fi nal 
purifi cation.   

   5.    DNA fragments are purifi ed from the agarose gel using the 
QIAquick Gel Extraction Kit and eluted in a fi nal volume of 
50 μL QIAGEN Buffer EB.      

   To further remove small fragments to improve sequencing results, 
samples are purifi ed using SPRI AMPure XP beads as in 
Subheading  3.2.3 , with the exception that the fi nal resuspension 
volume should be 15 μL of QIAGEN Buffer EB. The purifi ed 
supernatant is the product collected for high-throughput sequenc-
ing. Further quality control and testing will be dependent upon 
the sequencing platform of choice.   

  High-throughput sequencing methods and downstream process-
ing considerations are described in Subheadings  3.3.1 – 3.3.3 . 
This includes massively paralleled sequencing of RIS ( see  
Subheading  3.3.1 ), computer-aided processing of resulting 
sequence reads for RIS identifi cation and quantifi cation ( see  
Subheading  3.3.2 ), and expected sequencing results of RIS from 
complex samples ( see  Subheading  3.3.3 ). 

3.2.7  Agarose Gel 
Resolution and Purifi cation 
of Products for Next- 
Generation Sequencing

3.2.8  Final Purifi cation 
of Products for Next- 
Generation Sequencing

3.3  High-Throughput 
Sequencing 
and Analysis 
of Sequencing Data
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     Due to the rapid evolution and improvement of sequencing 
platforms, offering improved density, sequence accuracy and turn-
around time, it is advisable to use commercial facilities that will 
provide and maintain the latest equipment and protocols. Most 
adaptations of current sequencing platforms and development of 
new sequencing platforms still rely on specifi c sequences fl anking 
the DNA of interest, and thus, simple changes to primer design 
( see  Subheading  3 ) can assure that samples processed by the 
methods outlined above are compatible with the most advanced 
sequencing systems available. Also, to reduce costs and overall 
 sample processing time multiple samples can be barcoded ( see  
Subheading  3 ), combined on single chamber sequencing hardware, 
and sorted post-sequencing using simple scripts often available as 
standard procedures from commercial facilities. FASTA format 
sequence reads are a computer script-friendly method for extraction 
and processing, and most sequencing facilities will deposit this fi le 
type or the desired sequencing format on a secure server that can 
be accessed remotely for downstream processing.  

     With the increasing number of sequencing reads possible using 
current platforms, automated processing to identify usable 
sequence reads is absolutely required to handle such large data sets. 
Any number of coding scripts can be adapted for these purposes 
(i.e., PERL), but specifi c scripts will not be addressed here. Instead, 
we will discuss more general considerations and potential issues to 
address early when developing your unique automated system. 
The method described here is a stringent criterion for identifying 
valid RIS sequences, as it is necessary to assure confi dence in the 
resulting datasets and to avoid erroneous localization of RIS, which 
can complicate downstream studies (see below). For PCR-based 
long terminal repeat (LTR)-chromosome junctions, DNA 
sequences are processed as previously described [ 21 – 23 ]. Briefl y, 
for sequences isolated using PCR-based methods, valid integration 
sites are scored after locating retrovirus LTR, intervening genomic 
DNA, and linker cassette sequence. Identifi cation of the retrovirus 
LTR is absolutely required, but a computer script should be writ-
ten to allow for mutations (additions or deletions) in the LTR that 
can result from common sequencing error. When the LTR and 
linker cassette sequences are identifi ed, those sequences are 
“trimmed” off and the resulting junction sequences, the fl anking 
genomic sequence of interest referred to as the “query,” can be 
aligned to the appropriate genome using a stand-alone version of 
BLAT [ 24 ] that generates a BLAST alignment score. This score is 
generated using a heuristic approach with an approximation of the 
Smith–Waterman algorithm that relies on searching K-mers in 
the database rather than a linear search [ 24 ,  25 ]. These steps elimi-
nate unusable sequences where no BLAST alignment score and 
usually occurs because the sequences are too short or the sequences 

3.3.1  Massively 
Paralleled 
Sequencing of RIS

3.3.2  Processing 
Resulting RIS 
Sequence Reads
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correspond to the internal retrovirus vector that occurs because of 
the direct repeat structure of the virus backbone. Even with strin-
gent steps taken to remove short fragments and the unavoidable 
consequence of internal retrovirus vector sequences, these undesir-
able groups will account for the majority of the sequencing reads 
(~70–90 %). 

 The next steps outline methods for quality control of the 
remaining, valid RIS sequences to retain only RIS that can be 
aligned to the appropriate genome with confi dence.

    1.     Removal of query sequences with >3 bp gaps between the LTR, 
identifi ed by the computer script, and the start of the genome 
alignment.  These sequences are discarded because of the short 
“unknown” intervening DNA sequence.   

   2.     Removal of RIS with more than one genomic alignment wherein 
the secondary query alignment BLAST score is >98 % of the pri-
mary query alignment.  When aligning sequences to the appro-
priate genome, in most cases, there will be multiple potential 
alignments of varying quality. These sequences are eliminated 
because it is not possible to confi dently align the query to a 
specifi c, single locus in the genome. For computer program-
ming purposes, rounding up is not allowed. For example, if a 
single query produces two alignments and the second align-
ment BLAST score is of 97.5 % of the primary alignment 
BLAST score, the primary BLAST score would be retained 
and considered valid.   

   3.     Discarding RIS with unacceptable query identity to the appro-
priate genome.  An acceptable percent identity between the 
query sequence and the appropriate genome should be ≥95 %. 
Any query with an identity <95 % is discarded. For computer 
programming purposes, rounding up is allowed. Thus, a query 
with an identity of 94.5 % would be retained.   

   4.     Grouping of “like” RIS by accounting for sequencing errors 
(wobble).  High-throughput sequencing methods currently 
available have specifi c, inherent issues that result in a low per-
centage of mutations being introduced in the resulting 
sequence reads. As a result, the LTR genomic junction is often 
not perfect, therefore a best guess, referred to as “wobble,” 
should be allowed. Briefl y, all of the valid RIS identifi ed after 
processing using the criteria outlined above are grouped by 
chromosome and in ascending order based on the genomic 
start position in the chromosome. Once this is completed, a 
5–10 nucleotide window is used to identify “like” RIS. For 
example, an RIS identifi ed on chromosome 8 at position 
1,000,001 will be grouped with all subsequent valid RIS iden-
tifi ed from a particular dataset on chromosome 8 at positions 
1,000,001–1,000,010. This wobble grouping should be 
inspected by qualifi ed personnel to assess whether the group-
ings actually involve distinct RIS.   
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   5.     Identifying unique RIS in a sample.  In a full-scale sequencing 
run, millions of sequencing reads can easily be achieved. Some 
RIS will be sequenced thousands of times whiles others may 
only be sequenced once. In the event that there are a number 
of RIS in a wobble group, a representative unique RIS for each 
genomic locus is then used to represent the entire group. This 
processed list is the fi nal list of unique RIS for the sample with 
no repetitive RIS sequences aligned to the same genomic loci.   

   6.     Query population data to retain for downstream interpretation.  
The number of times a particular RIS is sequenced is one 
important piece of data that should be retained in fi nal unique 
RIS lists and for our program is referred to as “hit count.” 
Also, specifi c to MGS- PCR, the number of different query 
lengths that make up the total hit counts is also a critical com-
ponent for population studies. The fi rst step of MGS-PCR is 
DNA fragmentation with focused acoustic shearing. Since the 
DNA is randomly sheared before any PCR amplifi cation, the 
sequencing product length is informative because every differ-
ent query length corresponds to a different input cell in the 
starting sample carrying that same unique RIS (a “clone”). 
This sequenced fragment length data for our purposes is 
referred to as the “span count.” The hit count and span count 
can be combined to answer more informative gene-modifi ed 
contribution questions ( see  Subheading  3.4.1 ), to rule out 
PCR bias as the reason for high frequency of RIS capture (i.e., 
high hit count with low span count), and also indicates the 
quality of an MGS-PCR processing experiment.      

   A typical sample with >10 % gene marking and 3 μg input DNA 
will yield half a million sequencing reads on the Ion Torrent™ 
sequencing platform if the total number of samples per chip is 25 
or less. Of these, 30,000–100,000 sequence reads per sample are 
typically usable, with identifi able genomic alignments based on the 
criteria described above. Depending on the clonal diversity within 
the starting cell pool, these RIS sequences can account for any-
where between 1 and 10,000 unique RIS.   

  Characterization of dominant/overrepresented gene-modifi ed 
clones is critical to understand the fundamental underlying biology 
of virus vector systems and is described in Subheadings  3.4.1 –
 3.4.3 . This includes longitudinal analysis of gene-modifi ed clonal 
contribution (see Subheading  3.4.1 ), RIS-specifi c clone amplifi ca-
tion ( see  Subheading  3.4.2 ), and quantitative assessment of clonal 
contribution ( see  Subheading  3.4.3 ). 

        Longitudinal analysis of gene-modifi ed cell populations is a simple 
and effective method to identify a progressive, selective outgrowth 
advantage as a result of provirus integration. To accomplish this, 
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employ a capture frequency analysis as a semi-quantitative assay to 
identify potentially dominant gene-modifi ed clones [ 26 ].

    1.    The genomic location of the RIS is typically used as a unique 
identifi er of particular clones. Within each experimental group, 
unique RIS that are sequenced most frequently (largest “hit 
counts” from Subheading  3.3.2 ,  step 6 ) should be ranked. 
The top 10 most frequently sequenced RIS will be grouped 
together as the dominant clones at that particular time point. 
To calculate the relative contribution of each RIS to the clonal 
pool, each unique RIS hit count is divided by the total number 
of hits identifi ed in the sample. This value is expressed as a 
percentage. For example, we process a sample and fi nd the 
total number of RIS sequences is 100,000, representing a total 
of 100 unique RIS. One of these unique RIS accounts for 
50,000 RIS sequences out of the 100,000 total RIS sequences 
(hit count = 50,000). Thus, the relative capture frequency of 
this clone within the detectable gene-modifi ed cell pool would 
be 50 % [(50,000/100,000) × 100 %].   

   2.    If a particular unique RIS is identifi ed as one of the top 10 
ranked sites at two or more time points analyzed and contrib-
utes to more than 20 % of the total sequence reads in either 
sample (as recommended by Dr Daniel Takefman, PhD, 
Division of Cell and Gene Therapies, Center for Biologics 
Evaluation Research (CBER), FDA; “Monitoring for 
Insertional Mutagenesis: FDA Recommendations”; Retroviral 
and Lentiviral Vectors for Long-Term Gene Correction: 
Clinical Challenges and Trial Design meeting, Washington 
DC, December 2010), this is considered a dominant clone and 
should be tracked in a RIS-specifi c fashion as outlined below. 
This type of data is most commonly presented as consecutive, 
segmented bar graphs. To verify true clonal representation as 
opposed to PCR bias, the hit count data is combined with the 
span count data for the same sample (Subheading  3.3.2 ,  step 6 ) 
and presented as a scatter plot. For example, let us assume that 
the clone discussed above (50 % relative capture frequency), 
was falsely called out due to PCR bias. If this is the case, the 
span count for this unique RIS would be very low [ 1 ,  27 ]. 
However, PCR bias was not responsible for the high capture 
frequency, the span count would be high (e.g., 200). This 
comparison is not a direct ratio since current limits in sequence 
read length (~400 bp) limit the number of detectable fragment 
lengths to ~200 bp or less depending on how far receded into 
the LTR the provirus-specifi c primers anneal. Also, if a particu-
lar sample contains many diffi cult-to-amplify genomic 
sequences, PCR bias can be more prominent, and thus, this 
quality control should be assessed on a case-by-case basis. We 
have included a graphical representation of hit count and span 
count comparisons in Fig.  2 .
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          Even with careful assessment and processing of valid RIS, specifi c 
RIS-associated genomic loci should be verifi ed to assure accuracy 
in genomic alignment.

    1.    The simplest initial assessment is a BLAST alignment of the 
query sequence using a comprehensive database such as the 
National Center for Biotechnology Information’s (NCBI) 
Nucleotide BLAST tool. Sequences that are BLAST aligned 
should return a similar sequence within the genome of interest 
as the top scored homologous regions.   

   2.    An additional assessment for cross-contamination between 
samples should also be made ( see   Note 2 ). This is especially 

3.4.2  RIS-Specifi c Clone 
Amplifi cation

  Fig. 2    Combining hit count and span count data for quality control of relative capture frequency analysis. Here 
we demonstrate how hit count ( y -axis in both graphs and bar charts) can be quality controlled by examination 
of resulting genomic fragment lengths (span count;  x -axis in graphs only). The  top panel  bar graph represents 
a clonal dominance (~20 % relative capture frequency) of an RIS on chromosome 11 at position 29734031 by 
relative capture frequency analysis alone. However, tracking of span count data in the corresponding graph 
demonstrate this capture frequency to be heavily infl uenced by PCR bias, as there are multiple, less dominant 
clones (e.g., yellow highlight), which were captured far less frequently, but displayed more genomic fragment 
lengths (i.e., higher span count). Conversely, the bottom panel represents a true clonal dominance as both the 
hit and span counts of the most dominant RIS observed by relative capture frequency analysis (chromosome 
10, position 9812104) are signifi cantly elevated compared to all other RIS identifi ed       
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important when considering longitudinal analysis of individual 
time points are processed and analyzed simultaneously, as 
cross-contamination can result in unique RIS being falsely 
identifi ed in two separate samples. This is also important when 
considering experiments, such as mouse studies, where cell 
products for infusion may be cultured in bulk and transplanted 
into multiple recipients. Here, identical RIS detected in two or 
more recipient source samples cannot be distinguished from 
bulk-transduced populations or cross-contamination between 
samples.   

   3.    For initial sequence verifi cation of potentially dominant RIS, 
DNA from the original sample in which the RIS was identifi ed 
should be used as template in subsequent PCR reactions. 
Primers used previously during the MGS-PCR process that are 
specifi c to the LTR are used for the “forward” primer. 
“Reverse” primers to designated RIS should be designed 
between 300 and 900 bp downstream from the genomic posi-
tion identifi ed immediately proximal to the RIS.   

   4.    Standard PCR can then be used to specifi cally amplify a par-
ticular unique RIS. PCR products are visualized on 2 % aga-
rose 1× Tris/acetate/EDTA (TAE) gels. The proper size band 
is excised, cloned into an appropriate blunt-ended plasmid 
vector, transformed, plasmid-purifi ed, and sequenced to verify 
that the proper loci have been amplifi ed. After the RIS has 
been verifi ed, the clonal contribution over time should be 
analyzed as described below.   

   5.    Once a specifi c genomic locus of the RIS has been verifi ed by 
standard PCR, the surrounding genomic architecture can be 
analyzed to glean insight into what could be causing an over-
representation. This can include transcriptome analysis to assess 
changes in local gene expression or presentation of alternative 
transcripts resulting from alternative splice events associated 
with provirus insertion.      

   More information regarding the contribution of a particular domi-
nant gene-modifi ed clone may be required to further understand 
the underlying biology or, in the case of clinical settings, to address 
potential concerns for the patient. RIS-specifi c quantitative track-
ing is less labor intensive than carrying out large scale RIS analysis 
in a large number of time points and possibly different distinct cell 
populations. Thus, tracking specifi c RIS using methods such as 
real-time quantitative PCR with SYBR green can be extremely 
informative.

    1.    To prepare standards for SYBR green qPCR analysis, genomic 
DNA can be prepared using any appropriate kit for large-scale 
DNA isolation according to the manufacturer’s protocol.   

3.4.3  Quantitative 
Assessment of Clonal 
Contribution

Vector Integration Site Analyses
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   2.    RIS-specifi c standards are generated by standard PCR amplifi cation 
of the target insert with specially designed primers (from above 
Subheading  3.4.2 ,  step 2 ).   

   3.    For RIS quantitation, RIS-containing plasmids are generally 
used at concentrations of 0.005–500 fg. DNA concentration 
standards are determined using DNA isolated from appropri-
ate cell sources with β-actin specifi c primers and used at con-
centrations of 5 pg–100 ng. Quantitative PCR is typically 
performed using SYBR ®  green dye and primers designed to the 
specifi c RIS of interest. SYBR ®  green qPCR kits are available 
from multiple manufacturers and should be used following the 
specifi c manufacturer’s instructions. Longitudinal samples for 
analysis should be run in at least duplicate and preferably trip-
licate to normalize sample-to-sample variation. Due to differ-
ent amplifi cation characteristics, profi les of individual RIS are 
internally normalized, so the fl uctuations will be reported spe-
cifi c to that RIS, not between different RIS.        

4    Notes 

     1.     Primer design note : General primer design is no different for 
PCR-based RIS analysis than for general PCR. The main con-
sideration in designing primers for gene therapy vectors is that 
a portion of the vector is required for identifi cation—long ter-
minal repeats (LTR) in the case of retrovirus vectors. The 
primers have to be within approximately 30–100 nucleotides 
of the end of the LTR in order to also adequately sequence a 
reasonable portion of the genome for alignment purposes. 
Moving the second, nested primer fewer than approximately 
20 nucleotides from the vector–genome junction should be 
avoided because erroneous annealing of the primer to analo-
gous sequences in genomic DNA would result in a false 
 vector–genome junction.   

   2.     Cross-contamination note:  With the ever increasing sequence 
reads available from a number of commercial sources the unin-
tended consequence is that even very minor cross- contamination 
between samples is a signifi cant issue. Thus, it is imperative 
that great care be taken to avoid any intersample mixing, even 
from initial gene transfer experiments. This should be consid-
ered throughout the protocol, from culturing cells, isolating 
DNA, processing samples for PCR, setting up PCR, and puri-
fying samples for subsequent RIS analysis. Until the sequences 
are barcoded (second, nested PCR), even diligent technical 
work will still likely have some unavoidable cross-contamination 
that will need to be addressed [ 28 ].         
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    Chapter 23   

 Barcoded Vector Libraries and Retroviral or Lentiviral 
Barcoding of Hematopoietic Stem    Cells 

              Leonid     V.     Bystrykh     ,     Gerald     de     Haan    , and     Evgenia     Verovskaya   

    Abstract 

   Cellular barcoding is a relatively recent technique aimed at clonal analysis of a proliferating cell population 
of any kind. The method was shown to be particularly successful in monitoring clonal contributions of 
hematopoietic stem cells (HSCs). An essential step of the method is retroviral or lentiviral labeling of the 
hematopoietic cells. The unique feature of the method is the generation of a vector library containing 
specifi c artifi cial DNA tags, generally known as barcodes. The library must satisfy multiple essential require-
ments. Importantly, considering the number of possible variations within the barcode sequence, the actual 
size of the barcoded vector library, and the number of clonogenic (stem) cells in the given experiment 
should be in ratios far from saturation. Excessive bias in barcodes frequencies must be avoided, and the 
library size must be assessed prior to the sequencing analysis. The fi nal sequencing results must undergo 
statistical fi ltering. If all requirements are met, the method ensures profound sensitivity and accuracy for 
monitoring of the clonal fl uctuations in a wide range of biological experiments.  

  Key words     Barcode  ,   Vector  ,   DNA  ,   Random  ,   Stem cells  ,   Clonality  

1      Introduction 

    The problem of monitoring clonality in hematopoiesis is descending 
from early theoretical and experimental studies published fi rst in 
the 1960s [ 1 – 3 ]. With the realization of the existence of hemato-
poietic stem cells and the clonal nature of hematopoiesis, questions 
of the extent of heterogeneity of HSCs were raised. Such hetero-
geneity includes the variation in the level of contribution to dif-
ferentiated blood cells in time, and to each particular blood cell 
lineage [ 4 ]. 

 Several approaches have been suggested which allow to obtain 
this kind of information. This included both theoretical efforts 
[ 5 ,  6 ] and experimental assays (in vitro assays, spleen colony form-
ing assay, limiting dilution and single cell transplantation, chemical 
labeling, viral integration site analysis). At present it is widely 
accepted that HSCs comprise a small fraction of all hematopoietic 
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cells, which are quite heterogeneous in repopulating activity, and 
often are highly variable with respect to lineage contribution. 
Thus, determining the behavior of HSCs at the single cell level has 
become an important goal in stem cell biology. 

 To improve quantitative aspects of clonal monitoring, recently 
others and we have suggested an upgraded version of the retroviral 
or lentiviral HSCs labeling technique, using a specially barcoded 
vector library [ 7 – 9 ]. This approach considerably simplifi ed the 
technique of the clonal monitoring, since it only required accurate 
DNA isolation from any cell sample of interest, and sequencing of 
the barcoded region [ 7 ,  8 ,  10 – 12 ]. Although straightforward in 
principle, the quality of the library and the data (sequence) analysis 
are crucial factors for the adequate interpretation of the collected 
results. Ignoring essential steps of the protocol might jeopardize 
the successful clonal counting. Multiple technical nuances of the 
cellular barcoding are the subject of the current report.  

2    Materials 

      MIEV (originally obtained from Prof. Craig Jordan), 633 (Open 
Biosystems, USA), SF91 (originally obtained from Prof. Christopher 
Baum), and their derivatives. Lentiviral vector pGIPZ (Open 
Biosystems, USA) derivatives. All vectors must be adapted for bar-
coding in the following way: there must be at least 2 sticky unique 
restriction sides close to the end of CDS of the enhanced green 
fl uorescent protein (eGFP) or turboGFP (tGFP) transcript, usually 
located upstream of the 3′ long terminal repeat (LTR). This vector 
locus is relatively nonfunctional and sequence variation in this locus 
should be selectively neutral.  

  Custom-made barcode DNA adapters (forward and reverse 
complement).  

  For lentiviral transductions, packaging construct (pCMV Δ8.91), 
glycoprotein envelop plasmid (VSV-G) (both obtained from 
Dr. Hein Schepers [ 13 ]).   

  Restriction endonucleases:  BsrgI, BamHI, ClaI, BstBI , DNA ligase 
(Thermo Fischer Scientifi c, USA; New England BioLabs, USA). 
Note that these enzymes are all supplied with buffers and instruc-
tions for use.  

  Mini-prep kit (Fermentas, USA), PCR cleanup kit (Roche, 
Switzerland), DNA isolation kit (Sigma-Aldrich, USA) or their 
analogues. All kits are supplied with detailed instructions, which 
must be followed.  

2.1  DNA

2.1.1  Retroviral Vectors

2.1.2  Adapters

2.1.3  Additional Vectors

2.2  Enzymes

2.3  Commercial Kits
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  Packaging cell lines: for retroviral transduction—Phoenix-ECO 
cells (originally obtained from the Nolan lab); for lentiviral 
transduction—293T human embryonic kidney cells. Appropriate 
murine cells (for hematopoietic stem cell purposes we routinely use 
fl ow cytometry-purifi ed stem cells).  

  StemSpan culture medium (StemCell Technologies, Canada) sup-
plemented with penicillin/streptomycin (P/S) and cytokines: 
interleukin-11 (R&D Systems, the USA), stem cell factor, Flt3 
ligand (both Amgen, the USA), Dulbecco’s modifi ed Eagle’s 
medium (DMEM) culture medium supplemented with P/S, 
fugene (Promega, the USA), retronectin (Takara, Japan), 
 polybrene, 0.1 % gelatin solution (Sigma, USA).  

  We perform cell sorting on MoFlo XDP and MoFlo Astrios 
(Beckman Coulter, the USA). Fluorofore-conjugated antibodies 
for cell sorting are acquired from Biolegend (the USA) and BD 
(the USA).  

  T75 culture fl asks, 6- and 12-well plates, 7.5 % BSA solution (PAA, 
for blocking purposes), 2 % BSA solution in PBS, 0.2 % BSA solu-
tion in PBS, 10 % FCS solution, +10 % FCS medium, Eppendorf 
tubes, sterile low protein binding fi lters (Millex HV sterile syringe 
fi lter with Durapore PVDF membrane, 0.45 μM, Millipore, the 
USA), 5 and 10 ml syringes, 25 ml syringes with luer lock, cryo-
genic vials (preferably with screw wire inside tube to prevent spills), 
15 and 4.5 ml centrifuge tubes.   

3    Methods 

  Two complementary barcode adapter sequences (forward and 
reverse complement) are ordered for synthesis at a company of 
choice (in our case BioLegio, the Netherlands). Adapters should 
carry the barcode sequence in its middle part. The barcode 
sequence consists of repeated random fragments interspersed with 
defi nite sequences. The barcode is usually fl anked by 6–21 base 
long perfectly complementing sequences on both sides. At each 
end the adapter contains sticky overhangs compatible with the 
sticky ends of the cut vector (section below). For instance: if the 
vector is cut with  BsrgI-BamHI  enzymes, then the barcode should 
carry GTAC 5′-overhang for forward adapter and GATC for 
5′-overhang of the reverse complement adapter. For this particular 
case the structure of the complete barcode adapter sequence will 
be as shown in Fig.  1a  (from Gerrits et al. [ 8 ]). Note that this ver-
sion preserves intact restriction sites. This original version of bar-
code was modifi ed into a slightly reduced version (fi rst NN pair 
was replaced by GG, Fig.  1b  [ 8 ,  10 ]). Alternatively, the barcode 
shown in the fi gure was used in lentiviral vectors (Fig.  1c  [ 10 ]).

2.4  Mammalian Cells

2.5  Culture Media 
and Additional 
Chemicals

2.6  Flow Cytometry

2.7  Disposables 
for Cell Culture 
and Transduction

3.1  Barcode Linker

Genetic Barcoding of Hematopoietic Stem Cells



348

   The barcoded adapters can be further modifi ed according to 
the designer’s preferences. Essentially, the number of N positions 
defi ne the total number of possible combinations in the library, 
namely, 4 N  × 2 S  (where N stands for any base, S is either G or C). 
Upon adapter ligation into the vector the latter version of the bar-
code adaptor eliminates original restriction sites (TGTACA became 
TGTACC), therefore once inserted the barcode cannot be removed 
by repeated restriction with  BsrGI-BamHI .  

  Synthesized barcode oligonucleotides usually arrive as a dry pellet. 
This is diluted with sterile pure water to a concentration 10 μM, 
and incubated at 37–40 °C for 1 h in a closed tube to dissolve it 
completely. For annealing forward and reverse complementary 
adaptors are mixed at a 1:1 ratio and 3 volumes of water are added. 
Further, a 10 mM Tris pH 7.4 buffer with 1–5 mM MgCl 2  (fi nal 
concentration) and 50–100 mM NaCl is added. Alternatively, a 
ligase (no polyethylene glycol (PEG) added) or restriction buffer 
(for instance  EcoRI  buffer) can be added from 10× stock at dilu-
tion 20-fold. The buffer composition is approximate, the pH 
might vary in a range 7.3–7.8. Similarly, MgCl 2  (or other salts of 
Mg) should be present in suffi cient concentrations, which can 
vary from 1 to 10 mM. Excessive amounts of ethylenediaminetet-
raacetic acid (EDTA) must be avoided since DNA is naturally a 
Mg 2+  salt, and EDTA will chelate Mg 2+ . PEG must be avoided 
because it will disturb DNA melting and force annealing at higher 
temperatures. 

 The mixture is placed in a closed tube on a dry thermostat with 
a suffi ciently massive metal rack (to preserve heat for a few hours). 
The tube is heated to 90 °C, the thermostat is then turned down 
to the room temperature to allow for  passive  cooling of the mixture 
during 2–3 h. The mixture can be directly used for ligation to the 
vector of interest; alternatively aliquots of annealed adapter are 
stored in the freezer at −20 °C for later use.  

3.2  Barcode 
Annealing

  Fig. 1    Structure of barcode linkers. Details of linker design are described in the text       
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  Before barcoding the researcher must decide which vector to use 
and which locus of the vector is most suitable for barcoding. Our 
preferred locus is a region upstream of 3′LTR (usually fl anked by 
eGFP/tGFP from other side). This site is nonfunctional, therefore 
integration of the barcode should not affect vector properties. The 
locus of interest must contain two unique sticky-end forming 
restriction sites. If the locus of interest does not reveal a suitable 
pair of restriction sites, they must be made by site-directed muta-
genesis and/or custom made adaptors (in case only one available 
site is present, more sites can be added via adapter ligation). 

 Vector DNA is usually prepared from  E. coli  stocks, namely, 
single colony seed into 2 ml Luria broth (LB) medium supple-
mented with proper antibiotics, incubated with rotation overnight 
at 37 °C. Antibiotic concentrations can be found for instance 
online at the Roche LAB FAQs book. Plasmid DNA is isolated 
using available mini-prep or midi-prep kits (Thermo Scientifi c 
mini-prep kit, protocol according to the commercial provider of 
the kit) and stored in at −20 °C in small aliquots. 

 Routinely we use a pair of sticky end restriction endonucleases 
which cut the vector near the end of eGFP CDS upstream of 
3′LTR. The MIEV vector is usually cut with  BsrgI  and  BamHI  [ 8 ]. 
Restriction is performed in a buffer compatible with both enzymes. 
Both NEB and Thermo Scientifi c offer a range of common buffers 
(NEB Double Digest Finder, Thermo DoubleDigest pages). A 
similar scheme is adapted for the properly modifi ed SF91 vector 
[ 8 ], as well as for the pGIPZ modifi ed vector [ 10 ]. Usually 
20–40 μl of the standard mini-prep (0.2–0.4 μg/μl, 60–80 μl total) 
is taken for the restriction. Details of the restriction protocol (buf-
fer, duration) must conform to recommendations of the enzymes 
provider, and can be found in the accompanying instructions and 
on the companies’ Web sites (NEB or Thermo Scientifi c). After 
restriction is completed (usually 6–8 h is enough), the reaction is 
terminated by heat-inactivation at 80 °C for 20 min and chilled on 
ice. The cut vector can be either used directly or cleaned from reac-
tion components using PCR cleanup kit (according to the recom-
mendations of the company). In practice, 10 μl of the mini-prep 
(0.2–0.4 μg/μl) is suffi cient to proceed with construction of the 
vector library. The rest of the prep is stored for later use.  

  When barcode adapters and vectors have been prepared (bar-
codes annealed, vector cut with appropriate restriction enzymes 
generating mutually compatible sticky ends) the ligation can be 
carried out. Routinely, freshly cut vector is incubated at 65–85 °C 
for 20 min to inactivate restriction enzymes, diluted three times 
with sterile water, and barcode adapters are added to the linear-
ized vector. Ligation buffer (usually 10× concentrated) and T4 
DNA ligase is added to the mixture in amounts recommended by 

3.3  Vector 
Preparation

3.4  Ligation
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the company protocol. In case it is a regular DNA ligase, the initial 
temperature is set to 19 °C for 30 min, then gradually decreased 
to 17 °C and kept overnight. Fast ligase protocol can be per-
formed as well, temperature conditions are defi ned by the enzyme 
provider. Essential for this step is mixing the adapters and vectors 
at a correct ratio. Unlike regular cloning purposes aimed on 
obtaining only few vector constructs of the desired confi guration, 
vector barcoding is aimed on maximal effi ciency of the barcode 
integration into the vector (i.e., preventing the formation of non-
barcoded vectors,  see   Note 1 ). For this purpose an approximately 
10–50-fold excess of the barcode adapter over the vector concen-
tration is essential. In practice, the calculation can be done as 
follows. First, consider the length of the barcode and the vector. 
Second, consider concentrations of both (vector concentration 
can be measured, barcode adapters arrive with exact description 
how much μg is synthesized). From these two measurements we 
fi ll out the table above and fi nd a fi nal volumetric mixing ratio of 
the vector and barcoded linker. To illustrate, in our case we had 
the numbers specifi ed in Table  1 . This means that for a ratio 1:10 
(vector to barcode) we take 20 μl of vector and 0.2 μl of a bar-
code adapter. Note that further excess of the barcode concentra-
tion (above indicated range) will inhibit effi ciency of the ligation. 
It will lead to the drastic decrease of the successfully ligated prod-
uct. In addition, the risk of a barcode concatemer forming will 
increase. Additionally, a titration of the vector to barcode ratio 
can be performed to ensure optimal conditions for ligation.

     After ligation is completed, the sample is usually heat-inactivated at 
80 °C for 20 min. Further it is cleaned up (we use Roche PCR 
cleanup kit). This is not a strictly obligatory step, yet cleaned DNA 
usually gives better effi ciency for  E. coli  transformation. If the 
adapter is made in a way that eliminates the original restriction site 
(like lentiviral adapter above for  BsrGI  site), a control cut with cor-
responding enzyme ( BsrGI ) is recommended. This will further 
minimize the risk of the concomitant presence of unbarcoded vec-
tors in the barcoded library.  

3.5  Post Ligation 
Handling

   Table 1  
  Calculation of linker to vector ratio   

 Component  Length, bp  μg/μl  Final 1:1 ratio  1:10 ratio 

 Plasmid DNA  9,000  0.1 

 Linker  60  0.7 

 Dilution  150  7  1,050  105 

Leonid V. Bystrykh et al.



351

  Competent  E. coli  cells (NEB, Life Sciences, or analogue) are 
transformed with a ligated vector mixture according to the proto-
col provided by the company. It is usually 5 μl of the vector DNA 
(0.05–0.1 μg/μl) per 50 μl of the  E. coli  cell suspension. At the end 
of the protocol the suspension is diluted to 300 μl by SOC medium. 
Cells are plated in variable dilutions (usually up to 50 μl per plate, 
totally 6 or more plates per one ligated vector prep) to ensure sin-
gle colonies growth on petri plates. Note that barcodes consisting 
of completely variable uninterrupted N-mers (which are used by 
some groups) cannot be used in this protocol; such barcodes have 
a high risk of strand misalignment, which will be eventually modi-
fi ed by the DNA-repair system of  E. coli .  

  At the optimal conditions all colonies on the plates should be well 
separated from each other, so one can count them reliably. This 
number is usually under 100–200 colonies per plate (at the vector 
concentration mentioned in the previous chapter). At this stage it 
is important to take 20–40 colonies from the plates, perform vec-
tor isolation (mini-prep from Thermo Scientifi c, Qiagen, or any 
other company) and test for the presence of barcodes. Insertion of 
the barcode in the vector causes a slight but detectable increase in 
the size of eGFP-LTR fragment of the vector. Using appropriate 
restriction enzymes around the barcoded site or PCR with barcode 
fl anking primers will allow to detect the frequency of barcoded 
vector preps and to count the effi ciency of barcode integration. 
Note that both unbarcoded vectors and aberrant barcodes will be 
detected at some frequency. It is inevitable that a fraction of the 
vectors will be not properly barcoded. It is important to ensure 
that the total percentage of such aberrant vectors is kept low (usu-
ally under 5 %). The quality of barcoding will determine the fur-
ther strategy of preparing vector prep library. If the effi ciency is 
high, colonies can be pooled in 5–20 colonies per fl ask and cul-
tured as one midi- or maxi-prep. As a rule 1–2 ml of LB medium 
is used in liquid cultures per single colony in the prep. Culturing in 
pools saves labor and timing costs. Yet, the quality of such prep can 
be reduced by differences in barcode concentrations and by pres-
ence of non-barcoded vector. Additionally, the whole prep can be 
used only once, because preparing an  E. coli  stock from such a prep 
is not an option. Alternatively, each colony can be cultured sepa-
rately and mini-prep is performed with each cultured clone indi-
vidually. This approach requires considerable labor and time 
efforts. However, it provides the best quality result at the end since 
each clone is confi rmed and stored separately, and all aberrant 
clones can be discarded. In this case  E. coli  stocks must be made for 
each barcoded vector. This will allow to re-culture and regenerate 
the very same barcode library whenever it is needed, so the library 
become endlessly reusable ( see   Note 5 ). 

3.6   E.coli  
Transformation

3.7  Analysis 
of the Vector 
Barcoding Effi ciency 
and a Library Size
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 At the end, all isolated barcoded vector preps are mixed at 
equal amounts (equal μg DNA per each barcoded vector), which 
essentially becomes a barcoded vector library of known size/ 
complexity. Importantly, the library size is counted at this stage for 
the fi rst time ( see   Note 4 ). It is based on the actual number of colo-
nies collected from the plates. Note that the library size should be 
far below the total number of possible combinations of the bar-
code sequence ( Library size  << 4 N  × 2 S ). This important condition is 
required for two reasons:

    1.    To avoid the risk of obtaining the same barcode more than 
once (this will eventually decrease the real size of the library).   

   2.    To make sure all barcodes are sequence-wise signifi cantly 
 different from each other [ 14 ], therefore the chance of having 
two barcodes differ in only one nucleotide will be negligible. 
This is important for sequence data fi ltering.    

  More exact solutions can be found using random simulations, 
Poisson and binomial distribution models. For detailed analysis 
(if not available in the lab) we recommend to refer to specialist in 
bioinformatics ( see   Note 3 ). 

 For the three types of barcodes we routinely calculate the risk 
of obtaining the same barcode twice or receiving two barcodes that 
differ by one nucleotide (with a minimal distance ( D  min ) of 1). The 
calculations are shown in Table  2 .

   The statistics are obtained from a random simulation script in 
Python (taking into account the complexity of the barcode and the 
library size). Each parameter was tested in 50–500 simulations. 

 One can see from the table that barcode type 2 can be used for 
medium size libraries. If the size of a barcode type 2 library is 
increased to 500 barcodes, the library reaches its maximal size as 
the odds of including barcodes that are identical becomes critical. 

   Table 2  
  Calculating the risk of identical barcodes and barcodes differing by 1 nucleotide based on the 
barcode structure and library size   

 Type  Barcode 
 Max 
complexity 

 Library 
size 

 Probability to 
pick the same 
barcode 

 Probability for 
barcodes to 
differ by 1 nt 

 1  NN…NN…SS…NN…NN…NN  4194304  100  0.000091  0.001 
 500  0.00008  0.004 

 2  NN…SS…NN…NN…NN  262144  100  0.001  0.009 
 500  0.0026  0.052 

 3  NNN..NNN..NNN..NNN..
NNN..NNN..NNN 

 4.398E + 12  500  <0.0005  <0.0005 
 2,000  <0.0005  <0.0005 
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Barcode type 1 suits well for a 500 barcodes library, while barcode 
type 3 can be used for much bigger libraries, which can count into 
the thousands. 

 Low saturation of the library is necessary for library validation 
by deep sequencing; however, it is not entirely critical in experi-
ments with relatively low number of clones. If the number of clon-
ally expanding cells in the biological experiment is 50–100 times 
below the size of the library, then problems of low barcode 
sequence distance or high redundancy in the library will be com-
pensated by low sampling frequency in the real experiment. 
However, if the expected number of clonally expanding cells is 
close to or higher than the library size, then the size of the barcode 
library is critical. In both cases, it is benefi cial to measure the num-
ber of clonal cells by at least two independent methods, one of 
those being barcoding.  

  For retroviral vectors an ecotropic packaging cell line is routinely 
used. Excellent description of protocols is available at the Nolan 
lab page (  http://www.stanford.edu/group/nolan/protocols/pro_
helper_dep.html    ). Some variations in the method can be dictated 
by specifi cs of the cell line used. Our routine protocols have been 
described recently [ 8 ,  10 ] both for retroviral and lentiviral [ 13 ] 
barcoded vector libraries.

    1.    Day 1: Cell plating
 ●    Plate Phoenix-ECO cells: 2.5 × 10 5  cells per 1 well of 6-well 

plate in 2 ml DMEM + 10 % FCS. Incubate overnight at 
37 °C, 5 % CO 2  to allow cells to attach.      

   2.    Day 2: Transfection
 ●    Prepare transfection mix. Amounts needed for one well:

 DMEM (no serum)     ad  100 μl 

 Fugene    3 μl 

 Barcoded vector construct    1 μg 

 ●      Calculate the volume of the medium to be added, pipette 
in microcentrifuge tube.  

 ●   Add dropwise fugene (do not touch walls of the tube), 
then vector preparation.  

 ●   For mock transduction, add no vector.  
 ●   Tick gently, no vortexing, allow complex formation for 

15 min at room temperature.  
 ●   Add 100 μl transfection mix dropwise to Phoenix-ECO 

cells, swirl really gently, incubate at least for 12 h (opti-
mally 24 h) at 37 °C, 5 % CO 2 .      

3.8  Creating Viral 
Particles 
and Transduction 
of Hematopoietic Stem 
Cells
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   3.    Cell sorting

 ●    Collect the bone marrow cells and FACS-sort desired pop-
ulations (in our case lineage negative Sca1 +  c-Kit +  CD150 +  
CD48 −  cells (LSK150 + 48 − ) and control LSK CD150 −  
CD48 −  cells).  

 ●   Collect cells directly from cell sorter into microcentrifuge 
tubes coated with 7.5 % BSA to avoid cell losses during 
transfer of cells to the plate.  

 ●   Plate 10,000–20,000 sorted cells into 1 ml StemSpan + cyto-
kines in 1 well of 12-well plate (block wells with 7.5 % 
BSA, remove it before plating).      

   4.    Medium change

 ●    Carefully remove medium of Phoenix-ECO cells by 
suctioning.  

 ●   Replace medium with 1.5 ml medium of eventual target 
cells (Stemspan, no serum should be added to prevent 
inactivation of the virus, no cytokines to avoid stress to 
Phoenix-ECO cells), incubate O/N 37 °C, 5 % CO 2 .      

   5.    Day 3: Coat wells with retronectin

 ●    Dilute retronectin stock (as received from a company) 40 
times. This solution can be reused 4–5 times.  

 ●   Add 1 ml retronectin solution to desired number of wells 
of 12-well plate, gently rotate to cover the whole bottom 
of the plate.  

 ●   Leave at room temperature for 2 h.  
 ●   Remove retronectin solution by suctioning.  
 ●   Block retronectin by adding 1 ml of 2 % BSA solution in 

PBS. Leave for 30 min at room temperature.  
 ●   Remove BSA solution (optional—wash with 0.2 % BSA 

solution in PBS before cell plating).      
   6.    Virus harvest:

 ●    Very carefully collect supernatant from Phoenix-ECO cells 
using 5 or 10 ml syringe.  

 ●   Pass through fi lter (Millex HV, low protein binding) to 
remove residual Phoenix- ECO cells.  

 ●   Add 1 ml of PBS solution to Phoenix-ECO cells.      
   7.    Cell transduction:

 ●    Collect LSK48 − 150 +  and control (LSK CD48 −  CD150 − ) 
cells that have been prestimulated in StemSpan + IL11+ 
SCF + Flt3L for 22–24 h (14 ml screw cap tubes). 
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Wash every well at least two times with 1 ml of PBS + 0.02 % 
BSA. Check under the microscope that all the cells were col-
lected. Repeat the washing step if necessary.  

 ●   Spin cells down for 5 min, discard the supernatant.  
 ●   Add:

 –    Viral supernatant in desired volume.  
 –   Polybrene solution.  
 –   Cytokine solution.     

 ●   Transfer cells to retronectin-coated wells, centrifuge for 
15–25 min at 22 °C.  

 ●   Incubate O/N at 37 °C 5 % CO 2 . 
 Check fl uorescence of Phoenix-ECO cells to control effi -
ciency of transfection.      

   8.    Day 4: Control whether transduction was successful
 ●    Collect transduced and mock-transduced control 

(LSK48 − 150 + ) cells in 14 ml tubes.  
 ●   Add 10 % FCS up to 14 ml to wash (and partly inactivate) 

the virus and spin down.  
 ●   Remove supernatant by suction.  
 ●   Resuspend in PBS + 0.02 % or propidium iodide solution.  
 ●   Bring on ice to FACS-analyzer and check fl uorescence in 

GFP-channel. %GFP in control cells indicates whether 
transduction was successful. It is usually lower than in 
LSK CD150 +  CD48 −  cells, and additionally not all cells 
express GFP at this time point, so the value underesti-
mates the real transduction frequency and has to be used 
only for indication.  

 ●   If transduction was successful, collect LSK CD150 +  CD48 −  
cells (as described above). Count the number of cells in a 
small aliquot using hemocytometer.  

 ●   Leave a small aliquot in culture with StemSpan + 10 % 
FCS + cytokines to check fi nal transduction effi ciency.      

   9.    Day 6–7: Check fi nal transduction effi ciency
 ●    Collect remaining cells, analyze by FACS.       

        1.    Day 1: Cell plating
 ●    Coat T75 flasks for 2 h with 0.1 % gelatin (4 °C). Use 

3 fl asks per transduction.  
 ●   Plate 293T cells: 5 (1.5–5) × 10 6  cells per fl ask in 10 ml 

DMEM + 10 % FCS. Incubate O/N at 37 °C, 5 % CO 2 .      

3.9  Transduction 
Protocol 
with Lentiviral Vector 
Library
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   2.    Day 2: Fugene transfection
 ●    Prepare transfection mix. Amounts needed for one T75 fl ask:

 –    Tube 1:

 DMEM–FCS  100 μl 

 Packaging construct (pCMV Δ8.91)  3 μg 

 Glycoprotein envelop plasmid (VSV-G)  0.7 μg 

 Vector construct (pGIPZ derivative)  3 μg 

 –      Tube 2:

 DMEM–FCS  400 μl 

 Fugene   21 μl 

   (Add Fugene in medium, not against the edges of the 
tube).     

 ●   Add content of tube 1 to tube 2, fl ick gentle and allow 
complex formation for 20 min at RT.  

 ●   Add 500 μl transfection mix dropwise to 293T cells, swirl 
real gentle, incubate O/N 37 °C, 5 % CO 2 .      

   3.    Day 3: Medium change
 ●    Carefully remove medium of 293T cells by suctioning.  
 ●   Replace medium with 5.0 ml medium of eventual target 

cells (e.g., HPGM, Stemspan, etc), incubate O/N 37 °C, 
5 % CO 2 .      

   4.    Day 4: Virus harvest
 ●    Very carefully collect 5 ml medium from 293T cells into a 

12 ml tube.  
 ●   If there are a lot of fl oating cells, consider centrifugation 

fi rst.  
 ●   Pass over two fi lters (Millex HV, low protein binding) to 

remove residual 293T cells. Nb: fi rst time, the fi lter might 
clog and snap, since a lot of 293T cells are also in this 
medium, hence the second fi lter step with new fi lter.  

 ●   Freeze virus-containing supernatant in aliquots of 500 μl 
in cryotubes in −80 °C and use when necessary.         

   Number of target cells . To address the research question appropri-
ately, it is important to approximate expected number of barcoded 
target cells in the population to be studied. For our experiments 
with HSCs, we performed limited dilution transplantations to esti-
mate the stem cell frequency ( see   Note 6 ). Ex vivo culture and 

3.10  Critical 
Parameters
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gene transfer can functionally infl uence transduced cells, and these 
factors have to be considered in experimental planning. 

  Barcode per cell ratio . A viral transduction event is a random Poisson 
process [ 15 ]. For any given transduction effi ciency one can assess 
probabilities of single, double, triple etc. viral transduction per cell. 
While at low transduction effi ciencies only one barcode is incorpo-
rated in most cells, number of vectors per cell might dramatically 
increase when reaching transduction effi ciencies higher than 75 %. 
Researchers must be able to assess those probabilities experimen-
tally and theoretically. 

  Limitations of blood sampling . For studying kinetics of clonal con-
tribution to hematopoiesis, blood samples can be repeatedly taken 
from the same mouse. Since the blood volume should not exceed 
~100 μl within intervals of 1–2 months, it creates some limitation 
for the resolution and statistical power of the experiment. If cells of 
different lineages are sorted from the blood sample the number of 
sorted GFP +  cells defi nes the upper limit of the maximum number 
of barcodes that can be found in a sample. The sensitivity of bar-
code detection should be tested in samples containing known 
number of cells and barcodes. Work in clean environment free of 
high copy DNA handling is critical to prevent cross-contamination 
in the process of DNA extraction and preparation for PCR. It is a 
good practice to test all samples in duplicate to allow testing for 
consistency of reads if problems are detected. For DNA isolation 
standard commercial kits are routinely used. In our lab we com-
bine RedExtract (Sigma) and Blood and tissue DNA isolation kit 
(Macherey-Nagel, Germany), which allow for extraction of DNA 
from cells in a range 1,000–1,000,000. For highly proliferative 
cells available in small numbers (HSCs), it can be recommended to 
perform monoclonal expansion in vitro to allow for robust barcode 
detection [ 10 ].  

   Genomic DNA is subjected to PCR with specifi cally tagged 
(indexed) primers, allowing for multiplexing of multiple samples in 
a single sequencing run. This obviously greatly reduces the cost of 
sample analysis. Details of primer tag design we use have been pre-
viously described [ 10 ,  14 ]. Unlike barcode sequences, primer tags 
for multiplexing are custom made 8–9 nt long DNA oligonucle-
otides added to the 5′ end of the PCR primers sequences. 
Importantly, tags must differ from each other by at least three 
bases, in other words they must conform to the minimal distance, 
 D  min  >2, to resist at least 1 sequencing error. Various barcoded 
DNA samples can be pooled together and sequenced in one lane. 
We use Illumima HiSeq machine for barcode detection. In this 
confi guration 200–300 samples per run can be routinely sequenced 
and generate suffi cient number of reads per sample. 

3.11  Barcode 
Sequencing 
and Primary Data 
Handling

3.11.1  Primary 
Processing
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 When sequencing is completed a few essentials steps must 
be done.

    1.    Quality controls. In addition to machine fi ltering, we routinely 
discard all sequence reads with low quality reads (or N) if these 
occurs within the expected barcode region.   

   2.    Data compression. All identical reads are compressed as one 
single sequence, and the frequency value (number of reads a 
particular sequence occurs) is kept next to the sequence.   

   3.    Data demultiplexing. Experimental samples are separated on 
the basis of the exact match to the sample multiplexing tag and 
PCR primer fragment, 13 nt total length. Note that at this 
stage more sophisticated algorithms can be applied, allowing 
for instance single error correction and therefore improving 
recovery of reads.      

  When all steps mentioned above are completed a barcode sequence 
is routinely identifi ed using matrix-scoring method (for our scripts 
in Python and Perl we used MOODS package [ 16 ]). Note that 
limiting the analysis to only exact matches to the barcode back-
bone sequence, contains the risk of missing slightly aberrant bar-
coded structures which occasionally occur ( see   Note 2 ). The initial 
set of reads is further reduced to the set of unique barcode 
sequences (with all frequencies counted and stored), ignoring all 
other errors/mutations outside of the barcode region. The fi rst 
and the most powerful step of sequencing noise fi ltering is apply-
ing the rule that in a barcode data set, sorted in descending order 
by frequency, barcodes that occur less frequently and that have a 
 D  min  = 1 with respect to the most abundant barcodes, must result 
from PCR and/or reading errors, and are removed. Failure to 
remove these spurious barcodes results in greatly infl ated clonal 
counts. Note that this rule can be applied if barcode library size 
and clonality of the analyzed population make a probability of any 
pair of barcodes in the population on such distance negligible (see 
chapter barcode library construction above). Authors must be able 
to assess those risks or consult a statistician. 

 Some additional noise fi lters to consider are: 

  Number of reads per cell . Suppose 30,000 barcoded cells were 
sorted, from these cells DNA was extracted and PCR of the bar-
code sequence performed. Subsequent sequencing returned 
100,000 reads per whole set. These reads will be unequally 
 distributed among different unique barcodes. Barcodes with fre-
quencies less than 1/30,000 of total reads, in this case 
100,000/30,000 = 3.3, will be discarded since their relative repre-
sentation is less than one barcode per cell, per defi nition indicating 
presence of technical noise in the sample. 

3.11.2  Filtering 
of Sequencing Noise
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  Biological signifi cance . Suppose in a time series a barcode has been 
detected which never reached a frequency above 0.5 % of the pop-
ulation. Even though this barcode might be real, its contribution 
to overall blood regeneration remains of low biological signifi cance 
(keeping in mind the routine standards for acceptable limits for 
HCS contribution). On this basis this barcode could be rejected as 
it non-robustly contributes to blood cell formation. 

  Consistency of barcode spectra in time series  ( outliers ) .  Our experi-
ence shows that the great majority of clones can be consistently 
detected in a time series, which allows concluding that overall 
blood contribution is stable, although gradually drifting in a time 
[ 8 ,  10 ]. If this assumption is accepted, incidental outliers in time 
series are suspect to result from technical errors or contaminations. 
It is advised that samples organized as time series are checked for 
consistency and all outliers should be taken with caution. 
Performing barcode analysis in duplicate helps resolving this issue.    

4    Notes 

     1.    Synthesis of the barcoded vector via a ligation protocol suffers 
from several imperfections, such as the occasional truncation 
of the backbone, concatenation of barcode sequences (when 
used in excess), and some fraction of vectors remaining unbar-
coded. Thorough experimental optimization of the protocol 
should keep those side products at minimum.   

   2.    Retrieving barcoded sequences must allow for detection of 
those aberrant vectors, and they must be considered as real and 
included in the analysis.   

   3.    Increasing the barcode library size is a labor intensive process. 
Therefore, researchers must consult specialist in statistics on a 
reasonable library size for planned experiments.   

   4.    Library size cannot be determined solely on the basis of 
sequencing data, because sequencing alone does not discrimi-
nate between real barcodes and false barcodes which are gener-
ated due to PCR/sequencing/reading errors.   

   5.    Bias in barcoded vector representation inevitably reduces effec-
tive library size, and therefore must be kept at minimum.   

   6.    It is desirable to have a parallel, independent assessment of the 
initial frequency of the barcoded clonogenic cells. Counting 
clones using barcodes is probabilistic by nature. It relies on 
 specifi c probabilities of  D  min  values in the barcoded vector 
libraries; also it is used in combination with technical thresh-
olds and distinct levels of biological signifi cance. This creates 
certain risks of obtaining false positive and false negative types 
of errors. Those risks must be approached using proper statisti-
cal analysis.         
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