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Introduction 

Leukemia is a malignant disease that continues to playa cutting-edge role in 
the discovery of new basic knowledge about the malignant process and about 
the potential for controlling these malignant diseases. The thirteen contribu­
tions in this volume are entirely unique and represent new areas of important 
discoveries since the publication of Leukemia: Advances in Research and 
Treatment in 1993. 

The first chapter describes the identification and cloning of the gene located 
at the breakpoint on chromosome 16 in the unique form of acute myeloblastic 
leukemia known as inversion 16 disease. This disease is the most sensitive to 
currently available cytotoxic chemotherapy and has the best prognosis of any 
form of acute myeloblastic leukemia in man. Dr. Siciliano and his coworkers 
pioneered in discovering the molecular basis for this disorder, which has just 
recently been elucidated. The second chapter is a presentation by Dr. 
Nagarajan of the important diseases associated with deletions of the long arm 
of chromosome 5. These leukemias are growing in importance because they 
represent a high proportion of the secondary - that is, treatment-induced -
leukemias and are associated with a particularly poor prognosis. Dr. 
Nagarajan is one of the leading contributors to the localization of the essential 
deletion and the identification of its potential role in the control of hemato­
poiesis. In the third chapter, Dr. John Reed and coworkers, who have made 
substantial contributions to our growing knowledge about the bcl-2 gene, 
update the role of this important gene in regulating and controlling the pro­
cesses of cell death. In chapter 4, Drs. Downing and Look summarize informa­
tion about the llq23 breakpoint leukemias that have become prominent 
following therapy with topoisomerase II binding chemotherapeutic agents, 
providing an important insight into the mechanisms of leukemogenesis in man. 
In chapter 5, Dr. Gewirtz describes an original and relatively unique approach 
to gene therapy, that is, regulating the myb oncogene expression as an ap­
proach to controlling the expression of the essential bcr/abl neogene in pa­
tients with chronic granulocytic leukemia. In the sixth chapter, we have an 
excellent review by Drs. Keith and Russell of the growing importance of the 
p53 suppressor gene and oncogene in leukemia. 

In chapter 7, one of the pioneers in the field of cord blood hematopoietic 

xi 



stem cells, Dr. Broxmeyer, summarizes this important and unique approach to 
replacement of hematopoietic stem cells in man. In the eighth chapter, Drs. 
Roberts, Estrov, Kitchingman, and Zipf update the mechanisms for detection 
of minimal residual disease in acute lymphoblastic leukemia, which are prov­
ing to be quite important in devising novel strategies for curative therapy in 
this disease. In chapter 9, Drs. Seymour and Kurzrock provide new informa­
tion about cytokines and their role in the control of malignancy. In the tenth 
chapter, Drs. van Besien and Giralt summarize the current status of autolo­
gous marrow transplantation in the control of malignant diseases. In chapter 
11, Dr. Pagliaro updates the information on the important function of the 
retinoblastoma gene in malignancy. In the twelfth chapter, Drs. Giralt and van 
Besien summarize the approach to patients who relapse after allogeneic bone 
marrow transplant, which provides unique opportunities for innovative ap­
proaches in the clinic. And finally, in chapter 13, Drs. Cortes, Kantarjian, and 
Freireich summarize the current status of chemotherapy of acute lymphoblas­
tic leukemia in adults, which has moved adult acute lymphoblastic leukemia 
closer to the highly significant effects of therapy that are observed in childhood 
acute lymphoblastic leukemia. 

In summary, this volume presents, in a multiauthored text, the contribu­
tions of leading investigators and scientific contributors to the topics being 
updated here. This volume complements Leukemia: Advances in Research and 
Treatment, published in 1993, by including new topics that have moved quickly 
over the last several years. The editors are aware that a volume such as this 
cannot be comprehensive; Many important contributors to leukemia research 
and treatment advances have not been included. These deficiencies are clearly 
ascribable to the editors. The authors who have contributed to this volume 
have created an important update of ongoing research in this field. 
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1. Molecular genetics of inversion 16 leukemia: 
implications for leukemogenesis 

David F. Claxton, Paula Marlton, and Michael J. Siciliano 

1. Introduction 

The M4Eo subtype of acute myeloid leukemia (AML) has distinctive bone 
marrow morphology characterized by the presence of dysplastic eosinophils 
with abnormal granulation. This distinct sUbtype of acute myelomonocytic 
leukemia (AMML or AML-M4) is predictive of a more favorable outcome 
with longer remission duration and survival following appropriate chemo­
therapy [1,2]. The original descriptions of this entity were reported in asso­
ciation with the chromosome 16 abnormalities inversion(16)(p13;q22), 
translocation (16;16)(p13;q22), and deletion (16)(q22) [1,3,4], referred to 
hereafter as inv(16), t(16;16), and del(16q), respectively. Thus a cytogenetic­
clinicopathologic association was described between M4Eo and these chromo­
somal abnormalities. The association is not exclusive, however, with many 
examples of inv(16) now described in the setting of other AML subtypes such 
as M2 and M5 as well as myelodysplastic syndrome [5,6]. Some important 
recent work has been the cloning of the breakpoints associated with inv(16) 
and t(16;16) and the identification of the genes associated with those chromo­
some alterations. The steps of that process will be reviewed here, as will the 
development of molecular genetic tools and procedures which that work has 
made available to diagnostics. We will then consider the biological and clinical 
implications of a deletion that has been shown to have occurred in some 
inv(16) patients. Finally, we will discuss the molecular genetic findings in 
relation to models for understanding the mechanism of this disease and what 
those possible mechanisms imply with respect to the understanding of leuke­
mia and carcinogenesis in a wider sense. 

2. Cloning of chromosome 16 breakpoints associated with AML-M4Eo 

Inv(16) is recognized cytogenetically as a pericentric inversion of one chromo­
some 16 with breakpoints at 16p13 and 16q22. Molecular genetic inroads into 
understanding the genetic consequences of this cytogenetic event began with 
the identification of a genomic clone containing the sequences of the p-arm 
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breakpoint associated with the inversion. Cosmid clones, containing between 
30kb and 50kb of genomic DNA, were mapped into the p13 region of chromo­
some 16 and were used [7,8] as probes for fluorescent in situ hybridization 
(FISH). If such a probe was from a location distal to the breakpoint, it would 
produce a fluorescent spot on the p-arm of the inversion chromosome, 
whereas probes from clones mapping proximal to the breakpoint would iden­
tify the sequences on the q-arm of the inversion chromosome. What was being 
sought was a clone that, when used as a probe, produced a signal split between 
the p- and q-arms, indicating that it contained the breakpoints. The discovery 
of such a clone was facilitated by the identification of cosmid 35Bll, identified 
as being proximal to the breakpoint by the above criteria. When a unique 
sequence from that cosmid was used as a probe on a pulsed field gel in which 
macrorestriction fragments from the DNA of inv(16) and normal cells were 
separated, novel 240-kb SacII macro restriction fragments were identified from 
the DNAs of only the inv(16) cells [9]. These data suggested that 35Bll was 
within 240kb of the inv(16) p-arm breakpoint. Sequences from 35Bll (and 
flanking contiguous cosmids) were then used to identify very much larger 
genomic segments that were cloned into yeast artificial chromosomes (YACs). 
It was likely that such larger genomic clones would contain the breakpoint. 
Four YACs so identified had human inserts sized 100,300,550, and 780kb, 
respectively. The three largest indeed contained the inv(16) p-arm breakpoint, 
as indicated by the fact that the FISH probe made from them was split to give 
a signal on the p- and q-arms of the inversion 16 chromosome in patient 
material [9]. 

So, the p-arm breakpoint had been cloned, but only in Y ACs containing 
very large pieces of DNA. The next step was to narrow down the cloned 
human DNA to include only the breakpoint and just enough flanking se­
quence to accomplish two key tasks - to identify a genomic clone that crossed 
the q-arm breakpoint, and to use both these p-arm and q-arm genomic clones 
to isolate the genes (in the form of cDNAs) on the respective arms that 
became rearranged as a result of the inversion. Thus cosmid-size clones con­
taining DNA that crossed the p-arm breakpoint were sought by screening a 
human chromosome-16 cosmid library (from Los Alamos National Labora­
tory) with DNA from all four YACs. Cosmids identified by all three YACs 
that crossed the breakpoint, but not identified by the Y AC that did not, were 
chosen. The very first such cosmid so identified (16C3) contained the 
breakpoint, as indicated by the fact that, when it was used as a FISH probe, 
signal was produced on both the p and q-arms of the inv(16) chromosome [10]. 
Cosmid 16C3 was then used to leap to the q-arm breakpoint. In order to do so, 
a fragment of it that contained purely unique sequence (16C3e) was isolated 
and then used to screen a genomic cosmid library that had been made from the 
DNA ofinv(16) leukemia cells. Some cosmids from that library would be from 
the normal chromosome 16 and others from the inv(16). To distinguish them, 
restriction digests of clones identified by 16C3e were compared to digests of 
16C3 itself. Unique fragments present in the former were likely to be from the 
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q-arm and present in the cosmid as a result of the inversion. Such a unique 
HindUI fragment (O.7kb) was identified in one cosmid. The verification that it 
contained sequences from both the p- and q-arms in a FISH experiment was 
that signals were produced on both arms of both chromosome 16s in normal 
metaphase cells. The telltale HindUI fragment itself was then used as a probe 
(once again on the normal chromosome-16 cosmid library from Los Alamos). 
This allowed the identification of cosmid clones containing sequences that 
crossed the q-arm inv(16) breakpoint. Two such overlapping q-arm cosmids 
were isolated and verified as crossing the breakpoint in FISH experiments in 
which they were used as a probe - they produced a split signal on the 
inversion chromosome [10]. 

3. Identification of the genes affected by the rearrangements 

With cosmids now available that spanned both the p-arm or q-arm 
breakpoints, human expression cDNA libraries were screened to isolate the 
genes which were at the breakpoints and therefore were very likely rearranged 
by the inversion event. Unique sequence probes from those cosmids were used 
for the screening to identify the p- and q-arm genes, respectively [10]. The p­
arm breakpoint gene was isolated in this way. Sequencing showed that it coded 
for a smooth muscle myosin heavy chain gene named MYHII. The q-arm 
cosmid probe identified cDNA clones that showed a high degree of sequence 
similarity to a newly described mouse gene coding for a DNA-binding tran­
scription factor core binding factor beta (CBF beta) [11]. The human gene was 
named CBFB. Mapping of the p- and q-arm cosmids indicated that the inver­
sion breakpoints of each gene fell in introns [10]. Since the breakpoints were 
located in introns of both the p- and q-arm genes, a fusion transcript could be 
theoretically generated in the AML cells. Identification of such a transcript 
would surely verify the molecular genetic consequences of the cytogenetic 
event, and perhaps provide an insight into the basis of leukemogenesis of this 
malignancy. 

To determine if a fusion transcript was produced in the leukemic cells, PCR 
primers were designed from the middle of the CBFB coding sequence and the 
3' region of MYHII coding sequence. Reverse transcription was conducted on 
the total RNA from inv(16) leukemia cells derived from six patients to make 
cDNA from the RNA message produced in the cells. If a fusion transcript was 
produced and converted to cDNA by the reverse transcription process, then 
PCR of that cDNA (RT/PCR), using the primers described above, should 
produce a product. Product was generated from all six samples while no 
product was ever obtained using RNA from non-inv(16) cells [10]. This ap­
proach was extended by Claxton et al. [12] to a total of 28 viably preserved cell 
RNAs from inv(16) patients and seven cases with the related translocation 
t(16;16)(p13;q22). In all the typical inv(16) cases and, importantly in all seven 
translocations samples, fusion products were obtained that were composed of 
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16 INV 16 

~YHll r r CBFB / MYH11 

\ 
I 

I 
/ 

CBFB 1 ! MYH11 \ CBfB 

16 16 16p+ 16q-

r,IYH11 r t MYH11 \ CBFB 1 MYHll 

t( 16; 16) 

CBFB 1 1 : 1 CBFB 1 CBFB / LlYHll 

Figure 1. Schematic view of the consequences of inv(16) and t(16;16). The inv(16), shown at the 
top of the figure , fuses most of the CBFB coding sequence encoded at 16q22 upstream of the 3' 
end of MYHll on 16p13 of the same chromosome. In t(16;16) (shown at the bottom), breakpoints 
on different chromosome 16 homologues translocate the distal p-arm region of the first homo­
logue to the distal q-arm region of the second while the distal q-arm region of the second 
homologue is translocated back to the distal p-arm region of the first. This results in a chimeric 
CBFBIMYH /1 gene similar to that in inv(16) cases. Although the reciprocal fusion gene MYH /11 
CBFB should also be generated, deletion of MYH 11 sequences upstream of the breakpoint 
appears to be present in some cases that are clinically indistinguishable from those without the 
deletion. This suggests that the CBFBIMYHll chimera is the operative factor in the disease. 
(From Claxton et al. [12].) 

upstream CBFB sequences and downstream MYHII sequences. No such 
products were obtained from 10 cases of AML not showing chromosome 16 
alterations, nor in one inv(16)(p13q24) (i.e., a variant q-arm breakpoint). 
These data also indicated that the molecular consequences of the t(16;l6) were 
similar to those of inv(16). Figure 1 illustrates the cytogenetic and molecular 
genetic events of inv(16) and t(16;16). 

4. Diagnostic applications 

The cloning and identification of the genes associated with the breakpoints 
in inv(16) produced reagents and procedures that are of great assistance in 
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diagnosing and monitoring the disease. Unique sequence in the region of the 
breakpoint can be used in Southern blot analysis of DNA from patient mate­
rial to identify rearrangement fragments indicative of an inversion or translo­
cation. For example, 16C3e from the distal side of the p-arm breakpoint [13] 
readily detects such rearrangements in cells from inv(16) patients but not in 
the cells of patients with other leukemias [10,13,14]. As explained more fully 
below, there is a subclass of inv(16) patients with a deletion proximal to the 
site of the p-arm breakpoint [inv(16)/del] [1O,13-1S]. Using a probe just proxi­
mal to the p-arm breakpoint (e.g., NESA in Marlton et al. [13]), one can 
identify inversion patients that have the deletion - such a probe does not 
identify a rearrangement fragment in deletion patients. Therefore, by combin­
ing the use of probes both distal and proximal to the p-arm breakpoint in 
Southern analyses, one can determine the presence of the inversion or trans­
location and whether or not that primary event is associated with deletion. 

Inversions can also be readily identified by FISH using robust probes that 
overlap inversion breakpoints. The inversion chromosome readily stands out 
in such analyses, since the signal is split between the p- and q-arms of the 
inv(16) chromosome. We define a robust probe as one being large enough so 
that its signal can be readily identified in even the poorest of metaphases. The 
best and most consistent probe available for this purpose, as described in Liu 
et al. [9], has been generated by inter-Alu-PCR [16] from a human-Chinese 
hamster ovary somatic cell hybrid (3-30) containing most of the p-arm of 
human chromosome 16. The larger Y ACs described above that contain se­
quences crossing the p-arm breakpoint have also proven to be excellent probes 
for diagnosis [9]. The deletion associated with some inversion cases has been 
very readily identified by using a FISH probe made from the cosmid contig 
containing cosmid 3SBl1. Since those sequences are deleted in the inv(16)/del 
patients, only a single signal (from the normal chromosome 16 present in the 
cells) is seen in either metaphase or interphase cells from such patients [13]. 
Others have used YACs [14] or the cDNA of the large multidrug resistance 
protein (MRP) gene [IS], known to be deleted in some patients, as a probe. 
The FISH methods are quite unambiguous and have the advantage of being 
applicable directly to cytogenetic specimens, requiring no DNA or RNA 
extraction. Until an adequate FISH probe is developed for detecting the 
inversion in interphase cells, the usefulness of FISH in the detection of mini­
mal residual disease (MRD) will be severely limited. 

The development of sensitive RT-PCR assays, as described above, for the 
CBFB-MYHll [10,12,17] transcript holds great promise for the monitoring of 
patients with the translocation during remission. The assay was shown to be 
very sensitive by detecting chimeric transcript in as little as 20pg of total 
cellular RNA - a quantity equivalent to the 2-S cells level. Therefore, the 
technology used to develop an understanding of the molecular genetic conse­
quences of the chromosome rearrangements also provided a sensitive method 
for detecting MRD in patients being treated for this disease. Sequencing of the 
RT-PCR products revealed that they were amplified from in-frame fusion 
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Figure 2. FISH on a bone marrow cell from a patient with AML-M4Eo using inter-Alu-PCR 
probe from an interspecific somatic cell hybrid (3-30) containing only the p-arm of human 
chromosome 16. Note that the p-arm of one chromosome 16 is brightly labeled, while on the other 
the signal is obviously split between the p- and q-arms. The inversion is clearly visible in this less­
than-ideal metaphase. 

gene transcripts in which the CBFB breakpoints were all located close to the 
3' end of the coding region, with only the last 17 of the 182 amino acids deleted 
from the resultant putative chimeric protein. Liu et al. [10] identified three 
different breakpoints in the MYHII coding region, and a fourth was identified 
in the expanded set of patients seen by Claxton et al. [12]. Therefore, four 
different classes of breakpoints have been identified - A, B, C, and D -
relative to the position of the breakpoints at MYHll cDNA base-pair posi­
tions 1,921, 1,528, 1,201, and 994, respectively. The great majority of patients 
- 29 - had type A rearrangements, while four had type C, two type D, and 
one type B. Six of the translocation patients had type A and one type D. 
Similar results have been reported recently from France [17], where 20 of 22 
inv(16) patients produced fusion transcript type A, one had type C, and one 
type D. There appears to be no correlation of fusion type with any clinical or 
cytogenetic parameters in any of these studies. 

Though inv(16) patients have a relatively good prognosis with appropriate 
antileukemic therapy, they nonetheless relapse in substantial numbers. Expe­
rience by other authors [17] and ourselves is that the sensitive detection of 
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small numbers of inv(16) cells admixed with large numbers of normal cells 
requires two rounds of PCR. This kind of 'nested' amplification, while very 
sensitive, has the limitation of increased risk of false-positive amplification. It 
is possible that additional technical changes will need to be made before this 
amplification strategy yields clinically reliable data. The importance of identi­
fying relapse early is certainly more than academic [18]. Since many individu­
als with inv(16) are young, patients who may be reliably predicted to relapse 
might be offered related or even matched unrelated allogeneic bone marrow 
transplantation prior to relapse. The early application of transplantation 
during subclinical disease would very likely improve the outcome for these 
patients. 

5. Biological and clinical implications of inv(16)-associated deletion 

As indicated above, in a subset of inv(16) AML patients, a deletion from the 
p-arm of chromosome 16 has been identified in association with the inversion 
[inv(16)/del]. The deletion was originally observed while mapping cosmids 
relative to the p-arm inversion breakpoint cluster (p-ibc) by FISH on patient 
metaphases [10]. One cosmid, 35Bll, which, as mentioned above, mapped to 
within 240 kb proximal of the p-ibc, had generated signal on each of the 
chromosome 16 homologues in most patients; however, in one case, signal was 
present only on the normal chromosome and on not on the inversion chromo­
some, indicating the deletion of sequences recognized by this cosmid. Dele­
tions proximal to the p-arm breakpoints were similarly noted by two other 
groups studying the molecular genetics of inv(16) leukemia [14,15]. 

The frequency, characteristics, and biologic implications of the deletions 
were further defined [13]. Thirty-eight patients with inv(16) and four patients 
with the related t(16:16) were analyzed by FISH using cosmid and cosmid 
contig probes previously mapped as proximal to the 16p-ibc [13]. Sixteen 
percent of the inv(16) patients demonstrated deletion of at least 120kb from 
the inversion chromosome. Other studies have found 1 of 17 [14] and 5 of 13 
[15] case with deletions, giving a cumulated frequency of 18%. Additional 
FISH studies utilizing cos mid and Y AC probes that spanned the p-ibc allowed 
refinement of the estimated size of these proximal deletions to between 160 
and 350kb [13]. Further characterization of the deletions was achieved in 
Southern hybridization analysis of genomic DNA from inv(16) patient 
samples. Utilizing probes from either side of the p-ibc, the deletion was dem­
onstrated to within 10 kb centromeric of and therefore presumably up to the p­
ibc. Thus the deletions appear to occur as part of the same molecular process 
giving rise to the inversion. 

Since the MYHll gene on the 16p is interrupted by the inversion, we 
presumed that upstream sequences of this gene would be absent in inv(16)/del 
patients. Sequence analysis of probes identifying deleted regions in the above 
experiments demonstrated MYHlI coding elements. This confirmed the hy-
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pothesis that upstream elements of MYHII are deleted in the inv(16)/del 
cases. The RT-PCR assay described above detects the transcript generated by 
the 5' -CBFBIMYHII-3' fusion gene located on 16p as a result ofthe inversion. 
Since the deletions encompass only sequences proximal to the p-ibc, the 3'­
MYHII region should be intact and the fusion gene preserved. As expected, in 
the inv(16)/del patients studied by RT-PCR, the identical transcript was 
detected as in inv(16) patients without the deletion. 

Theoretically, the inversion of chromosome 16 could generate two fusion 
genes: 5'-CBFBIMYHII-3' on the p-arm and 3'-MYHIIICBFB-5' on the q­
arm. The work described above showed that the 5' -MYHII region is substan­
tially removed in inv(16)/del patients, and therefore this portion of the q-arm 
hybrid gene would be truncated, if not entirely abolished. Since inv(16) pa­
tients with and without deletions have indistinguishable clinical characteristics 
at diagnosis, we conclude that the 5'-CBFBIMYHII-3' transcript rather than 
its reciprocal (which has not been identified in the small number of patients 
studied) is the critical leukemogenic factor for the inv(16) leukemia. 

There are several other examples of leukemia-related translocations in 
which deletions have been noted. One third of llq23 translocations are asso­
ciated with truncation of the MLL gene [19,20]; AMLI deletions have been 
identified in the t(8;21) [21]; and deletions of 3' BCR are well described in 
chronic myeloid leukemia (CML) [22]. As with inv(16), many translocations 
generate two possible fusion genes, of which only one appears to be critical. 
BCR-ABL and ABL-BCR transcripts have been identified in CML, with the 
former well established as critical for leukemogenesis [23]. Similarly, both 
PML-RARA and RARA-PML transcripts have been demonstrated, with only 
the former retaining the major functional domains of both genes and critical 
leukemogenic activity [24,25]. Thus the molecular features of inv(16) appear 
to correlate well with other established leukemia-associated molecular 
findings, perhaps implicating common mechanisms in the development of the 
underlying chromosomal anomalies. 

The size estimates of the p-arm deletions clearly indicate that, apart from 
upstream segments of MYHll, additional DNA elements are removed. Re­
cently, the newly described multidrug resistance protein gene (MRP) has been 
mapped to the short arm of chromosome 16 proximal to the p-ibc [15,26]. Kuss 
et al. studied this gene in inv(16) patients and found that it was deleted in 5 of 
13 cases [15]. Intriguingly, those patients with only one copy of MRP had a 
better outcome, with more favorable relapse-free survival than those with two 
copies. In our study, we have been unable to discern any differences in out­
come between deletion and nondeletion patients [13]. We did not study MRP 
specifically; however, in all likelihood this gene is deleted from the inv(16)/del 
case we described. Patient numbers in both studies are inevitably small, given 
the rarity of this leukemia; therefore, the credibility of the provocative notion 
that MRP loss may improve chemosensitivity and thus outcome remains to be 
confirmed. The result is particularly puzzling when one considers that the 
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superior outcome of inv(16) patients in general compared to other AML 
patients has been attributed to sensitivity of the leukemia cells to the chemo­
therapeutic agent cytosine arabinoside [27]. Since MRP gene products have 
not been shown to confer resistance to this agent, it is difficult to comprehend 
why the loss of one copy of MRP should be advantageous, should such 
increased survival be validated. 

The original descriptions of M4Eo included not only inv(16) and t(16;16) 
patients but also cases with del(16q) [1,3,4]. The distinct molecular genetics of 
inv(16) and t(16;16), in which a chimeric gene is generated and transcribed, 
render it unlikely that del(16q), in which no similar hybrid gene is expected, 
would have the same molecular consequences. Thus it seemed probable on 
this basis that del(16q) would be associated with a different clinical phenotype, 
in keeping with the recent observations of other clinical investigators [28,29]. 
Del(16q) may therefore not be appropriately grouped together with the other 
chromosome 16 abnormalities indicative of more favorable outcome. A de­
tailed clinical analysis of the outcome of leukemia patients with abnormalities 
of chromosome 16 including inv(16), t(16;16), and del(16q) was conducted 
[30]. The definitive conclusion was that del(16q) patients did not share the 
favorable outcome of inv(16)/t(16;16) patients; indeed, they fared no better 
than other M4 patients without chromosome 16 abnormalities. The del(16q) 
patients were also less likely to have eosinophilia at diagnosis and did not 
share the same propensity for CNS relapse that has been shown for the inv(16) 
patients [31]. These clinical differences are not surprising, given the unique 
molecular biology of inv(16)/t(16;16), and indicate that del(16q) patients 
should no longer be considered as a part of this group. 

We were also interested to determine at the clinical level whether inv(16) is 
a dominant molecular event in leukemia or whether the additional cytogenetic 
aberrations that accompany this abnormality in 50% of cases could alter the 
biology of the disorder. The most frequent additional abnormalities accompa­
nying inv(16) were trisomy 22, trisomy 8, and trisomy 21. A comparison of 
outcome in terms of both survival and remission duration revealed no differ­
ences between patients with inv(16) alone and inv(16) plus other abnormali­
ties. This suggests the molecular consequences of the inversion are dominant 
and critical for the specific inv(16) leukemia phenotype even in the presence of 
other molecular genetic influences. 

6. CBFB-MYHll: Implications for leukemogenesis 

The roles of the family of genes associated with the core binding factor (CBF) 
in normal myeloid differentiation will now be discussed, as will the structure 
and function of MYHII , the myosin heavy chain gene involved in the chimeric 
gene product with CBF beta, in order to consider various models of how their 
perturbation can lead to leukemogenesis. 
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6.1. The CBF transcription factor 

As described above, the 16q breakpoints are found within a gene designated 
CBFB - a gene encoding the human homologue of the beta subunit of the 
murine transcription factor, core binding factor (CBF). A series of three genes 
encodes alpha polypeptide subunits, which may heterodimerize with the beta 
subunit to form CBF. The role of this important transcription factor will be 
discussed further below. However, the reader should first be aware that there 
have been extensive nomenclature changes to the genes that encode the 
various CBF subunits in humans and mice. The attempt has been to simplify 
and to make the nomenclature consistent across species (see table 1 for an 
updated listing of CBF subunit genes in humans and mice). The new no­
menclature will be used here. 

The rearrangement of the CBFB gene from the q-arm of the 16 is viewed as 
the most striking finding from the molecular genetic studies. This is because 
the encoded polypeptide, CBF beta, interacts with a CBF alpha subunit en­
coded by a gene on human chromosome 21 (CBFA2, formerly AML1; see 
table 1). Remarkably, this gene has been shown to be rearranged by the 8;21 
translocation leading to AML-M211. Therefore, taken together with the data 
indicating that the rearrangement of the gene for the beta subunit leads to 
inv(16) leukemia, alterations of either of the subunits of CBF have been shown 
to be implicated in leukemogenesis. 

The murine form of CBF beta (formerly referred to as Pebp2j3) has been 
isolated and the gene cloned by two groups studying viral promotor binding 
peptides [11,32]. It appears to have important activity in regulating normal 
hematopoietic differentiation. CBF binds to alld activates the transcriptional 
enhancers of the Moloney murine leukemia virus and the polyoma virus 
[33,34J. DNA contact to these and various eukaryotic regulatory sequences 
appears to be via the alpha subunit [35]. The beta subunit appears to act to 
increase the affinity of the alpha subunit for the 'core' consensus binding 

Table I. Updated symbols and chromosomal locations (Chr.) for the genes encoding the protein 
subunits associated with the CBF transcription factor in humans" and miceb 

Human genes Mouse genes 

New symbol Replaced symbol Chr. New symbol Replaced symbol Chr. 

CBFAI AML3 6p21 Cbfal Pebp2aa 17 
CBFA2 AMLl 21q22 Cbfa2 Pebp2ab 16 
CBFA3 AML2 1p36 Cbfa3 Pebp2ac 4 
CBFB CBFB 16q22 Cbfb Pebp2{3 8 

"Genome Data Base (GDB), World Wide Web (URL:http://gdbwww.gdb.org), February, 1995. 
bMouse Genome Database (MGD), World Wide Web (URL:http://www.informatics.jax.org), 
February, 1995. 
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sequence TGT(C)GGT, and may also have undescribed interactions with 
other peptides. As indicated above, alpha subunits are encoded by one of at 
least three genes in both mice and humans (table 1). The predicted DNA 
binding domain of these factors is highly conserved among them in both 
species and highly homologous to the developmentally important Drosophila 
runt gene DNA binding domain. This gene family has been reviewed else­
where [36]. 

Several of the alpha-factor cDNAs have only recently been identified, 
cloned, and chromosomally assigned in both humans and mice [35,37-39], and 
biological studies are ongoing. The best studied are the interspecies homo­
logues, murine Cbfa2 [40] and human CBFA2 [37,41] (formerly AML1). 
These genes give rise to multiple products of differing lengths translated from 
alternatively spliced transcripts [37,40]. The predicted sequence of the longest 
open reading frame (ORF) among the published cDNAs consists of an N­
terminal domain, a runt homology domain (DNA binding), a 62-amino-acid 
alternatively spliced sequence, and a serine- and proline-rich C-terminal do­
main critical for transcriptional activation function. The variably spliced cen­
tral segment appears to confer differences in the transactivation (activation of 
gene transcription) function. Northern and cloning studies suggest that at least 
four alternatively spliced species of Cbfa2 are transcribed but that their rela­
tive proportions vary dramatically from cell type to cell type. It seems very 
likely that these differences in alternative splicing are regulated with differen­
tiation and have functional significance. Expression of both the human and 
mouse genes appears to be regulated in association with differentiation or 
proliferation in certain cell types. For example, transformation of NIH3T3 
cells with H-ras causes marked increase in both message expression [40] and 
binding of cellular factor to the core consensus site [42]. Recently, it was found 
that denervated muscle expresses much increased quantities of CBF alpha-2 
transcript [43]. 

Cbf beta (the murine homologue of CBF beta) messages appear to be 
transcribed from a single gene, and although it is ubiquitously expressed in 
eukaryotic tissues [11], its levels of expression vary dramatically. The thymus 
expresses large amounts [11]. Alternative splicing is also operative for this 
gene, and splicing varies from tissue to tissue. Some splice variants of Cbf beta 
cooperate with the alpha subunit in DNA binding, while others do not [32]. 
Thus for this gene, as for the alpha-subunit genes, alternative splicing may be 
physiologically regulated so as to yield peptides of variable activity. 

Eukaryotic transcriptional regulatory domains that appear to interact 
physiologically with CBF include a number of control elements for genes 
presumed to be involved in hematopoietic differentiation. The best estab­
lished of these are listed in table 2. Of particular note and relevance among 
these are the myeloperoxidase (MPO) and neutrophil elastase (NE) genes, 
both transcribed during the late myeloblast and early promyelocyte stage of 
neutrophil differentiation. The potential role in leukemogenesis of genes 
transcribed at this stage of differentiation will be discussed below. 
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Table 2. Eukaryotic transcriptional regulatory domains likely 
controlled by CBF 

Gene 

TCRB 
TCRG 
TCRD 
CSF2 
MPO 
NE 
CSFIR 

Comment 

CBF binds to and activates enhancer [11,44] 
'Core' site is critical to enhancer activity [45] 
'Core' site is critical to enhancer activity [45] 
'Core' site increases promotor activity [46] 
Promotor binds and is regulated by CBF [47,48] 
Promotor binds and is regulated by CBF [49] 
Promoter binds and is regulated by CBF [50] 

6.2. MYHll gene product 

MYHll encodes the smooth-muscle-specific myosin heavy chain (therefore, 
the protein is also referred to as SMMHC) [10,51]. As with other myosin heavy 
chains, this chain consists of a head portion with ATPase activity that interacts 
with myosin light chains and actin, and a long tail that homodimerizes via its 
extended 'coiled coil' motif. The portion of the gene that is fused in frame to 
CBFB in inv(16) encodes the homodimerizing tail. Although there are no 
experimental data to address the issue, this tail might be predicted to mediate 
homodimerization of the CBFB-MYHll protein in leukemic cells. 

6.3. Models of CBFB-MYHll-mediated leukemogenesis 

In considering possible modes of transformation mediated by this protein, it is 
helpful to consider data available for other leukemia-related transcription 
factor chimeric genes. In the case of the t(15;17) seen in acute promyelocytic 
leukemia, the PML gene at 15q22 is fused upstream of the RARA gene at 
17q21. The resultant PML-RARa peptide has binding and transactivating 
activity for retinoic-acid-responsive elements. Expression of the chimeric 
cDNA inhibits differentiation in U937 cells [52] and prevents apoptosis of 
factor-dependent TF-1 cells after factor withdrawal [53]. The role of the RARa 
moiety in these effects is unclear. It is, however, certain that macromolecular 
structures normally containing PML protein and recently named PODS are 
disrupted by the expression of PML-RARa [54,55]. Treatment of transfected 
cells with retinoic acid restores the POD pattern to normal. The PML protein 
was recently shown to have growth-suppressive effects in cotransfection ex­
periments with oncogenes [56]. Thus for this translocation, it may be postulated 
that the PML-RARa fusion protein expression has a transdominant effect in 
suppressing the normal function of PML. It must be noted that negative effects 
on the differentiation-inducing activity of RARa are also possible but are yet 
to be confirmed. This possibility appears more likely when it is considered that 
other translocations - the t(11;17) [57] and the t(5:17) - fuse different genes 
to RARA and yet are associated with a similar APL phenotype. 
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As indicated above, t(8;21) seen in AML subtype M2, results in fusion of 
the CBFA2 at 21q22 upstream sequences to most of the coding sequences of 
a novel gene ETO at 8q22. Antisense inhibition of expression of this fusion 
gene causes differentiation and growth inhibition in CBFA2-ETO-expressing 
cells [58]. Recent evidence suggests that the fusion peptide CBFA2-ETO may 
trans dominantly inhibit the normal function of the CBF A2 protein in 
transactivation of the CSF2 (formerly GM-CSF) promotor [46]. Though the 
physiological relevance of this observation may be brought into question (i.e., 
inhibition of CSF2 transcription seems unlikely as a route to leukemogenesis), 
this model provides data for inhibition of CBF A2 transcriptional activation of 
genes by CBFA2-ETO. 

CBF, and the genes apparently regulated by this factor, would seem to 
function in mediating or regulating differentiation in hematopoietic (and pre­
sumablyother) tissues. Thus it is reasonable, particularly given the precedents 
mentioned above for other translocations, to postulate that CBFB-MYHll 
causes transdominant negative inhibition of CBF effect. CBFB-MYHll ex­
pression has, in fact, been shown to inhibit transactivation of the Moloney 
murine leukemia virus LTR when compared to wild type CBFB [58]. In figure 
3, three possible mechanisms by which this might occur are presented based 
upon a postulated normal complex of CBF and possible other peptides to its 
cognate DNA sequence. In scenario 1, the CBFB-MYHll homodimerizes 
via the MYHll tail and binds free CBF alpha-2 protein, preventing it from 
intercalating with DNA; in scenario 2, the CBFB-MYHll causes a confor­
mational change after DNA binding and thus prevents transactivation; and in 
scenario 3, other factors (as yet unidentified polypeptides) are prevented 
from interacting with the CBF-DNA complex, inhibiting the transactivation 
function. 

There are some preliminary data on either side of the first scenario. It has 
been observed that expression of CBFB-MYHll appears to diminish the 
binding of endogenous CBF alpha-2 protein to the consensus sequence [59] -
perhaps because homodimerization of CBF beta subunits makes fewer avail­
able for heterodimerization with alpha subunits for DNA interaction. On the 
other side, recent reports suggest that the CBFB-MYHll product retains the 
ability to bind to the 'core' DNA site cooperatively with the alpha factor 
[60,61], but the mechanism of inhibition of factor function remains to be 
elucidated. 

If the CBFB-MYHll fusion peptide inhibits the normal CBF function, how 
does this causes leukemogenesis? The observation that the MPO and NE 
genes transcribed at the promyelocyte stage are positively regulated by this 
factor suggests that additional, potentially as yet undiscovered genes might be 
inhibited at this point in differentiation. If a gene responsible for ongoing 
differentiation were blocked, proliferation would be predicted. As cells at this 
stage of maturation are rapidly dividing, a mutation preventing their conco­
mitant differentiation would be expected to result in a massive accumulation 
of clonal blasts - i.e., leukemia. It has been shown recently [60] that 
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Figure 3. Schematic view of potential mechanisms of dominant negative inhibition of CBF action 
by the chimeric CBF beta subunit (CBFB-MYHll). At the left is shown the authors' conception 
of normal CBF at a DNA (long double vertical line ) transcriptional control site. The alpha subunit 
(diagonally cross-hatched) binds to the DNA with the beta subunit (horizontally cross-hatched) 
bound to it. As yet undefined additional factors (vertically cross-hatched) may also bind to the 
complex. This results in the activation of transcription at a nearby gene (arrows). Scenarios 1 to 3 
(to the right) depict possible molecular interactions of the chimeric beta subunit (shown as a long, 
helical, solid MYHll tail attached to the horizontally crosshatched beta subunit) that might 
perturb the normal interaction of the transcription factor. In scenario 1, the MYHll tails 
homodimerize and bind to the alpha subunits, preventing them from interacting with the DNA. In 
scenario 2, the MYHll tail creates a conformational problem, blocking transactivation, and in 
scenario 3, the MYHll tail prevents interaction of the additional factors required for 
transactivation. 

overexpression of CBF-MYHll transforms NIH3T3 cells. Characterization of 
the genes whose transcriptional regulation is modified as a result of expression 
of the chimeric subunit and the relationship of those perturbations to the 
disease process remain to be understood. 

As described above, the involvement of the two subunits of CBF in differ­
ent leukemia-associated translocations would appear to have considerable 
implications for our understanding of normal and leukemic cell growth and 
differentiation. That this factor is an important control element in these pro­
cesses is beyond question. All human cell lines tested to date express the CBF 
beta and CBF alpha-2 transcripts (D. Claxton, unpublished data). It must be 
noted, however, that translocations of 16q22 and 21q22 are seen only in a very 
small minority of leukemias and have not been identified with any frequency 
in other malignancies [62]. The role of this system in these other human 
neoplasms is thus a major question for the coming years. 
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2. Deletion of chromosome 5 (5q-) in leukemia: 
current knowledge 

Lalitha Nagarajan 

1. Introduction 

Chromosomal abnormalities associated with distinct subsets of human leuke­
mia suggest a link between specific genetic alterations and clinical outcome. A 
tight correlation between the cytogenetic anomaly and the progression of the 
disease indicates a direct cause and effect relationship between the genotype 
and the disease phenotype. In recent years, molecular cloning of genes resid­
ing at chromosomal translocation breakpoints of t(15:17), t(8:21), and inv(16), 
inv(3) has led to an understanding of the wide phenotypic variations observed 
in acute myelogenous leukemia. 

Acquired interstitial loss of the long arm of chromosome 5 (5q- chromo­
some) is seen in patients with a range of myeloid disorders. Although the limits 
of these deletions vary from patient to patient, the chromosomal breakpoints 
appears to be identical in all of the dysplastic cells of a given patient. The 
presence of a region of overlap that is consistently deleted in all of these 
patients suggests that physical loss of an important gene from the 5q- chromo­
some coupled with a mutation of the second allele on the remaining 'normal' 
chromosome 5 results in total inactivation of this key regulatory gene - a 
recessive mechanism that originally led to Knudson's postulation of the exist­
ence of tumor suppressor genes in the familial retinoblastoma model and that 
has been proven in recent years by the isolation of candidate genes [1,2]. 
Unlike retinoblastoma, the median age of onset of 5q- chromosome is above 
50 years of age, suggesting that both the deletion and mutation found in the 
dysplastic clone are acquired somatically. 

The 5q- chromosome was first reported as early as 1974 [3]; nonetheless, 
molecular studies of this anomaly have been impeded by (1) a paucity of highly 
polymorphic loci on the distal long arm of chromosome 5; (2) a lack of 
material, particularly in the cases of myelodysplasia; (3) the technicallimita­
tions in separating the affected cells from the normal populations; and (4) the 
largeness of the deleted segment. 

The cytogenetic identification of the 5q- chromosome as an acquired inter­
stitial deletion was originally described as the sole anomaly in three women 
with macrocytic refractory anemia [3]. This description was followed by subse-
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quent reports that revealed the loss of an entire chromosome 5 or a part of the 
long arm of chromosome 5, in patients with de novo and therapy-induced 
myelodysplasia (de novo and t-MDS) or acute myelogenous leukemia (AML) 
[4]. The frequent association of chromosome 5 anomalies in the t-MDS/AML 
patients raised a possible role for alkylating agents used in the treatment 
of solid tumors, in the evolution of the hematopoietic disorder (reviewed in 
[5-9]). 

An evaluation of the prognosis of the transfusion-dependent refractory 
anemia (RA) or 5q- syndrome, typically seen in elderly women, suggests that 
it is a clinical entity, readily distinguishable from the constellation of other 
preleukemic myelodysplastic disorders and from acute myelogenous leuke­
mia. The RA patients present with macrocytic anemia with monolobulated 
megakaryocytes and normal neutrophil counts, and 5q- chromosome is the 
only detectable cytogenetic anomaly [8]. In contrast to the preleukemic cases, 
the disease manifestation ranges from RA with ringed sideroblasts to RA 
with excess blasts (RAEB) and RAEB in transformation (RAEBT). The 
preleukemic MDS patients show trilineage involvement; susceptibility to fre­
quent infections is indicative of dysfunctional myelopoiesis. Presence of 5q­
chromosome in RAEB and RAEBT correlates with poorer prognosis than 
with AMLs with diploid karyotype [10,11]. 

5q31 

IL4 
IL5 
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IL3/GMC5F 

IL9 
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C014 
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Figure 1. Consensus map of the genes of human chromosome 5q31. Genes and loci are denoted 
on the right. IL4, interleukin 4; IL5, interleukin 5; IRF-1, interferon response factor 1; IL3, 
interleukin 3; GMCSF, granulocyte macrophage colony-stimulating factor; IL9, interleukin 9; 
D5S89, a polymorphic DNA fragment rearranged in the AML cell line HL60; EGR1, early growth 
response gene 1; CD14, monocyte antigen; FGF A, acidic fibroblast growth factor; GRL, glucocor­
ticoid receptor; CSF1R, colony stimulating factor 1 receptor. 
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Thus, the gross differences between the Sq- syndrome RA and MDSI AML 
suggest that these conditions could result from different genetic lesions. 
Therefore, for the purpose of this chapter, the RA (Sq- syndrome) is not 
included in the category of MDS.! 

2. Cytogenetic delineation of 5q- chromosome 

The Sq- chromosome of RA patients cannot be cytogenetically discriminated 
from those of MDS and AML cases. A retrospective cytogenetic study of 
patients with interstitial deletions of chromosome S (including RA and MDSI 
AML) identified at least four types of cytogenetically identifiable deletions: 
(1) Sq13-33, (2) Sq31-3S, (3) Sq22-33, and (4) Sq13-3S. In physical terms, 
these are large deletions; since the long arm of chromosome S contains 4.S% 
of the haploid genome, these interstitial deletions would result in the loss of 
O.S% to 1.S% of the genome of a diploid cell. Using high-resolution banding 
techniques, Sq31 has been identified as the most common cytogenetically 
deleted segment in 91 out of 93 patients with Sq deletion [12]. This segment 
corresponds to 17Mb of DNA. As shown in figure 1, a unique and striking 
cluster of genes, which govern normal hematolymphoid growth and differen­
tiation, has been fine mapped to reside within a few mega bases of each other 
on band Sq31 [13,14]. 

3. Molecular delineation of the critical region 

Is the smallest region of overlap (SRO) common to both the Sq- syndrome and 
MDS/AML, or is there more than a single critical gene on Sq31? Recent 
developments in recombinant DNA techniques have allowed considerable 
progress in the molecular definition of the minimal region of overlap. Fluores­
cence in situ hybridization (FISH), yeast artificial chromosome (Y AC) clon­
ing, dinucleotide polymorphism analyses by polymerase chain reaction (peR), 
and irradiation-reduced hybrid mapping techniques have facilitated delinea­
tion of the smallest region of loss in molecular terms. These investigations 
have benefited a great deal from the wealth of information and reagents 
available from the human genome mapping efforts. 

Our studies have focused on a unique DNA fragment, D5S89, which we 
isolated due to its structural rearrangement in the AML cell line HL60 [IS]. 
Loss-of-heterozygosity analyses employing restriction fragment length poly­
morphisms and the recently developed dinucleotide polymorphism analyses 
demonstrate invariant loss of a D5S89 or flanking locus from the Sq- chromo­
some in less than 20 AML and MDS patients examined [IS-18]. Le Beau and 
coworkers performed metaphase FISH on 17 cases (16 cases of MDS/AML 
and 1 RA) with overlapping Sq31 deletions using a panel of Sq31 probes and 
determined that the loci telomeric to IL9 and centromeric to the anonymous 
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locus D5S166 reside within the smallest region of overlap; these results imply 
that the D5S89 and EGRI loci are within the critical region [19]. 

A survey by Boultwood et al. of patients with 5q- syndrome RA identified 
two patients with uncharacteristically small interstitial deletions (del. 5q31-33) 
[20]. The smallest region of loss resides between the GRL gene and the 
NKSF1 gene, which is telomeric to CSF1R, with apparent retention of all the 
centromeric and telomeric loci [20]. A case of t-MDS with impaired neutrophil 
maturation and del 5q(1l-31) was studied in detail by us [21]. FISH of 
three 5q31-specific probes to the metaphases demonstrated that the interstitial 
deletion on the 5q- chromosome is not contiguous. The 5q- chromosome has 
lost the D5S89 and CSFlR loci while retaining some of the in-between 
sequences, which were derived from a radiation hybrid spanning D5S89 
and EGRI. 

Therefore, the 5q31 segment between IL9-NKSFl could harbor two critical 
genes (figure 2). The distance between IL9 and CSFI R genes is estimated 
to be 7Mb by radiation hybrid mapping [13,14], whereas interphase FISH 
assessments are less than 5 Mb [22]. 

4. Biology of RA and MDS and AML 

The neutrophil maturation pathway of patients with 5q- syndrome RA is 
apparently normal. Using a PCR-based analysis to detect allele loss for specific 
5q loci, we have determined that the peripheral blood neutrophils of patients 
with 5q- syndrome RA are derived entirely from the 5q- clone [18]. Other 
studies have identified expression of the monocyte antigen CD14 on the 
surface of the granulocytes of RA cases, suggesting that the myelomonocytic 
differentiation of these cases is not blatantly influenced [23]. Thus, the 5q­
clone defective in erythroid and megakaryocytic maturation suppresses the 
differentiation of neutrophils from the diploid population of the marrow 
(figure 3A). 

In contrast, as shown in figure 3B, in preleukemic t-MDS, the bone marrow 
reveals anomalies of all the lineages, with erythroid hyperplasia, mega­
loblastoid features, and an increase in immature granulocytes [24]. 

5. Candidate tumor suppressor gene from the smallest region of overlap 

5.1. Interleukin genes 

Although the interleukins IL4, IL5, IL3, GMCSF, IL9, and IL13 map to the 
frequently deleted 5q31 region, hemizygosity of these genes is not likely to be 
crucial, since their expression will remain unaltered due to T-cells and endot­
helial cells, which do not characteristically exhibit the 5q- deletion. 
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Figure 2. Molecular delineation of the RA and MDSI AML loci. The order of genes is as reported 
elsewhere. Genes and loci are as denoted in figure 1. SPARC, osteonectin; GLUHl, glutamate 
receptor; NKSFl, ILl2 subunit. The distances between IL9/D5S89/EGRI and CD14/FGFA/GRL 
are denoted in centiray (cR) units (1 cR = 34 kbp). Patients characterized as retaining proximal 
and distal loci within the minimal region overlap have been previously described. Patients 1 and 
2 were described by Le Beau et al. [19], patients 3 and 4 by Nagarajan et al. [17,21], and patients 
5 and 6 by Boultwood et al. [20]. Lines denote loci retained. 
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Figure 3. Model depicting suppression of normal hematopoiesis in the Sq- syndrome RA and 
MDS/AML with Sq- chromosome. 
(A). The Sq- deletion occurs in the myeloid erythroid progenitor, which suppresses the normal 
diploid cells. Loss of the Sq31 gene impairs erythroid and megakaryocytic maturation, leading to 
refractory anemia (Sq- syndrome). Note that the neutrophils derived from the Sq- clone are 
apparently normal. D, diploid progenitors. 
(8). The Sq- deletion occurs in the myeloid erythroid progenitor, which suppresses the normal 
diploid cells. Loss of the Sq31 gene impairs erythroid, megakaryocytic, and granulocytic matura­
tion with elevated blasts. D, diploid progenitors. 

5.2. The Wilm's tumor suppressor gene homologue early growth response 
gene EGRI 

An early growth response transcription factor (EGRl) encoding a Zn finger 
protein is within the smallest region of overlap in most cases. An intensive 
search for mutations and structural rearrangements of the EGRI gene has 
provided evidence for lack of genetic alterations in the remaining allele of 
EGRI in Sq- cases [2S]. 

5.3. Interferon response factor I (IRFl) 

IRFl is thought to play an immediate early response role in IL6-mediated 
myeloid differentiation [26]. Overexpression of the DNA binding protein, 
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interferon response factor 2 (IRF2), changes the stoichiometry between IRF2 
and IRFl; the altered ratio is believed to be responsible for transformation of 
the NIH 3T3 fibroblasts [27]. Although earlier studies suggested loss of an 
IRFI allele in a total of 13 patients (RA, MDS/AML) with 5q- chromosome 
[28], recent findings demonstrate that both alleles of IRFI may be retained in 
some cases of RA and MDSI AML, raising the possibility that lRFl is not a 
candidate gene [17,29]. At present, there is no experimental evidence 
on decreased expression or mutation of the remaining IRFI allele in the 5q­
cells of AML and MDS cases to support the role of IRFI in neoplastic 
transformation. 

5.4. Colony-stimulating Jactor 1 receptor 

Initial reports on the loss of both alleles of the CSFIR gene in a subset of 
the dysplastic cells of a 5q-RA patient as detected by in situ hybridization 
of radio labeled CSFI R [30] probe have not been demonstrated conclusively 
by Southern blotting data of sorted populations of 5q- cells. In normal 
hematopoiesis, GMCSF and CSFl exhibit functional overlap. Therefore, the 
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GMCSF may mediate differentiation through its receptor on cells that lack 
CSF1. 

6. Conclusions 

Recent studies have suggested that, cytogenetically, the interstitia15q deletion 
appears to fall into at least two categories: (1) AML, MDS, and RA patients 
who have large contiguous breaks; and (2) t-MDS patients who have 
noncontiguous breaks. There is no direct evidence for any of the previously 
cloned genes being the candidate gene inactivated in 5q- patients. The wide 
phenotypic differences seen in MDS/ AML patients with the 5q- chromosome 
raise the possibility that more than one critical gene resides within band 5q31 
or that a single gene with multiple mutations could be responsible for the 
different phenotypic manifestations of 5q- chromosome. 

The molecular analyses indicate that the proximal MDS/AML tumor sup­
pressor gene encoded in the D5S89 locus governs neutrophil/monocyte growth 
and differentiation; loss of function of this locus plays a role in MDS and AML 
with poor prognosis. A subset of MDS/AML patients carries mutations of 
this gene, whereas the 5q- syndrome RA patients carry an inactivated 
telomeric gene (figure 4). A third group of patients may exhibit mutations in 
both loci. 

1 BFU-E ---"I 1 CFU-E ---+lII,erythrocyte 1 

Distal 5q31 gene 

myeol 
erythroid 

ro enitor 

Proximal 5q31 gene 

CFU-Meg 1--+ ImegakarYOcyt~I---+l11 platelets 1 

.----------------.... 1 basophils 1 

1 monocyte 1---+lmacrOPhagesl 

Figure 4. Model for the role of two 5q31 regulatory genes that govern hematopoiesis. The 5q­
deletion occurs in the myeloid/erythroid progenitor. Loss of the distal 5q31 gene in the CSF1R 
locus impairs erythroid and megakaryocytic maturation, leading to refractory anemia (5q­
syndrome). Loss of the proximal gene in the D5S89 region affects granulocytic growth and 
differentiation, resulting in MDS/AML. 
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Patients with chronic myelomonocytic leukemia (CMMoL), classified as a 
distinct subset of MDS, carry a specific 5: 12 chromosomal translocation result­
ing in gene fusion between the protein kinase domain of the platelet-derived 
growth factor receptor and a novel helix-loop helix transcription factor [31]. 
Likewise, the 5q-syndrome RA patients may harbor a unique molecular lesion 
that is different from the MDS/AML. 

Positional cloning and characterization of tumor suppressor genes have 
provided novel insights into normal cell growth and division. Frequently, these 
genes code for ubiquitously expressed negative regulators of cell growth. 
Isolation of the retinoblastoma gene allowed integration of signal transduction 
pathways and DNA synthesis, although the originally recognized phenotypic 
anomaly was inherited retinal tumors. The tumor suppressor genes thus far 
isolated are nuclear transcription factors, cell surface adhesion molecules, ras­
GTPase regulatory proteins, and inhibitors of cell-cycle regulatory protein 
kinases. Loss of regulatory proteins that arrest cell-cycle progression and 
division appears to be a recurrent theme. The isolation and characterization of 
the 5q31 MDS/AML tumor suppressor gene may uncover novel cellular cir­
cuits, given the widespread role of tumor suppressors in normal cell growth 
and differentiation. 
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Note 

1. MDS: refractory anemia with ringed sideroblasts (RARS), refractory anemia with excess blasts 
(RAEB), refractory anemia with excess blasts in transformation (RAEBT). 
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1. Introduction 

Members of the bcl-2 gene family playa central role in regulating the relative 
sensitivity and resistance of cells to a wide variety of apoptotic stimuli. The 
first member of this multigene family, bcl-2, was discovered by virtue of its 
involvement in the t(14;18) chromosomal translocations commonly found in 
non-Hodgkin's lymphomas [1-4]. Deregulation of the bcl-2 gene either by 
translocations in B-cell lymphomas or through other mechanisms in several 
other types of cancer, including acute and chronic leukemias, contributes to 
neoplastic cell expansion by prolonging cell survival rather than by accelerat­
ing rates of cell division [5-8]. The Bcl-2 protein also can protect tumor cells 
from apoptosis induced by radiation and nearly all cytotoxic anticancer drugs 
[9-12], thus potentially contributing to treatment failures in patients with 
cancer [13-16]. Several additional homologues of bcl-2 have recently been 
discovered in humans and other mammals, revealing the presence of a 
multigene family [17-20]. Moreover, homologues of bcl-2 have been discov­
ered in some DNA viruses, including Epstein-Barr virus (EBV), which plays 
a significant role in the pathogenesis of some types of non-Hodgkin's 
lymphomas and Hodgkin's disease [21]. Interestingly, some members of the 
bcl-2 gene family function as inhibitors of cell death, similar to bcl-2, whereas 
others are promoters of apoptosis that oppose the actions of the Bcl-2 protein. 
Many of these Bcl-2 family proteins have the capacity to interact with each 
other through formation of homo- and heterotypic dimers [17,22], revealing an 
important role for protein-protein interactions in the orchastration of Bcl-2 
family protein function and suggesting approaches to pharmacologically ma­
nipulating the physiological cell death pathway (see table 1). 

2. Discovery of bcl-2 at the breakpoints of t(14;18) translocations 
in lymphomas 

Chromosomal translocations represent a general mechanism of proto­
oncogene activation in human lymphomas and leukemias (reviewed in [23]). 

E.J Freireich and H. Kantarjian (eds.), MOLECULAR GENETICS AND THERAPY OF LEUKEMIA. 
Copyright © 1996. Kluwer Academic Publishers, Boston. All rights reserved. 



Table 1. Characteristics of known BeI-2 interacting proteins 

Binding to other BeI-2 
Protein Description homologues" Function 

Bax Bcl-2 homologue BeI-X-L. Mel-I. AI, Bad Death 
[not BeI-X-S or Bad] 

BeI-X-L Bcl-2 homologue Bcl-X-L. Mel-I, BeI-X-S. Bad Survival 
BeI-X-S Bcl-2 homologue BeI-X-L Death 

[missing BD(b) 
and BD(c)] 

MeI-I Bcl-2 homologue BeI-X-L. Bax Survival 
[PEST sequences] [weak]" 

Al Bcl-2 homologue BeI-2. BeI-X-L. Bax Survival 
[no TM domain] [weak]b 

Bak BeI-2 homologue BeI-X-L. Elb-19kDa Death' 
[Not BeI-2. Bax. Bcl-X-S] 

Bad BeI-2 homologue Bcl-X-L Death 
[no TM domain; [not Bax] 
missing BD(a)] 

BAG-l Ubiquitin-like BeI-2. BeI-X-L. Bcl-X-S Survival 
domain; acidic; 
no TM domain 

R-Ras GTPase N.T. Death 
Raf-I Serine/threonine- N.T. Survival 

protein kinase 
Nip-I Phosphodiester Elb-19kDa Unknown 

homology; 
TM domain; 
PEST sequences 

Nip-2 Ca2+ -binding EIb-19kDa Unknown 
motif homology; 
no TM domain; 
PEST sequences 

Nip-3 Calbindin-D domain; EIb-19kDa Unknown 
TM domain; 
PEST sequences 

"Only those interactions with other BeI-2 family protein that have been experimentally docu­
mented are indicated. In many cases. binding to other members of the BeI-2 protein family has 
not been tested. 

"Anti-apoptotic activity may be weaker than for Bcl-2. based on gene transfer studies. Abbrevia­
tions: TM (transmembrane domain); N.T. (not tested). 

'In some assays. Bak protected against cell death rather than promoting apoptosis. 

In approximately 80% of neoplasms of B-cell origin, translocations involving 
one of the immunoglobulin (Ig) gene loci can be detected by routine cytoge­
netic techniques. In these translocations, typically a cellular proto-oncogene 
located on a different chromosome becomes fused in a cis-configuration with 
the Ig heavy-chain (IgH) locus on chromosome 14 or with one of the Jight­
chain (IgL) loci on chromosomes 2 or 22. The result is that powerful transcrip­
tional enhancer elements associated with the Ig gene loci exert their influence 
on the juxtaposed cellular proto-oncogene, thus deregulating its expression 
and causing continuously high levels of transcription of the involved oncogene. 
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The first discovered example of chromosomal trans locations as a mecha­
nism for activating a cellular proto-oncogene came from studies of Burkitt 
lymphomas, where the c-myc gene becomes involved in translocations with the 
IgH or IgL genes in nearly 100% of cases [23]. Using this as a paradigm, it was 
speculated by Croce and colleagues that other novel proto-oncogenes might 
similarly become activated by a mechanism involving chromosomal transloca­
tions. Among the more common translocations seen in B-cell malignancies are 
the t(11;14) typical of mantle cell lymphoma (also called intermediate differ­
entiated lymphoma [IDL]) and the t(14;18) seen in most follicular lymphomas 
(also termed nodular poorly differentiated lymphoma [NPDL]). Thus the 
names bcl-J and bcl-2 (for B-celllymphoma-l and 2) were coined for the genes 
that at that time were speculated to exist on chromosomes 11 and 14, respec­
tively. Using probes derived from the IgH locus as a starting point, several 
independent groups of investigators then 'walked' across the t(14;18) 
breakpoints of non-Hodgkin's lymphomas and into the adjacent bcl-2 gene 
sequences [1-4]. 

3. Structure and consequences of t(14;18) translocations in 
follicular lymphomas 

Over 85% of follicular non-Hodgkin's lymphomas contain t(14;18) transloca­
tions, suggesting that this genetic alteration represents an early event in the 
pathogenesis of these malignancies that arise from germinal center B-cells 
[24,25]. DNA sequence analysis of the breakpoints of t(14;18) chromosomes 
has demonstrated that no two are identical [26]. Nevertheless, the breakpoints 
cluster into two regions on chromosome 18, with the major breakpoint cluster 
region (mbr) located within the 3'-untranslated region of the bcl-2 gene and a 
less commonly involved minor cluster region (mer) residing 3'- and completely 
downstream of the bcl-2 transcriptional unit [27]. Thus, the breakpoints of 
t(14;18) chromosomes do not involve the coding regions of the bcl-2 gene. 
Though speculative, it has been suggested that t(14;18) translocations may 
arise due to errors in the normal DNA recombination mechanisms involved in 
the cutting and splicing of gene segments in the IgH locus, where heavy-chain 
proteins are encoded in separate V, D, and J gene segments [1,28]. This 
speculation is based in part on the finding of sequences within or near bcl-2 on 
chromosome 18 that resemble the classical heptamerinonamer motifs flanking 
the V, D, and J gene segments, which presumably represent recognition ele­
ments for cellular recombinases. Other theories, however, have also been 
advanced in an effort to explain the origins of t(14;18) and related transloca­
tions in human cancers, particularly the idea that Chi-like motifs located 
within or near bcl-2 may serve as DNA substrates for mediating illicit recom­
bination events [29]. 

In this regard, lymphomas that contain t(14;18) translocations typically are 
widely disseminated and involve the bone marrow at the time of diagnosis [30], 
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which lends indirect support to the notion of an origin for these translocations 
due to errors in V, D, and J gene recombination, inasmuch as these gene 
rearrangements normally take place in the bone marrow at the pre-B-cell 
stage of B-cell differentiation. Regardless of the actual mechanisms respon­
sible, the t(14;18) breakpoint can serve as a clonal marker for diagnosis and 
monitoring of patients with lymphomas, using the polymerase chain reaction 
(PCR) for detection of t(14;18)-containing cells at frequencies as low as 10-6 

[30]. In this regard, PCR-based detection of malignant cells that harbor a 
t(14;18) has shown suggestions of prognostic utility, particularly for monitor­
ing patients after receiving ablative therapy followed by autologous bone 
marrow transplantation [31]. 

Based on nuclear run-on transcription assays, t(14;18) translocations ap­
pear to chiefly deregulate bcl-2 gene expression at the transcriptional level 
[32,33]. Although some t(14;18) breakpoints fall within the 3'-untranslated 
region of bcl-2 and result in the production of bcl-2lIgH fusion transcripts, 
measurements of the turnover of normal and fusion transcripts suggest similar 
half-lives of approximately 2.5 to 3 hours under most circumstances [32-34]. In 
experiments where bcl-2 'minigenes' have been linked with IgH enhancer 
elements in plasmid constructs, high levels of bcl-2 expression were obtained 
in B-cell lines, consistent with the notion that cis-acting regulatory elements 
located in the IgH locus are fundamentally responsible for the alterations in 
bcl-2 gene expression seen in t(14;18)-containing B-cell lymphomas [35-37]. 
Hypomethylation of the promoter region of the bcl-2 gene also occurs in the 
translocated but not the unrearranged bcl-2 alleles of t(14;18)-containing 
lymphoma cell lines [35,38]. In addition, changes in the DNasel hypersensitiv­
ity of specific sites in this region of the bcl-2 gene have been reported, again 
consistent with the idea that transcriptional mechanisms playa major role in 
the deregulation of bcl-2 gene expression caused by t(14;18) translocations 
[39]. 

The in vivo consequences of t(14;18) chromosomal translocations, where 
deregulation of bcl-2 gene expression is concerned, can perhaps best be appre­
ciated by comparisons of the patterns of Bcl-2 protein production in normal 
and neoplastic lymph nodes. In normal lymph nodes, Bcl-2 protein is found at 
high levels in the mantle zone region, a cuff of small dense lymphoid cells that 
surrounds the germinal center regions of secondary follicles. The mantle zone 
region is composed functionally of a population of mostly long-lived 'memory' 
B-cells with recirculating capacity. Little Bcl-2 immunoreactivity is found 
within the centers of the follicles, where the germinal-center B-cells reside -
a population of cells that have recently encountered specific antigen and that 
are highly prone to apoptotic cell death [40--42]. These patterns of Bcl-2 
immunoreactivity in normal nodes suggest that bcl-2 gene expression is nor­
mally shut off as recirculating B-cells enter germinal centers and encounter 
antigens. Based on in vitro investigations using isolated germinal center B­
cells, it has been suggested that those B-cells that successfully compete for 
antigen and that receive appropriate co-stimuli from helper T-cells are in-
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duced to reexpress bcl-2 and thus are spared from apoptosis and allowed to 
exit the germinal center and join either the pool of recirculating memory cells 
seen in the mantle zone or to differentiate into antibody-producing plasma 
cells [43]. In contrast to this distinct pattern of Bcl-2 immunoreactivity seen in 
normal nodes, immunostaining of follicular lymphoma specimens reveals 
strong Bcl-2 immunoreactivity in the germinal center compartment [44]. Pre­
sumably, the t(14;18)-containing lymphoma cells that take up residence in the 
germinal centers find the follicular regions of nodes a conducive environment 
for clonal expansion, where they enjoy a selective survival advantage relative 
to their normal counterparts. 

The natural history of follicular lymphomas is consistent with bcl-2s func­
tion as a regulator of cell lifespan, as opposed to cell division. Follicular non­
Hodgkin's lymphomas, for example, are considered low-grade tumors, with 
patients experiencing median survivals of 5 to 8 years, even if untreated, 
compared to only 1 to 2 years for high-grade lymphomas [45]. In these pa­
tients, there occurs a gradual accumulation of malignant cells, culminating 
inevitably in patient death, despite various attempts at therapeutic interven­
tion. Typically, more than 99% of the malignant cells are resting GoIG1-phase 
cells, again in keeping with notion that the primary defect in these indolent B­
cell tumors represents a selective survival advantage instead of an increased 
proliferative rate. Probably the best evidence that deregulation of bcl-2 is 
indeed directly responsible for the characteristics of these tumors comes from 
transgenic mouse experiments in which the trans gene consisted of a human 
bcl-2 minigene linked to the IgH enhancer, thus mimicking the t(14;18) struc­
ture and resulting in high levels of Bcl-2 protein production specifically in B­
cells in these animals. In these mice, follicular expansions of mature B-cells 
were observed in nodes and spleen, which were initially polyclonal in origin. 
The preponderance of these bcl-2-expressing B-cells were small resting 
Go/G1-phase cells, which exhibited markedly prolonged survival in vitro 
when explanted into cultures, compared to B-cells derived from transgene­
negative littermate controls [7,8,46]. Thus, the characteristics of the 
lymphoproliferative disorder seen in bcl-2/Ig transgenic mice are highly 
reminescent of follicular lymphoma as it occurs in patients. Interestingly, in 
both patients with follicular lymphomas and in mice with bcl-2/Ig transgenes, 
transformation of the low-grade lesions to aggressive rapidly fatal tumors 
occurs frequently, and is often accompanied by the activation of additional 
cellular proto-oncogenes such as c-myc [47-49]. 

4. BCL-2 gene expression in leukemias, Hodgkin's disease, 
and other types of cancer 

In addition to its activation because of chromosomal translocations in B-cell 
lymphomas, high levels of bcl-2 gene expression have been reported in a 
significant percentage of acute and chronic lymphocytic and nonlymphocytic 
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leukemias. Chronic lymphocytic leukemia (CLL), for example, is a low-grade 
B-cell malignancy that behaves clinically not unlike folllicular lymphoma and 
probably results primarily from a selective survival advantage, rather than an 
increase in proliferative rates in the malignant B-cells. Though translocations 
involving bcl-2 occur only rarely in B-CLLs (probably 3%-4%), high levels of 
Bcl-2 protein are found in more than 70% of cases [38]. These levels of Bcl-2 
protein were shown by comparisons to lymphoma cell lines to be just as high 
if not higher than those resulting from t(14;18) translocations. In the study of 
B-CLL from our laboratory, most cases were typical CD5+ cases ofB-CLL. In 
contrast to CLL, however, normal CD5+ B-cells isolated from cord blood or 
peripheral blood have been reported to contain little if any bcl-2 mRNA and 
no Bcl-2 protein [50,51]. Though it is difficult to exclude the possibility that 
CD5 + B-CLLs are representative of a rare sUbpopulation of normal B-cells in 
which very high levels of Bcl-2 protein represent a normal situation, it seems 
likely that BCL-2 gene expression is dysregulated in these leukemias, thus 
accounting for the high levels of Bcl-2 protein observed. The precise molecular 
mechanisms involved remain unknown, but hypomethylation of both alleles of 
bcl-2 in the promoter region and the first two exons has been described in 
B-CLLs [38]. 

Elevations in Bcl-2 protein levels have also been described in some acute 
leukemias. In acute myeloid leukemias (AMLs), for example, high percent­
ages of Bcl-2-positive cells were detected by indirect immunofluorescence with 
flow-cytometric analysis in 30 of 82 cases (defined as more than 20% Bcl-2 
positive cells) and correlated with poor response rates to chemotherapy and 
shorter overall survival [16]. Leukemic blasts with high percentages of Bcl-2 
also survived longer in culture in the absence of growth factors, a finding that 
often defines a subgroup of patients with poor outcomes. Similarly, in a study 
of acute lymphoblastic leukemia (pre-B cell type), 100% of 16 cases evaluated 
by flow cytometry contained elevated levels of Bcl-2 protein compared to 
normal B-cell progenitors [52]. Leukemic cells with high levels of Bcl-2 also 
survived longer in culture, with the cells having the highest relative levels of 
Bcl-2 exhibiting a capacity to grow continuously in the absence of stromal 
cells. 

The involvement of BCL-2 in Hodgkin's disease has been controversial. 
Some groups have reported the presence of t(14;18)-containing cells by highly 
sensitive PCR methods, whereas others have failed to detect such cells [53-60]. 
Immunohistochemical analysis of Reed-Sternberg cells suggests that while 
Bcl-2 protein is present in many of these cells, the levels are not particularly 
high and thus probably do not reflect deregulated expression [53]. One poten­
tial explanation for these discrepant results may lie in recent observations 
showing that rare (::510-6) t(14;18)-containing cells can be detected by PCR in 
about one third to one half of normal lymph nodes [61,62]. DNA sequencing 
analysis has provided convincing evidence that these results do not reflect 
DNA contamination or PCR artifacts. Interestingly, the frequency of t(14;18)-
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containing cells in peripheral blood and lymphoid organs increases with age, as 
does the risk of lymphoma [63]. It is possible, therefore, that the detection of 
t(14;18) translocations in some cases of Hodgkin's disease is a reflection of this 
phenomenon, rather than an indication of bcl-2 gene activation in Reed­
Sternberg cells. It appears, therefore, that t(14;18) translocations arise 
frequently in normal individuals but are insufficient to result in lymphoma in 
the majority of cases. Presumably this is because either (1) this translocation 
is by itself insufficient to fully activate the bcl-2 gene, and other complemen­
tary mutations are required (such as point mutations, which tend to accumu­
late in translocated bcl-2 gene because of the hypermutation mechanism 
associated with the immunoglobulin heavy-chain locus [64]); or (2) because 
other cooperating oncogenes must be activated or tumor suppressors 
inactivated. 

Aberrant patterns and abnormally high levels of bcl-2 gene expression have 
been reported in several types of solid tumors. Though the data are based 
largely on qualitative comparisons using immunohistochemical assays, it nev­
ertheless appears that alterations in bcl-2 expression may occur in as much as 
about half of all cancers, including about 90% of colorectal adenocarcinomas, 
30% to 60% of prostate cancers, about 20% of squamous cell non-small cell 
lung cancers, about 60% of gastric cancers, and about 80% of undifferentiated 
nasopharnygeal cancers, as well as significant proportions of neuroblastomas, 
renal cancers, small cell lung cancers, and melanomas [15,16,38,65-72]. The 
details of how the patterns or levels of Bcl-2 protein production differ from 
normal cells vary among tumor types, with bcl-2 deregulation occurring as a 
relatively early event in some tumors such as colorectal adenocarcinomas or 
relatively late in others such as prostate cancers [65,73,74]. In prostate, 
colorectal, and other solid tumors examined to date, no evidence of gross 
structural alterations in the bcl-2 gene has been discovered by Southern blot 
analysis. Unlike the t(14;18) translocations seen in lymphomas, therefore, 
trans- rather than cis-regulatory mechanisms presumably are responsible 
for the alterations in bcl-2 expression that occur in most types of 
nonlymphomatous cancer. 

5. Loss of p53 tumor suppressor as a potential mechanism of 
bcl-2 deregulation 

One of the cis-regulatory mechanism that potentially may contribute to bcl-2 
deregulation in cancers is loss of the p53 tumor suppressor gene. The p53 gene 
becomes inactivated in over half of all human cancers. The protein encoded by 
this gene has at least two important actions with regards to its ability to 
function as a tumor suppressor. First, p53 induces cell-cycle arrest at the G/S­
border [75]. Second, p53 can induce apoptosis in some types of cells [76,77]. In 
many cases, however, induction of p53 alone is insufficient to spontaneously 
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trigger apoptotic cell death but can markedly increase the sensitivity of tumor 
cells to apoptosis induced by radiation or DNA-damaging drugs [78,79]. The 
protein encoded by the p53 gene binds DNA and functions at least in part as 
a transcriptional regulator, acting as either an inhibitor or an inducer of gene 
expression, depending on the particular target gene. Although the mecha­
nisms by which p53 downregulates the expression of particular target genes 
remain undetermined, its ability to upregulate gene expression has been asso­
ciated with binding directly to specific DNA sequences having the consensus 
5'-PuPuPuC(T/A)(A/T)GPyPyPy-3' [80]. 

Data from our laboratory indicate that p53 can function as a downregulator 
of bcl-2 expression, at least in the myeloblastic leukemia line where this was 
tested [81]. In transient cotransfection assays, wild-type p53 was shown to be 
capable of downregulating in a p53-deficient human lung cancer line H358 the 
expression of reporter gene plasmids that contained a 195-bp DNA fragment 
derived from the 5' -untranslated region (5' -UTR) of the bcl-2 gene [82]. This 
p53-dependent negative response element (PNRE) functioned regardless of 
orientation and position, suggesting it has the characteristics of a transcrip­
tional silencer. Immunoblot and immunhistochemical analysis of Bcl-2 protein 
levels in p53-deficient transgenic mice (,knock-outs') revealed elevated levels 
of Bcl-2 protein in some tissues, including spleen, thymus, and prostatic epi­
thelium, compared to normal littermate control animals that retained both 
copies of their p53 genes [81]. However, loss of p53 did not detectably affect 
bcl-2 expression in many tissues, implying that the extent to which basal levels 
of p53 influence bcl-2 is highly tissue-specific. For example, bcl-2 is not nor­
mally expressed in the liver, and in the absence of p53, bcl-2 was still not 
expressed, implying the existance of p53-independent mechanisms for repres­
sion of bcl-2 [81]. Indeed, a p53-independent negative regulatory element 
(NRE) has been described in the bcl-2 gene [39,81]. 

The prediction of these observations is that in some but not all types of 
cancer, depending on the tissue of origin, loss of p53 will be associated with 
deregulation of bcl-2 gene expression. The data available thus far, however, 
clearly indicate that regulation of bcl-2 gene expression is complex, with 
multiple factors potentially providing input into the bcl-2 gene promoter gene. 
Thus, loss of p53 as a single parameter may not necessarily correlate with 
elevations in bcl-2 gene expression. It is unknown, however, what the in vivo 
influence of p53 is on bcl-2 expression in the setting of chemotherapeutic drug­
or radiation-induced DNA damage, which is known to upregulate p53 protein 
levels and p53 transcriptional activity [83,84]. In a human myeloblastic leuke­
mia line with wild-type p53, for example, radiation and DNA-damaging drugs 
were shown to induce a marked decrease in bcl-2 mRNA levels followed by 
apoptotic cell death [85]. Thus, while basal levels of p53 activity may be 
insufficient to significantly impact bcl-2 gene expression in some types of cells, 
the elevated levels of p53 activity associated with genotoxic stress conceivably 
could be important as an in vivo mechanism for downregulating bcl-2 and 
inducing apoptosis. 
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6. bcl-2 and chemoresistance in cancer 

Though bcl-2 plays an important role in the origins of cancer, where it contrib­
utes to neoplastic cell expansion by delaying or preventing normal cell turn­
over due to programmed cell death, perhaps more important are the potential 
effects of overexpression of this gene on responses to therapy. Using gene 
transfer methods to overexpress bcl-2 in leukemia and solid tumor cell lines 
that contained low levels of Bcl-2 protein, as well as antisense approaches to 
reduce the levels of Bcl-2 protein in t(14;18)-containing lymphoma cell lines 
that contained high levels of this protein, it has been shown that the levels of 
Bcl-2 protein correlate with relative sensitivity or resistance to a wide 
spectrum of chemotherapeutic drugs as well as y-irradiation [9-11,16,18,86-
96]. Bcl-2 has been experimentally shown to render cells more resistant to 
being killed by dexamethasone, cytosine arabinoside (Ara-C), methotrexate, 
cyclophosphamide, adriamycin daunomycin, 5-ftuoro-deoxyuridine, 2-chloro­
deoxyadenosine, ftudarabine, taxol, etoposide (VP-16), camptothecin, nitro­
gen mustards, mitoxantrone, cisplatin, vincristine, and some retinoids. The 
extent to which gene transfer-mediated elevations in Bcl-2 protein levels 
provide protection from the cytotoxic effects of these drugs varies, depending 
on the particular drug and the cell line, but can be as much as four or more logs 
(lO,OOOx) or as little as half a log (5x). When translated to clinical situations, 
however, even a fivefold increase in resistance may be highly significant, given 
that most attempts to employ so-called 'high-dose' aggressive chemotherapy 
involve a mere doubling of the concentrations of drugs. 

The observation that Bcl-2 provides protection against such a wide variety 
of drugs that have markedly diverse mechanisms of action suggests that they 
all utilize the same final common pathway for ultimately inducing cell death 
and that Bcl-2 is a regulator of this pathway. Indeed, several studies have 
provided evidence that chemotherapeutic drugs, as well as y-radiation, when 
administered in vitro to tumor cell lines induce cell death through mechanisms 
consistent with apoptosis as opposed to necrosis [97,98]. Furthermore, the data 
argue that despite the diversity of their biochemical mechanisms of action, all 
these drugs have in common the ability to active the programmed cell death 
pathway at some point that lies upstream of Bcl-2. 

The drug resistance imparted to cancer cells by elevated levels of Bcl-2 
protein differs from all other previously described forms of chemoresistance. 
Traditionally, pharmacologists have considered the chemoresistance problem 
in cancer in terms of four major issues: (1) problems with the delivery of a drug 
to the target, such as when a drug is metabolized to an inactive product or 
when the mdr-l gene product, P-glycoprotein, is overproduced in the plasma 
membrane of cancer cells and pumps drugs out of the cell; (2) modification 
of the drug target, an example of which is amplification of the gene for 
dihydrofolate reductase, which often occurs following exposure to 
methotrexate or loss of estrogen receptors in response to treatment with 
antiestrogens; (3) increased rates of repair of damage to DNA or other 
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structures; and (4) diminished rates of drug-induced damage to DNA or other 
macromolecules, as can occur for some drugs when glutathione levels are 
elevated in tumors. Bcl-2, in contrast, appears to act through a different 
mechanism. Studies from several laboratories [87,90,96], for example, have 
shown that Bcl-2 does not prevent entry of drugs into cells. Bcl-2 also does not 
alter the extent to which drugs induce damage to DNA or the rate at which 
cells repair damaged DNA. Furthermore, no effects have been found of Bcl-
2 on nucleotide pools or rates of cell cycling, which represent additional 
variables that can influence the relative sensitivity of cells to anticancer drugs. 
Similarly, though Bcl-2 was reported to produce elevations in intracellular 
glutathione levels in one neural cell line [99], this has not been observed in 
several other tumor and leukemia lines, indicating that no consistent relation 
of Bcl-2 to this intracellular antioxidant exists ([87] and unpublished data). 

It appears, therefore, that in the setting of Bcl-2 overproduction, drugs still 
enter cells and induce damage, but this damage is somehow ineffectively 
translated into signals for cell death. In fact, it has been shown that anticancer 
drugs can still induce cell-cycle arrest when Bcl-2 is present at high levels, but 
the cells typically fail to die or do so at markedly slower rates compared to 
control transfected cells [9,10,87,90]. Thus Bcl-2 can convert anticancer drugs 
from cytotoxic to cytostatic. Furthermore, when drugs are removed from 
cultures, a scenario that is analogous to the cessation of drugs that occurs 
clinically between cycles of chemotherapy, bcl-2-expressing cells can often 
reinitiate cell growth at higher rates than their control counterparts in 
clonogenic cell assays [10,90]. Similar effects have been reported for y­
irradiation, where again clonogenic assays indicate that bcl-2 can be highly 
radioprotective [86]. Presumably, therefore, because they do not die as easily 
when exposed to drugs and radiation, cells with elevated levels of Bcl-2 protein 
are able to survive through the period of drug treatment or radiation and then 
repair damaged DNA and resume their proliferation either when drugs are 
withdrawn or after radiation. Taken together, these observations suggest that 
Bcl-2 defines a new category of drug- and radio-resistance gene, i.e., those that 
regulate the physiological cell death pathway. 

6.1. Evidence for a role ofbcl-2 in chemoresistance in patients 

In addition to in vitro experiments, clinicocorrelative studies of bcl-2 expres­
sion in cancer patients have suggested that bcl-2 gene activation and high 
levels of Bcl-2 protein production may be important determinants of prognosis 
in at least some subgroups of patients. For example, in two studies of patients 
with non-Hodgkin's lymphomas (NHLs) having diffuse histology with a large 
cell component (DLCL), an association was found between bcl-2 gene rear­
rangements and shorter survival, shorter disease-free survival (DFF), or fail­
ure to achieve a complete remission (CR) [13,14,100]. The data approached 
statistical significance (p = 0.07) in a third study of DLCL, but the median 
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survival in this case was short (two years), suggesting a need for longer follow­
up [101]. Though bel-2 status was not of prognostic significance in five other 
reports involving patients with aggressive-histology NHL, in one study the 
combination of p53 and Bcl-2 immunostaining data defined a subgroup of 
patients at high risk for death [102]. Thus, as discussed above, the interplay 
between p53 and bel-2 gene regulation may have been a contributor to the 
particularly poor prognosis observed for these patients. Furthermore, in sev­
eral of the studies where the correlation between bcl-2 and survival did not 
reach statistical significance, there was a tendency of patients with evidence of 
bcl-2 gene activation to relapse or die sooner. For example, the three-year 
survival for patients with bel-2-positive tumors was only 45% as compared to 
75% in a report by Romaguera et al. [103], and the time to treatment failure 
was shorter for patients with Bcl-2-positive tumors (48% vs. 11 %) in a study 
by Jacobson et al. [104]. Similarly, survival at five years was shorter for patients 
with Bcl-2-positive DLCL (35% vs. 46%) in a report by Piris et al. [102] as well 
as in a study by Offit et al. [14]. In patients with follicular lymphomas, Yunis 
et al. reported a significant association between bcl-2 gene rearrangements and 
both failure to achieve CR and reduced survival in cases where the histology 
included a large-cell component (FLCL) [13]. Conversely, in an analysis of 
patients with low-grade NHLs (follicular small-cleaved cell and follicular 
mixed cell), bcl-2 status was not of prognostic significance [105]. One limita­
tion of this study, however, was that the size of the bcl-2-negative group was 
small, since more than 85% of low-grade NHLs contain a t(14;18). Taken 
together, these data suggest a trend towards a clinically significant role for bel-
2 gene activation and poor outcome in patients with lymphomas, particularly 
those that present as nodal (as opposed to extranodal) disease and where the 
histology includes a large cell component (DLCL; FLCL). Further studies 
involving larger groups of patients that received uniform treatment, however, 
are clearly required before any firm conclusions can be drawn as to the 
usefulness of Bcl-2 as a prognostic indicator when used either alone or in 
combination with other laboratory tests such as p53 immunostaining. 

In addition to lymphomas, associations have been observed between bcl-2 
and poor responses to therapy in some groups of patients with leukemias or 
solid tumors [15,16,66,106,107]. However, in some studies, inverse correlations 
have been found between bel-2 and clinical outcome, with more aggressive 
tumors having lower levels of Bcl-2 protein relative to less aggressive ones 
[67,69]. In several of these studies, the treatment was primarily or even exclu­
sively surgical, with only some patients receiving local regional radiotherapy 
and none treated with systemic chemotherapy. Thus, the relevance of these 
findings may be limited where the issue of bcl-2 as a modulator of 
chemosensitivity is concerned, and instead may be reflective of a particular 
state of tumor cells differentiation during which bcl-2 is expressed at higher 
levels. Alternatively, the loss of Bcl-2 during tumor progression could reflect 
deregulation of tumor cell growth to a point where the neoplastic cells are less 
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dependent on Bcl-2 because of an accumulation of defects in the expression 
and activities of genes that normally promote apoptosis such as p53 and 
certain proapoptotic homologues of Bcl-2 (discussed below). 

6.2. Bcl-2 blocks both p53-dependent and p53-independent pathways for 
drug-induced apoptosis 

As mentioned above, p53 can be a regulator of bcl-2 gene expression. In 
addition, gene transfer studies have demonstrated that enforced production of 
Bcl-2 protein at high levels can partially or completely block apoptosis induced 
by p53 [108-110], suggesting a direct functional connection between p53 and 
its ability to both induce apoptosis and to downregulate bcl-2 gene expression. 
Recently, a central role has emerged for p53 as a regulator of chemo- and 
radioresistance in tumors. For example. in vitro gene transfer studies have 
shown that cultured cell lines lacking functional p53 exhibit increased resis­
tance to induction of apoptosis by multiple anticancer drugs and radiation 
[78,111]. Furthermore, p53 'knock-out' mice experience less radiation-induced 
apoptosis in the small intestine compared to normallittermate control animals 
[112,113]. In addition, thymocytes isolated from p53 knock-out mice have 
impaired apoptotic responses to induction of apoptosis by y-irradiation and 
topoisomerase inhibitors relative to p53-expressing control animals [114,115]. 
Loss of p53 has also been associated with worse prognosis for patients with 
several types of cancers (for examples, see [116-118]). 

It is therefore tempting to speculate that p53 and bcl-2 may be functionally 
linked in a pathway that controls drug- and radiosensitivity. However, the 
situation is likely to be more complex, in that some types of anticancer drugs 
are able to induce apoptosis through mechanisms that are p53-independent 
and yet suppressible by Bcl-2. Studies with p53 knock-out mice, for example, 
have shown that while apoptosis induced in thymocytes by y-radiation and 
DNA-damaging drugs is dependent on p53, apoptosis stimulated by glucocor­
ticoids and calcium-ionophores is not [114,115]. In contrast, both of these 
pathways for cell death are blocked in thymocytes derived from transgenic 
mice that produce high levels of Bcl-2 protein in the thymus [93-95]. More­
over, even DNA-damaging drugs and radiation can induce apoptosis through 
p53-independent mechanisms in some types of cells. In contrast to in mature 
thymocytes, for example, apoptosis can be triggered in mature T-cells derived 
from p53 knock-out mice by radiation and chemotherapeutic drugs, despite 
the absence of p53 [119]. Again, apoptosis in these cells is also suppressible by 
Bcl-2. Thus, Bcl-2 appears to function at a point distal to the convergence of 
p53-independent and p53-dependent limbs of a final common pathway for 
drug- and radiation-induced apoptotic cell death. 

One interesting aspect of the functional interaction between p53 and Bcl-2, 
however, concerns recent findings suggesting that overexpression of Bcl-2 can 
prevent p53 from acting as a repressor of some promoters that lack consensus 
p53-binding sites, while simultaneously having no effect on the ability of p53 to 
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trans-activate other types of promoters that contain typical10-bp p53 binding­
site motifs [120,121]. How the Bcl-2 protein can prevent p53 from fulfilling its 
role as a trans-repressor without influencing its actions as a trans-activator 
remains enigmatic from the biochemical standpoint, but suggests that p53's 
dual role as both an inducer of apoptosis and a blocker of cell-cycle progres­
sion may be linked to inhibition of gene expression in the case of the former 
and to the induction of gene expression in the latter. This model is consistent 
with data showing that gene transfer-mediated elevations in Bcl-2 protein 
block p53-induced apoptosis without impairing p53-induced cell-cycle arrest 
[108-110] and with the observation that p53 appears to inhibit cell prolifera­
tion primarily by inducing the expression of an inhibitor of cyclin-dependent 
kinases, p21-Waf-lICdi-lISdi-1. 

7. bcl-2 regulates a distal event in an evolutionarily conserved pathway for 
cell death 

In addition to rendering tumor cells relatively more resistant to induction of 
apoptosis by chemotherapeutic drugs and radiation, the Bcl-2 protein can also 
provide protection against a broad range of stimuli and insults that trigger the 
physiological cell death pathway. Most of these data are derived from gene 
transfer studies in which cells were stably transfected with a bcl-2 expression 
vector, versus a control vector, and were then challenged in various ways that 
are known to result in apoptotic cell death. For example, in hemopoietic and 
lymphoid cells, gene transfer-mediated elevations in Bcl-2 protein levels have 
been shown to prolong survival markedly when cells are placed into cultures 
without growth factors [5,6,122-124]. These Bcl-2 transfected cells still un­
dergo cell-cycle arrest in the GJG1 phase in the absence of growth factors, 
indicating that Bcl-2 does not render cells factor-independent for growth but 
rather specifically prolongs survival without simultaneously simulating 
mitogenesis. Similarly, microinjection of bcl-2-expression plasmids into sym­
pathetic neurons strikingly delays apoptotic cell death caused by nerve growth 
factor (NGF) deprivation [125]. Interestingly, Bcl-2 also can protect sensory 
neurons from death induced by withdrawal of NGF, brain-derived neurtrophic 
factor (BNDF), or neurotrophin-3 (NT-3) but not ciliary neurons from ciliary 
neurotrophic factor (CNTF) deprivation [126]. Bcl-2 also provides protection 
against apoptosis induced in neuronal cell lines by L-glutamate, a excitotoxic 
neurotransmitter thought to play an important role in stroke [127,128]. Cell 
death induced by free radicals, drugs that generate free radicals in cells, and 
agents that interfere with glutathione synthesis in cells is also opposed by Bcl-
2 though if very high concentrations of these agents are employed the 
cytoprotective effects of Bcl-2 can be overwhelmed [99,100,129]. In this case, 
however, the cell death typically is necrotic rather than apoptotic. 

TGF-~ (transforming growth factor-~) induces apoptosis in some types of 
cells and functions essentially as a tumor suppressor in epithelial and hemopoi-
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etic tissues. In a myeloblastic leukemia line, TGF-j3 downregulated bcl-2 gene 
expression and induced apoptosis through a mechanism that was completely 
suppressible by transfection with a bcl-2 expression vector [130]. Interestingly, 
TGF-j3-mediated cell cycle arrest was not blocked by Bcl-2. In addition, 
cytokines that induce cell death, such as tumor necrosis factor (TNF) and Fas­
ligand, have also been shown to utilize Bcl-2-suppressible pathways to mediate 
their cytotoxic actions [131-133], though in some types of cells Bcl-2 provides 
little or no protection, for reasons that will be discussed below [134,135]. 
Similarly, cell death induced by cytolytic T-cells (CTLs) can be paritally 
blocked by overproduction of Bcl-2 protein in target cells [136,137]. CTLs, 
however, have at their disposal a variety of mechanisms for killing target cells, 
some of which involve apoptosis (TNF, Fas-Ligand, proteases, ATP) and 
others necrosis (perforin), and thus Bcl-2 does not protect in all instances 
[95,138]. Moreover, gene transfer studies have documented that Bcl-2 can 
protect cells against apoptosis induced by serine proteases derived from the 
cytotoxic granules of CTLs [139], as well as cysteine proteases of the ICE 
(interleukin-1-j3 converting enzyme) family [140-142]. Bcl-2 also increases 
resistance to cell death induced by heat shock [143], as well as by calcium 
ionophores [93-95, 129] and even some types of viruses [144,145]. With re­
gards to viruses, for example, the Tax protein of HIV has been shown to 
induce apoptosis via a Bcl-2-suppressible mechanism [145]. In addition, Bcl-2 
has been demonstrated to suppress the pro-apoptotic effects of the adenovirus 
E1a protein, which renders cells more sensitive to induction of apoptosis by 
serum withdrawal, DNA-damaging drugs, and radiation [146]. 

In addition to viral oncogenes such as E1a, apoptosis induced by certain 
cellular oncogenes including c-Myc, c-Myb, and R-Ras can be blocked by Bcl-
2 [130,147-149]. In the case of c-Myc, for example, it has been shown that Myc 
simultaneously stimulates cellular pathways for both cell proliferation and 
apoptosis [150,151]. The apoptotic effects of Myc can be suppressed by supply­
ing cells with appropriate growth factors that generate survival signals. In that 
absence of growth factors, however, Myc-transfected cells undergo rapid 
apoptotic cells death via a mechanism that is completely suppressible by Bcl-
2 [147,148]. This cooperation between Myc and Bcl-2 may explain why low­
grade lymphomas that contain a t(14;18) involving bcl-2 take on an aggressive, 
rapidly fatal phenotype when a subsequent t(8;14) translocation occurs that 
activates the c-myc gene [47,48]. It has been argued that the dual role of Myc 
as both an inducer of mitogenesis and apoptosis helps to build additional 
controls into cell growth regulation, thus cordinating extracellular stimuli with 
intracellular gene expression. In addition, however, these observations imply 
that tumor cells may be more dependent on genes such as bcl-2 for their 
survival, thus offering hope that if the means for pharmacologically inhibiting 
bcl-2 function were developed, tumor cells would be rendered relatively more 
vulnerable to apoptosis compared with normal cells. In this regard, enforced 
production of high levels of Bcl-2 protein through gene transfer manipulations 
has also been shown to protect cells from apoptosis induced by loss of attach-
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ment to excellular matrix proteins mediated by certain integrins [132]. It is 
conceivable, therefore, that the deregulated expression of bel-2 contributes in 
at least some types of cancers to the acquisition of anchorage-independent 
growth, local invasiveness, and metastatic properties. This dependence on bel-
2 for survival in the absence of appropriate cell attachment signals may there­
fore again render tumor cells more dependent on bel-2 than normal cells, 
which retain their appropriate attachments to other cells and excellular matrix. 

The broad range of stimuli against which Bcl-2 can confer protection sug­
gests that the Bcl-2 protein functions at a distal point in what may represent a 
final common pathway for apoptotic cell death. Thus, despite the various 
upstream 'signals' that are generated by these stimuli, eventually they must 
utilize the same mechanisms to ultimately kill cells, since Bcl-2 can provide 
protection from all of them. Nearly all of the cell death-inducing stimuli 
mentioned above have been shown to trigger apoptosis, as opposed to necro­
sis. In addition, however, Bcl-2 has also been reported to provide protection 
even in one model of necrotic cell death [99]. Furthermore, elements of the cell 
death pathway regulated by Bcl-2 appear to be well conserved throughout 
evolution, in that the human Bcl-2 protein has been shown to block cell death 
when expressed in insect cells, nematodes, and even yeast under some circum­
stances [21,22,99,152,153]. 

Though Bcl-2 clearly can have profound effects on the relative sensitivity of 
cells to apoptosis induction by a wide variety of insults and stimuli, most data 
argue that Bcl-2 is not absolutely required for cell survival. In experiments 
where antisense techniques were used to achieve reductions in Bcl-2 protein 
levels, for example, spontaneous cell death did not result, though the cells 
were markedly more sensitive to induction of death by growth factor depriva­
tion and chemotherapeutic drugs [91,154]. Similarly, in thymocytes derived 
from bel-2 knock-out mice, rates of spontaneous cell death were not apprecia­
bly different for bel-2-deficient and normal cells, but absence of bel-2 was 
correlated with greater sensitivity to apoptosis induced by glucocorticoids and 
radiation [155,156]. In fact, the relative normalcy of bel-2 knock-out mice 
argues persuasively that Bcl-2 is not necessarily required for cell survival. 
Thus, Bcl-2's effects on cell death pathways may be more analogous to the 
volume knob on a radio than the on-off button. Bcl-2 does not turn on a cell 
survival pathway or turn off a cell death pathway, but rather adjusts the 
magnitude of cell death 'signals' so that either cell-survival signals are ampli­
fied or cell-death signals are squelched. 

Despite the broad significance of Bcl-2 for regulation of cell death, some 
scenarios have been reported in which gene transfer-mediated elevations in 
Bcl-2 protein levels have failed to protect against cell death [93,94,134, 
135,138]. Furthermore, in some cases, the cell death process was clearly consis­
tent with apoptosis as opposed to necrosis, such as with antigen receptor­
induced apoptosis in some B- and T-Iymphocyte cell lines [157,158]. Although 
these data have often been used to argue for the existance of bel-2-indepen­
dent pathways that regulate apoptosis, it is also possible that the mechanisms 
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involved in cell death induction did indeed involve the bcl-2 pathway but that 
the mere overproduction of the Bcl-2 protein was insufficient to provide 
protection for a variety reasons, including absence of partner proteins that 
Bcl-2 may require to fulfill its mission as a cell death blocker, presence of high 
levels of proteins that inhibit Bcl-2, or stimulation of posttranslational modifi­
cations of the Bcl-2 protein that impair its function. 

8. The BcI-2 protein: possible mechanisms of action 

The predicted amino-acid sequence of the Bcl-2 protein has failed to provide 
any clues about the biochemical mechanism by which this protein blocks cell 
death. In humans, mice, rats, and chickens, the protein has a molecular mass of 
about 25 to 26 kDa and contains a stretch of hydrophobic amino acids near its 
C-terminus that constitutes a transmembrane domain [159]. The intracellular 
membranes into which Bcl-2 inserts are strikingly unusual compared to other 
known proteins. A combination of subcellular fractionation, immunofluores­
cence confocal, laser-scanning, and electron microscopic methods have pro­
vided conclusive evidence that Bcl-2 is associated with mitochondria, 
specifically the outer mitochondrial membrane, as opposed to the inner mem­
brane where many of the steps of oxidative phosphorylation occur [160-164]. 
Consistent with the absence of Bcl-2 from the inner membrane, it has been 
shown by use of mutant cells lacking mitochondrial DNA that absence of a 
complete respiratory chain does not interfere with ability of Bcl-2 to block 
apoptosis [165]. Bcl-2 immunoreactivity in the outer membrane of mitochon­
dria is not uniformly distributed, but rather is patchy in its distribution - a 
property suggestive of proteins that associate with the mitochondrial junc­
tional complexes, where the inner and outer membranes come into contact 
and where various transport phenomenon occur. In addition to the mitochon­
drial outer membrane, much of the Bcl-2 protein is found in the nuclear 
envelope. Similar to the situation with mitochondria, electron microscopic 
data suggest that the Bcl-2 protein is nonuniformly distributed in the nuclear 
envelope in a punctate pattern that is reminiscent of nuclear pore complexes 
where the inner and outer nuclear membranes come into contact and where 
transport between the nucleus and cytosol of proteins, RNA, and possibly ions 
occurs. Bcl-2 is also found in at least parts of the endoplasmic reticulum. 

Although the functional significance of the unusual intracellular distribu­
tion of the Bcl-2 protein remains unclear, the possible association of Bcl-2 with 
mitochondrial junctional complexes (MJCs) and nuclear pore complexes 
(NPCs) is of particular interest. The nucleus and mitochondria have several 
features in common, including the fact that both contain DNA. Both the 
nucleus and mitochondria are also the only intracellular organelles that have 
a two-membrane system, an outer and an inner membrane. The MJCs and 
NPCs where these membranes come into contact are the sites of transport of 
macromolecules and possibly some ions into and out of these organelles. 
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Undoubtedly, the MJCs and NPCs are also critical structures for maintaining 
the integrity of mitochondria and nuclei, and disruptions of these multiprotein 
complexes would presumably compromise the structure and function of these 
essential organelles. In support of a role for Bcl-2 in regulating some aspect of 
protein transport in the nuclear envelope, reduced ratios of nuclear to cytoso­
lie cdc-2 and cdk-2 kinase have been detected in He La cells transfected with 
bcl-2 expression plasmids [166). In addition, translocation of the p53 protein 
from cytosol into the nucleus was reported to be prevented by cotransfection 
of a mouse erythroleukemia line with the combination of bcl-2 and c-myc 
expression vectors [109]. Conversely, Bcl-2 was able to block p53-induced 
apoptosis in a v-myc-transformed T-cell lymphoma without disturbing p53 
translocation into the nucleus [108], suggesting that interference with trans­
port of p53 is not a consistent observation among different tumor lines that 
simultaneously overproduce Bcl-2 and Myc oncoproteins. Gene transfer­
mediated elevations in Bcl-2 protein also do not interfere with nuclear accu­
mulation of p53 in other cell lines where c-myc is not overexpressed 
[110,167,168]. Moreover, Bcl-2 has been shown to protect the cytoplasm of 
enucleated cells from 'apoptosis,' suggesting that the presence of a nucleus is 
not essential for Bcl-2 action [169]. A role for Bcl-2 in regulating protein 
transport in mitochondria, however, has not been explored. 

Another possible functional implication of the intracellular locations of the 
Bcl-2 protein is suggested by data showing that Bcl-2 can influence intracellu­
lar Ca2+ homeostasis [170,171]. For example, in an IL-3-dependent hemopoi­
etic cell line 32D, a striking loss of Ca2+ from the endoplasmic reticulum (ER) 
was seen in control cells prior to apoptosis induction by growth factor with­
drawal, whereas ER pools of Ca2+ were maintained in the normal range in cells 
overproducing Bcl-2. Conversely, estimates of mitochondrial Ca2+ pools sug­
gested that elevations occur in the amounts of releasable Ca2+ in mitochondria 
and that Bcl-2 prevents the accumulation of Ca2+ in this organelle [170]. A 
functional connection between dysregulation of intracellular Ca2+ and 
apoptosis has been well established by experimentation involving use of Ca2+­
ionophores and other agents, including the observation that apoptosis is in­
duced by thapsigargin - a drug that poisons the Ca2+-ATPase of the ER and 
results in massive loss of Ca2+ from this organelle [172]. Similarly, gene trans­
fer-mediated elevations in calbindin-D, a Ca2+ binding protein that resides in 
the lumen of the ER, have been shown to delay the onset of apoptosis in a 
glucocorticoid-treated lymphoid cell line, suggesting that increasing the ability 
of the ER to sequester Ca2+ protects against apoptosis [173]. In this regard, the 
rate of efflux of Ca2+ from the ER was shown to be substantially reduced in 
Bcl-2-transfected WEHI7.1 T -cell lymphoma cells compared to controls when 
treated with thapsigargin [171). The presence of Bcl-2 in nuclear and ER 
membranes, therefore, may have some relevance to the fact that most of the 
Ca2+ in cells is sequestered in the lumen of the ER and, by extension, the space 
between the inner and outer nuclear membranes. Furthermore, in most types 
of cells, the mitochondria represent the next largest intracellular storage site 
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for Ca2+, again suggesting that Bcl-2 is at least located in the right places to 
function either directly or indirectly as a regulator of intracellular Ca2+ homeo­
stasis. Perhaps relevant to a role for mitochondria in Ca2+ sequestration during 
apoptosis, mitochondria were reported to be absolutely required for the 
apoptosis-like nuclear disintegration seen in a cell-free assay in which 
'apoptotic' cytosolic extracts were mixed with nuclei; and addition of Ca2+ 

ionophores blocked nuclear destruction in this system [174]. 
It has also been suggested that Bcl-2 may function in an antioxidant path­

way, based on the findings that (1) Bcl-2 prevents induction of apoptotic and 
(in some cases) necrotic cell death induced by agents that either result in 
oxygen free-radical production or that deplete intracellular glutathione; (2) 
overexpression of certain antioxidant enzymes, such as forms of superoxide 
dismutase (SOD) or glutathione peroxidase, can also render cells more resis­
tant to induction of cell death analogous to Bcl-2; and (3) Bcl-2 prevents the 
accumulation of lipid peroxides, suggesting that Bcl-2 somehow nullifies dam­
age to membranes by reactive oxygen species [99,100]. The relevance of these 
findings to the intracellular locations of the Bcl-2 protein could be that mito­
chondrial, ER, and plasma membranes are the major sites of free-radical 
generation in cells. Additional evidence supporting a possible role for a redox 
mechanism for Bcl-2 comes from studies of SOD-deficient yeast, where ex­
pression of the human Bcl-2 protein was shown to restore growth under 
aerobic conditions [99]. Also, in bcl-2 knock-out mice, hypopigmentation of 
coat hairs occurs during the second hair follicle cycle - a finding that has been 
speculated to reflect a defect in one of the redox-dependent steps of melanin 
synthesis in melanocytes [156,175]. However, in a cell-free system for 
'apoptosis' in which Bcl-2 can function to prevent nuclear breakdown and 
DNA degradation, chemicals that modulate redox conditions had no signifi­
cant effects on either induction of apoptotic-like changes in nuclei or the 
ability of Bcl-2 to function [174]. Also, Bcl-2 is able to block apoptosis induced 
by staurosporine and anti-Fas antibodies in fibroblasts grown under anaerobic 
conditions, arguing against a requirement for reactive oxygen specifics [176], 
though these observations do not exclude a role for redox-sensitive, thiol­
based chemical reactions. At present, however, no data have been obtained 
that directly link Bcl-2 to the regulation of antioxidant pathways or any other 
particular mechanism such as Ca2+ or protein transport. 

9. bcl-2 homologues and interacting proteins 

In the absence of a clear biochemical function for the Bcl-2 protein, a number 
of groups have searched for proteins that interact with Bcl-2 in the hope that 
the predicted amino-acid sequences of these Bcl-2-interacting proteins would 
provide insights into the mechanism of action of Bcl-2. Using a variety of 
interaction cloning techniques, as well as protein purification and sequencing, 
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several proteins have now been identified that are capable of specifically 
binding to or at least coimmuno-precipitating with Bcl-2. One class of Bcl-2-
interaction proteins represents homologues of Bcl-2, which can form hetero­
typic dimers with Bcl-2 as well as homotypic dimers with themselves in some 
cases. A second class of Bcl-2-binding proteins can be defined as protein that 
do not share homology with Bcl-2. Knowledge about these protein-protein 
interactions is beginning to provide insights into the molecular details of how 
the Bcl-2 protein functions. 

9.1. Homologues 

At present, six mammalian homologues of Bcl-2 have been reported, including 
Bax, Bcl-X, Mcl-l, AI, Bad, and Bak [17-20,177-180]. Some of these proteins 
have additional forms that arise through alternative splicing mechanisms, the 
most interesting to date of which are the long and short forms of Bcl-X. The 
Bcl-X-L and Bcl-X-S proteins have opposing functions, with Bcl-X-L func­
tioning as a blocker of cell death analogous to Bcl-2 and the Bcl-X-S protein 
acting as an antagonist of Bcl-2 that accelerates apoptotic cell death [3]. In 
addition to Bcl-X-S, some of the other Bcl-2-like proteins have been shown to 
function as inducers of rather than protectors from cell death, including Bax, 
Bad, and Bak [17,177-180]. Conversely, the Mcl-l, and Al proteins function as 
cell death blockers, though perhaps less efficiently than Bcl-2 [our unpublished 
observations]. In addition to mammalian homologues, several homologues of 
Bcl-2 have been described in viruses, including the Elb-19kDa protein of 
adenovirus, the BHRF-l protein of Epstein Barr virus (EBV) and the LMWS­
HL open reading frame found in the African swine fever virus [176,181-183]. 
Both Elb and BHRF-l function as blockers of cell death, whereas the proper­
ties of the LMWS-HL protein have yet to be reported. A homologue of bcl-2 
has also been discovered in the nematode, C. Elegans, which functions as a 
blocker of cell death and has been termed ced-9 [21]. 

Sequence alignments have identified the presence of three conserved do­
mains, termed Bcl-2 domains (BD) a, b, and c [184]. As shown, most members 
of this family contain a stretch of hydrophobic amino acids at their C-terminus 
that presumably allows for posttranslational insertion into membranes. The 
Bad and Al proteins, however, lack any obvious transmembrane domains. In 
addition, alternatively spliced versions of Bcl-2, Bcl-X-L, and Bax have been 
described that do not contain membrane-anchoring sequences [2,17,185]. For 
the most part, however, these splicing variants are relatively less abundant 
than the 'full-length' forms, and their functions are not well studied to date. In 
studies where truncation mutants of Bcl-2 have been prepared that lack the 
transmembrane domain, function as a blocker of apoptosis in lymphokine­
dependent hemopoietic cells was shown to be impaired relative to the wild­
type Bcl-2 protein, but not completely absent [100,186]. Similar results were 
obtained for an epidermal cancer cell line, where apoptosis was induced by 
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Elb-19-kDa-deficient adenovirus [187]. Moreover, replacement of the trans­
membrane domain of Bcl-2 with heterologous membrane targeting sequences 
derived from either the IL-2 receptor or a mitochondrial outer membrane 
protein Mas70p restored the antiapoptotic function of these truncation mu­
tants to nearly normal levels [186,187]. Conversely, in TNF-treated L929 
fibroblasts and NGF-deprived sympathetic neurons, inhibition of cell death by 
transmembrane-deficient versions of Bcl-2 was essentially comparable to the 
wild-type Bcl-2 protein, suggesting that Bcl-2 need not necessarily be targeted 
to membranes [188]. Given that Bcl-2 can form homotypic dimers with itself as 
well as heterotypic dimers with several of its homologues [22], it remains 
possible that transmembrane-deficient versions of Bcl-2 were nevertheless 
able to localize at least in part to the usual membrane sites through protein­
protein interactions. In this regard, subcellular localization studies of the Bcl­
X-L, Bcl-X-S, and Mcl-l proteins suggest that these proteins reside at the same 
or similar membrane sites as Bcl-2 [185,189]. Also, though only examined at 
the level of conventional light microscopy, the intracellular immunostaining 
patterns of antibodies specific for Bax, Bcl-X, and Mcl-l are very similar to 
Bcl-2 in that punctate immunostaining of cytosolic structures resembling mito­
chondria is seen, as well as nuclear and perinuclear membranes in some cells 
[190-192]. Likewise, electron microscopic analysis of the subcellular localiza­
tion of the BHRF-l protein from EBV suggests association with the outer 
mitochondrial membrane and other sites typically occupied by Bcl-2 [193]. 
The 19-kDa Elb protein also has a similar localization, but appears to reside 
more so in nuclear and perinuclear membranes than mitochondrial mem­
branes [194]. 

Though some members of the Bcl-2 protein family were discovered by 
virtue of their ability to bind to Bcl-2, this is not the case for the majority of 
these proteins. Thus, to date, it is unknown whether all the homologues of Bcl-
2 can form heterotypic dimers with the Bcl-2 protein. Nevertheless, several 
homologues have been investigated in this regard, mostly by use of yeast two­
hybrid assays, though in some cases in vitro bindings studies using recom­
binant fusion proteins or coimmunoprecipitation experiments involving 
mammalian cells have also been performed. These studies suggest that Bcl-2 
can form heterodimers with the Bax, Bcl-X-L, Bcl-X-S, Mcl-l, and Bad pro­
teins [17,22,195,196]. In those cases tested, the Bcl-X-L protein appears to 
have similar binding characteristics and has been shown to interact specifically 
with Bax, Bcl-X-S, Mcl-l, Bad, Bak, and itself, in addition to Bcl-2 [22,195]. 
This result is not entirely surprising, since the Bcl-2 and Bcl-X-L proteins are 
47% identical in their amino acid sequences [18]. Essentially nothing is known 
at present about the affinities of these protein-protein interactions. Further­
more, though it is convenient to think of these protein interactions as homo­
and heterotypic dimers, their stoichiometry remains undetermined to date. 

Investigations of the domains within Bcl-2-family proteins required for 
homo- and heterotypic dimer formation have thus far been consistent with an 
antiparallel or head-to-tail arrangement, wherein structures that are present 
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within about the first 80 amino acids of Bel-2 appear to interact with structures 
present within the carboxyl portions of the protein [22]. For example, it was 
shown by use of yeast two-hybrid assays that amino acids 1-81 of the human 
Bel-2 protein can mediate interactions with amino acids 83-218, whereas the 
83-218 fragment cannot homodimerize with itself. Either the 1-81 nor the 83-
218 fragment of Bel-2 appears to be sufficient for interactions with Bel-X-L 
and Mel-I, but other Bel-2 family proteins have not been tested in this regard. 
The BD(a), BD(b), and BD(c) domains of Bel-2 all appear to be required for 
Bel-2 to retain its cell-death blocking function [132,197,198]. Of particular 
note, it has been shown in a lymphokine-dependent hemopoietic cell line that 
mutations in the BD(b) and BD(c) domains of Bel-2 (also termed BHl and 
BH2 domains) are required for Bel-2 to coimmunoprecipitate with Bax but do 
not impair associations with wild-type Bel-2 protein [197]. These mutant forms 
of Bel-2 that fail to bind to Bax are also functionally deficient with reference 
to blocking of cell death caused by lymphokine deprivation. These results have 
been interpreted as evidence that Bel-2 must be able to bind to Bax in order 
to function. Since gene transfer-mediated elevations in Bax protein levels 
accelerate the rate of cell death caused by growth factor withdrawal, whereas 
Bel-2 has the opposite effect, it has been argued that the ratio of Bax and 
Bel-2 proteins determines the relative sensitivity of cells to apoptosis [17]. 
Furthermore, the mutagenesis studies suggest that the Bel-2/Bax interaction 
defines a critical aspect of this regulation of susceptibility to apoptotic cell 
death. However, it is probably necessary for Bel-2 to bind to other proteins in 
addition to Bax in order to fulfill its mission as a suppressor of apoptosis, since 
some N-terminal truncation mutants of Bel-2 and internal deletion mutants 
lacking the BD(a) domain are able to bind Bax but fail to suppress cell death 
[199-201 ]. 

When expressed in yeast (S. cerevisiae) , the Bax protein confers a lethal 
phenotype that can be specifically neutralized by coexpression of Bel-2, Bel-X­
L, or Mel-l [22]. For suppression of Bax-induced death in yeast, it is not 
necessary that the transmembrane domains of the Bel-2, Bel-X-L, and Mel-l 
protein be ineluded [22]. Mutant versions of Bel-2 that fail to bind to Bax also 
fail to suppress Bax-mediated cytotoxicity in yeast [22,198]. These observa­
tions suggest that elements of the Bax/Bel-2 pathway may be conserved even 
in single-cell eukaryotic organisms and raise the possibility of applying yeast 
genetics approaches to delineation of some of the downstream effectors or 
even upstream activators involved in the physiological cell death pathway. It is 
not immediately obvious why single cell organisms such as yeast might have 
mechanisms for committing suicide, unlike multicellular organisms where al­
truistic cell death can be easily reconciled with the greater goal of protection 
of the whole organism. One idea, however, is that yeast may use suicide as a 
means of minimizing the deleterious effects of viruses, so that viral production 
would be limited and the likelihood of infection of all progeny of a given yeast 
cell reduced. Elements of this cell death pathway could then have been 
transfered to multicellular eukaryotes, where again it would have served the 
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organism when confronted with viruses. Clearly, however, the finding of cell 
death-blocking homologues of Bcl-2 in viruses suggests that some viruses have 
'learned' to subvert the suicide defense mechanism, a finding that may also be 
relevant to the issue of viral latency whereby viral genomes can ensure their 
longevity by piggybacking on the chromosomes of host cells and then resume 
their replication at opportune times. It may also be relevant in this regard that 
genes encoded within the EBV virus also appear to be able to induce expres­
sion of the endogenous bcl-2 gene [202-204]. 

In contast to Bax, the cell death-enhancing protein Bcl-X-S is not lethal 
when expressed in yeast, at least when lacking its transmembrane domain, 
which is the only way that the function of this protein in yeast has been tested 
thus far [22]. This observation has suggested that Bcl-X-S may enhance cell 
death by a different mechanism than Bax. Because of an alternative splicing 
event, the Bcl-X-S proteins is missing a well-conserved region that includes the 
BD(b) and BD(c) domains [18]. Its ability to interact with Bcl-2 and Bcl-X-L 
thus appears to be dependent on preservation of the NH2-terminal portion of 
the molecule where the BD(a) region resides. Interestingly, the interaction of 
Bcl-X-S with either Bcl-2 or Bcl-X-L in two-hybrid assays has been reported to 
be significantly stronger than dimerization of Bcl-2 and Bcl-X-L with them­
selves or each other [22]; though certainly such assays are far from quantita­
tive. When taken together with the evidence that Bcl-2/Bax interactions may 
be particularly important for Bcl-2 to function as a cell death inhibitor, these 
observations suggest that Bcl-X-S may antagonize Bcl-2 by binding to it and 
thus preventing Bcl-2 from forming heterodimers with Bax. This would then 
leave Bax unopposed to increase the sensitivity of cells to apoptotic stimuli. A 
similar mechanism appears to apply for the Bad protein. This homologue of 
Bcl-2 is composed essentially of only the carboxyl portions of Bcl-2, including 
domains with homology to the BD(b) and BD( c) regions, but lacks the NH2-

terminal sequences where BD(a) resides and also lacks a transmembrane 
domain. Nevertheless, Bad can bind to Bcl-2 and Bcl-X-L and neutralize their 
anti-cell death activities in mammalian cells. Interestingly, Bad appears to be 
relatively specific for Bcl-X-L in that it coimmunoprecipitates with Bcl-X-L 
much more efficiently than with Bcl-2 and also is considerably more effective 
at negating Bcl-X-L function than Bcl-2 [195]. Similarly, the cell death pro­
moter Bak also appears to bind preferrentially to Bcl-X-L and interacts only 
weakly if at all with Bcl-2 [178], lending further support to the idea that the 
structural features of some of these homo- and heterodimerizations among 
Bcl-2 family proteins are sufficiently different that isoform specificity can 
occur. Interestingly, the Bak protein was also reported to function as a protec­
tor from, rather than promoter of, cell death under some circumstances [180]. 
This observation suggests that the functional repurcussions of interactions of 
Bak with various Bcl-2 family proteins are likely to be complex, and implies 
that for proper regulation of cell survival, a delicate balance of appropriate 
homo- and heterodimers must be maintained. 
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9.2. Other Bcl-2-binding proteins 

At least six other proteins have been reported that can bind either directly or 
indirectly to Bcl-2. These include BAG-1, R-Ras, Raf-1, Nip-1, Nip-2, and 
Nip-3 [137,205-207]. At present, it remains unknown whether the interaction 
of Bcl-2 with any of these proteins is essential for its function as a blocker of 
apoptosis. 

The BAG-1 protein is 219 amino acids in length in mice and is acidic in 
nature (pH 4.18) [137]. A domain within BAG-1 has as much as 50% amino­
acid sequence identity with some ubiquitin and ubiqutin-like proteins, raising 
the possibility of a connection to protease pathways for protein degradation. 
Downstream of this ubiquitin-like domain is a region that, based on computer 
predictions, may assume a mostly a-helical conformation, with some of the 
helices being amphipathic and thus good candidates for participation in bind­
ing with other proteins via coiled-coil-type interactions. Otherwise, however, 
the predicted primary sequence of the BAG-1 protein reveals no clues as to its 
potential biochemical activities. In gene transfer studies, BAG-1 was shown to 
have anti-cell death activity - thus its name, 'Bcl-2-associated AthanoGene­
l' (BAG-1) - and synergized with Bcl-2 in preventing cell death induced by 
apoptotic stimuli for which neither BAG-1 nor Bcl-2 alone was particularly 
effective, specifically anti-Fas antibody and cytolytic T-cells (CTLs). 

The significance of these observations lies in the controversy over whether 
Fas and CTLs induce cell death through Bcl-2-dependent or -independent 
mechanisms [95,133,135,136,138]. Previously, some investigators had specu­
lated that Fas and CTLs may activate the cell death pathway through a Bcl-2-
independent mechanism, because gene transfer-mediated elevations in Bcl-2 
protein levels were by themselves insufficient to provide protection 
[95,135,138]. The BAG-1 findings demonstrate that these stimuli do indeed kill 
cells through a Bcl-2-dependent pathway, but indicate that for Bcl-2 to block 
cell death under these circumstances, adequate levels of an additional partner 
protein (BAG-1) must be maintained. It remains to be determined whether 
the combination of elevated levels of BAG-1 and Bcl-2 can also abrogate the 
apoptotic effects of other types of stimuli that have been reported to involve 
Bcl-2-independent mechanisms, such as cross-linking of surface receptors for 
antigen on lymphoid precursors [157,158,208]. In this regard, the observation 
that Bcl-X-L protects WEH1231 B-celllymphoma cells from anti-Ig-induced 
apoptosis, whereas Bcl-2 fails to do so [208], begs the question of whether 
homologues of BAG-1 may exist that preferentially interact with Bcl-X-L as 
opposed to Bcl-2. Alternatively, such results could potentially be explained by 
high levels of a Bcl-2-specific inhibitor, possibly a protein that functions in a 
converse manner to the Bad protein, which is relatively specific for Bcl-X-L. 

9.2.1. R-Ras and Rat-i. Two potential signal-transducing proteins have been 
identified that interact directly or indirectly with Bcl-2: the GTPase R-Ras and 
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the serine/threonine-kinase Raf-I [205,206]. R-Ras is a 23-kDa member of the 
Ras family of small-molecular-weight GTPases. Mutant versions of R-Ras that 
constitutively bind GTP and that therefore are chronically in an active confor­
mation (such as a mutant with glycine-to-valine substitution at position 38) 
induce anchorage-independent growth in NIH-3T3 cells and render these cells 
highly tumorigenic in nude mice, but unlike their p21-Ha-Ras counterparts fail 
to induce morphological transformation [208]. Like Ha-Ras, the R-Ras pro­
tein binds to Raf-I kinase in a GTP-dependent fashion via its effector domain 
[209,210]. 

R-Ras was identified as a Bcl-2-interacting protein during yeast two-hybrid 
screening of cDNA libraries [205]. This protein was also reported to 
coimmunoprecipitate with Bcl-2 from bcl-2-transfected HeLa cells. However, 
Bcl-2 and R-Ras could not be coimmunoprecipitated from 32D hemopoietic 
cells in which both the Bcl-2 and R-Ras proteins were overexpressed by gene 
cotransfection, nor from Sf9 cells coinfected with recombinant Bcl-2 and R­
Ras baculoviruses [208]. Under these same conditions, however, Bcl-2 could 
be readily coimmunoprecipitated with Bax, and R-Ras coimmunoprecipitated 
with Raf-I kinase. Thus, if R-Ras does associate with Bcl-2, it presumably does 
so with lower affinity, lower stoichiometry, or more transiently than some 
other proteins. 

In both 32D cells and NIH-3T3 cells, R-Ras (V38) significantly accelerates 
the rate of apoptotic cell death caused by growth factor withdrawal [211]. 
Furthermore, coexpression of Bcl-2 completely nullifies this effect of R-Ras. 
Bcl-2 protein, however, had no effect on R-Ras GTPase activity in vitro, 
suggesting that it does not function as a GTPase-activating protein (GAP) for 
R-Ras. Because no GDP exchange proteins for R-Ras have been discovered 
thus far, it has not been possible to test the idea that Bcl-2 might oppose R-Ras 
by blocking its loading with GTP. Thus, it remains possible that Bcl-2 acts as 
an inhibitor of R -Ras exchange proteins. However, examination of the ratio of 
GTP/GDP associated with R-Ras in 32D cells demonstrated that Bcl-2 does 
not appear to alter guanine nucleotide binding by R-Ras in cells. Furthermore, 
the observation that Bcl-2 blocks the effects on cell death of even the consti­
tutively active R-Ras(V38) protein argues that Bcl-2 functions downstream of 
R-Ras. One idea, then, is that Bcl-2 somehow interferes with the interaction of 
R-Ras with an effector protein, such as Raf-I. In this regard, it was shown that 
Bcl-2 does not block the ability ofR-Ras(V38) to bind to and induce activation 
of Raf-I kinase in Sf9 cells [211]. However, at least three other effector 
proteins, in addition to Raf-I, have been described for Ha-Ras. Consequently, 
the notion of Bcl-2 preventing R-Ras from interacting with a downstream 
effector remains possible, but Raf-I kinase would appear not to represent 
that effector protein. It is also unlikely that R-Ras accelerates rates of cell 
death in the setting of growth factor withdrawal by using Bax as a downstream 
effector, since Bax could not be coimmunoprecipitated with R-Ras or R­
Ras(V38) in transfected 32D cells that contained high levels of these proteins 
[211]. 
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Interestingly, although it has been difficult in some types of cells to 
coimmunoprecipitate R-Ras and Bcl-2, this is not the case for Raf-l and Bcl-
2. Both in transfected 32D cells that coexpressed Bcl-2 and a truncated version 
of Raf-l that retained essentially only the catalytic domain and in Sf9 insect 
cells coinfected with Bcl-2 and Raf-l baculoviruses, Bcl-2 and Raf-l were 
reported to coimmunoprecipitate with reasonably high stoichiometry (5%-
30%) under the same conditions where no detectable association of R-Ras and 
Bcl-2 could be found. In addition to a potential physical interaction, Bcl-2 and 
Raf-l have been shown to interact functionally, in that coexpression of Bcl-2 
and a constitutively active version of Raf-l in 32D cells resulted in synergistic 
prolongation of survival in the absence of lymphokines, compared to cells 
transfected with either Bcl-2 or Raf-l alone [206]. However, the ability of 
Raf-l and Bcl-2 to coimmunoprecipitate does not necessarily imply direct 
binding of these proteins, Mapping studies indicate that the C-terminal half 
of the Raf-l kinase where the catalytic domain resides is sufficient for 
coimmunoprecipitation with Bcl-2. In contrast, sequences located in the NH2-

terminal end of Raf-l are directly involved in binding to Ras proteins 
[206,209,210]. Though mapping to the catalytic domain, kinase activity ap­
pears not to be necessary for Raf-l coimmunoprecipitation with Bcl-2, based 
on experiments performed using a point-mutant form of Raf-l with a dis­
rupted A TP-binding site [195]. 

The observations showing that Raf-l can cooperate with Bcl-2 to protect 
cells from apoptosis seem paradoxical when one considers that R-Ras acceler­
ates cell death and yet can activate Raf-l. The apparent solution to this 
dilemma lies in experimental evidence suggesting that Raf-l enters into sepa­
rate independent complexes with R-Ras and Bcl-2, such that every little 
« 1 %) of the Bcl-2 or R-Ras in cells can be found in a three-way complex that 
simultaneously involves Bcl-2, R-Ras, and Raf-l. Thus, Bcl-2/Raf-l and R­
Ras/Raf-l represent largely independent protein complexes and presumably 
have distinct functions. Though the intracellular locations of the R-Ras pro­
tein have yet to be defined, one further potential implication is that Bcl-2 and 
R-Ras may also target Raf-l to different membranes in cells and thus influence 
the protein substrates with which it in comes into contact. Further work is 
required, however, before the significance of these protein-protein interac­
tions for modulation of Bcl-2 function are understood. In this regard, Bcl-2 
appears not to be a substrate of Raf-l, but the possibility of phosphorylation 
of Bax, other Bcl-2 family proteins, or other Bcl-2-interacting proteins has not 
been explored. Interestingly antibodies directed against the EBV homologue 
of Bcl-2, BHRF-l, have been reported to coimmunoprecipitate a poorly char­
acterized serine/threonine-kinase activity [212], but it remains to be deter­
mined whether this is Raf-l. 

9.2.2. Nip-I, Nip-2, and Nip-3. Using the Elb-19-kDa protein as a bait, 
cDNAs were cloned that encode three separate proteins that can bind to both 
El band Bcl-2 [207]. All of the 19-kDa-interacting proteins (Nips) were shown 
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to coimmunoprecipitate with Elb and Bcl-2, but not with mutants of Elb-
19kDa that lack antiapoptotic function. Immunofluorescence microscopy also 
suggests that the Nip proteins reside in similar locations in cells to Elb-19kDa 
and Bcl-2. The Nip-l protein is 228 amino acids in length and has a transmem­
brane domain located at its C-terminus, similar to the topology of the Bcl-2 
and Elb-19kDa proteins. A region within the Nip-l protein has homology to 
the catalytic domain of some phosphodiesterases. Nip-2 is predicted to be 315 
amino acids in length and contains potential Ca2+ -binding sites as well as a 
region with homology to noncatalytic portions of the Rho-GAP protein. 
Though it lacks a hydrophobic anchor, Nip-2 appears to localize mostly to the 
nuclear envelope and ER, similar to Elb-19kDa. Nip-3 is a 194-amino-acid 
protein with homology to calbindin-D, but some splice variants may lack the 
calbindin-D domain. Nip-3 contains a transmembrane domain near its C­
terminus. Of the Nip proteins, the intracellular distribution of Nip-3 is most 
reminiscent of the mitochondrial pattern seen for Bcl-2 but changes to a 
predominantly nuclear membrane and perinuclear membrane pattern upon 
transfection of cells with Elb-19kDa. All the Nip proteins contain PEST 
sequences, implying that their levels are regulated by protein degradation 
mechanisms. The function of the Nip proteins has yet to be reported. 

10. Expression of BcI-2-family proteins in normal tissues and cancers 

The in vivo patterns of Bcl-2, Bax, Bcl-X, and Mcl-l protein production have 
been determined by immunohistochemical means in most normal adult tissues 
in either humans, mice, or both [73,190,191,213,214]. In addition, the develop­
mental patterns of bel-2 expression have been examined in fetal tissues from 
humans and mice, revealing that bcl-2 expression is more widespread in the 
embryo than in adult tissues [215-217]. From these results, a few general 
conclusions can be reached. First, expression of all these bel-2 family genes 
occurs in a wide variety of adult tissues in vivo. Second, the regulation of the 
expression of bel-2, bax, bel-X, and mcl-l is highly tissue-specific and, more­
over, varies depending on the stage of differentiation or activation of the cells 
in many cases. Third, in some instances the patterns of expression of these 
genes correlate with the in vivo regulation of programmed cell death in a way 
that coincides with the known function of the proteins. In other cases, how­
ever, there is no obvious correlation or even an inverse correlation with the 
known function of some Bcl-2-like proteins and cell death regulation in vivo. 
In these cases, however, the issue of protein-protein interactions must be 
taken into consideration, since various homo- and heterotypic interactions 
among these proteins modulate their functions. Fourth, the highly tissue­
specific regulation of these genes clearly dictates which of the various mem­
bers of this multigene family will be expressed in any particular cell at any 
given time, thus influencing the repetoire of Bcl-2-like proteins that are avail­
able to participate in homo- and heterotypic dimer formation. 
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A particularly striking example of differntial tissue-specific regulation of 
expression of be/-2 family genes comes from immunohistochemical analysis of 
lymph nodes. As discussed above, Bcl-2 protein is normally found at high 
levels in the long-lived mantle zone lymphocytes that surround the germinal 
centers of secondary lymphoid follicles. In contrast, very little Bcl-2 
immunostaining is typically seen in germinal center B-cells. In contrast, folli­
cular center lymphocytes are strongly Mcl-l positive, while mantle zone lym­
phocytes are completely Mcl-l negative [191]. The implication, therefore, is 
that while Bcl-2 and Mcl-l have been shown to be physically capable of 
interacting [22], the differential regulation of these members of the be/-2 gene 
family precludes such interactions, at least in most normal peripheral B-cells. 
In contrast to Bcl-2 and Mcl-l, Bax immunostaining is found in most lympho­
cytes in nodes, whereas Bcl-X immunoreactivity was limited to lymphoblastic 
cells in the interfollicular regions of node (probably activated T-cells) and 
plasma cells [190,213]. These immunostaining results derived from lymphoid 
tissues, therefore, provide another example of how the strikingly different 
regulation of the expression of bcl-2-related genes ultimately determines 
which of the various Bcl-2 family proteins are available within any given cell to 
participate in homo- and heterotypic dimer formation. 

Though little has been published thus far about the regulation of bax, be/­
x, and other bcl-2 homologues in human cancers, preliminary observations 
suggest that alterations in the expression of some of these genes may occur in 
tumors. For example, elevated levels of Bcl-X-L protein have been detected in 
several cases of acute leukemia in association with transformation to a drug­
resistant phenotype, and reductions in Bax protein levels have been observed 
in breast and ovarian cancers, as well as in chronic lymphocytic leukemia 
specimens [51,214-216]. In addition, high levels of Bcl-X and Mcl-l immu­
noreactivity have also been found in the RS cells of most cases of Hodgkin's 
disease [191,217]' In a study of women with metastatic breast cancer, reduc­
tions in Bax were observed in the infiltrating tumor cells in about 35% of cases 
and correlated with poor responses to combination chemotherapy, faster time 
to tumor progression, and shorter overall survival [218]. Further analysis of the 
expression of the various bcl-2 family genes, however, is required to delineate 
the mechanisms responsible for and the prognostic significance of alterations 
in their expression in specific types of human cancer. 

11. Tumor suppressor p53 is a direct transcriptional regulator of 
bax gene expression 

Recently, the promoter region of the human bax gene has been cloned, reveal­
ing the presence of four sites with homology to the consensus sequence for p53 
binding located upstream of a TAT AA box and the transcription start site 
[219]. In reporter gene assays, p53 was reported to strongly trans-activate the 
bax promoter. The p53 responsive element was mapped to a 39-bp region that 
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included the four p53-binding site consensus sequences. Furthermore, p53 
protein was demonstrated by gel-retardation assays to be capable of binding in 
a specific fashion to double-strand oligonucleotides containing this 39-bp se­
quence derived from the bax promoter. In addition, in a p53-deficient myelo­
blastic leukemia line, a temperature-sensitive version of p53 was shown to 
induce marked elevations in bax mRNA levels and Bax protein in a con­
ditional fashion [81]. In these same experiments, p53 inhibited expression of 
bel-2, as discussed above [81]. Finally, in p53 knock-out mice, reductions 
in steady-state levels of Bax protein were detected in some tissues by 
immunoblotting or immunohistochemical assays [81]. 

Taken together, these findings suggest a potential mechanism by which p53 
may control the sensitivity of cells to apoptosis induced by radiation, DNA­
damaging chemotherapeutic drugs, and even growth factor deprivation 
[78,111,220]. It has been shown, for example, that DNA damage induced by 
drugs or radiation results in elevations in p53 protein and p53 transcriptional 
activity [83,84]. These elevations in p53 would be expected to induce an 
increase in Bax protein production and simultaneously a reduction in Bcl-2 
protein synthesis. In doing so, p53 would shift the Bcl-2/Bax ratio into 
a condition of Bax excess and thus place the cell at increases risk of apoptosis. 

Several caveats about this model for p53-mediated control of sensitivity to 
apoptosis deserve discussion. First, the transcriptional and posttranscriptional 
inputs into the bax and bel-2 gene are likely to be complex. Therefore, while 
p53 is one potential regulator, clearly other trans-acting factors also exist that 
make contributions to the final net output from the bax and bel-2 genes. Two 
questions that must be pursued in the future, therefore, are these: (1) in which 
tissues does p53 playa dominant role as a regulator of bel-2 and bax, and (2) 
in which types of cancer does loss of p53 lead to elevations in Bcl-2, decreases 
in Bax, or both? A second caveat is that these observed effects of p53 on bel-
2 and bax gene expression, while correlating with the apoptotic behavior of 
cells, do not necessarily explain the mechanism by which p53 increases the 
sensitivity of cells to apoptotic stimuli. Certainly, the gene transfer experi­
ments showing that enforced production of high levels of Bcl-2 protein can 
partially or completely block p53-induced apoptosis in leukemia and 
lymphoma cell lines argue in favor of this hypothesis [108-110,119,167], but 
they do not prove it. In this regard, it has also been reported that p53 can 
induce apoptosis even in the presence of cycloheximide or actinomycin-D, at 
least in a large-T antigen-induced pituitary tumor line when subjected to UV­
radiation [79]. In some cells, therefore, it would appear that p53-mediated 
elevations in bax gene expression are not necessarily required for p53-induced 
apoptosis. However, these findings do not exclude a potentially important 
functional role for p53-induced decreases in bel-2 gene expression. Further­
more, in some types of cells, the steady-state levels of Bax protein may already 
be sufficiently high that a further p53-mediated increase is not required. In this 
regard, it has been reported that enforced production of high levels of Bcl-2 
does not block the ability of p53 to trans-activate reporter gene constructs that 
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contain typical p53 binding sites, but does interfere with trans-repression 
mediated by p53 [168]. In fact, when cotransfected with expression plasmids 
producing either Bcl-2 or E1b-19kDa, p53 paradoxically acted as an up­
regulator of the expression of some reporter gene constructs that are normally 
repressed by p53. Finally, p53 does not induce apoptosis in all those types 
of cells in which it can induce cell-cycle arrest. This is particularly true 
when comparing normal and transformed cells, since the latter are often 
markedly more sensitive to p53-dependent apoptosis induced by radiation, 
DNA-damaging drugs, and growth factor deprivation [111,114,221]. It will be 
of interest under these circumstances to compare the effects of p53 on the 
expression of bax and bcl-2 in search of correlations with susceptibility to 
apoptosis. 

Though speculative, the connection between p53 and the regulation of bax 
gene expression may provide insights into the clinical behavior of some types 
of cancer. For example, the ability of p53 to induce expression of bax may 
explain the somewhat paradoxical observation that patients with follicular 
lymphomas typically respond well to therapy at least initially, despite the high 
levels of Bcl-2 in these neoplasms caused by t(14;18) translocations. In this 
regard, although relapse occurs almost invariably, many patients can be in­
duced into partial or complete clinical remissions a few times, often by use of 
the same drug regimen. Eventually, however, most patients experience trans­
formation of their disease to an unresponsive state. The ability of follicular 
lymphoma patients to respond initially could theoretically be explained by 
induction of increases in p53 protein levels and transcriptional activity as a 
result of drug-induced damage to DNA, followed by elevations in Bak produc­
tion. Eventually, this p53-Bax pathway for induction of apoptosis may fail due 
to loss of p53 expression or function, mutations in the bax gene, or other 
mechanisms resulting in a nonresponsive state in which the ratio of Bcl-2 to 
Bax remains high and the tumor cells thus fail to undergo apoptotic cell death. 
Consistent with this idea, p53 gene mutations have previously been associated 
with histological transformation of follicular lymphomas [222,223]. In addi­
tion, a recent comparison of several human lymphoma lines, some with wild­
type and others with inactive p53, revealed induction of bax and apoptosis 
upon radiation or exposure to DNA-damaging drugs in lymphoma lines that 
contained wild-type p53 but not in lines in which p53 function had been lost 
[85]. Interestingly, analysis of several solid tumor lines indicated that despite 
the presence of intact, function p53, most of these fail to induce bax and also 
do not undergo apoptosis in response to x-radiation, whereas p21-Waf-1 is 
induced and cell cycle arrest does occur [85]. The implication therefore is that 
x-radiation and at least some types of drug-induced DNA damage appear to 
be only cytostatic and not cytotoxic in solid tumors despite the presence of 
p53, possibly because of a failure of p53 to induce expression of bax in these 
cells. Understanding more about why p53 fails to induce expression of bax in 
some types of tumors may therefore provide new insights that could be used to 
improve the treatment of cancer. 
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12. Conclnsions and future directions 

The discovery of bcl-2 and its homologues has revealed a critical point in the 
regulation of the physiological cell death pathway. Alterations in the expres­
sion of bcl-2 have been found in the majority of human cancers. Moreover, 
Bcl-2 and its homologues contribute significantly to the regulation of the 
relative resistance of tumor cells to apoptosis induced by radiation and essen­
tially all chemotherapeutic drugs. With improved understanding of the mecha­
nisms that regulate the expression of bcl-2 family genes in normal and 
malignant cells, as well as with advances in our knowledge of the molecular 
details of how Bcl-2 and its various interacting proteins function biochemi­
cally, it should eventually become possible to develop novel approaches to 
the treatment of cancer. Among the approaches that deserve attention are 
attempts to use biological response modifiers to alter the ratios of pro- and 
anti- apoptotic Bcl-2 family proteins, thus putting tumor cells into a more 
vulnerable state with reference to apoptosis induction by currently available 
anticancer drugs. In this regard, a wide variety of receptors for cytokines and 
lymphokines, as well as phorbol esters and some retinoids, have been reported 
to either positively or negatively regulate signal transduction pathways that 
control bcl-2 gene expression, including IL-2, IL-3, IL-4, IL-6, IL-lO, TGF-~, 
TNF, kit-ligand, and CD40 [34,43,89,130,224-228]. For the most part, how­
ever, it remains to be established what the effects of these biological agents are 
on the expression of bax and other members of the bcl-2 gene family - a 
critical issue if one is to rationally and predictably alter the therapeutic re­
sponses of cancers. Second, antisense oligonucleotides have been applied 
against bcl-2 in vitro and more recently have even been used successfully in an 
animal model [91,229-231]. Tumor-to-tumor variability in the uptake and 
intracellular compartmentalization of these agents, however, remains a signifi­
cant obstacle at present. Finally, the physical interactions among Bcl-2 family 
proteins and other Bcl-2 interacting proteins can served as targets for attempts 
to develop new small-molecule drugs that block these protein-protein interac­
tions and thus promote cancer cell death. More investigations of the functional 
significance of these protein interactions and improved knowledge of some of 
the structural details are required if progress is to made on this front. Taken 
together, however, these and other approaches raise hopes that improved 
treatments of lymphomas, leukemias, and other cancers will eventually arise 
from investigations of the bcl-2 gene family. 
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4. MLL fusion genes in the llq23 acute leukemias 

James R. Downing and A. Thomas Look 

1. Introduction 

Remarkable progress has been made over the last five years in defining the 
molecular pathogenesis of the acute leukemias. Of the many leukemia-specific 
cytogenetic abnormalities that have been identified to date, structural lesions 
within the 11qZ3 chromosomal band are among the most common [1-4]. 
Translocations, deletions, and inversions within 11qZ3 have been detected in a 
variety of hematopoietic malignancies, including 7%-10% of the acute lym­
phoblastic leukemias (ALLs), 5%-6% of the acute myeloblastic leukemias 
(AMLs), and as many as 85% of secondary leukemias occurring in patients 
treated with topoisomerase II inhibitors [Z,3,5-8]. Incidence rates of 11qZ3 
translocations are strikingly high in infants (80% of ALL cases and 45% of 
AML), making these rearrangements the most common cytogenetic abnor­
malities in acute leukemias of this age group [9-11]. A number of different 
reciprocal chromosome bands have been shown to participate in balanced 
l1qZ3 translocations, including 1p3Z, 1qZ1, ZpZ1, 4qZ1, 5q31, 6qZ7, 7p15, 9pZZ, 
lOqlZ, 15q15, 16p13, 17qZ1, 19p13, and Xq13, with the most common translo­
cations being t(4;11)(qZ1;qZ3), t(9;11)(pZZ;qZ3), and t(11;19)(qZ3;p13) [1]. 
Although some of these rearrangements are found almost exclusively in ALL 
(e.g., t(4;11» or AML (e.g., t(9;11», the majority have been observed in both 
myeloid and lymphoid leukemias, suggesting transformation of a pluripotent 
progenitor cell [1,1Z-16]. 

Rearrangements of 11q23 are associated with distinct clinical features in 
both ALL and AML. Affected patients with lymphoblastic leukemia typically 
present with hyperleukocytosis, hepatosplenomegaly, and a high incidence of 
central nervous system leukemia, and they have an overall poor prognosis 
when compared to that of patients whose leukemic cells lack this cytogenetic 
finding [3,9-1Z,16]. In addition, the lymphoblasts from these cases typically 
lack expression of the common ALL antigen (CALLA, or CDlO), express the 
B-cell antigen CD19, and coexpress several myeloid-associated antigens in­
cluding CD15 and CDw65, suggesting features of mixed lineage differentiation 
[14-18]. Although identified in the leukemic lymphoblasts of over 80% of 
infants less than six months of age, the frequency of 11qZ3 rearrangements 
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decreases continuously throughout life, accounting for less than 3% of adult 
ALL cases [19-21]. However, regardless of the patient's age, identification of 
an 11q23 translocation in ALL appears to predict a poor response to conven­
tional therapy. 

In cases of de novo and secondary AML with an 11q23 rearrangement, the 
leukemic blasts typically have features of monocytic differentiation and are 
subclassified as myelomonocytic (M4) or monocytic (M5) according to the 
French-American-British (FAB) classification scheme [5,6,22]. In addition, 
the blasts often express both myeloid and lymphoid-associated antigens, indi­
cating a mixed lineage pattern of differentiation in these leukemias as well. 
However, in contrast to findings in ALL, the presence of 11q23 translocations 
in either de novo pediatric or adult AML does not appear to confer an adverse 
prognosis [23,24]. 

The distinctive biologic and clinicopathologic features of acute leukemias 
with 11q23 abnormalities suggest that these rearrangements alter genes 
whose products provide critical functions in the normal growth and differen­
tiation of multipotent progenitors that give rise to both the myeloid and 
lymphoid lineages. Tests of this prediction were recently made possible by 
cloning of the gene on chromosome 11 that is targeted by 11q23 rearrange­
ments [25-31], referred to in this chapter as MLL for Mixed Lineage Leuke­
mia, but also known as HRX (28), Htrxl (30), and ALL-J [29]. The MLL gene 
shows homology to the Drosophila trithorax gene, which acts as a 'master' 
regulator of processes vital to the development of this organism. In this 
chapter, we summarize current understanding of the molecular biology of 
11q23 trans locations and the roles of the human trithorax homologue in 
leukemogenesis. 

2. Molecular cloning of the llq23 target gene 

Positional cloning approaches were used to isolate the gene on chromosome 
11 that is disrupted by leukemia-associated 11q23 translocations [25-30]. 
These studies made it clear that the diverse array of 11q23 translocations 
target a single transcriptional unit encoded by a large gene, M LL, containing 
21 exons dispersed over 100kb of genomic DNA (figure 1). Sequence analysis 
of 11 kb of overlapping MLL cDNA clones revealed a single open reading 
frame encoding a 3,972-amino-acid protein with a molecular mass of 431 kDa. 
MLL contains three regions of homology to the product of the Drosophila 
trithorax gene, including two central zinc-finger domains and a 220-amino-acid 
C-terminal region exhibiting 82% similarity and 61 % identity (figure 1) 
[28,29]. Also identified were three so-called A-T hook motifs in the N-termi­
nus that encode structural domains initially identified in the high-mobility­
group nuclear proteins, which appear to mediate binding to the minor groove 
of DNA. Lastly, a region of 47 amino acids localized between the A-T hook 
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Figure I. Schematic representation of the MLL protein. The black-filled regions are domains of 
high homology to the Drosophila gene Trithorax (TRX homology) and include two zinc-finger 
(Zn-finger) domains and a C-terminal region. The position of the A-T hooks and 
methyltransferase (MT) domains are indicated, along with the location within the protein of the 
Ilq23 breakpoint cluster region (BCR). The portion of MLL encoded by the O.744-kb eDNA 
probe is illustrated, along with the breakpoint cluster region and the entire genomic organization 
of the MLL gene and its orientation relative to the centromere (cen) and telomere (tel). 

and the zinc-finger domains, was noted to have 76% similarity and 51 % 
identity to the noncatalytic domains of human DNA-methyltransferases, 
enzymes that produce fully methylated double-stranded DNA from a 
hemimethylated substrate [32,33]. Taken together, these structural features of 
MLL suggest that its functions are likely to be mediated by direct physical 
interaction with DNA. 

The similarity of MLL to the Drosophila trithorax gene may provide clues 
to the normal physiologic functions of MLL. Trithorax encodes a putative 
zinc-finger transcription factor that regulates the spatially restricted expres­
sion of the Drosophila antennapedia and bithorax homeotic gene complexes, 
and thus plays a pivotal role in segmental determination during Drosophila 
development [34,35]. The trithorax protein activates the transcription of mul­
tiple genes in these complexes, possibly through direct interactions with cis 
regulatory sequences. The homology of MLL to trithorax in its zinc-finger 
domains suggests that it may regulate the transcription of genes important in 
normal hematopoietic development. The significance of the C-terminal ho­
mology between trithorax and MLL remains to be defined; however, it has 
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recently been shown that this region shares homology with another Droso­
phila gene, enhancer of zeste, which is also involved in the control of the 
antennapedia and bithorax complexes [36]. Genetic analysis suggests that en­
hancer of zeste collaborates with trithorax, indicating that this C-terminal 
region may be involved in functional interactions between the protein prod­
ucts of these genes. Identification of mammalian proteins that interact with 
this region of MLL should provide additional insight into the intracellular 
signaling pathways that it regulates. 

Besides its role in development, trithorax is also expressed in many adult fly 
tissues, suggesting a more generalized function in differentiated cells. Simi­
larly, MLL is widely expressed in adult mammalian tissues, with differential 
expression of three alternatively spliced transcripts (14.5, 12.0, and 11.5kb) in 
various tissues [32,33]. The 12.0-kb mRNA encodes a protein that lacks the A­
T hook domains, and thus would be predicted to have an altered ability to 
interact with DNA [33]. Thus, control of the ratio of the different MLL 
isoforms may be a critical regulatory mechanism. 

Because of the exceptionally large size of the MLL mRNA and its encoded 
protein, only limited studies of the normal roles of mammalian MLL have so 
far been possible. Recent analysis has shown that the A-T hook domains of 
MLL bind cruciform DNA and that binding specificity is dependent on the 
three-dimensional structure and not the specific DNA sequence [37]. In addi­
tion, transcriptional assays using constructs that fuse the GAL4 DNA-binding 
domain to portions of MLL have identified a repression domain between the 
A-T hooks and zinc fingers, as well as a strong activation domain located 3' to 
the zinc-finger domains [37]. The repression domain appears to partialy over­
lap the region of homology with DNA methyltransferases. These data lend 
further support to the concept that MLL functions either through direct inter­
action with DNA or in a transcriptional regulatory complex with other DNA­
binding proteins. Studies are in progress in a number of different laboratories 
to define the normal developmental role of MLL through targeted gene dis­
ruption and inappropriate expression of MLL in murine tissues. 

3. Structure of MLL fusion products 

In 11q23 translocations, breakpoints are localized to an 8.5-kb breakpoint 
cluster region positioned between exons 5 and 11 in MLL (figure 1) [27-29,38-
40). Although theoretically these translocations could result in the formation 
of chimeric MLL genes on both derivative chromosomes, cytogenetic analysis 
has implicated the der(l1), and expression studies have demonstrated that 
only the der(l1)-encoded mRNA is consistently detected [41-43]. The 
der(l1)-derived product consists of the N-terminal portion of MLL fused in 
frame to variable coding regions of the genes located on the partner chromo­
some. As a result of these translocations, the N-terminal portion of MLL, 
including the A-T hooks, methyltransferase domains, and a portion of the 
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putative repression domain, is fused to coding sequences from the genes on the 
reciprocal chromosomes (figures 1 and 2A) [28,29]. Thus, the consistent pat­
tern of separation of the N-terminal structural domains of MLL from C­
terminal coding sequences that are not included in the der(ll) product creates 
chimeric proteins that may have altered biologic activities. 

In the der(11 )-encoded chimeric product resulting from the (4;11) translo­
cation, the N-terminal portion of MLL is fused to a portion of the AF-4 gene 
(also called FEL) from chromosome 4q21(29,33,44). AF-4 encodes a 140-kDa 
protein that lacks significant homology to proteins of known function but that 
is rich in serine/proline (16%111 %) and has two consensus nuclear localization 
signals. The translocation fuses this portion of AF-4, including its nuclear 
localization signals, to N-terminal amino acids from MLL (figure 2A) 
[29,33,44] . 

The marked diversity of the reciprocal products fused to M LL by the 11q23 
trans locations raised the possibility that common structural motifs would be 
identified in the various translocation partners, which would directly contrib­
ute to the formation of an active transforming protein. Sequence analysis of 
several der(11)-encoded chimeric products, including MLLlENL and MLLI 
AF9 produced by the t(ll ;19) and t(9;11) translocations, respectively, showed 
a high level of sequence homology with each other and with AF-4, providing 
support for this hypothesis (figure 2B) [28,29,45-47]. Each of these proteins is 
characterized by a high content of serine and proline residues typical of 
transcriptional activation domains and contains nuclear targeting signals. In 
addition, ENL and AF-9 share 56% identity in their 140 N-terminal amino 
acids and 82% identity in their 67 C-terminal amino acids, suggesting that they 
have similar biologic functions [46]. Recent studies have identified a transcrip­
tional activation domain in EN L that is localized in its C-terminal region of 
homology with AF-9 [45]. Moreover, a fourth fusion partner, AF-Xl rear­
ranged by the (X;ll) translocation, encodes a protein rich in serine/ 
proline amino acids that has recently been shown to be a member of the 
Forkhead family of transcription factors [48,49]. Taken together, these studies 
suggest that some of the fusion partners of the MLL protein contribute do­
mains with shared structural features, which replace the C-terminal sequences 
of normal MLL and result in oncogenic activation of the resultant chimeric 
proteins. 

More recent sequence analysis of additional chimeric products suggests that 
they may act through alternative mechanisms. Either complete or partial 
cDNA sequences have been obtained for over 12 different chimeric products 
[28,29,46,48,50-56]. Significant homology has not been observed between 
these newly identified partner genes and those in group 1 (figure 2B). Two 
genes, AF-17 and AF-JO, involved in the (11;17) and (10;11) translocations, 
have homology to each other and appear to be members of a new class of 
transcription factors [51,52]. By contrast, the other partner genes character­
ized to date lack regions of significant sequence similarity. Moreover, the AF­
lq gene of the (1;11)(q21;q23) translocation encodes a small 9-kDa protein 
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that lacks homology to any other proteins in protein sequence backs [53]. The 
marked sequence diversity of the partner genes and the minimal contribution 
of AF-1q to the chimeric product in the t(l;l1) is most consistent with a 
truncation mechanism that alters or inactivates activities encoded by full­
length MLL, rather than the generation of chimeras with gain-of-function 
oncogenic roles. 

In support of this interpretation is the recent identification of partial inter­
nal duplications of MLL in several cases of AML that lacked typical 11q23 
trans locations [57-59]. Internal duplications were detected in 2 of 19 patients 
with normal karyotypes, as well as 3 of 4 patients with trisomy 11 [59]. Al­
though the extent of the duplicated region varied in these cases, a portion of 
the N-terminus was internally duplicated in each (figure 3). The duplicated 
region includes either the methyltransferase domain alone or both the A-T 
hook and methyltransferase domains. The partially duplicated MLL gene is 
transcribed into mRNA capable of encoding an in-frame fusion protein. In 
each fusion product, the N-terminal A-T hook and methyltransferase domains 
are separated from the zinc-finger domains by a variable amount of duplicated 
N-terminal sequence. Characterization of these novel MLL gene rearrange­
ments has suggested that functional domains within MLL are critical to 
leukemogenesis on their own, and that sequences provided by fusion partners 
may in some cases serve to dissociate MLL N-terminal domains from regula­
tory regions located in C-terminal amino acids. How disruption of the normal 
MLL structure leads to transforming activity remains to be defined. However, 
recent identification of transcriptional repression and activation domains in 
the N- and C-terminal portions of the molecule, respectively, suggests that 
MLL structural alterations may affect the ability of the protein to regulate 
gene expression in hematopoietic stem cells. 

4. Genetic mechanisms involved in MLL recombination: 
insights into pathogenesis 

Several unique clinical features of leukemias with 11q23 trans locations suggest 
that rearrangements of MLL occur in primitive hematopoietic stem cells. 

Figure 2. (A) Schematic representation of the MLL and AF-4 proteins and the der(ll)-encoded 
MLLlAF-4 chimeric protein. The location within AF-4 of the serine-proline (SP)-rich region and 
nuclear localization signal (NLS) are indicated. The position of the breakpoints in MLL and AF-
4 are indicated by the arrows. (8) MLL translocation partners. The position of the characterized 
breakpoints in each partner protein is indicated by the arrows. Group 1 members are SP-rich 
proteins that contain NLS and include AF-4, AF-9, and ENL. AF-17 and AF-lO, which constitute 
group 2, compose a novel family of transcription factors that contain a cysterine (cys)-rich zinc 
(Zn)-finger domain and a leucine (leu) zipper. AF-6 contain a central domain characterized by 
the presence of a glycine-Ieucine-glycine-phenylalanine (GLGF) motif. AF-lp contains three 
acidic (A) domains along with an amino-acid repeat motif consisting of aspartic aeid-proline­
phenylalanine (DPF). 
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Figure 3. Schematic representation of AML-associated MLL internal duplications. The extent of 
the duplicated region is noted, along with the position of the fusion points. 

First, both AMLs and ALLs with 11q23 translocations have features of 
biphenotypic differentiation, suggesting transformation of a cell that has not 
made a lineage commitment [3,12,60]. Second, 11q23 rearrangements are also 
frequent among leukemias that display so-called lineage infidelity, defined as 
the aberrant expression of phenotypic markers that are normally restricted to 
different blood cell lineages [61]. Third, different immunoglobulin gene rear­
rangements have been identified in leukemic clones from twins who harbor 
identical M LL rearrangements, suggesting transformation of a primitive stem 
cell prior to completion of immunoglobulin gene rearrangement [62,63]. 
The stem cell origin of these leukemias would predict a refractory subpopula­
tion of blasts, thus explaining in part the poor responses of such cases to 
chemotherapy. 

The B-cell precursor origin of some of the 11q23 acute leukemias has led to 
speculation that aberrant immunoglobulin gene rearrangements may be re­
sponsible for a certain fraction of M LL trans locations. Sequence analysis of 
several M LL trans locations, including those from cases with the t( 4;11) and 
t(9;11), demonstrated heptamer-Iike sequences flanking the breakpoints on 
both chromosome 11 and the reciprocal chromosomes, consistent with a caus­
ative role for the V-O-J recombinase [40,64,65]. Moreover, extra N-region 
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nucleotides not contributed by either partner chromosome were identified 
at the translocation junction, indicating that the enzyme terminal 
deoxynucleotidyl transferase was active at the time the translocation took 
place. Although these data support a role of aberrant immunoglobulin 
recombinase activity in the generation of some llq23 translocations, sequence 
analysis of other chimeric MLL genes has failed to identify heptamer- or 
nanomer-like sequences at the breakpoints [40,55]. Thus, although this mecha­
nism may be responsible for some llq23 translocations, it does not appear to 
explain chromosome rearrangements in the majority of cases. 

A second potential mechanism of recombination has been suggested by the 
identification of breakpoints within Alu-repeats in some balanced l1q23 trans­
locations [40]. In addition, Alu-repeats were identified at the point of recom­
bination in several cases with internal MLL duplications [59]. The position of 
the breakpoints within these sequences suggests that Alu-mediated homolo­
gous recombination may be responsible for some of these rearrangements. 
Although a high density of Alu-repeats was apparent from sequence analysis 
of the entire 8.3-kb MLL breakpoint cluster region, they were missing in 
several introns with documented breakpoints [40]. Moreover, Alu-repeats 
have been identified in only a minority of breakpoint regions affecting the 
reciprocal gene. Thus, Alu-mediated homologous recombination also appears 
to explain some, but not all, instances of M LL translocation. 

A third mechanism of genetic recombination was suggested from the fre­
quent identification of M LL rearrangements in secondary AMLs arising after 
prior therapy with topoisomerase II inhibitors [5-8]. Chemotherapeutic agents 
that inhibit topoisomerase II include those in both the epipodophyllotoxin and 
anthracycline classes of drugs. In contrast to secondary AMLs induced by 
alkylating agents, cases of AML linked to these agents tend to appear within 
6 to 60 months (median, 30 months) after diagnosis ofthe primary malignancy 
and to lack myelodysplastic phases. In addition, like de novo AML cases 
containing l1q23 translocations, these AMLs typically have monoblastic or 
myelomonoblastic morphology [5,6,8,23,66,67]. The preponderance of AML 
over early B ALL in secondary leukemia cases is in marked contrast to de 
novo llq23 leukemias, and suggests that the target cell is a myeloid progenitor 
cell stimulated to enter cell division by chemotherapy-induced neutropenia. 

Topoisomerase II catalyzes a two-step reaction consisting first of double­
stranded DNA cleavage and second of strand relaxation and religation [68]. 
Both the epipodophyllotoxins and the anthracyclines appear to stabilize the 
DNA-topoisomerase II complex after cleavage, resulting in the accumulation 
of double-strand DNA breaks, which have been implicated in aberrant 
nonhomologous recombination [69,70]. Analysis of breakpoint sequences 
from several llq23 translocations has identified topoisomerase II consensus 
binding sites adjacent to the chromosomal breakpoints [65]. Moreover, within 
the breakpoint cluster region of M LL, one consensus topoisomerase II bind­
ing site and 11 sites containing only a single base-pair mismatch were identified 
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[40]. However, it appears that this mechanism is only responsible for a subset 
of cases because many MLL junctions in secondary AML lack adjacent 
topoisomerase II -binding sites [40]. 

How could epipodophyl\otoxins induce AML with characteristic MLL fu­
sion proteins? The close association between treatment with topoisomerase II 
inhibitors and the formation of MLL chimeric products, as well as the rapid 
onset of these secondary leukemias, suggests a collaborative mechanism in 
which both the drug and fusion protein act synergistically to accelerate the 
multistep process leading to AML. A possible mechanism incorporating the 
known effects of the epipodophyllotoxins on cell-cycle progression and 
topoisomerase II activity is shown in figure 4. According to this model, 
epipodophyllotoxin treatment arrests cycling myeloid progenitors in the G2 
phase, with most normal myeloid progenitors subsequently targeted to un­
dergo apoptosis. As a result of these effects on myeloid stem cells, the patient 
develops neutropenia, causing growth factor production and the proliferation 
of pluripotent hematopoietic progenitors. The blockade of cells in G2 is not 
absolute, however, and some cells that are capable of self-renewal survive with 
double-strand DNA breaks at the sites of topoisomerase II integration. Dur­
ing subsequent repair processes, some of these breaks are joined by 
nonhomologous recombination, which produces chromosomal rearrange­
ments. The myeloid progenitors with llq23 translocations that occur second­
ary to this process begin to overgrow because of a proliferative advantage 
conferred by the hybrid MLL protein. In addition, the MLL fusion proteins 
may also specifically relax cell-cycle checkpoints normally activated by the 
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Figure 4. A model of the mechanisms linking epipodophyllotoxin therapy, cell-cycle progression 
of myeloid progenitor cells, and MLL fusion proteins in the origins of therapy-induced acute 
myeloid leukemias (see text for explanation). 
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presence of the integrated topoisomerase II:drug complex. This could lead to 
attenuated apoptosis and increased survival of cells with llq23 rearrange­
ments. Such cells would then enter mitosis harboring integrated 
topoisomerase II complexes. As a result, the MLL fusion protein could actu­
ally contribute to increased genetic damage at other loci in the context of 
repetitive epipodophyllotoxin treatment, leading to the acquisition of addi­
tional genetic lesions in the expanding llq23 positive clone and the rapid 
progression of a multistep process culminating in overt AML. 

Thus no single mechanism appears to account for all the MLL gene rear­
rangements identified to date; rather, a variety of different recombination 
mechanisms appear to be involved in the generation of MLL fusion genes and 
internal gene duplications. The clustering of breaks within the small 8.5-kb 
breakpoint cluster region in MLL suggests that this region may be predisposed 
to rearrangements by its high content of sequences implicated in genomic 
recombination, including recombinase accessible heptamers and nanomers, 
Alu-repeats, and topoisomerase II-binding sites. In addition, the chromatin 
structure of this region may predispose to a high frequency of recombination. 
However, the biologic properties of the resultant fusion proteins and the 
selective advantage they confer upon the leukemic clones that express 
them undoubtedly also contribute to the clustering of breakpoints within this 
region. 

The exceedingly high frequency of llq23 translocations among infant leu­
kemias also has implications for potential mechanisms leading to gene rear­
rangement and the biologic activity of the resultant chimeric proteins. A 
number of pairs of infant twins have been characterized who have identical 
MLL gene rearrangements [62,63]. In some cases, the twins had identical 
immunoglobulin (Ig) gene rearrangements, consistent with transformation of 
a common progenitor cell that had completed V-D-J recombination. In con­
trast, in other cases the twins had different Ig rearrangements, suggesting that 
transformation occurred before or during Ig gene recombination and that the 
leukemic clones had subsequently evolved independently. Regardless of the Ig 
gene findings, however, the identification of identical MLL rearrangements in 
each twin provides unequivocal proof that the leukemic clone arose in one 
infant and then underwent interplacental metastasis to the sibling. The docu­
mentation of intra utero MLL rearrangements, the high frequency of llq23 
translocations in infant leukemias (approaching 80% of ALLs and 50% of 
AMLs), and the progressive decrease in the frequency of these chimeric 
oncoproteins with increasing age suggest that certain pluripotent progenitors 
are in a proliferative state in infancy that renders them uniquely susceptible to 
transformation by chimeric MLL oncoproteins. The reason for this suscepti­
bility remains to be defined, but may be related to patterns of gene expression 
or even epigenetic changes in MLL chromatin configuration that are found in 
subsets of progenitors at restricted stages of development. Presumably, my­
eloid progenitors similarly susceptible to the transforming effects of chimeric 
MLL proteins, or prone to productive MLL rearrangements, are reactivated in 
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patients undergoing therapy with epipodophyllotoxins, accounting for the 
rapid onset of secondary AML in children and adults treated with these 
agents. Moreover, the short latency period between MLL rearrangement and 
overt leukemia following 11q23 translocations in infants and after 
epipodophyllotoxin therapy suggests that alterations in MLL are either suffi­
cient by themselves for leukemia induction or that they predispose a 
preleukemic cell to secondary mutations necessary for the development 
of a fully transformed phenotype (as outlined above). The linkage of 
topoisomerase II inhibitors to MLL gene rearrangements, along with the 
definitive identification of intra utero MLL translocations, suggests that care­
ful epidemiologic studies may provide critical insights into the identification of 
leukemogenic agents responsible for these infant leukemias. 

5. Molecular diagnosis of llq23 rearrangements 

Because 11q23 trans locations and the chimeric products they generate define 
high-risk clinical subgroups of patients, the accurate identification of leuke­
mias harboring these molecular abnormalities is essential. The tight clustering 
of breakpoints within the MLL gene has resulted in the ability to detect MLL 
rearrangements by probing Southern blots of BamHI-restricted genomic 
DNA with a 0.75 BamHI cDNA restriction fragment that contains portions of 
exons 5 through 11 (figure 1) [24,38,39,71,72]. In addition, reverse tran­
scriptase-polymerase chain reaction (RT-PCR) assays have been developed 
for the detection of the der(l1 )-derived chimeric messages encoded by the 
t(4;11), t(6;11), t(9;11), and t(11;19) [42,48,73-75]. The recent development of 
multiplex RT-PCR assays for the detection of these tra,nslocations in a single­
step reaction has greatly simplified the application of these tests in the clinical 
setting (figure 5) [76]. Moreover, PT-PCR assays for MLL chimeric messages 
are able to detect the fusion transcripts at a sensitivity of greater than one 
leukemic cell in 1 X 105 normal cells [74]. Thus, RT-PCR assays for MLL 
chimeric transcripts appear to be ideal for both the routine diagnosis and 
monitoring of the responses to therapy in individual patients. In addition, 
recently developed interphase fluorescence in situ hybridization (FISH)-based 
assays may provide an alternative approach for the rapid detection of acute 
leukemias with 11q23 translocations. 

The recent application of these molecular genetic approaches to the charac­
terization of a large number of infant leukemias has revealed that up to 30% 
of MLL rearrangements are missed by classic cytogenetic studies [39,77]. 
Moreover, infants with MLL rearrangements were found to have a signifi­
cantly poorer event-free survival when compared to infants that lacked this 
molecular genetic lesion [39,77,78]. Thus, in infants, as in older children and 
adults [21,79], molecular analysis is critical for the assignment of patients with 
hybrid MLL genes to bone marrow transplant or other therapy appropriate for 
their high risk of treatment failure. In addition, it has become increasingly 
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Figure 5. Flow diagram illustrating the sequential application of molecular assays for the evalua­
tion of a clinical sample for rearrangements in the M LL gene. RNA is extracted from a diagnostic 
bone marrow aspirate (8M), reverse transcribed (RT), and analyzed in a multiplex RT-PCR assay 
for the presence of one of the chimeric transcripts encoded by the four most common llq23 
translocations. If the RT-PCR assay is negative, genomic DNA is extracted from the BM sample 
and analyzed by Southern blot analysis for evidence of M LL rearrangements. 

clear that this group does not completely coincide with the one defined by 
cytogenetically identified llq23 structural abnormalities. For example, the 
majority of llq23 deletions and inversions do not involve the MLL gene, but 
rather affect other distinct genetic loci [79]. Also, the RCK and PLZF genes 
are located in chromosome band llq23 and are targeted by leukemia-associ­
ated translocations that do not involve MLL, namely, the t(I;14)(q23;q32) 
and t(1l;17)(q23;q21) [80,81]. In marked contrast to lymphoid leukemias 
with MLL rearrangements, those carrying llq23 structural abnormalities that 
do not affect the MLL gene have a favorable prognosis [39,77-79]. Thus, 
accurate risk stratification requires molecular identification of MLL gene 
rearrangements, not simply cytogenetic identification of a rearranged llq23 
band. 

The best approach to identify acute leukemias with M LL rearrangements is 
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controversial and may change with the development of newer molecular­
based assays for their detection. At present, use of the RT-PCR multiplex 
assay to detect fusion transcripts resulting from the four most common trans­
locations allows detection of greater than 80%-90% of the cases with MLL 
gene rearrangements. The remaining llq23 translocations, however, involve 
as many as 16 different chromosomes in reciprocal fusions, and only a propor­
tion of the genes altered by these translocations have been cloned and se­
quenced. Thus, in the absence of RT-PCR methods for detection of these rare 
llq23 translocations, MLL gene rearrangements will need to be identified by 
Southern blot analysis of genomic DNAs digested with two separate restric­
tion endonucleases (Bam HI and Sac!), and hybridized with an exon 5-12 
MLL cDNA probe (figure 5). Alternatively, a FISH-based assay could be used 
to detect the majority of MLL rearrangements missed by the multiplex assay; 
however, internal duplications of MLL would be missed using the FISH 
approach. 

6. Future directions 

The recent explosion of knowledge in molecular biology has implicated spe­
cific gene rearrangements and aberrantly expressed fusion proteins in the 
pathogenesis of acute leukemias harboring llq23 chromosomal transloca­
tions. The high frequency of these abnormalities in the acute leukemias of 
infants and in patients undergoing epipodophyllotoxin chemotherapy lend 
urgency to efforts to understand how these chimeric proteins contribute to 
malignant transformation. In addition, the diversity of the consequences of 
these rearrangements at the molecular level, with more than 16 different 
chimeric proteins involving the MLL gene characterized or in the process of 
being characterized, implies a central role for the MLL protein in normal and 
malignant hematopoietic stem cell biology. 

As the era of gene discovery and sequence comparisons draws to a close, 
the more difficult work of elucidating the role of MLL in development and 
malignancy should assume highest priority. Although structural similarities 
between MLL and the Drosophila trithorax developmental regulatory protein 
are intriguing, they have not led so far to an understanding of the signaling 
pathways normally regulated by MLL. Such insight will come from biochemi­
cal analysis of the MLL protein and targeted disruption of its gene in murine 
systems - research that should benefit from new information emerging from 
the more genetically tractable analysis of the roles of trithorax and enhancer of 
zeste in Drosophila. Similarly, both biochemical analysis and mechanistic stud­
ies in model systems will be needed to establish the roles of the diverse MLL 
chimeras in the genesis of human acute lymphoid and myeloid leukemias. 
Although certain structural features of the partner proteins are intriguing, 
they each represent novel proteins discovered first as a result of their involve­
ment in oncogenic chimeras with MLL, so information on their normal roles 

86 



that might predict mechanisms active in leukemogenesis is presently unavail­
able. The most that can be said at this time is that the llq23 rearrangements 
uniformly result in dominantly acting hybrid proteins that consistently include 
a relatively small N-terminal region of the MLL protein. Although expression 
of these fusion proteins is linked to leukomogenesis, it cannot be stated for 
certain whether they act as gain-of-function transforming oncogenes or as 
dominant interfering or dominant negative proteins, opposing the normal 
actions of MLL or other components of a larger complex of proteins that 
regulate critical aspects of hematopoietic stem cell development. One can be 
assured, however, based on the large number of intriguing new proteins that 
have been discovered in these fusions, that the next few years will yield 
important and at present unpredictable insights into both leukemogenesis and 
normal embryologic and hematopoietic stem cell biology. 
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5. The c-myb proto-oncogene: a novel target for 
human gene therapy 

Alan M. Gewirtz, MD. 

1. Introduction 

The hypothesis that viruses could cause cancer was initially viewed with great 
skepticism but is now firmly accepted. Using recombinant technology, it has 
been proven beyond any doubt that retroviruses in particular contain within 
their genomes transforming genes capable of inducing neoplastic transforma­
tion [1,2]. These viral oncogenes have (v-onc) been shown to be derived from 
highly conserved, normal cellular genes that were almost certainly incorpo­
rated into the viral genome during its transit through the host cell. The normal 
cellular counterparts of the v-onc genes are termed proto-oncogenes. Proto­
oncogenes in turn have been shown to be intimately involved in the processes 
of cell proliferation and differentiation. They encode, for example, proteins 
that function as growth factors or growth factor receptors [3,4], signal trans­
ducing proteins [5], and a large number of proteins with transcriptional activity 
[6,9]. Accordingly, it is not difficult to imagine situations where v-onc (1) 
amplification [10], (2) mutation [11], (3) translocation leading to structural 
alteration [12], or (4) change in transcriptional regulation might either lead to, 
or be associated with, induction of a malignant phenotype in the cell in which 
these changes occurred [1,13]. 

Recent years have also seen the advent of innovative technologies for 
disrupting gene expression quite specifically. All rely on some type of nucle­
otide sequence recognition for specificity but differ in where and how they 
perturb the flow of genetic information (figure 1). Inhibition at the level of 
transcription can be accomplished by two different methods. One that is 
widely employed is the process of homologous recombination [14]. In a typical 
system, a plasmid vector is constructed for gene targeting that contains a 
selectable gene flanked by sequences complementary to the region of interest 
in the genomic DNA. The vector is then introduced into a cell where, during 
the course of cell division, the targeting vector and the complementary portion 
of genomic DNA undergo a cross-over event that leads to exchange of the 
genetic material. These exchanges result in insertion of the selectable gene 
into the targeted genomic DNA, with consequent destruction of the target 
gene. Targeting is carried out so that upstream sequence is left intact, hope-
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Figure 1. Inhibition of gene function may be accomplished by physical destruction of the target 
gene itself (homologous recombination). It may also be accomplished by interference with expres­
sion at the transcriptional level (triplex formation) or at the translational level (antisense strate­
gies). See text for details. 

fully allowing the altered gene to be expressed in a spatially and temporally 
correct manner. The effect of expressing the mutated, dysfunctional gene in a 
developing animal may then be discerned. This method, though quite effective 
at generating heterozygous or homozygous loss of function mutants, is ham­
pered by that fact that it is nonetheless very inefficient, time-consuming, and 
expensive. An alternative 'antigene' strategy can be effected by targeting 
polypurine-polypyrimidine sequences within or flanking the gene that one 
wishes to disrupt with a complementary oligodeoxynucleotide [15]. This leads 
to so-called 'triplex' formation in the major groove of the DNA helix via 
Hoogsten bond formation. The DNA helix cannot be opened in the triplexed 
area, thereby preventing transcription of the target gene. 

Perturbation of gene function at the posttranscriptional level can also be 
effected by impairing utilization of RNA. This is the so-called 'antisense' 
strategy [16]. The technique relies on either introducing or expressing in the 
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target cell a nucleotide sequence that is the reverse complement (antisense) of 
the mRNA one is trying to disrupt. Hybridization between the target and the 
exogenous nucleotide sequence inhibits the target's function and may lead to 
its destruction. A variation of this technique relies on complementary base 
pairing to target a catalytic RNA molecule, or ribozyme [17]. In contrast to 
triplex-forming oligonucleotides, antisense compounds do not have the same 
nucleotide sequence constraints that govern their ability to hybridize with an 
mRNA molecule. In contrast to ribozymes, they do not require viral vectors 
for entry into cells. Accordingly, they are easier to design and perhaps to 
utilize for disease therapy. 

Antisense DNA molecules have already been used to block replication of 
several types of viruses, including HIV [18], and to block synthesis of a diverse 
array of proteins, including those encoded by cell-cycle-regulated genes [19], 
cell adhesion proteins [20], growth factors and their receptors [21,22], and 
elements of the signal transduction apparatus [23]. Nevertheless, in addition to 
the utility of this method for answering basic biologic questions, many groups, 
including our own, believe that the method has translational applications as 
well. This chapter reviews why we believe this to be true and uses our studies 
targeting the c-myb proto oncogene for illustrative purposes. 

2. The c-myb proto-oncogene 

Of the genes that we have targeted for disruption using the antisense ODN 
strategy [19,22,24], one that has been of particular scientific interest in our 
laboratory, and one where therapeutically motivated disruptions are now in 
clinical trial, is the c-myb gene [25]. C-myb is the normal cellular homologue of 
v-myb, the transforming oncogene of the avian myeloblastosis virus (AMV) 
and avian leukemia virus E26. It is a member of a family composed of at least 
two other highly homologous genes designated A-myb and B-myb. The mo­
lecular and cell biology of the Myb-family genes and their encoded proteins 
has recently been reviewed in detail by Lyon et al. [26]. 

Located on chromosome 6q in humans, c-myb's predominant transcript 
encodes an approximately 72-kDa protein (Myb) [25,26]. Myb protein consists 
of three primary functional regions [27] (figure 2). At the NHz terminus is a 
DNA binding domain that recognizes the core consensus sequence 5'­
pyAAC(G/Py)G-3' [9]. This region consists of three imperfect repeats consist­
ing of 51-52 amino acids that have been designated Rl, R2, and R3, 
respectively. R2 and R3 have been shown to be absolutely, required for DNA 
binding, while the role of Rl is less clear; it may contribute to the stability of 
the DNA-protein interaction, but it does not appear to be required for bind­
ing. Within each repeat are three perfectly conserved tryptophan residues. 
Together they form a cluster in the hydrophobic core of the protein that 
maintains the DNA binding helix-tum-helix structure. 

The midportion of the Myb protein contains an acidic transcriptional acti-

95 



L~ 

TRANSCRIPTION 
ACTIVATION 

DOMAIN 

I 
LEUCINE ZIPPER 

DNA BINDING DOMAIN 

Figure 2. Functional map of the c-myb protein indicating the DNA binding, transcriptional 
activation, and repressor domains. The location of the putative leucine zipper-like structure is also 
indicated. 

vating domain. In concert with the DNA binding portion of the protein, these 
two regions are sufficient to trans-activate promoters containing Myb binding 
sites. An immediately adjacent downstream region of the protein also appears 
to playa role in the activation of some targets, e.g., c-myc [28]. This same 
region, independent of the DNA binding domain, has also been reported 
capable of transactivating certain targets such as the heat shock protein [29] 
and DNA polymerase alpha [30]. Finally, it has also been reported that some 
Myb transactivation targets require an interaction between Myb and other 
transcription factors, such as the nuclear factor-m (NF-M) [31], and the cat 
enhancer binding protein (ClEBP) [32]. It is therefore likely that some of 
Myb's transcriptional activating properties may be dependent on the protein 
partners with which it interacts. This, of course, appears to be true of many 
transcriptional factors. 

Myb also contains a negative regulatory domain that has been localized to 
the carboxy terminus. Interestingly, the carboxy terminus is deleted in v-myb, 
and this has been thought to contribute to v-myb's transforming ability. Re­
cently, a putative leucine zipper structure was described within the amino 
terminal portion of Myb's carboxy terminal domain [33]. Leucine zippers, such 
as those found in the transcription factors Jun, Fos, and Myc, are thought 
to facilitate the protein-protein interactions that permit heterodimerization 
of DNA binding proteins. As noted above, such dimerization is thought 
to play a key role in regulating the transcriptional activity of these factors. 
A Myb dimerizing binding partner has yet to be identified, but Myb-Myb 
homodimerization, which likely occurs through its leucine zipper, does lead to 
loss of DNA binding and trans-activation ability [34]. Accordingly, one could 
reasonably postulate that Myb-driven gene trans-activation might be regulated 
by the binding of additional protein partners in the leucine zipper domain of 
the carboxy terminus of the protein (33). Alternatively, as was true for the 
trans-activating functions of the protein, repressor activity might also require 
the interaction of Myb with other proteins. 

Can one reasonably postulate that aberrant c-myb expression or Myb func­
tion might playa role in carcinogenesis? Amplification of c-myb in acute 
myelogenous leukemia (AML) and c-myb overexpression in 6q- syndrome 
has been reported [35], suggesting that altered c-myb expression may indeed 
play a role in leukemogenesis. The exact nature of this role remains to be 
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defined. One potential mechanism is through Myb's ability to regulate he­
matopoietic cell proliferation. Indeed, regulating progression through the G/ 
S gate of the cell cycle seems to be a key function of c-myb [36]. The mecha­
nism whereby c-myb regulates cell proliferation is uncertain but might well 
relate to its role in regulating a number of important cell-cycle genes, including 
c-myc [28], PCNA [37], and cdc2 [38]. Myb may also playa role in regulating 
differentiation [39]. Evidence to support this hypothesis includes the observa­
tions that as primitive hematopoietic cells mature c-myb expression declines 
[40], and that constitutive expression of c-myb usually [411, but not always [42], 
inhibits the ability of hematopoietic cells to undergo differentiation. More 
directly, c-myb has been shown to function as a transcription factor for several 
cellular genes, including the neutrophil granule protein mim-1 [43], CD4 [44], 
IGF-1 [45], and CD34 [46], and possibly other growth factors [47] or growth 
factor receptors such as c-kit [22]. Finally, although c-myb was once thought to 
be hematopoietic cell specific, it has become clear in recent years that c-myb is 
expressed in non-hematopoietic tumor tissues as well [48]. Such expression is 
often low level, but studies from our laboratory suggest that downregulation of 
c-myb under such circumstances can slow the growth of some malignant cell 
types, including malignant melanoma [48]. Accordingly, c-myb may also be­
come a rational target in other malignant diseases, thereby increasing the 
scope and relevance of the studies to be proposed below. 

3. Targeting the c-myb gene 

Our laboratory has been using antisense oligodeoxynucleotides (AS ODN) 
since 1988 to understand the role of c-myb and other proto-oncogenes in 
normal and malignant human hematopoiesis. These investigations were ini­
tially designed to elucidate the role of Myb protein in regulating hematopoi­
etic cell development. Because the results obtained from these studies had 
obvious clinical relevance, more translationally oriented studies were under­
taken. These have now culminated in phase I clinical trials that are presently 
ongoing at the Hosptial of the University of Pennsylvania. The development 
of the c-myb targeted antisense oligodeoxynucleotide will be summarized 
below, along with a brief allusion to our initial clinical experience with this 
agent. 

3.1. In Vitro experience in the hematopoietic cell system 

3.1.1. Role of c-myb-encoded protein in normal human hematopoiesis. At­
tempts to exploit the c-myb gene as a therapeutic target for antisense 
oligodeoxynucleotides began as an outgrowth of studies seeking to define the 
role of Myb protein in regUlating normal human hematopoiesis. During the 
course of these studies, it was determined that exposing normal bone marrow 
mononuclear cells (MNC) to c-myb antisense oligomers resulted in a decrease 
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in cloning efficiency and progenitor cell proliferation [49]. The effect was 
lineage indifferent, since c-myb antisense DNA inhibited granulocyte-mac­
rophage colony forming units (CFU-GM), CFU-E (erythroid), and CFU-Meg 
(megakaryocyte). In contrast, c-myb sense oligomers had no consistent effect 
on hematopoietic colony formation when compared to growth in control 
cultures (p = .778, P = .796, P = .375 for CFU-GM, CFU-E, and CFU-Meg, 
respectively). Inhibition of colony formation was also dose related and se­
quence specific. If progenitor cells were exposed to 0.3,1.4,7, and 14f.lM of c­
myb oligodeoxynucleotides, the sense oligomers did not significantly effect 
colony formation, while the antisense oligomers at the above concentrations 
led to the formation of 21 ± 3, 17 ± 1, 10 ± 2, and 4 ± 2 megakaryocyte 
colonies, respectively [49]. Antisense oligodeoxynucleotides at concentrations 
of 1.4, 7, and 14f.lM led to the formation of 775 ± 127,515 ± 9, and 244 ± 25 
myeloid colonies, respectively [49]. The requirement for Myb during normal 
hematopoiesis has also been confirmed in gene targeting experiments carried 
out using the technique of homologous recombination [50]. In other investiga­
tions, it was also determined that hematopoietic progenitor cells appeared to 
require Myb protein during specific stages of development [51], in particular 
when they were actively cycling. 

3.1.2. Myb protein is also required for leukemic hematopoiesis. Since the c­
myb antisense oligomers inhibited normal cell growth, we were also interested 
in determining their effect on leukemic cell growth. To address this question, 
we employed a variety of leukemic cell lines, including those of myeloid and 
lymphoid origin [52,53]. In addition, we also employed primary patient mate­
rial [54]. 

We first detemined the effect of myb sense and antisense oligomers on the 
growth of HL-60, K562, KG-1, and KG-1a cell lines [9]. The antisense oligo­
mer inhibited the proliferation of each leukemia cell line, although the effect 
was most pronounced on HL-60 cells. Specificity of this inhibition was demon­
strated by the fact that the sense oligomer had no effect on cell proliferation, 
nor did 'antisense' sequences with 2 or 4 nucleotide mismatches. To determine 
whether the treatment with c-myb antisense modified cell-cycle distribution of 
HL-60 cells, we measured the DNA content in exponentially growing cells 
exposed to either sense or antisense myb oligomers. Control cells and cells 
treated with c-myb sense oligomers had twice the DNA content of HL-60 
cells exposed to the antisense oligomers. The majority of these cells either 
appeared to reside in the G 1 compartment or were blocked at the G liS 
boundary. 

To examine the effect of the c-myb oligomers on lymphoid cell growth, we 
employed a lymphoid leukemia cell line designated CCRF-CEM [52]. As 
noted earlier in the case of normal lymphocytes [36], the CCRF-CEM cells 
were extremely sensitive to the antiproliferative effects of the c-myb antisense 
DNA. When exposed to the sense oligomers, we found negligible effects on 
CEM cell growth in short-term suspension cultures. In contrast, exposure to c-
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myb antisense DNA resulted in a daily decline in cell numbers. Compared to 
untreated controls, antisense DNA inhibited growth by about 2 logs. Growth 
reduction was not a cytostatic effect, since cell viability was reduced only by 
about 70% after exposure to the antisense oligomers, and CEM cell growth 
did not recover when cells were left in culture for an additional nine days. The 
c-myb antisense oligomers also appeared effective in inhibiting cell growth of 
primary patient material when derived from patients with both acute and 
chronic myeloid leukemias [54]. Colony inhibition was about 58%-95%, and 
as determined by elimination of bcr-abl expressing CML clones, apparently 
quite efficient. 

3.1.3. Evidence that normal and leukemic progenitor cells rely differentially on 
c-myb function. In order to be useful as a therapeutic target, neoplastic cells, 
leukemic or otherwise, would have to be more dependent on Myb protein than 
their normal counterparts. To examine this critical issue in hematopoietic 
cells, we incubated phagocyte- and T-cell-depleted normal human marrow 
mononuclear cells (MNCs), human T-Iymphocyte leukemia cell line blasts 
(CCRF-CEM), or 1: 1 mixtures of these cells with sense or antisense 
oligodeoxynucleotides to codons 2-7 of human c-myb mRNA (table 1). Oligo­
mers were added to liquid suspension cultures at time 0 and at time + 18 hours. 
Control cultures were untreated. In controls, or in cultures to which 'high' 
doses of sense oligomers were added, CCRF-CEM proliferated rapidly, 
whereas MNC numbers and viability decreased by less than 10%. In contrast, 

Table 1. Effect of c-myb oligomer exposure on colony/cluster formation by T-cell leukemia and 
normal bone marrow progenitor cells (MNC) 

Cells plated No. added Oligomer/amt. added' 

MNC 5 x lO"/ml None 
Myb S (20; 5.0) 
Myb AS (20; 5.0) 

T Leukemia 5 x 1()4/ml None 
Myb S (20; 5.0) 
Myb AS (20; 5.0) 

MNC + Leukemia 5 X 1()4/ml of each None 
Myb S (20; 5.0) 
Myb AS (2; 0.5) 
Myb AS (5; 1.0) 
Myb AS (10; 2.5) 
Myb AS (20; 5.0) 

'l!g/ml added to the culture medium at time 0 and + 18 hours, respectively. 
"Too numerous to count (>1,000 colonies). 

Colony/cluster 

24:!:: 4 
31 :!:: 4 
30 :!:: 6 

TNTCb 
TNTC 
1 :!:: 1 

TNTC 
TNTC 
TNTC 
TNTC 
41 :!:: 5 
34 :!:: 1 

Note: Cells were exposed to oligomers for four days in suspension cultures, and then transferred 
to semisolid media as described in the methods section. After 12 days in culture, colonies and 
clusters were counted in paired dishes with an inverted microscope. Colony/cluster counts are 
presented as mean:!:: SD. (Adapted from reference #52.) 
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when CCRF-CEM were incubated for four days in c-myb antisense DNA, 
cultures contained 4.7 ± 0.8 X 104 cells/ml (mean ± SD; n = 4) compared to 
285 ± 17 X 104 /ml in controls. At the effective antisense dose, MNC were 
largely unaffected. After four days in culture, remaining cells were transferred 
to methylcellulose supplemented with recombinant hematopoietic growth fac­
tors. Myeloid colonies/clusters were enumerated at day 10 of culture incep­
tion. Depending on the cell number plated, control MNC formed from 31 ± 4 
to 274 ± 18 colonies. In dishes containing equivalent numbers of untreated or 
sense-oligomers-exposed CCRF-CEM, colonies were too numerous to count 
(TNTC). When MNCs were mixed 1: 1 with CCRF-CEM in antisense oligo­
mer concentrations less than or equal to 5 flg/ml, only leukemic colonies could 
be identified by morphologic, histochemical, and immunochemical analysis. 
However, when antisense oligomer exposure was intensified, normal myeloid 
colonies could be found in the culture, while leukemic colonies could no longer 
be identified with certainty using the same analytic methods. 

Finally, at the antisense DNA doses used in the above studies, AML blasts 
from 18 of 23 patients exhibited about a 75% decrease in colony and cluster 
formation compared to untreated or sense-oligomer-treated controls. When 
1 : 1 mixing experiments were carried out with primary AML blasts and normal 
MNC, we were again able to preferentially eliminate AML blast colony forma­
tion while normal myeloid colonies continued to form [52] 

3.1.4. Use of c-myb oligomers as bone marrow purging agents. The experi­
ments described seemed to suggest that leukemic cell growth could be prefer­
entially inhibited after exposure to c-myb antisense oligodeoxynucleotides. In 
thinking about a clinical use for this observation, application in the area of 
bone marrow transplantation seemed compelling. In this setting, exposure 
conditions were completely under the control of the investigators, and patient 
exposure to the material would be minimal. These conditions would make 
approval by regulatory agencies less difficult. We therefore determined 
whether the antisense oligomers could be utilized as ex vivo bone marrow 
purging agents [52,54]. To test this hypothesis, normal MNCs were mixed 
(1: 1) with primary AML or CML blast cells and then exposed to the oligomers 
using a slightly modified protocol designed to test the feasibility of a more 
intensive antisense exposure. Towards this end, an additional oligomer dose 
(20 flg/ml) was given just prior to plating the cells in methylcellulose. In control 
growth-factor-stimulated cultures, leukemic cells formed 25.5 ± 3.5 (mean ± 
SD) colonies and 157 ± 8.5 clusters (per 2 X 105 cells plated). Exposure to c­
myb sense oligomers did not significantly alter these numbers (19.5 ± 0.7 
colonies and 140.5 ± 7.8 clusters; p > .1). In contrast, equivalent concentra­
tions of antisense oligomers totally inhibited colony and cluster formation by 
the leukemic blasts. Colony formation was also inhibited in the plates contain­
ing normal MNCs, but only by about 50% in comparison to untreated control 
plates (control colony formation, 296 ± 40 per 2 X 105 cells plated; treated 
colony formation, 149 ± 15.5 per 2 X 105 cells). 
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3.1.5. Evaluation of the efficiency of an antisense purge. In antisense-treated 
co cultures of normal MNC and primary AML blast cells (1: 1 ratio), only 
normal colonies could be identified. To assess the potential effectiveness of an 
antisense purge, we conducted similar coculture studies with CML cells ob­
tained form patients in blast crisis and in chronic phase of their disease. Since 
these cells express the tumor-specific, and easily detected, bcr-abl fusion gene, 
it was an easy task to measure residual leukemic cells in oligonucleotide­
treated cultures [52,54]. 

To carry out these studies, RNA was extracted from cells cloned in methyl­
cellulose cultures after exposure to the highest c-myb antisense oligomer dose. 
The RNA was then reverse transcribed and the resulting cDNA amplified as 
described in the materials and methods section. For each patient studied, 
mRNA was also extracted from a comparable number of cells derived from 
untreated control colonies using the same technique. Eight cases were evalu­
ated, and in each case bcr-abl expression as detected by RT-PCR correlated 
with colony growth in cell culture. In cases that were inhibited by exposure 
to c-myb antisense oligomers (7 of 11), bcr-abl expression was also greatly 
decreased or nondetectable. 

These results suggested that bcr-abl-expressing CFUs might be substan­
tially or entirely eliminated from a population of blood or marrow mono­
nuclear cells by exposure to the antisense oligodeoxynucleotides. To explore 
this possibility further, replating experiments were carried out on samples 
from two patients. We hypothesized that if CFUs belonging to the malignant 
clone were present at the end of the original 12-day culture period, but not 
detectable due to failure to express bcr-abl, they might reexpress the message 
upon regrowth in fresh cultures. Accordingly, cells from these patients were 
exposed to oligomers and then plated into methylcellulose cultures formulated 
to favor growth of either CFU-GM or CFU-GEMM. As was found with the 
original specimens, untreated control cells and cells exposed to sense oligo­
mers had RT-PCR-detectable bcr-abl transcripts. Those exposed to the c-myb 
antisense oligomers had none. One of the paired dishes from these cultures 
was then solubilized with fresh medium, and all cells contained therein were 
washed, dis aggregate, and replated into fresh methylcellulose cultures without 
reexposing the cells to oligomers. After 14 days, CFU-GM and CFU-GEMM 
colony cells were again probed for bcr-abl expression. Control and sense­
treated cells had RT-PCR-detectable mRNA, but none was found in the 
antisense-treated colonies. These results suggest that elimination of bcr-abl­
expressing cells and CFUs was highly efficient and perhaps permanent. 

Since the publication of these results, we have continued to evaluate poten­
tial patients using the above-described protocol. Samples have been obtained 
from patients with chronic myelogenous leukemia (CML), as well as 
polycythemia vera (PV). A mean (:::!:: SE) decrease in CFU-GM colonies of 77 
:::!:: 13% was noted in 11 of 14 CML while the decrease in 3 of 3 PV was 96 :::!:: 

7%. c-myb antisense oligomers had a minimal «20%) to moderate (50%) 
effect on normal CFU-GM colony formation. In all CML responders tested, 
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bcr-abl mRNA, which encodes a protein thought to be important in the 
pathogenesis of CML, was found to be downregulated by corresponding c­
myb antisense ODN. These results appear to substantiate our belief that 
antisense oligodeoxynucleotides my find a place in the armamentarium of 
antileukemia drugs. 

3.2. In vitro experience in nonhematopoietic cell neoplasms 

3.2.1. c-myb is a target of unexpected utility in maligant melanoma. As noted 
above, c-myb is located on chromosome 6q22-23 in humans. Structural aber­
rations in this chromosomal location have also been linked to some human 
melanomas. Accordingly, we noted with interest a report that suggested that 
altered c-myb expression might play a role in the pathogenesis of maligant 
melanoma [55]. Accordingly, we targeted the c-myb gene in human melanoma 
cells with antisense ODN to learn more about the biologic importance of its 
expression and the therapeutic potential of disrupting its function. To this end, 
we screened five human melanoma cell lines (Hs294T, SK-MEL-37, A375, 
C32, WM39) for c-myb mRNA by Northern analysis. Total RNA form each 
cell line (20 Ilg) was blotted to nitrocellulose and then probed with a 32p_ 

labeled human c-myb cDNA. None of the lines gave a positive signal. How­
ever, when a sensitive RT-PCR was employed, a technique that effectively 
amplifies small quantities of mRNA, c-myb mRNA was unambiguously de­
tected in all. To determine the biological significance of this low-level c-myb 
expression in the melanoma cells, we targeted c-myb mRNA in SK-MEL-37 
and Hs294T cells with unmodified or P-ODN, as well as control DNA se­
quences. In Hs294T cells, exposure to c-myb control sequences had no statis­
tically significant effect on cell proliferation. In contrast, the c-myb antisense 
DNA inhibited growth in a dose-responsive manner up to about 60% (p < 
.001) of control cell values. Growth inhibition was accompanied by loss of RT­
PCR-detectable c-myb, but not ~-action mRNA (whose levels are constant in 
all cells), suggesting that growth inhibition was secondary to pertubation of c­
myb expression. Visual examination of the cultures revealed some clue regard­
ing the inhibitory mechanism. Hs294T cells appeared to undergo cytolysis 
after exposure to the c-myb antisense, suggesting that c-myb perturbation 
could be a lethal event in these cells. This contrasted with the effect observed 
on SK-MEL-37 cells, which appeared to undergo growth arrest with or with­
out what appeared morphologically to represent differentiation towards a 
more mature phenotype. 

3.2.2. Relationship between DNA dose, frequency of exposure, and inhibition 
of cell growth. We also examined cell growth inhibition as a function of 
oligodeoxynucleotide (ODN) concentration and frequency of exposure. When 
SK-MEL-37 were exposed to ODNs, the most important factor for achieving 
growth inhibition was initial exposure to high concentrations of material. For 
example, at concentrations less than or equal to 50 Ilglml, no effect on cell 
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growth was observed when the ODNs were added to cultures in divided doses 
of 20 !lg/ml/day X 5 days, or lO!lg/ml/day X 5 days. In contrast, when cells were 
exposed to a single bolus of 50!lg/ml, cell growth was inhibited by about 25% 
in comparison to untreated controls. This relationship was even more appar­
ent at higher doses. A single total ODN dose of 100 f.J.g/ml inhibited growth 
much more significantly than the same total dose delivered in divided doses of 
20 !lg/ml/day X 5 doses. Even at doses up to 250 !lg/ml, 50 !lglday for 5 days was 
not as effective as a total dose of 200!lg given as 100 !lg/ml/day X 2 doses 
(50% vs 70% inhibition, respectively). 

To determine if these results were influenced by possible degradation of 
unmodified ODN, we carried out similar experiments with Hs294T cells ex­
posed to the more stable phosphorothioate-modified antisense oligomers. A 
similar but less strict relationship between extracellular concentration and 
inhibition of cell growth was again observed. That is, initial high concentra­
tions were more effective than equivalent final concentrations built up by 
cumulative lower doses. Accordingly, it appears that for either type of com­
pound, sufficient cellular uptake to inhibit the target gene is only achieved by 
initial exposure to some critical 'high' concentration of compound. Whether 
this relationship would hold for leukemic cells has not been formally exam­
ined, but we have no reason to believe that this would not be true for these cell 
types as well. 

3.3. In vivo treatment models 

The experience gained with in vitro culture systems suggested, but did not 
prove, that in vivo activity with the c-myb-targeted antisense molecule might 
be expected as well. To test this, we developed SCID mouse human chimeras 
bearing either human leukemia [56] or human melanoma [48]. This animal 
system has the obvious advantage of allowing acitivity against a human tumor 
to be determined in a setting simulating actual clinical use. 

3.3.1. In vivo treatment of human leukemia in an SCID mouse model. We 
established human leukemia-SCID mouse chimeras with K562 cells and 
treated diseased animals with phosphorothioate-modified antisense 
oligodeoxynucleotides [56]. K562 cells express the c-myb proto-oncogene, 
which served as the target for the antisense DNA. They also express the 
tumor-specific bcr/abl oncogene, which was utilized to track the human cells in 
the mouse host. Once animals had detectable circulating leukemic blast cells, 
the mean (± SD) survival of untreated control mice was 6 ± 3 days. The 
survival of animals treated for 7 or 14 days with either sense or scrambled 
sequence c-myb oligodeoxynucleotides was not statistically different from the 
control animals. In distinct contrast, animals treated for similar lengths of time 
with c-myb antisense oligodeoxynucleotides survived at least 3.5 times longer 
than the various control animals (figure 3). In addition, animals receiving c­
myb antisense DNA had significantly less disease at the two sites most fre-
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Figure 3. Survival curves of SCID-human chimeric animals transplanted with K562 chronic 
myelogenous leukemia cells. Animals received a 14-day infusion of oligomers at a dose of lOOf.Lgl 
day. Legend: -<1-, control; -, sense; __ , antisense; ~, scrambled. (Adapted from refer­
ence #56.) 

quently manifesting leukemic cell infiltration, namely, the central nervous 
system and the ovary (figure 4). These results suggested that phospho­
rothioate-modified antisense DNA might be efficacious for the treatment of 
human leukemia in vivo and were an important component in justifying the 
clinical trials that have been activated at our institution. 

3.3.2. In vivo treatment of human melanoma in an SCID mouse model- utility 
of c-myb as a target. To determine if the in vitro results discussed above were 
applicable in an in vivo system, we examined the effect of the c-myb antisense 
DNA on human melanoma cell growth in an SCID mouse model [48]. In the 
first of three types of experiments to assess this question, 41 mice were inocu­
lated with Hs294T cells. When tumor nodules became palpable, animals were 
randomly assigned to receive no treatment (13 animals), or seven-day infu­
sions (500!J,g/day; 25!J,g/g body weight) of c-myb sense (14 animals) or 
antisense (14 animals) phosphorothioate-modified oligodeoxynucleotides (P­
ODN). Animals were examined daily for 40 days to determine the effects of 
the P-ODN on survival and tumor growth. The antisense P-ODA treatment 
significantly inhibited local tumor growth in comparison to the control and 
sense P-ODN-treated groups. In fact, until about day 35, calculated tumor 
weights in the antisense group were about 50% lower than the other groups. 
After this time, growth in the antisense-treated group recovered and essen­
tially paralleled that seen in the control and sense-treated animals. Neverthe­
less, when the animals were sacrificed on day 40, tumors removed from the 
antisense-treated animals were significantly smaller (p < .05) than those in the 
control groups. The mean (±SD) weight of tumors taken from the animals in 
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Figure 4. Composite photomicrographs (x400) of mouse brain obtained form chimeric SCID­
human K562 leukemia-bearing mice treated with (A) sense, or (8) antisense phosphorothioate c­
myb ODN. Note extensive meningeal and sub arachnoid infiltration with leukemic blasts in (A) 
and lack of involvement in (B). (Adapted from reference #56.) 

the control, sense, and antisense groups was 3.S ± 1.7 grams, 3.3 ± 1.2 grams, 
and 2.S ± O.S grams, respectively. 

We then examined the growth-inhibitory effects of the c-myb antisense P­
ODN against a sub-clinical tumor burden. In this experiment, mice were 
subcutaneously innoculated with 2 X 106 Hs294T tumor cells. Three days later, 
animals were randomized to receive no treatment (9 mice ) or a seven-day 
infusion (SOO[.lg/day) of c-myb sense (8 mice) or antisense P-ODN (10 mice). 
Tumor growth was evaluated over a 6S-day period. While no control animals 
were lost during this period, three sense and four antisense treated animals 
died of uncertain causes. In the remaining animals, inhibition of tumor growth 
in the antisense-treated group was again noted throughout the observation 
period and appeared to be greater than that observed in the first experiment. 
When sacrificed at 60 days after the pumps were implanted, mean (±SD) 
tumor weights of control, sense, and antisense groups were 4.S ± 1.7 g, 4.0 ± 
1.S g, and 2.1 ± 1.2g, respectively. The differences between these groups were 

lOS 



Figure 5. Representative photomicrographs of human melanomas in situ in animals treated with 
oligodeoxynucleotides targeted to the c-myb gene. Control and sense-treated animals are shown 
in the top and middle panels, in situ (left) and with the skin reflected to display the tumor (right). 
Corresponding views of animals treated with the antisense compound are shown in the bottom 
panel. (From reference #48.) 

statistically significant (p < .05). Figure 5 illustrates typical tumors observed 
in these mice. 

We lastly examined the effect of a repeat infusion on tumor growth. In this 
experiment, animals (10 per group) were again inoculated with 2 X 106 tumor 
cells. Three days later they were randomized to receive no treatment (control) 
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or an infusion of sense or antisense P-ODN (500flg/day X 14 days). Sixteen 
days after the first infusion ended, a repeat infusion of identical dose and 
duration was begun. In this experiment, three control and one sense-treated 
animal died tumor-related deaths during the observation period. In the 
antisense-treated animals, tumor growth inhibition was more dramatic than in 
the previous experiments and persisted throughout the observation period. 
When animals were sacrificed 85 days after the first pump was implanted, 
mean::!:: SD of tumor weights of control (n = 7), sense (n = 9), and antisense 
(n = 10) groups were 3.0 ::!:: 2.0 g, 1.7 ::!:: 1.5 g, and 0.7 ::!:: 0.5 g. The difference in 
tumor weights between the control and antisense-treated groups was highly 
significant (p < .01), as was the difference between the sense- and antisense­
treated groups (p < .05). Though it appeared that tumor sizes differed be­
tween the control and sense-treated groups, the mean sizes were not of 
statistical significance (p > .05). It is important to note that in contrast to the 
experiments carried out with a lower total dose ofP-ODN, none of the animals 
in the high dose, repeat infusion sense- or antisense-treated groups died before 
the experiment was terminated. These results suggest that toxicity of the P­
ODN was an unlikely cause of animal deaths. 

3.4. Pharmacokinetiddynamic studies in the melanoma model 

An important issue in all these studies is whether tumor responses can 
be shown to correlate with changes in the target gene (in this case, c-myb) 
expression. Towards this end, we first sought to satisfy ourselves that the 
oligomers were indeed entering the tumor tissue. To determine oligo uptake 
in tumor tissue and to correlate effects on c-myb expression with tumor 
growth, five animals with established tumors ( -0.5 g) were infused with c-myb 
P-ODN (500flg/day) for seven days. On days 7, 9, and 11 postinfusion, an 
animal was sacrificed and its tumor excised to determine tissue c-myb mRNA 
levels. As shown in figure 6, c-myb mRNA levels were measurably decreased 
(as normalized to j3-actin), but not completely extinguished, in comparison to 
control expression. This decrement in c-myb expression persisted for approxi­
mately two days after the infusion finished but returned towards baseline 
thereafter. 

Normalization of c-myb expression may have related to P-ODN concentra­
tion in tissue falling below a critical level. In support of this hypothesis, P­
ODN levels in the tumor tissue decreased rapidly from levels estimated to be 
about SOOng (per 50llg extracted DNA) during the infusion to a level less than 
SOng, but greater than lOng (per 50 Ilg extracted DNA) on day 8, one day after 
the infusion finished. It should be pointed out, however, that while human c­
myb is selectively suppressed by the antisense oligos, the peR primers em­
ployed for detection will amplify both human and murine c-myb mRNA. Since 
murine blood and stromal elements gradually infiltrate the tumor, some of the 
c-myb mRNA detected could be contributed from this source. Regardless, it is 
clear that the downregulation of the target is transient, and this is expected. 
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Figure 6. Effect of Myb-directed P-ODN on c-myb mRNA expression in human melanomas 
growing in SCID mice. P-ODNs were infused into mice (500~lg/day x 7 days) with approximately 
I g tumors. On days 7, 9, and 11, tumors were excised and total RNA was extracted for determi­
nation of c-myb mRNA levels. The relative amount of Myb mRNA was normalized to f)-actin 
mRNA detected in the same sample. (From reference #48.) 

An important goal of future studies will be to determine the length of time that 
target gene suppression is required for a useful clinical effect. 

3.5. Initial experience with c-myb P-ODN as marrow purging agent 

We recently initiated a clinical trial to evaluate the effectiveness of 
phosphorothioate-modified c-myb antisense ODN as a marrow purging agent 
in patients with chronic phase (CP) or accelerated phase (AP) CML [57]. Five 
patients have been treated thus far. Four did well, with engraftment (MNC 
>500) occurring between 11 and 18 days posttransplant. One patient failed to 
engraft with either purged or untreated back-up marrow and died on day +50 
with pulmonary aspergillosis. Clinical and laboratory response, including cyto­
genetics and RT-PCR for bcr/abl gene expression, is being evaluated in all 
patients. Two CP patients and one AP patient have been more fully evaluated. 
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Both CP patients demonstrated pretransplant in vitro antisense ODN sensitiv­
ity, which was dose and sequence dependent. One CP patient (#1) also demon­
strated unequivocal elimination of bcr/abl positive cells in the purged 
specimen, and was reconstituted with bcr/abl negative blood cells (figure 8). 
Patient #1 continued to manifest complete disappearance of the Ph + chromo­
some and was bcr/abl negative by RT-PCR for several months posttransplant. 
Both CP patients remain in complete clinical and partial cytogenetic remission 
(~15% Ph+ metaphases). The AP patient was unresponsive in vitro. Though 
in a clinical CR, his metaphases are 100% Ph+. Though follow-up is short and 
patient numbers are small, we suggest that purging with phosphorothioate­
modified c-myb antisense ODN is a safe and potentially useful procedure in 
CML patients without an allogeneic marrow donor. 

4. Conclusions 

The above discussion was meant to recapitulate how the c-myb gene was 
identified as a potential therapeutic target and how its utility was explored step 
wise using in vitro and in vivo models. A frequently asked question is, 'Why 
not target the bcr/abl gene with antisense DNA?' This target has the advan­
tage of being tumor specific and is of clear importance in the pathogenesis of 
this disease. Nevertheless, recent studies suggest that the most primitive stem 
cells may not express bcr/abl mRNA [58]. Since CML is a stem cell disorder, 
bcr/abl mRNA may not be an appropriate target for these most primitive cells. 
Further, it is not certain that, once transformed, continuous expression of bcr/ 
abl is required for maintenance of the malignant phenotype. Finally, since bcr/ 
abl likely functions as a signal-transducing protein, and since the signaling 
apparatus in cells appear highly redundant, targeting bcr/abl may allow resis­
tance to emerge. Other antisense targets, for example c-myb, may then tum 
out to be more effective in the long term. 

It is straightforward that much of the translational aspects of this develop­
ment are dependent on the 'antisense' approach to gene therapy. Though 
simple in theory and execution, antisense experiments may be far more diffi­
cult to conduct and interpret than the above discussion would indicate. The 
reasons for this are multifactorial but relate to an often frustrating inability to 
identify a suitable region of an mRNA to target, or to nonsequence-dependent 
effects on cell function. These problems in tum are likely to be related to 
mRN A secondary and tertiary structure and to the particular chemistry of the 
oligo employed, respectively. This does not mean, however, that carefully 
controlled experiments cannot be informative. Rather, the caveat here is not 
to confuse a biologic effect with an 'antisense effect,' though so-called nonspe­
cific effects could obviously be advantageous if appropriately exploited. 
Whether c-myb will tum out to be a useful target in hematologic malignancies, 
or in the less obvious case of solid tumors, remains to be seen, but the question 
will be answered in the near future. If encouraging results are obtained, this 
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work will be all the more exciting, because at the same time that c-myb proves 
itself a useful target it will simultaneously open up a new approach to anti­
cancer therapeutics. 

References 

1. Bishop MJ (1991). Molecular themes in oncogenesis. Cell 64:235-248. 
2. Bruck KB, Liu ET, Larrick JW (1988). Viruses and oncogenes. In Bruck KB, Liu ET, Larrick 

JW (eds), Oncogenes: An Introduction to the Concept of Cancer Genes. Springer-Verlag: 
New York. pp. 38-66. 

3. Sherr CJ, Rettenmeier CW, Sacca R, Roussel MF, Look AT, Stanley ER (1985). The c-fms 
protooncogene product is related to the receptor for the mononuclear phagocyte growth 
factor, CSF-1. Cell 41:665-676. 

4. Yard en Y, Kuang WJ, Yang-Feng T, Coussens L, Munemitsu S, Dull TJ, Clhen E, Schlessinger 
J, Francke U, Ullrich A (1987). Human proto-oncogene c-kit: a new cell surface receptor 
tyrosine kinase for an unidentified ligand. EMBO 6:3341-3351. 

5. Bos JL (1989). ras oncogenes in human cancer: Review. Cancer Res 49:4682-4689. 
6. Bohmann D, Bos n, Admon A, Nishimura T, Vogt PK, Tjian R (1987). Human proto­

oncogene c-jun encodes a DNA binding protein with structural and functional properties of 
transcription factor AP-l. Science 238:1386-1392. 

7. Ransone LJ, Verma 1M (1990). Nuclear proto-oncogenes fos and jun. Annu Rev Cell Bioi 
6:539-557. 

8. Haseg"!wa T, Hara E, Takehana K. Nakada S, Oda K, Kawata M, Kimura H, and Sekiya S 
(1991). A transient decrease in N-myc expression and its biological role during differentiation 
of human embryonal carcinoma cells. Differentiation 47:107-117. 

9. Biedenkapp H, Borgmeyer U, Sippel AE, Klempnauer KH (1988). Viral myb oncogene 
encodes a sequence-specific DNA-binding activity. Nature 335:835-837. 

10. Schwab M (1994). Human neuroblastoma: amplification of the N-myc oncogene and loss of a 
putative cancer-preventing gene on chromosome 1 p. Recent Results Cancer Res 135:7-16. 

11. Cerutti P, Hussain P, Pourzand C, Aguilar F (1994). Mutagenesis of the H-ras protooncogene 
and the p53 tumor suppressor gene. Cancer Res 54 (Suppl 7):1934s-1938s. 

12. Shtivelman E, Lifshitz B, Gale RP, Canaani E (1985). Fused transcript of abl and bcr genes in 
chronic meyleogneous leukemia. Nature 315:550-554. 

13. Slamon D (1987). Protooncogenes and human cancer. N Engl1 Med 317:955-957. 
14. Waldman T (1992). Targeted homologous recombination in mammalian cells. Crit Rev 

Oncol/Hematol 12:49-64. 
15. Moser HE, Dervan PB (1987). Sequence specific cleve age of double helical DNA by triple 

helix formation. Science 234:645-650. 
16. Stein CA, Cheng YC (1993). Antisense oligonucleotide as therapeutic agents - is the bullet 

really magical? Science 261:1004-1012. 
17. Snyder DS, Yaping W, Wang 1L, Rosi 11, Swiderski P, Kaplan BK, Forman S1 (1993). 

Ribozyme-mediated inhibition of bcr-abl gene expression in a Philadelphia chromosome­
positive cell line. Blood 82:600-605. 

18. Agrawal S, Tang 1Y (1992). GEM 91 - an antisense oligodeoxynucleotide phosphorotioate 
as a specific therapeutic agent for AIDS. Antisense Res Dev 2:261-266. 

19. Gewirtz AM, Calabretta B (1988). A c-myb antisense oligodeoxynucleotide inhibits normal 
human hematopoiesis in vitro. Science 245:1303-1306. 

20. Chiang MY, Chan H, Zounes MA, Freier SM, Lima WF, Bennett CF (1991). Antisense 
oligonucleotides inhibit intercellular adhesion moleCUle 1 expression by two distinct mecha­
nisms. J Bioi Chem 266:18162-18171. 

21. Cardoso AA, Li MA, Batard P, Hatzfeld A, Brown EL, Levesque JP, Sookedo H, Panterne 

110 



B, Sansilvestrini P, Clark SC, Hatzfeld J (1993). Release from quiescence of CD34+ CD38-
human umbilical cord blood cells reveals their potentiality to engraft adults. Proc Nat! Acad 
Sci USA 90:8707-8711. 

22. Ratajczak MZ, Luger SM, DeRiel K, Abrahm J, Calabretta B, Gewirtz AM (1992). Role of 
the KIT protooncogene in normal and malignant human hematopoiesis. Proc Nat! Acad Sci 
USA 89:1710--1714. 

23. Skorski T, Szczylik C, Ratajczak MZ, Malaguarnera L, Gewirtz AM, Calabretta B (1992). 
Growth factor-dependent inhibition of normal hematopoiesis by N-ras antisense 
oligodeoxynucleotides. J Exp Med 175:743-750. 

24. Small D, Levenstein M, Kim E, Carow C, Amin S, Rockwell P, Witte L, Burrow C, Ratajczak 
MZ, Gewirtz AM, Civin CI (1994). STK-1, the human homologue of FlK-21F1t-3, is selectively 
expressed in CD34+ human bone marrow cells and is involved in the proliferation of early 
progenitor/stem cells. Proc Nat! Acad Sci 91:459-463. 

25. Luescher B, Eisenman RN (1990). New light on Myc and Myb. Part II. Myb. Genes Dev 
4:2235-2242. 

26. Lyon J, Robinson C, Watson R (1994). The role of the Myb proteins in normal and neoplastic 
cell proliferation. Crit Rev Oncogen 5:373-388. 

27. Sakura H, Kanei-Ishii C, Nagase T, Nakagoshi H, Gonda TJ, Ishii S (1989). Delineation of 
three functional domains of the transcription activator encoded by the c-myb protooncogene. 
Proc Nat! Acad Sci USA 86:5758-5762. 

28. Cogswell JP, Cogswell PC, Kuehl M, Cuddihy AM, Bender TM, Engelke U, Marcu KB, Ting 
JP-Y (1993). Mechanism of c-myc regulation by c-myb in different cell lineages. Mol Cell BioI 
13:2858-2869. 

29. Foos G, Natour S, Lempnauer KH (1993). TATA-box dependent transactivation of the 
human HSP70 promoter by Myb proteins. Oncogene 8:1775-1782. 

30. Watson RJ, Robinson C, Lam EWF (1993). Transcription regulation by murine B-myb is 
distinct from that by c-myb. Nucleic Acids Res 21:267-272. 

31. Ness SA, Kowenz-Leutz E, Casini T, GrafT (1993). Myb and NF-M: combinatorial activators 
of myeloid genes in heterologous cell types. Genes DEV 7:749-759. 

32. Burk 0, Mink S, Ringwald M, Klempnauer KH (1993). Synergistic activatiol! of the chicken 
mim-1 gene by v-myb and C/EBP transcription factors. EMBO J 12:2027-2d38. 

33. Kanei-Ishii C, MacMillan EM, Nomura T, Sarai A, Ramsay RG, Aimoto S, Ishii S, Gonda TJ 
(1992). Transactivation and transformation of MYB are negatively regulated by a leucine­
zipper structure. Proc Nat! Acad Sci USA 89:3088-3092. 

34. Nomura T, Sakai N, Sarai A, Sudo T, Kanei-Ishii C, Ramsay RG, Favier D, Gonda TJ, and 
Ishii S (1993). Negative autoregulation of c-myb activity by homodimer formation through the 
leucine zipper. J BioI Chern 268:21914-21923. 

35. Barletta C, Pelicci PG, Kenyon LC, Smith SD, Dalla-Favera R (1987). Relationship between 
the c-myb locus and the 6q- chromosomal aberration in leukemias and lymphomas. SCience 
235:1064-1067. 

36. Gewirtz AM, Anfossi G, Venttirelli D, Valpreda S, Sims R, Calabretta B (1989). GtfS transi­
tion in normal human T-lymphocytes requires the nuclear protein encoded by c-myb. Science 
245:180--183. 

37. Jaskulski D, DeRiel JK, Mercer WE, Calabretta B, Baserga R (1989). Inhibition of cellular 
proliferation by antisense oligodeoxynucleotides to PCNA cyclin. Science 240:1544-1546. 

38. Ku DH, Wen SC, Engelhard A, Nicolaides NC, Lipson KE, Marino TA, Calabretta B (1993). 
c-myb transactivates cdc2 expression via MYB binding sites in the 5'-flanking region of the 
human cdc2 gene. J BioI Chern 268:2255-2259. 

39. Weber BL, Westin EH, Clarke MF (1990). Differentiation of mouse erythroleukemia cells 
enhanced by alternatively spliced c-myb mRNA. Science 249:1291-1293. 

40. Todokoro K, Watson RJ, Higo H, Amanuma H, Kuramochi S, Yanagisawa H, Ikawa Y 
(1988). Downregulation of c-myb gene expression is a prerequisite for erythropoietin-induced 
erythroid differentiation. Proc Natl Acad Sci USA 85:8900--". 

41. Clarke MF, Kukowska U, Westin E, Smith M, Prochownik EV (1988). Constitutive expres-

111 



sion of a c-myb cDNA blocks Friend murinc erythroleukemia cell differentiation. Mol Cell 
Bioi 8:884-892. 

42. Rosson D, O'Brien TG (1995). Constitutive c-myb expression in K562 cells inhibits induced 
erythroid differentiation but not tetradecanoyl phorbol acetate-induced megakaryocytic dif­
ferentiation. Mol Cell Bioi 15:772-779. 

43. Ness SA, Marknell A, Graf T (1989). The v-myb oncogene product binds to and activates the 
promyelocyte-specific mim-l gene. Cell 59:1115-1125. 

44. Nakayama K, Yamamoto R, Ishii S, Nakauchi H (1993). Binding of c-Myb to the core 
sequence of the CD4 promoter. Int Immunol 5:817-824. 

45. Reiss K, Ferber A, Travali S. Porcu P, Phillips PD, Baserga R (1991). The protooncogene c­
myb increases the expression of insulin-like growth factor 1 and insulin growth factor 1 
receptor messenger RNAs by a transcriptional mechanism. Cancer Res 51:5997-6000. 

46. Melotti P, Ku DH, Calabretta B (in press). Regulation of the expression of the hematopoietic 
stem cell antigen CD34: Role of c-myb. J Exp Med. 

47. Szczylik C, Skorski T, Ku D-H, Nicolaides NC, Wen S-C, Rudnicke L, Bonati A, 
Malaguarnera L, Calabretta B (1993). Regulation of proliferation and cytokine expression of 
bone-marrow fibroblasts: Role of c-myb. J Exp Med 178:997-1005. 

48. Hijiya N, Zhang J, Ratajczak MZ, DeRiel K, Herlyn M, Gewirtz AM (1994). Biologic and 
therapeutic significance of Myb expression in human melanoma Proc Natl Acad Sci USA 
91:4499-4503. 

49. Gewirtz AM, Calabretta B (1988). A c-myb antisense oligodeoxynucJeotide inhibits normal 
human hematopoiesis in vitro. Science 242:1303-1306. 

50. Mucenski ML, McLain K, Kier AB, Swerdlow SH, Schreiner M, Miller TA, Pietryga DW, 
Scott WJ, Potter SS (1991). A functional c-myb gene is required for normal murine fetal 
hepatic hematopoiesis. Cell 65:677-689. 

51. Caracciolo D, Venturelli D, Valiteri M, Peschle C, Gewirtz AM, Calabretta B (1990). Stage­
related proliferative activity determines c-myb functional requirements during normal human 
hematopoiesis. J Clin Invest 85:55-61. 

52. Calabretta B, Sims RB, Valiteri M, Caracciolo D, Szczylik C, Venturelli D, Ratajczak M, 
Beran M, Gewirtz AM (1991). Normal and leukemic hematopoietic cells manifest differential 
sensitivity to inhibitory effects of c-myb antisense oligodeoxynucleotides: An in vitro study 
relevant to bone marrow purging. Proc Natl Acad Sci USA 88:2351-2355. 

53. Anfossi G, Gewirtz AM, Calabretta B (1989). An oligomer complementary to c-myb encoded 
mRNA inhibits proliferation of human myeloid leukemia cell lines. Proc Nat! Acad Sci USA 
86:3379-3383. 

54. Ratajczak MZ, Hijiya N, Catan L, DeRiel K, Luger SL, McGlave P, Gewirtz A (1992). Acute 
and chronic phase chronic myelogenous leukemia colony forming units are highly sensitive to 
the growth inhibitory effects of c-myb antisense oligodeoxynucJcotides. Blood 79:1956-1961. 

55. Linnenback AJ, Huebner K, Prddy EP, Herlyn M, Parmiter AH, Nowell PC, Koprowski H 
(1988). Structural alteration in the MYB protooncogene and deletion within the gene encod­
ing a-type protein kinase C in human melanoma cell lines. Proc Natl Acad Sci USA 85:74-78. 

56. Ratajczak M, Kant J, Luger S, Hijiya N, Zhank J, Zon G, Gewirtz A (1992). In vivo treatment 
of human leukemia in a SCID mouse model with c-myb antisense oligodeoxynucleotides. Proc 
Nat! Acad Sci USA 89:11823-11827. 

57. Luger SM, Ratajczak MZ, Stadtmauer ES, Mangan P, Magee D, Silberstein L, Mdelstein M, 
Nowell P, Gewirtz AM (1994). Autografting for chronic myelogenous leukemia (CML) with 
c-myb antisense purged bone marrow: a preliminary report. Blood 84 (Suppl 1):151a. 

58. Bedi A, Zehnbauer BA, Collector MI. et al. (1993). BCR-ABL gene rearrangement and 
expreassion of primitive hematopoietic progenitors in chronic myeloid leukemia. Blood 
81 :2898-2902. 

112 



6. The role of p53 in malignancy 

F.l. Keith and N.H. Russell 

1. Introduction 

Mutations in the p53 gene are currently the most common genetic lesion found 
in human cancers [1,2]. The p53 protein was initially discovered in 
coprecipitation studies with SV40 large T antigen [3], with which p53 forms a 
stable complex [4]. Initial studies linked mutations in p53 to malignant trans­
formation and culture cell immortalization [5-7], and thus it was shown that 
the p53 gene was a tumor suppressor gene [8,9]. The p53 gene is expressed at 
low levels in normal cells of the body, with the highest levels being found in the 
testes, ovary, thymus, and spleen [10]. The levels of p53 protein rise due to an 
alteration in its half-life [11], in response to DNA damage by a variety of 
agents including irradiation, chemical carcinogens, and tumor viruses. The 
major function of these elevated levels of p53 protein is to prevent 
propogation of cells with damaged DNA and thus prevent the onset of cancer. 
It has been shown that wild-type p53 achieves this by causing Gl arrest of the 
cell cycle [12] and so allowing either repair of the damaged DNA or, in cases 
of high DNA damage, the onset of apoptosis [13]. Thus p53 acts as a 'guardian 
of the genome' [14] and is vital to maintenance of DNA integrity. It is there­
fore evident that mutations in such a crucial gene are disastrous for the cell, 
since further lesions in the genome are tolerated and the chance of malignant 
transformation increases [15]. As well as being a common event in cancer, 
mutations in p53 have been linked to aggressive disease, tumor progression, 
resistance to chemotherapy, and poor prognosis in a number of tumors [16-
23]. This chapter aims to address the role of p53 mutations in cancers, with 
particular focus on the hematological malignancies, and discusses the clinical 
consequences of the loss of wild-type p53 function. 

2. Structure of p53 gene and protein 

The p53 gene is situated within 15-20kb of DNA on the short arm of chromo­
some 17 [24-26] at position 17p13.1 [27]. The gene has 11 exons, the first of 
which is noncoding and is situated 8-lOkb upstream of exons 2-11. The 
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remaining exons are spliced together to produce a 2.2-2.5kb mRNA of 393 
codons. The p53 gene is highly conserved across species, with 81 % homology 
between the coding regions of human and murine DNA sequences [28]. There 
are five regions with more than 90% identity: I, codons 13-19; II, codons 117-
142; III, codons 171-181; IV, codons 234-258; and V, codons 270-286 [29]. The 
main features of the coding region of the p53 gene and protein are illustrated 
in figure l. 

The p53 protein has also been conserved throughout evolution with 80% 
homology between murine and human proteins and 56% homology between 
Xenopus and human proteins [29]. The mapping of mutations to the sequence 
of the p53 protein has identified three main functional domains (see figure 1). 
The 40 acidic amino acids at the amino terminus of the protein function as a 
transcriptional activator in vitro [30]. The region from amino acid 91 to 301, 
which contains 86% of mutations and the highly conserved regions II-V [1,31], 
functions as a sequence-specific DNA binding domain [32]. The consensus 
sequence for the p53 specific binding site has been defined as 5'-Pu Pu Pu C AI 
T AIT G Py Py Py-3' [33]. Several cellular proteins as well as the viral SV40 T 
antigen bind this central region of p53 [34]. In addition, two other cellular 
proteins that bind this region of wild-type but not mutant p53 have been 
identified [35] . The third functional region at the carboxyl terminus contains 
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Figure 1. Structural and functional features of the human p53 gene and protein. The main features 
of the p53 gene and protein are indicated. The gene contains 11 exons, 10 of which encode for p53 
and are illustrated spliced together. There are 5 highly conserved regions [29], four of which are 
the hot spot regions of gene mutations [1]. The six most common mutations are indicated by 
arrows: 175,245, 248,249,273, and 282 [97,98]. The transcriptional activation domain, 1-40 [30], 
the DNA binding region, 91-301 [32], and the domains required for the formation of dimers, 334-
356, or tetramers, 363-386 [146,147], of p53 protein are indicated. Phosphorylation sites for ds 
DNA protein kinase (PK) and casein kinase I PK are indicated at the N-terminus and those for 
cyclin-dependent kinase and casein kinase II are indicated at the C-terminus [148]. The nuclear 
localization signals [149] are also shown. A scale of codons or amino acids is shown below. 
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several functions, including a region required for the formation of tetramers 
[36], the nuclear localization signal necessary for p53 function [37], and a 
phosphorylation site for cyclin-dependent kinase [38] and casein kinase II. In 
addition, sites for phosphorylation by casein kinase I and double-stranded 
DNA protein kinase are situated at the amino terminus. 

3. Function of p53 protein 

Considerable information has emerged over the last few years concerning 
the function of wild-type p53 protein. The p53 protein is crucial for the regu­
lated proliferation of cells in a number of different ways, having been impli­
cated in the control of cell proliferation, the regulation of cell survival, and the 
regulation of differentiation. Introduction of wild-type p53 into cell lines that 
have lost endogenous p53 function can cause suppression of malignant trans­
formation [8], defining wild-type p53 as a tumor suppressor gene. Subse­
quently in similar studies, expression of wild-type p53 was also shown to cause 
cell-cycle arrest [12] and apoptosis [13], as well as the suppression of cell 
proliferation. Thus regulation of cell proliferation and survival has emerged as 
an important function for wild-type p53 (figure 2). The p53 protein accumu­
lates in the nucleus in response to DNA damage [39], resulting in cell-cycle 
arrest in G1 [12] and either DNA repair [39] or apoptosis [13]. Apoptosis or 
programmed cell death can be triggered in cells by a number of mechanisms, 
including withdrawal of trophic factors, radiation, cytotoxic drug exposure, 
and overexpression of viral or cellular proteins. Wild-type p53 has been impli­
cated as an important mediator of apoptosis occurring via these diverse 
mechanisms. 

Further insights into the function of p53 have been obtained from studies on 
p53 knock-out mice, which, though born healthy, develop a variety of tumors 
several months after birth [15], demonstrating that the protein does indeed 
have a tumor suppressor function. The fact that these mice develop normally 
in utero indicates that for the vast majority of cell divisions, normal p53 
function is not critical. The answer to this apparent paradox lies in studies 
showing that high levels of p53 are induced by exposure of cells to agents that 
damage DNA [40] and that thymocytes from p53 knockout mice show remark­
able resistance to apoptosis induced by irradiation [41,42]. These findings have 
led to the concept that the loss or mutational inactivation of p53 may allow the 
accumulation of diverse and potentially oncogenic mutations due to the repli­
cation of incompletely repaired DNA sequence in cells permitted to survive as 
a consequence of the loss of p53 triggered apoptosis (figure 2). These p53-
deficient cells do not undergo the transient G 1 arrest after irradiation expo­
sure, where lesions in the DNA are normally repaired [43]. The loss of 
wild-type p53 function would therefore promote genomic instability and allow 
tumor development or progression as the consequence of the loss of wild-type 
p53-induced apoptosis. In the absence of p53, DNA-damaged cells are unable 
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Figure 2. Model of p53 function. p53 is proposed to function as the 'guardian of the genome,' 
protecting the integrity of cellular DNA from damage [14] . Normal cells contain low levels of p53, 
which rise in response to DNA damage. Expression of wild-type p53 results in either cell-cycle 
arrest and repair of damaged DNA before resumption of cell cycling or the onset of apoptosis and 
suicide of the cell. Cells in which wild-type p53 function has been lost do not respond to further 
DNA damage and continue to cycle without repairing the damaged DNA, resulting in malignant 
transformation to cancer. 

to trigger normal signals for apoptosis. The fact that many cytotoxic drugs 
including 5-fluorouracil, etoposide, and cytosine arabinoside have been shown 
to induce p53 to high levels [44] and to induce apoptosis via p53-dependent 
pathways [42,45] may explain the poor response to cytotoxic drug therapy that 
is characteristic of tumors with p53 mutations [16,45,46]. Of relevance here is 
the observation that even cells with one abnormal copy of the p53 gene exhibit 

116 



increased resistance to the induction of apoptosis compared to homozygous 
wild-type pS3 cells [19]. 

3.1. Apoptosis, p53, and Bcl-2 

Wild-type pS3 functions to induce pS3-dependent apoptosis in response to 
DNA damage. Normal hematopoetic cells from mice deficient for wild-type 
pS3 were found to be more resistant to apoptosis induced by irradiation, heat 
shock, or low growth factor concentrations [19]. In addition, there was a dose­
response relationship between the number of pS3 wild-type alleles and the 
resistance to apoptosis. However, the resistance to apoptosis was not universal 
to all inducing agents, indicating that pS3-independent apoptosis was still 
inducible. Apoptosis induced by wild-type pS3 protein can be completely 
overcome by the expression of high levels of Bcl-2 [47-49]. When Bcl-2 was 
coexpressed with a temperature-sensitive pS3 construct in a v-myc-induced 
murine T-cell lymphoma cell line, it was found that the cells were completely 
protected from apoptosis induced by the wild-type pS3 conformation ex­
pressed at 32°C. Therefore, the growth-arresting signal of pS3 is upstream of 
the apoptosis protection role of Bcl-2 [47]. In addition, the expression of 
human Bcl-2 in rat cells transformed with E1A also blocks apoptosis induced 
by wild-type pS3 [48]. Cells transformed with E1A and the pS3 (Va1l3S) 
temperature-sensitive mutant were transfected to express the human Bcl-2 
gene. At the permissive temperature where pS3 was in the wild-type confor­
mation, the cells did not apoptose and remained in a reversible growth-ar­
rested state. The G 1 specificity of the pS3-dependent cell-cycle arrest was lost 
in the cells overexpressing Bcl-2 [48,49]. Thus it can be concluded that the 
function of pS3 can be modified from inducer of apoptosis to inducer of growth 
arrest by the expression of Bcl-2. The action of Bcl-2 on pS3 function is 
partially explained by experiments involving Bcl-2 and c-myc cotransfectants 
that resulted in the loss of nuclear translocation of the wild-type pS3 protein 
during G1 of the cell cycle [49]. 

However, the interaction between pS3 and Bcl-2 is complex. It has been 
shown that wild-type pS3 can inhibit the expression of endogenous Bcl-2 [SO]. 
A temperature-sensitive mutant of pS3 was used to show that the expression of 
endogenous Bcl-2 decreased in the presence of wild-type pS3 at the permissive 
temperature in a murine myeloblastic cell line. There was a concomitant 
increase in the expression of Bax, a dominant inhibitor protein of Bcl-2. The 
pS3-dependent increase in expression of Bax has identified Bax as a pS3 
immediate early response gene [S1]. This response is not found with all 
apoptotic inducers and may account for the more rapid kinetics of apoptosis 
found in response to pS3 and the higher levels of Bcl-2 needed to fully inhibit 
pS3-dependent apoptosis [Sl]. Mice deficient for pS3 have an increased ex­
pression of Bcl-2 and decreased levels of Bax protein in tissues that normally 
express Bcl-2 [SO]. In contrast, the expression of Bcl-2 in breast cancer cells 
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was shown to decrease in cells expressing mutant p53 [52]. However, further 
evidence for the regulation of Bcl-2 by p53 was provided by the identification 
of a functional p53-dependent negative response element in the bcl-2 gene 
[53]. In the light of these results, it has been predicted that the loss of p53 
observed in many human tumors may be associated with increased expression 
of Bcl-2 and decreased expression of Bax [53]. However, in breast cancer cell 
lines, expression of mutant p53 and Bcl-2 were inversely correlated [52]. In 
conclusion, though, the importance of the regulation of Bcl-2 and Bax by p53 
is underlined by the experiments of Wang and Chiou [47,48], which showed 
that apoptosis induced by p53 could be prevented by the overexpression of 
Bcl-2. 

3.2. DNA binding and transcription factor 

A major clue to the mechanism whereby p53 can inhibit cell proliferation, 
causing Gl arrest and allowing the cell to undergo either DNA repair or 
apoptosis, has recently been defined. P53 is known to be a DNA binding 
protein [54], a function that is lost by most mutant p53 proteins. In addition, 
the p53 protein activates transcription in vitro of genes containing a p53 
response element [55], including the epidermal growth factor receptor [56]. 
However, a response element is not essential for regulation of transcription by 
p53 [57]. Several genes have been identified a transcriptionally regulated by 
p53, including c-fos, c-jun [58], mdm-2 [59-61], the apoptosis resistance gene 
bcl-2 [53], GADD-45, a DNA repair gene [43], and the cell-cycle control gene 
WAFlICIPlIp21 [62]. WAFI (wild-type p53 activated fragment) is a wild-type 
p53 inducible gene expressed in cells undergoing p53-dependent G 1 arrest or 
during apoptosis in response to DNA damaging agents [63]. The encoded 21-
kDa nuclear protein associates with several cyclin-dependent kinases (cdk) 
inhibiting their activity [62,64] and consequently cell-cycle progression. Thus 
cells deficient in wild-type p53 do not induce expression of active W AFI after 
treatment with DNA-damaging agents, and so prevent Gl arrest and DNA 
repair [63]. Therefore, it appears that WAFlICIPI is a crucial downstream 
effector of p53 function. One of the other genes known to be regulated by 
wild-type p53 is the mdm-2 gene [65]. The levels of mdm-2 mRNA increase in 
response to wild-type p53 due to sequence-specific binding of p53 to DNA 
downstream of the mdm-2 gene and subsequent elevated transcription of the 
mdm-2 gene [65]. In addition, there is evidence for a further internal promoter 
within the mdm-2 gene that is recognized by p53 [65]. The mdm-2 protein is 
known to bind to p53 in either the wild-type or mutant conformation, inacti­
vating the wild-type growth suppression activity of p53 [59]. Thus since mdm-
2 is positively regulated by wild-type p53, which it can then bind and inactivate, 
the normal function of mdm-2 within cells may be to negatively regulate the 
activity of wild-type p53 [66], a function required for cell-cycle progression. 
The binding site for mdm-2 has been localized to amino acids 18-23 of p53 
[67]. Deletion of this region abolishes interaction of p53 with mdm-2 without 
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loss of p53 transcriptional activation activity, indicating that mdm-2 is not 
involved with this aspect of wild-type p53 activity [68]. 

4. p53 function in normal and leukemic hematopoeisis 

The wild-type p53 is an allosteric protein that has been demonstrated to exist 
in two conformations, recognized by different antibodies, as differential expo­
sure of domains occurs in these conformational states [69,70]. The monoclonal 
antibody pAb1620 immunoprecipitates the human wild-type protein in the 
suppressor conformation [71], and the pAb240 recognizes wild-type p53 in the 
promotor or the mutant conformation [69,71] (figure 3). Conformational 
change of p53 appears to occur as part of cell-cycle activity, as exemplified by 
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Figure 3. Conformation of p53. Wild-type p53 can exist in two conformations, suppressor and 
promoter, as defined by function and reactivity with monoclonal antibodies pAb1620 and pAb240 
[150]. A summary of the properties and consequences of both conformations is listed. A confor­
mational shift from promoter to suppressor can occur, possibly by phosphorylation or protein 
binding, leading to activation of p53 and cell growth arrest. Alternatively a conformational change 
in the opposite direction can occur by growth factors [72,78,81] and possibly protein binding. In 
addition mutation of p53 results in alteration of the conformation of p53 towards the promoter 
phenotype such that there is a loss of functional suppressor activity [69]. 
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studies showing that following the addition of fresh medium to fibroblasts, the 
suppressor conformation was lost [72]. Also, the addition of mitogen to lym­
phocytes resulted in the expression of wild-type p53 with the mutant confor­
mation (pAb240 positive) [73]. These data suggest that the tertiary structure of 
p53 is flexible and that the conformation associated with the suppressor func­
tion is modulated by factors that operate following growth factor stimulation. 
This is further demonstrated by the isolation of both murine and human p53 
mutants, which are at least partially temperature sensitive for conformation 
between 30 and 37°C [74-76]. Zhang [76] characterized a temperature-sensi­
tive human p53 mutant (p53-AlaI43) exhibiting a conformation at 32.5°C 
recognized by pAB1620 and able to bind DNA, but at 37°C the protein was 
not detectable by pAb1620. 

The conformation of wild-type p53 has been studied in human 
hematopoetic cells. Whereas light-density mononuclear cells expressed negli­
gible amounts of p53, purified myeloblasts expressed p53 recognized by 
pAb240 in the mutant conformation [77], whereas wild-type p53 in the sup­
pressor conformation could not be detected. Similar findings were reported by 
Zhang et al. [78], who found that 32 out of 37 AML samples expressed p53 in 
the mutant conformation whereas only three patients had point mutations of 
the p53 gene as detected by SSCP. These findings were extended by Zhu et al. 
[79], who demonstrated that the conformation of p53 in AML blasts was 
regulated by both exogenous and autocrine growth factors. AML blasts that 
secreted autocrine granulocyte-macrophage colony-stimulating factor main­
tained p53 in the mutant pAb240 positive conformation. Furthermore, depri­
vation of growth factors in factor-dependent leukemic cells resulted in a 
decrease of pAb240 expression and increased expression of pAb1620, which 
was associated with the onset of apoptosis, a process that could be prevented 
by the complete suppression of p53 expression by antisense oligonucleotides 
[79]. These data suggest that in AML blasts, wild-type p53 is maintained in the 
mutant conformation by either exogenous or autocrine growth factors. P53 in 
this conformation acts to acts to promote leukemic cell proliferation, to sup­
press apoptosis, and to promote the survival of the leukemic clone; therefore, 
despite the lack of mutation, the normal function of wild-type p53 is lost as the 
wild-type protein is locked in a mutant conformation. Interestingly, AML cells 
with the loss of wild-type p53 conformation (pAb240+) not only exhibit 
autonomous growth in culture but also express high levels of bcl-2 [80,81], 
which may in part be related to the loss of wild-type p53-induced suppression 
of bcl-2 expression [50]. 

The actual mechanism underlying the conformational change in p53 is not 
understood. One possible mechanism would be the induction, by growth fac­
tors, of proteins that bind to p53 and alter its conformation (figure 3). A 
number of cellular proteins are known to bind to wild-type p53 and inhibit its 
tumor suppressor activity; these include products of several tumor virus pro­
teins including SV40 and papillomaviruses [82,83]. The mdm-2 protein, which 
binds to both wild-type and mutant p53, can also overcome the growth-
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suppressive actIvIty of p53 [84]. Recently, the mdm-2 mRNA has been 
reported to be over expressed in over 50% of cases of various leukemias [85]. 
Other proteins may have a similar effect; for instance, c-abl protein has also 
been reported to bind to wild-type p53 and may arrest growth in a p53-
dependent fashion [86]. Such protein-protein interactions could abolish wild­
type p53 function and stabilize the mutant conformation, thereby contributing 
to leukemogenesis. These results suggest that a strategy to restore normal 
wild-type p53 function may be of therapeutic value in AML and other 
leukemias. 

4.1. P53 and hematopoetic differentiation 

Endogenous p53 also has a role in the regulation of cell maturation and 
differentiation in the hematopoetic system. The levels of endogenous p53 were 
found to be increased in normal mature lymphoid, granulocytic, and mono­
cytic cells compared to the bone marrow progenitor cells, which did not 
express p53. Induction of maturation of a myeloblastic leukemia cell line also 
resulted in increased expression of p53 [40]. In addition, the constitutive 
expression of wild-type p53 in HL-60 promyelocytic leukemia cells induced 
differentiation of the cells along the granulocytic pathway [40]. Thus endog­
enous p53 is involved in hematopoetic cell maturation. A possible function for 
p53 is to arrest cell cycling during terminal differentiation of hematopoetic 
cells. 

5. P53 mutations 

P53 inactivation in human tumors is most frequently due to point mutations 
and loss of the remaining allele. The majority of somatic mutations cluster in 
exons 5-9, coding for evolutionary highly conserved domains [29]. 

5.1. Methods of detection of p53 mutations 

Several techniques have been employed to detect p53 mutations in cancers. 
Southern blotting was the original method used to screen for mutations; how­
ever, this method is not very sensitive to point mutations and can generally 
only detect larger gene lesions. 

A simple and rapid method for screening for p53 mutations used in many 
clinical laboratories is immunohistochemistry. The wild-type p53 protein has a 
half-life of 10-20 minutes in normal cells and so does not normally accumulate 
to levels detectable by immunohistochemistry of tissue sections. However, the 
mutated p53 protein has a longer half-life and can be detected by antibodies. 
Thus a positive result for detection of p53 by immunohistochemistry in solid 
tumors is indicative of a p53 mutation [1,87]. However, false-positive results 
can be obtained if wild-type p53 is stabilized by binding of cellular or viral 
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proteins, e.g., SV40 large-T antigen, resulting in an increased half-life and 
detection by immunohistochemistry. Also, false negatives may occur in the 
presence of chain-terminating mutations, leading to absent or reduced levels 
of an unstable protein. In addition, this technique does not reveal any informa­
tion about the nature of the mutation involved. 

The advent of PCR (polymerase chain reaction) technology has established 
PCR-SSCP (single-strand conformation polymorphism) as the most effective 
method for screening for the point mutations common in p53 [88,89]. This 
method takes advantage of the differing behavior during gel electrophoresis of 
a 100-400-bp region of amplified DNA containing a mutation compared to the 
corresponding wild-type region. However, mutations altering the single­
stranded conformation do not necessarily result in an altered amino acid 
sequence. Therefore, the region shown to be positive by PCR-SSCP must be 
sequenced to identify if the encoded protein is functionally mutant. In cases of 
conservative amino acid substitution, the activity of p53 is not altered [90,91]. 
In addition, alternative splicing of p53 RNA in both normal and cancer cells 
has been observed [92]. The PCR-SSCP technique is sensitive and can still 
detect a mutation at a frequency of 10% [2]. The analysis of large numbers of 
samples for p53 mutations has been facilitated by the increasing availability 
and low running cost of automated DNA sequencers coupled with the specific­
ity and sensitivity of PCR-SCCP. Comparison of the efficiency of p53 mutation 
detection by DNA analysis by PCR SSCP and direct sequencing and by 
immunocytochemistry in hematological malignancies revealed that the two 
methods gave concordant results in 90% of samples [93]. Rare cases may be 
negative by immunohistochemistry due to a nonsense mutation giving rise to 
a truncated p53 protein. Thus immunocytochemistry appears to be an equally 
sensitive method for screening for p53 mutations as PCR-SSCP in the majority 
of cases. It is important to point out that the majority of studies using PCR­
SSCP [1,2,29,94] only screen for mutations within the identified hot-spots of 
the p53 gene; thus data are biased for mutations within these regions, and a 
number of false negative results may exist [95]. Another method used to detect 
point mutations in the p53 gene is denaturing gel electrophoresis [96]. This 
method has the advantage over PCR-SSCP in that it analyzes the whole gene, 
enabling the identification of polymorph isms within introns and exons 
throughout the gene. 

5.2. The significance of p53 point mutations 

Some 68% of mutations in the p53 gene are found within four of the highly 
conserved regions, namely, II, III, IV, and V, between co dons 117 and 286 [31]. 
These conserved regions lie within exons 4, 5, 7, and 8 and form the core 
domain of the protein. The majority of mutations are missense, resulting in the 
incorporation of an alternative amino acid at the mutated codon and the 
production of an inactive p53 protein [1]. Comprehensive analysis of muta-
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tions has revealed six hotspots at codons 175, 245, 248, 249, 273, and 282 ([97]; 
see [98] for review) within the DNA binding domain of p53 that account 
for 30% of all p53 mutations found in tumors. The disruption in ability of 
the resultant mutant p53 proteins to bind to DNA and activate transcription 
is dependent on the particular point mutation involved [99-101]. The 248 
and 281 mutants could no longer bind to the p53 consensus sequence, but the 
175 and 273 mutants maintained DNA binding activity, and the 273 mutant 
also maintained an intact transcriptional activation activity [99] and wild-type 
conformation [101]. However, the 248, 281, and 175 mutants have been found 
to either increase or decrease the transcriptional activity of wild-type p53 
depending on the p53 DNA binding site present [101,102]. Also, the 248 
mutant had a wild-type conformation as defined by antibody recognition [101]. 
The clustering of tumor-derived mutations within hot spots in the highly 
conserved regions of p53 underlines the importance of this region for p53 
function, and insights into the features critical for p53 function have been 
gained by the elucidation of the protein structure (comprehensively reviewed 
in [98]). 

6. Incidence of p53 mutations in nonhematological malignancies 

Mutations in p53 are now the most common lesion found in human cancer [1]. 
The incidence of a mutated p53 is 70% in colorectal cancer, 50% in lung 
cancer, and 30% in breast cancer [2]. The majority of these mutations are 
found within the conserved DNA binding domain of p53. It has been observed 
that the frequency distribution of mutations found within this region is tumor 
tissue specific (see [31] for a review). In liver cancer, the predominant muta­
tion is at 249, whereas in breast cancer the most common mutations are found 
at 174 and 273. This difference may reflect both tissue-specific lesions and 
environmental mutagen specificity. In some cases, specific p53 mutations have 
been linked to environmental carcinogens. A G to T transversion at codon 249 
has been linked to aflatoxin Bl exposure during peanut cultivation in patients 
with liver cancer in the Qidong provence of China [103]. The incidence of this 
transversion is reduced in areas where aflatoxin Bl has been irradicated. 
Aflatoxin B1 is a potent chemical carcinogen known to cause G to T 
transversions in vitro. In lung cancer, 31 % (n = 52) of uranium miners studied 
had the same transversion of G to T at codon 249 [104]. This mutation is rare 
and had previously been reported at a frequency of 0.4 % in lung cancers. This 
specific mutation was linked to high levels of exposure to radon gas during the 
miners' careers. Radon is a source of alpha particles, which are known to cause 
mutations in DNA. In lung cancers in general, there is a predominance of 
transversion mutations, particularily at 157, which may be a result of the 
specific carcinogens present in cigarettes. However, in colon cancers the ma­
jority of lesions are transition mutations. These data indicate that mutations in 
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p53, the most common cancer lesion, can be caused by specific environmental 
carcinogens that exhibit both a tissue and mutagen specificity. 

6.1. Role of p53 mutations in tumor progression 

Mutations in p53 have been linked to tumor progression in several tumor 
types, including breast carcinomas [23,105,106], oral malignancies [107], and 
gastric carcinomas [108]. In gastric and colorectal carcinoma, the proportion of 
p53 abnormalities as detected by immunohistochemical staining was found to 
correlate with both disease progression and poor prognosis [108], indicating 
that the role of p53 in disease progression is an important prognostic indicator. 
However, in contrast, an extensive immunohistochemical study of lung cancer 
involving 125 primary tumors revealed that there was no difference in survival 
between p53-positive and p53-negative groups [109]. Thus the importance of 
the role of p53 in malignancy may be tumor tissue specific. 

6.2. Association of p53 mutations with 17p abnormalities 

Research into mutations in colorectal cancers resulted in early evidence for 
the proposal that p53 was a tumor suppressor gene [110]. The deletion of one 
p53 allele was accompanied by mutation of the other allele in colorectal 
cancers, indicating that p53 was a tumor suppressor rather than an oncogene 
as had originally been proposed. Analysis of breast, lung, brain, and colon 
tumors with deletions of 17p revealed that allelic deletion of p53 accompanied 
by mutation of the remaining p53 allele was a common occurence in malig­
nancy [94]. Studies on squamous cell carcinomas revealed concurrent results 
[111]. In addition, it was found that point mutations occured in p53 without 
deletion of the other allele, indicating that 17p deletion was not necessarily the 
primary p53 lesion [94). 

6.3. Temperature-sensitive mutations of p53 

Several of the mutations identified in p53 are temperature sensitive. At 32°C 
the encoded mutant protein behaves as wild-type p53 but at 37°C it functions 
as a mutant. Thus at 32°C the p53 protein is reactive with pAb1620 and is 
located in the nucleus, whereas at 37°C it is reactive with pAb240 and is 
located mainly in the cytoplasm [112]. These mutants have been used exten­
sively to probe the function of p53 and the role of the mutant and wild-type 
conformational states. A recently discovered temperature-sensitive p53 muta­
tion is at codon 143Ala [76). The mutant protein cannot bind DNA or activate 
transcription of downstream genes at the higher temperature. At the lower 
temperature, the protein is recognized by the monoclonal antibody PAb1620, 
which recognizes the wild-type p53 conformation; however, this specificity is 
lost at the higher temperature. Thus the temperature-sensitive mutant p53 
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protein alters conformation and function from wild-type to mutant upon an 
increase in temperature from 32°C to 37°C. 

7. P53 mutations in hematological malignancies 

The role of p53 and the incidence and clinical correlations of p53 mutations 
has been widely studied in hematological malignancies and is discussed in the 
following sections. 

7.1. Myeloid malignancies 

7.1.1. Acute myeloblastic leukemia (AML). Frequent p53 abnormalites have 
been reported in cell lines derived from AML patients. The HL-60 cell line 
exhibits a gross attenuation in the p53 gene, and 9 out of 10 myeloid leukemia 
cell lines studied by Sugimoto et al. [113] also exhibited p53 mutations as 
analyzed by RT-PCR SSCP, suggesting that the inactivation of the p53 gene 
may play an important role in the establishment of these cell lines. Although 
frequent in AML cell lines, the mutational frequency of p53 in AML cells from 
patients is much lower. Using RT-PCR and SSCP analysis, Sugimoto et al. 
[114] found no p53 mutations in six AML samples studied. Also, Fenaux et al. 
[115] found only one patient out of 36 who had a mutation of the p53 gene in 
exons 5 to 8. However, in the latter study, 4 out of 10 patients with 17p 
monosomy showed a point mutation or single-nucleotide deletion or insertion 
in exons 7 or 8. Overall, these and other studies [23,116,117] indicate a fre­
quency of p53 mutations in AML of 5%-10%, which is much lower than that 
reported for solid tumors. However, these findings do not necessarily mean 
that mutation of p53 or abnormalities of p53 function may not be important in 
AML. Indeed, evidence to the contrary has recently come from a number of 
sources. Firstly, AML associated with p53 mutations has a very poor prognosis 
[16], with a median survival of 2.5 months compared to 15 months for 
nonmutated cases. In this study, AML patients with a p53 mutation tended to 
be older and to have a higher incidence of complex and unfavorable cytoge­
netic abnormalities; in addition, there was an absence of cases with favorable 
cytogenetics (t(15;17), t(8;21) inv(16)). The demonstration that murine 
hematopoetic cells deficient in wild-type p53 are relatively resistant to the 
induction of apoptosis following exposure to irradiation [19] and the 
topoisomerase inhibitor etoposide [42], and that p53-deficient mouse embry­
onic fibroblasts were dramatically resistant to a number of cytotoxic drugs, 
including etoposide and adriamycin [45], provides an explanation for these 
findings. Thus the loss of wild-type p53 function by mutation would be permis­
sive for leukemic cell survival as the result of increased resistance to apoptosis 
induced by cytotoxic drugs. Also, as has been recently established in T-ALL 
[118], leukemia relapse in AML might occur as the consequence of p53 mutant 
clones that are present at diagnosis but that are below the sensitivity of 

125 



detection by SSCP and survive remission induction and consolidation chemo­
therapy. Evidence for this possibility comes from the studies of Wad a et al. 
[119], who found p53 mutations in six cell lines derived from relapsed leuke­
mia samples; however, in only three cases was the mutation present in the 
presenting samples by SSCP. Following sequencing of the p53 mutations and 
the generation of allele-specific oligonucleotide primers for PCR, the presence 
of mutant p53 cells in the presentation samples could be detected in a clone 
of less than 1 % of cells. Also in another study, p53 mutations that were 
not detectable at presentation have been detected in patients at relapse [120]. 
Further studies are needed to define the possibility that a minority subclone 
of p53 mutant cells may be an important cause of leukemic recurrence in 
AML. 

7.1.2. Chronic myeloid leukemia (CML). CML in the chronic phase is rarely 
if at all associated with p53 mutations [121]. In contrast, between 20% and 
30% of cells from CML in accelerated phase or blast crisis have p53 mutations 
[121,122]. A variety of abnormalities have been reported, including major 
DNA rearrangements as well as a variety of point mutations including mis­
sense or nonsense mutations, frameshift, and splicing mutations. Blast crisis 
associated with p53 mutations is almost always myeloid and rarely lymphoid. 
Mutations may be homozygous or hemizygous and may be accompanied by 
loss of the short arm of chromosome 17, typically as the result of the formation 
of an isochromosome 17q. The frequency of p53 mutations in these cases rises 
to about 40%. Thus loss of one allele and mutation in the remaining allele is 
common in advanced CML and suggests that the complete loss of normal p53 
function may be an important mechanism responsible for the transition from 
the chronic phase to the accelerated phase or the blast crisis. The role of the 
wild-type p53 protein in chronic-phase CML is intriguing, particularly since 
CML cells are relatively resistant to apoptosis compared to normal bone 
marrow cells [123]. 

7.1.3. Myelodysplasia (MDS). The p53 gene is mutated in about 5%-10% of 
MDS cases [124], generally missense mutations affecting exons 4 through to 8. 
In MDS the frequency of mutations is highest in patients with advanced 
disease (RAEB, RAEBt) [125], and as is the case for CML and AML, the 
frequency of mutations is highest for patients with abnormalities of chromo­
some 17. As in AML, the presence of a p53 mutation in MDS is associated with 
complex cytogenetic abnormalities [125] and with a poor response rate to 
intensive chemotherapy and a significantly reduced overall survival [16]. A 
role for p53 in the regulation of mdr-1 gene expression has been suggested 
following cotransfection experiments showing that mutant but not wild-type 
p53 could specifically activate the mdr-1 promoter [126]. In a recent study, 
however, no correlation was found between mdr-1 expression and p53 muta-
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tion in myelodysplasia [127], suggesting that poor response to therapy associ­
ated with p53 mutations was not due to over-expression of mdr-l. There has 
also been no firm evidence to support a role for p53 mutations in the transfor­
mation of MDS to acute leukemia [128]. 

7.2. Lymphoid malignancies 

7.2.1. Acute lymphoblastic leukemia (ALL). An early study revealed 80% (4 
of 5) patients with ALL had immunoprecipitatable p53 [129]. However, analy­
sis of patients with ALL by PCR-SSCP revealed a mutation frequency of 10% 
(2 of 21) [93], and none of the 21 ALL patients analyzed by denaturing 
gradient gel electrophoresis (DGGE) were shown to have a mutation [96]. It 
is possible that these differences are due to the samples included in the 
analysis. In a recent analysis of a large series of primary ALL, the frequencies 
of mutation were found to be 3% for common-ALL, but much higher (50%) 
for L3-type (Burkitts) ALL [118]. Studies in T-ALL have shown a very low 
incidence of mutations at presentation but a much higher incidence (30%) 
upon relapse [17]. Patients with p53 mutation at relapse were associated with 
a shortened duration of first remission, despite the mutation being undetect­
able at this stage. Also, the presence of p53 mutations at relapse was associ­
ated with a poor response to reinduction therapy [18]. In this study, analysis of 
presentation samples revealed an absence of p53 mutations in all but one 
patient, with a p53 mutation at relapse suggesting that either the p53 mutation 
was acquired after initial therapy or that a subclone with the mutation was 
present at diagnosis but remained undetected by PCR-SSCP. It is reasonable 
to suggest that the presence of the p53 mutation must be important in the 
ability of these cells to selectively survive chemotherapy and to mediate dis­
ease recurrence. 

7.2.2. Lymphoma. PCR-SSCP analysis of high-grade B-cell non-Hodgkins 
lymphomas (NHL) has revealed an approximate 20% incidence of p53 muta­
tions [130], with a very high incidence of mutations in diffuse large cell 
lymphoma cell lines [131], which may represent particularily aggressive tu­
mors. In addition, mutations in p53 accompanied by the loss of the wild-type 
allele have been linked to disease progression in vitro in NHL [132]. In a 
detailed study, Kocialkowski et al. [95] examined the presence of p53 muta­
tions by both PCR and by immunostaining in 22 high-grade NHL samples. 
Unlike the procedures in other studies, here the authors sequenced DNA from 
the entire open reading frame of the gene rather than only the 'hot spots' in 
exons 5-8. Mutations were found in 10 of 22 cases (45%), including three 
outside exons 5-8. This study shows that the incidence of p53 mutations 
previously reported in high-grade NHL may be an underestimate, and it is 
possible that these findings may have relevance to other hematological malig-
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nancies. In most other studies, the analysis has been confined to the exons 
containing the 'hot-spots' for point mutation. 

In contrast to high-grade NHL, p53 mutations are rare in follicular 
lymphoma [131,133]. However, cell lines bearing the t(14;18) translocation not 
infrequently exhibit p53 mutations [131]. This suggests that, as in other 
hematological malignancies, p53 mutations are associated with aggressive dis­
ease and disease progression. Further support for this conclusion comes from 
studies demonstrating that in about a third of cases, histological transforma­
tion of follicular lymphoma to a high-grade lymphoma was associated with the 
acquisition of a p53 mutation [20]. In a second study, 4 out of 5 cases that on 
biopsy exhibited histological evidence of transformation to high-grade 
lymphoma expressed mutant p53 [134]. Patients who exhibited clinical fea­
tures suggestive of progression but who did not have histological evidence for 
this were negative for p53 mutations. In the study by Sander et al. [20], over­
expression of p53 could be detected by immunocytochemistry in all cases that 
were positive for mutations by SSCP. Indeed, p53 positive cells by immunocy­
tochemistry were present before evidence of histological transformation, 
suggesting that the routine sequential screening of biopsy material by immu­
nocytochemistry for p53 may help identify patients at risk of transformation 
who may therefore be candidates for aggressive therapy. 

Immunohistochemical studies in Hodgkins disease have revealed a high 
incidence of positive staining for p53 in Reed-Sternberg cells but not in 
surrounding lymphocytes [135]. Also, p53 mutations have been detected by 
PCR in Hodgkins cell lines [136] and in individually selected Reed-Sternberg 
cells from lymph nodes [137]. The clinical significance of these findings is as yet 
unknown, and it is also not known whether the positive staining for p53 in 
Reed-Sternberg cells always represents a mutation. 

7.2.3. Multiple myeloma. P53 mutations are common in myeloma cell lines 
[138]. However, analysis of p53 mutations in 52 patients by PCR-SSCP re­
vealed point mutations in only seven patients (13%) [21]. The presence of 
mutant p53 was specifically associated with advanced or aggressive disease and 
plasma cell leukemia. No mutations were observed in patients with indolent or 
chronic stable myeloma. Interestingly, three patients were observed who had 
developed p53 mutations associated with disease progression but who were 
negative when tested during the initial indolent phase of the disease. Similar 
results were obtained by Corradini et al. [139], who detected p53 mutations in 
22 % of patients with plasma cell leukemia. These findings in myeloma suggest 
that alterations in the p53 gene are associated with disease progression rather 
than initiation and help define a group of patients with a poor prognosis and a 
poor response to chemotherapy [21]. 

7.2.4. Chronic lymphatic leukemia (CLL). Analysis of patients with CLL by 
PCR-SSCP revealed a frequency of about 10%, mostly in patients with ad­
vanced disease (stage B, C) [16,93]. p53 mutations also appear more frequent 
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in Richter's syndrome, which represents the evolution of CLL to a more 
advanced and clinically aggressive form with a poor prognosis [16,140]. As in 
other hematological malignancies, CLL patients with a p53 mutation were 
found to have a poor response to chemotherapy [16,22]. 

8. Conclusions 

From this chapter, it is clear that the studies of p53 undertaken in diverse 
hematological malignancies share several recurrent themes. Firstly, mutation 
of the p53 gene is usually accompanied by loss of the remaining wild-type 
allele [16,115,133,141,142] and hence loss of wild-type p53 function and is 
relatively rare in hematopoetic tumours during the chronic phase of the dis­
ease. This is best illustrated by chronic phase CML and by follicular 
lymphoma, where p53 mutations are very rare and if found are quite probably 
the harbingers of transformation [20]. Also, the presence of a p53 mutation 
in other hematological malignancies, including multiple myeloma, 
myelodysplasia, and CLL, is associated with transformation to a clinically 
more aggressive disease [21,125,140]. Indeed, in several well-documented 
cases in myeloma and in follicular lymphoma, disease progression to a histo­
logically and clinically aggressive phase has been associated with the acquisi­
tion of a p53 mutation that was not detectable at presentation [20,21]. Thus in 
hematological malignancies associated with a biphasic course, as best illus­
trated by CML, p53 mutations are classically associated with disease progres­
sion and are frequently accompanied by the presence of other variable and 
frequently complex cytogenetic abnormalities [16]. The critical event occur­
ring in tumors with p53 mutations is now seen not as resulting from the 
acquisition of a mutant protein but rather from the loss of wild-type p53 
function. Wild-type p53, induced by DNA damage, acts to induce G1 cell-cycle 
arrest mediated by W AFI expression and thus either allows DNA repair or, if 
DNA damage is severe, can induce apoptotic cell death. The loss of wild-type 
p53 function by mutation disrupts this process, preventing cell-cycle arrest and 
allowing the survival and replication of cells with damaged DNA. Thus there 
is an accumulation of chromosomal abnormalities characteristic of disease 
progression. Why p53 itself is the target of mutation at such a high frequency, 
resulting in the transformation of the chronic phase into high-grade aggressive 
disease, is not fully explained. One possible explanation is related to the fact 
that the wild-type p53 gene, which is itself induced by many DNA-damaging 
agents including alkylating agents, etoposide, anthracyclines, and irradiation, 
may be mutated as a consequence of the cytotoxic drug therapy used to treat 
the chronic phase of the disease. The recent demonstration that in CML, 
the transformation to blast cell crisis is delayed in patients treated with 
hydroxyurea rather than the alkylating agent bisulphan during the chronic 
phase may support this argument [143]. Also, perhaps mutations affecting 
other genes allied to p53 in function, such as WAF-l (which is rarely 
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mutated in hematological malignancies [144]), are incompatible with cell 
survival. 

Although p53 mutations are not as common in hematological malignancies 
as they are in many solid tumors, the presence of p53 mutations appear to have 
major effects in the response to treatment and the risk of disease recurrence if 
a response is obtained. Although the frequency of p53 mutations in AML is 
5%-10%, at least 30% of patients are curable with current treatment proto­
cols - and since this figure is unlikely to include patients with p53 mutations, 
the overall contribution of p53 mutations to chemoresistant AML may be 
significantly higher. Also, there is evidence both for AML [119] and ALL [18] 
that a subclone of leukemic cells with a p53 mutation that were not detectable 
by PCR-SSCP at presentation may mediate disease relapse following the 
achievement of a complete remission. In patients where p53 mutations are 
present at diagnosis, the prognosis appear dismal, whatever the underlying 
disease. Several studies in AML, ALL, myelodysplasia, CLL, follicular 
lymphoma, and myeloma have all demonstrated that patients with p53 muta­
tions have advanced aggressive disease with a poor response to conventional 
chemotherapy [16-18,20-22]. The loss of wild-type p53 function can reduce 
the chemosensitivity of the malignant cells by diverse mechanisms, including 
the loss of signals for cell-cycle arrest and apoptosis following DNA damage 
[41], the loss of suppression of the bcl-2 proto-oncogene [47,48,50], and the 
loss of suppressor and gain of promoter effect in the mdr-1 gene [126]. 
Whether patients with p53 mutations are curable by high-dose chemotherapy 
and bone marrow or blood cell transplantation is as yet uncertain. An alterna­
tive and as yet experimental approach to these tumors is to restore wild-type 
p53 suppressor activity by drugs that might mimic its function or by introduc­
tion of wild-type p53 that has been demonstrated to abrogate the growth of 
leukemic cells in vitro and in vivo [145]. 
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7. Primitive hematopoietic stem and progenitor cells 
in human umbilical cord blood: an alternative 
source of transplantable cells 

Hal E. Broxmeyer 

1. Concepts of hematopoietic stem and myeloid progenitor cells 

All the circulating blood cell elements are produced by a set of primitive cells 
termed hematopoietic stem and progenitor cells. Each category is considered 
to be hierarchical in nature, with cells from the most immature to mature being 
produced in a catenated fashion. Conceptually, the earliest subset of cells 
would be the long-term marrow-repopulating stem cell (LTMRSC). This 
cell would be considered to have the greatest degree of self-renewal capacity 
and would be the cell type that one would like to make sure was in the tissue 
source of transplantable cells for long-term repopulation of the blood system 
of the recipient. It is also this cell that would be the one investigators would 
like to use in a gene therapy setting for long-term expression of newly inte­
grated genetic material by gene transfer. While the LTMRSC is inferred from 
animal studies, particularly those studies in mice in which serial transplanta­
tion of marrow cells from mouse to mouse to repopulate the blood system is 
assessed, it is not clear yet whether there is a quantitative assay for this cell in 
the human system [1]. The LTMRSC gives rise to more mature cells within the 
stem cell compartment, which can be defined by more limited cell renewal 
capacity. Assay of these more mature stem cells can be quantified [2] by 
expansion capacity of cells in suspension from a long-term culture initiating 
cell (LTC-IC), and by colony assays from high-proliferative-potential colony­
forming cells (HPP-CFC), stem (or blast) cells (S-cell), and by a cell previously 
considered to be within the progenitor cell lineage, a multipotential cell (CFU­
GEMM) [3]. HPP-CFC, S-cells, and CFU-GEMM all form colonies that can 
be replated into at least secondary culture plates with resultant secondary 
colony formation [2,3]. This capacity for colony replating is considered to 
estimate some measure of self-renewal capacity. Progenitor cells are believed 
to be more committed cells with a high degree of proliferative capacity and the 
link between stem cells and the first morphologically recognizable precursor 
cell for a particular blood cell lineage (e.g., myeloblast, promonocyte, 
proerythroblast, megakaryocyte). Cells within the progenitor category that 
can be quantified include subsets of CFU-GEMM and also erythroid (BFU­
E), granulocyte-macrophage (CFU-GM), granulocyte (CFU-G), macrophage 
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(CFU-M), and megakaryocyte (CFU-MK) progenitor cells [2]. What we know 
about the dynamics of human hematopoiesis under steady state or perturbed 
conditions, such as transplantation, comes from assessment of LTC-IC, HPP­
CFC, S-cells, CFU-GEMM, BFU-E, CFU-GM, CFU-G, CFU-M, and CFU­
MK. Information of the LTMRSC is at best inferred from assays of these more 
mature cell populations. Future efforts to develop an assay from LTMRSC 
currently focus on the use of mice with severe combined immunodeficiency, 
with or without addition to these mice of fetal tissue sources for feeder effects 
on human stem and progenitor cells, and on the addition to the mice of human 
active cytokines [1]. Additionally, in utero transplantation of sheep has been 
used to set up an environment in animals conducive to the growth of human 
cells [1,4]. While human blood cell production has been documented in mice 
and sheep, using these recipients as quantitative assay systems is still problem­
atic. High-level cell engraftment of these animals is still inconsistent, and more 
information on transfer of human cells into secondary animals, a measure of 
self-renewal, is still required. While efforts continue in order to develop 
quantitative assays for human LTMRSC, much has already been learned 
regarding tissue sources of stem and progenitor cells and their clinical use for 
transplantation. 

2. Alternative sources of transplantable hematopoietic stem and 
progenitor cells 

The first and still most widely used tissue source for stem and progenitor cell 
transplantation is the adult bone marrow [5,6]. Another widely used tissue 
source includes adult peripheral blood, especially in the context of those cells 
mobilized from the marrow to blood by growth factor treatment with granulo­
cyte-macrophage (GM) colony stimulating factor (CSF), granulocyte (G)­
CSF, or interleukin (IL)-3. Until recently, the use of growth-factor-mobilized 
peripheral blood for transplantation was confined mainly to autologous trans­
plants [7]. More recently, encouraging results have been noted for these cells 
in an allogeneic setting [8-10]. Less rarely, fetal liver cells have been used for 
transplantation. 

Umbilical cord blood is a rich source of primitive hematopo'ietic stem and 
progenitor cells [11,12] that can now be added to the list of alternative sources 
of transplantable cells. This review focuses briefly on the biological and clinical 
aspects of cord blood stem and progenitor cells that make them a likely 
candidate tissue source of cells for increased applicability in transplantation in 
the near future. 

3. Umbilical cord and placental blood transplantation 

Based on a laboratory study that assessed numbers of hematopoietic progeni­
tor cells in single collections of cord blood and the capacity to cryopreserve 
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and retrieve these cells in viable form, it was suggested that cord and placental 
blood at the birth of child should be able to serve as a source of transplantable 
cells [11]. This study [11] led to the first successful use of cord blood in a 
clinical setting [13]. The high frequency of these progenitors in cord blood 
[11,12), which decreased drastically and rapidly after birth [12), and later 
information on the extensive proliferative and replating capacity of these cells 
[3,14-18] further encouraged investigators to consider the clinical use of these 
usually discarded cells. The first transplant [13] was an outstanding success 
based on an extensive multi-institutional international collaboration. A male 
child with Fanconi anemia was transplanted with a collection of HLA­
matched cord blood cells from his sister, with an extensive array of laboratory 
studies used to document engraftment. The recipient of the first transplant was 
completely cured of the hematological disorders associated with Fanconi 
anemia and is still healthy and completely repopulated with his sister's cells 
morc than seven years after the transplant, which took place in October 1988 
in Paris, France. This transplant was soon followed by two other transplants 
[or Fanconi anemia [19,20] and by the first transplant for leukemia [21], a male 
child with juvenile chronic myelogenous leukemia who received HLA­
matched cord blood from his sister. The first five - and seven of the first ten 
- cord blood transplants were done with cells tested and stored in 
cryopreserved form in the author's laboratory before transport to the sites of 
thc transplantations, which were in Paris; Baltimore, Maryland; Cincinnati, 
Ohio; and Minneapolis, Minnesota. There have now been over 90 allogeneic 
cord blood transplants done in a sibling setting (mainly complete HLA 
matched, but 1-, 2-, and 3-HLA-antigen disparate cells were also used) and 
over 110 done in a unrelated setting (HLA-matched or 1-, 2- or 3-antigen 
mismatched cells used) throughout the world by a number of different centers 
for malignant and nonmalignant disorders. Most of the transplants have been 
done in children, and a feature of these sibling and unrelated transplants is the 
relatively low incidence of graft vs. host disease (GYHD) [22). The low 
GYHD may in part be a manifestation of the lowered immunological reactiv­
ity of cord blood cells that have been reported in the literature [23-27]. Thus 
far the largest recipient of engrafted cord blood has been an 80-kg adult and 
the oldest recipient greater than 40 years old. The establishment of cord blood 
banks [28-33] and the use of these HLA-typed and stored cells will no doubt 
be able to help establish in the near future the applicability of a single collec­
tion of cord blood. In the meantime, an international cord blood transplant 
registry was established to coordinate reporting the results of the transplants 
performed [22,28). The results of sibling transplants have been encouraging, 
with an approximately 70% survival rate and 55% disease-free (mainly leuke­
mia-free) survival rate noted for the first 40-odd patients receiving complete 
HLA-matched or I-antigen disparate cord blood transplants [221- Results 
of related transplants have been published [13,19-22,34-44), but results of 
the unrelated transplants have not yet been published. Except for a report of 
three patients receiving fresh gene-transduced autologous CD34 + -column 
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separated cord blood cell transplants [45], all transplants have been done with 
cryopreserved cells that were either not manipulated at all to separate the cells 
or were minimally isolated by simple density cut or gelatin separation to 
retrieve the total nucleated or mononuclear cells prior to freezing. The rapid­
ity with which cord blood transplants have been used since the initial cord 
blood transplant report, the establishment of cord blood banks, and the en­
couraging clinical and laboratory data suggest that in the future cord blood 
may be a major source of stem/progenitor cells utilized for transplantation. 
There are still a number of questions to be answered regarding the cellular 
components of cord blood and in what broad and specific contexts these cells 
can be used [46]. Some of what we know regarding these cells follows. 

4. Characteristics of cord blood stem and progenitor cells 

Cord blood stem and progenitors that can be measured are in a slow- or non­
cycling state [47-49]. Yet these cells respond rapidly to stimulation by 
cytokines [11,12,14-18], especially to that by combinations of cytokines, and 
these cells can be greatly expanded through ex vivo culture [12,15-17,49-57]. 
Maximum cloning efficiency of these primitive cells is apparent in the presence 
of cytokines such as GM-CSF, IL-3 PIXY321 (a GM-CSF/IL-3 fusion protein), 
steel factor (SLF, also called stem cell factor, mast cell growth factor, and c-kit 
ligand), and the flt3/flk-2 ligand (L) [58]. These effects are noted also at the 
level of a single isolated stem/progenitor cell [16]. The earliest stem/progeni­
tors in cord blood are found in the CD34 + population of cells expressing the 
highest density of CD34 antigens (e.g., CD34+++) on the cell surface [16]. 
Other phenotypic characteristics of these primitive cells are that they are 
CD38-, thyl+' HLA-DR+, CD45RNo, and CD71lo expressing cells 
[17,18,48,59]. On a frequency basis, there are more of these phenotypically 
defined early cells in cord blood than in bone marrow [59]. A single immature 
cell can proliferate under the right culture conditions to produce tens of 
thousands to hundreds of thousands of cells, including cells with the same 
phenotypic and functional characteristics as the initial cell placed in culture 
[16]. It is these characteristics that make these cells useful for ex vivo expan­
sion and gene transduction studies. 

5. Ex vivo expansion and gene transduction studies 

A number of laboratories have shown that cord blood cells can be greatly 
expanded ex vivo [12,14,15,17,18,49-57]. In some studies, this cell expansion 
capacity was shown to be greater than that from other tissue sources such as 
adult bone marrow. What is clear is that the more mature progenitors are 
expanded to a greater degree than the stem and immature progenitors [50]. 
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What is not clear is whether the LTMRSC is being expanded, maintained, or 
lost during these procedures. Various combinations of growth factors, includ­
ing those of well-characterized cytokines as well as unknown factor of factors 
in crude preparations including cord blood plasma [50,60], are being used with 
or without feeder layers of cells in usual culture plates or in bioreactors [52]. 
Investigators envision the time when small amounts of cells can be expanded 
for use in single or multiple recipients. Human cord blood is capable of highly 
engrafting the marrows of sublethally irradiated mice with SCID [61,62a], but 
not all mice engraft as well, and some do not engraft at all. Because it is hoped 
that such animal models will be useful for developing assays for human 
L TMRSC, various genetically altered new SCID mouse models are being 
developed in the hope that the engrafting capacity of human cells will be 
higher and more consistent [62a]. This includes the use of transgenic SCID 
mice expressing endogenous levels of human cytokines such as GM-CSF, IL-
3, and SLF, non-obese-diabetic SCID mice, SCID mice expressing the mem­
brane-bound forms of certain cytokines such as SLF, and SCID mice with 
inherited characteristics of these combination of genetic changes. 

The ability to put new genetic material into stem and progenitor cells offers 
the opportunity not only to correct genetic disorders but also to change the 
proliferative and differentiation capacities of these cells [62b,c]. The latter 
possibility entails with it the capacity to enhance the ex vivo and in vivo 
repopulating ability of cells. Because of their extensive proliferative and 
replating capacity, stem/progenitor cells from cord blood would seem to be 
ideal targets for gene transfer. High-efficiency gene transduction has been 
accomplished recently using either recombinant retroviral [63-68] or adeno­
associated viral (AA V) vectors [69,70]. High-efficiency transduction has been 
seen in HPP-CFC, CFU-GEMM, BFU-E, and CFU-GM, and this has been 
documented not only at the population level for highly enriched populations 
of stem/progenitors in CD34+++ cord blood but also at the level of a single 
sorted and isolated CD34+++ cell [64]. One potential advantage of using AAV 
vectors is that preincubation of cord blood cells with growth factors does not 
appear to be necessary for optimal transduction efficiency with this type of 
vector [69], in contrast to the use of retroviral vectors [66]. This finding is of 
importance, since preincubation of cells with growth factors could potentially 
cause their differentiation. If this happened to an LTMRSC, then we might not 
be putting the genes into these cells, but rather the more mature cells in the 
stem cell compartment would be transduced. At present, without an assay to 
define the human LTMRSC, we do not know what the transduction of effi­
ciency of this cell is with either retroviral or AA V vectors. 

With the increased use of cord blood banks for storage of cryopreserved 
cells, it becomes important to know whether transduced cord blood cells can 
be cryopreserved and retrieved in viable form with functional expression of 
the inserted gene, and whether frozen cells can be thawed, purified, trans­
duced, and expanded. Efforts in this endeavor have been encouraging. Cord 
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blood stem/progenitors can be transduced, frozen, and recovered, and frozen 
cells can be recovered, purified, transduced, and expanded ex vivo with stable 
integration and expression of the transduced gene [71,72]. 

6. Concluding remarks 

The use of cord blood stem and progenitor cells has come far in the relatively 
short time since the first cord blood transplant. This advance is due to a 
combination of the easy accessibility of these cells, which not too long ago 
were considered discarded material, and the coordinating efforts of clinicians 
and laboratory scientists working together and utilizing the information ob­
tained to generate new testable ideas and experiments. Hot areas of research 
for the near future will involve the ex vivo expansion of cord blood cells and 
the capacity to transduce these cells with new genes. As mentioned above, 
these areas of research are not necessarily mutually exclusive. The author 
envisions a time when transfer of cytokine genes and the genes for receptors to 
these cytokines will allow expansion of selected sets of either more primitive 
cells or more lineage-committed cells. As with any newly emerging field, 
future information should shed light on how best to use cord blood for trans­
plantation purposes. 
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8. Detection of minimal residual disease in all: 
biology, methods, and applications 

W. Mark Roberts, Zeev Estrov, Geoffrey R. Kitchingman, 
and Theodore F. Zipf 

1. Introdnction 

Progress in the treatment of childhood acute lymphoblastic leukemia (ALL) 
has been dramatic during the last three decades [1]. Unfortunately, although 
the disease is initially responsive to combination chemotherapy in the vast 
majority of cases - i.e., complete remissions are attained - contemporary 
therapies result in a cure in only about 60%-70% of children [2]. The complete 
remission rate for adults (above the age of 18) is slightly lower, but the 
outcome is worse due to a higher relapse rate, often occurring early during 
treatment. One criterion for complete remission is that the bone marrow 
contain fewer than 5% blasts. However, a patient in remission may harbor up 
to 1010 malignant cells in the bone marrow that must be eradicated or con­
trolled by therapy to achieve the desired outcome of cure [3,4]. The inability to 
assess this potentially large amount of leukemia in a patient who is in 'remis­
sion' has necessitated empiric strategies for deciding the duration and intensity 
of therapy necessary to control the disease. Thus, strategies to identify the 
tumor burden during remission, often termed minimal residual disease or 
MRD, have been applied in an effort to improve our understanding of the 
nature of the disease and its response to therapy during this period. 

In this chapter, we examine the question: Does the detection of residual 
disease in ALL provide information of unique value to the clinical investiga­
tor? To answer this, we first discuss results that imply that the available 
technique with the most sensitivity and specificity is the polymerase chain 
reaction (peR). At the time of its inception, peR was expected to provide 
unique prognostic information by offering a means to determine the kinetics 
of residual disease over time in patients undergoing therapy and early detec­
tion of those who would eventually relapse. The discrepancies among pub­
lished studies, however, have led to confusion about the technique's actual 
capabilities and to a widespread sense that the technique has failed to meet 
expectations. However, upon review of the published PeR-based clinical stud­
ies, it becomes apparent that the confusion and unrealized expectations arise 
from fundamentally inconsistent approaches, which themselves often arise 
from failure to consider limits of detection and failure to account for the fact 
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that bone marrow involvement rises and falls on a continuum from treatment 
to relapse or cure. To see if useful patterns emerge in spite of these limitations, 
we have combined the data from the various studies to determine the kinetics 
of disease disappearance for the patients who remained in complete clinical 
remission. When the same process was completed for the patients who re­
lapsed, a consistent pattern of disease persistence and reappearance also be­
came apparent. Thus, these results suggest that PCR studies of residual disease 
in ALL have already shed light upon the biology of treatment response and, 
with appropriate design, future studies may lead to new therapeutic ap­
proaches for the 30%-40% of children with ALL who now die from this 
disease. 

2. Methodological background 

The ideal assay for detecting residual malignant lymphoid disease would be (1) 
applicable to the vast majority of cases, (2) specific for leukemia cells, (3) 
highly sensitive, and (4) quantitative. Conventional cytogenetic techniques, 
while specific, are only slightly more sensitive than standard morphologic 
assessment of bone marrow aspirate smears; furthermore, evaluating 
metaphases is labor intensive [5-8]. Fluorescence in situ hybridization (FISH) 
techniques allow us to detect genetic abnormalities in interphase cells, but the 
sensitivity of this method is limited, approaching only 1 malignant cell in 100 
normai marrow mononuclear cells [9]. FISH, in analogous fashion to conven­
tional cytogenetics, requires a karyotypic abnormality in chromosome number 
or structure for its application, a condition that is often lacking in pediatric and 
adult ALL cases. Immunologic methods, performed using an apparatus such 
as a flow cytometer (F ACS), lack the ability to absolutely differentiate leuke­
mia cells from normal marrow progenitors. Although there is no single leuke­
mia-specific marker, combinations of monoclonal antibodies appear to 
identify populations of neoplastic cells, and their quantitation is precise 
[10,11]. However, since differentiation, characterized by changes in surface 
antigen expression, occurs in some ALL cases, the antibody combinations may 
detect a subpopulation of the total residual leukemia cells and thereby 
understimate the extent of disease [12]. This would be most critical in cases 
where the leukemia progenitor cells, the small population of cells that propa­
gates and thereby maintains the entire population of more differentiated 
leukemia cells, lack one or more of the antigens identified by a panel of 
antibodies. While state-of-the-art techniques have pushed the potential sensi­
tivity of immunologic techniques into the range of 1 leukemia cell in 104 

normal marrow cells, direct comparisons to PCR suggest that immunologic 
techniques fail to identify residual leukemia in the majority of samples where 
PCR is positive [13]. 

The ability to grow leukemia cells in culture is the basis for direct assay of 
the proliferative potential of any residual progenitor cells. Recent experience 
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Table 1. Residual disease detection in the M.D. Anderson pro­
spective study of childhood ALL 

PCR positive 

22/22 
9111 

16/18 
15/18 
12/13 
12/18 
11115 
4/10 
4/9 
3/6 
2/4 

Time from diagnosis (months) 

1 
3 
6 
9 

12 
15 
18 
21 
24 (end of treatment) 
27 
30 

BCA Positive 

18/20 
7/10 

15/18 
15/16 
11113 
10/17 
9/13 
5/10 
117 
115 
0/2 

Abbreviations: PCR, polymerase chain reaction; BCA, blast 
colony assay. 

with cell culture using the blast colony assay (BCA) indicates that the assay is 
highly sensitive for detecting residual leukemia and is specific when leukemic 
colonies are verified by sequence analysis of a portion of the mu-heavy chain 
gene (IgH) [14]. Leukemic colonies have been grown for 25 of 27 cases in a 
prospective series in Houston (see table 1) and persist in the majority of these 
cases for long periods of time (i.e., 2::18 months). However, the assay does not 
readily permit quantitative estimates of residual leukemia [14]. 

2.1. peR evaluation of residual disease in ALL 

The deficiencies enumerated for these first five methods can be overcome by 
PCR. When ALL cases have reciprocal chromosomal translocations between 
genes of known nucleotide composition, residual leukemia can be detected 
by PCR amplification of the leukemia-specific rearrangement from either 
genomic DNA or, more typically, from spliced RNA transcripts using reverse­
transcription PCR (RT-PCR). Many ALL cases lack such genetic 
rearrangements, making an alternative PCR strategy necessary [15]. One way 
is to take advantage of the unique nucleotide sequence that is generated 
during joining of the IgH or T-cell receptor (TCR) genes during the rearrange­
ment that occurs in lymphoid cell maturation (figure 1). Template-indepen­
dent nucleotides (N) are introduced in varying number between variable (V) 
and diversity (D) elements and between D and joining (J) elements during this 
process, and nucleotides are lost from V, D, and J elements through the action 
of an exonuclease. Thus, the rearranged genes are unique for each leukemia 
cell clone and may be used as a marker for residual leukemia studies [16]. 
Strategies that exploit this property have been developed by many investiga­
tors and currently allow the study of greater than 90% of childhood leukemia 
cases [17]. Because the PCR primers for the antigen-receptor genes amplify 
rearrangements from normal lymphocytes as well as leukemia cells, a second 
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Figure I. Immunoglobulin heavy chain rearrangement. Approximately 200 V,., segments, 40 D" 
segments, and 6 functional J H segments are recombined with a single constant CH segment per 
allele. 

FR1 FR2 FR3 

D 
300 to 400 bp 

Figure 2. Structure of the V"DJH rearrangement for the IgH gene. The V,., region contains three 
framework regions (FRI, FR2, FR3) that are highly homologous with each of seven V H families. 
The N joining regions are synthesized by TdT in a template-independent fashion , leading to a 
large amount of junctional variability in these sequences. Consensus primers from the V" region 
can be paired with a consensus J" primer to amplify unique patient-specific CDRIII sequences by 
PCR. 

step is necessary to specifically identify the malignant component. One such 
strategy involves hybridization of oligonucleotides or DNA segments isolated 
from the hypervariable sequence of the TCR genes or the third complemen­
tary determining region (CDRIII) of the functional IgH gene(s), termed 
clone-specific probes, that are unique for each patient (figure 2) [18-22]. A 
second strategy is to design leukemia-specific primers for a second (nested) 
PCR amplification. The small percentage of cases where PCR fails typically 
does not result from a lack of antigen-receptor gene rearrangement, but rather 
occurs when the unique nucleotides (N region) are too small in number either 
to specifically bind primers or to hybridize as a probe to leukemia-specific 
sequences. 

A potential drawback for monitoring IgH and TCR rearrangements is that 
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additional rearrangements or deletions of the target sequences can occur 
during the course of the disease [17,23-28]. However, these effects can be 
minimized by selecting primers for PCR from regions in the distal part of the 
IgH gene, since the vast majority of disruptions occur in the proximal V-N-D 
sequences. By using this strategy, Steward et al. observed that false-negative 
testing because of clonal evolution would have occurred in only 8% of IgH­
positive patients in contrast to 21 % of V62-D63-TCR-positive patients [17]. 
Thus, the initial observation that suggested PCR monitoring of TCR gene 
sequences might e preferable due to a high clonal evolution rate (about 50%) 
for the IgH gene has now been reversed. Combining the two systems could 
reduce the rate of false-negative PCR monitoring of residual leukemia to less 
than 5%. Furthermore, an alternative strategy of retrieving the newly rear­
ranged IgH gene sequence from leukemic clones grown in the blast colony 
assay, as shown by Ouspenskaia et aI., has successfully rescued monitoring 
for all three cases where clonal evolution was observed in a prospective study 
[29]. 

Taking all these considerations into account, the PCR assay is broadly 
applicable to ALL and, given the rigorous precautions typical for laboratories 
using the method, is specific for leukemia cells. The greatest advantage to PCR 
assays is the gain in potential sensitivity. Several laboratories have detected as 
few as 1 leukemia cell in 106 normal nucleated marrow cells in control experi­
ments. While variations in the methods applied to ensure specificity may 
reduce the actual sensitivity, a limit of 1 in 105 cells remains practical. This level 
of sensitivity exceeds that of any other technique currently available for detec­
tion of residual leukemia. 

2.2. Sensitivity of peR and quantitation of residual disease 

PCR sensitivity arises from its exponential amplification of target sequences. 
However, accurate quantitation using the method can be problematic. 
Billadeau et al. note that a sigmoid relationship exists between the amount of 
PCR product formed during a reaction and the IgH gene target sequence 
concentration [30]. At low target concentration, no PCR product is formed, 
and at high target concentration the reaction saturates. The curve can be 
shifted by reducing the number of PCR cycles so that the upper plateau does 
not occur, but the nonlinear relationship still exists regardless of the target 
sequence and cannot be altered by changing the PCR conditions. Reliable 
estimates of PCR target number can only be obtained in a narrow range of 
about one order of magnitude under conditions associated with a relatively 
high target concentration. When the target concentration is very low, which is 
common in residual leukemia, the random factors that determine primer 
binding to the correct target sequence during the early amplification cycles 
cannot be controlled, and so any result for a single PCR reaction must be 
interpreted qualitatively, not quantiatively. This distinction is critical because 
the vast majority of PCR studies of residual childhood ALL analyze the PCR 
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product generated from either a single reaction or single reactions using serial 
dilutions. Thus, methods that attempt to accurately define the amount of PCR 
product formed in a single reaction, such as densitiometry or scintillation 
counting after clonospecific probe hybridization [18-21] or recombinant phage 
plaque counting [22], still result in errors as large as or larger than one order 
of magnitude. 

An alternative strategy for estimating residual leukemia in childhood ALL 
was recently reported by Cave et al. [31]. They introduced 100 copies of an 
internal standard that contained the same primer sequences as the leukemia 
target and was also of similar molecular weight. After amplification, they 
quantified (estimated) the tumor burden by comparing the ratio of the signals 
obtained with a leukemia-specific probe to that of the standard-specific 
probe [31]. The authors suggest that quantitation using this type of comparison 
assay is possible only within a log-linear range with a lower limit of detecting 
1 leukemia cell in a population of 104 normal cells. However, in addition to 
the difficulty of precisely adding such a small amount of standard DNA, the 
authors did not consider differences in PCR efficiency between the competing 
sequences that occur when the sequences differ substantially in number. These 
differences may lead to large errors when the estimate of residual leukemia 
burden is based on the calculated ratio of PCR products. The distortion 
reaches a maximum when saturation of either reaction occurs. This artifact 
of 'competitive' PCR applies to reactions where co amplification of leukemia 
cells is performed either with normal B cells, such as the above assay, 
clonospecific probe methods [18-21], and the phage plaque-counting tech­
nique [22], or during co amplification of leukemic and normal marrow cells 
using a separate 'control' gene of different nucleotide composition as 
described below. 

Because tube-to-tube fluctuations in product formation are unavoidable 
with PCR, Sykes et al. [32] have developed a strategy using limiting dilution 
and replication reactions at each dilution with PCR conditions optimized to 
generate all-or-none results. For clinical samples, five reactions were per­
formed at each dilution, and both N-ras, a control gene, and the leukemia­
specific IgH gene were simultaneously analyzed. The authors estimated the 
amount of residual leukemia by Poisson statistics using the method of Taswell 
applied to results taken at the limit of dilution. Although coamplification of N­
ras and IgH sequences decreases PCR sensitivity, no account was given of the 
error generated by the great excess in the control gene targets over leukemic 
IgH targets. Furthermore, the statistical analysis of the limiting dilution assay 
used by these investigators requires that a linear relationship exist between the 
logarithm of the fraction of positive results and the target concentration and 
that this relationship extend over several orders of magnitude in the target 
concentration [33,34]. Sykes et al. present no data to indicate that this condi­
tion is satisfied. 

Ouspenskaia et al. have tested a limiting dilution PCR method in a prospec­
tive study of B-precursor childhood ALL and have demonstrated that a linear 
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relationship does not exist between the fraction of positive reactions and 
leukemia target concentration [35] as supposed by Sykes et al. Instead, a 
sigmoid curve, reminiscent in shape of that for PCR product formation from a 
single PCR reaction, exists for the positive fraction of 10 replicate samples 
analyzed by the limiting dilution assay employed. The narrowness of the log­
linear region of this curve prevents the direct application of the method of 
Taswell [33]; however, the investigators developed a single best-fit equation 
for the data from 15 ALL patients. By diluting marrow samples until the 
results fell on the log-linear region of the curve, they generated reliable esti­
mates of residual leukemia with small interspecimen variation over a range of 
five orders of magnitude. The capability to obtain inverse confidence, or 
fiducial, limits was developed for these results by an algorithm comparable 
with Fieller's theorem as applied by Taswell in his log-linear model [35]. The 
assay has a standard deviation of one fourth of an order of magnitude for 
estimates equal to or greater than 10-5• 

In summary, PCR appears to most closely approximate the ideals previ­
ously outlined as desirable for methods to detect residual leukemia, since 
PCR can be used to study the vast majority of ALL cases, it can be readily 
adapted to be specific for leukemia cells, and its sensitivity substantially ex­
ceeds that of other currently available techniques. However, the deceptive 
simplicity of PCR becomes far more complicated if quantitative results are 
desired. This difficulty and other technical considerations make application 
to clinical residual leukemia studies far more challenging than generally 
appreciated. 

3. Factors affecting PeR-based residnal disease stndies 

What is the study design required to yield the maximum information about the 
clinical relevance of residual leukemia? Clinical experience has shown that 
two years or more of chemotherapy is required to cure the majority of patients 
[36]. Eradication of the disease is apparently a slow process, and it is reason­
able to speculate that sensitive assays such as PCR may detect residual disease 
for many months. Thus, serial PCR analyses during therapy appear necessary 
to address the kinetics of disease disappearance for patients who remain in 
extended remission or disease resurgence for those who relapse. This strategy 
also reduces any errors of interpretation that result from minor fluctuations of 
residual disease that may occur during therapy. 

After selecting the times for sample acquisition, adequate sample size is the 
most important factor that affects the ability to screen for residual leukemia. 
For example, if the sample contains only 1,000 cells for analysis, it is of little 
value that the assay for detecting occult leukemia has a potential sensitivity of 
detecting 1 malignant cell in 106 normal cells. In PCR, the current practical 
limit in a single reaction is 1 to 2 I-lg of DNA, corresponding to 1.6 to 3.2 X 105 
cells. It is imperative that the DNA be of high quality and neither degraded 
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nor otherwise chemically altered, a requirement largely fulfilled when viable 
mononuclear hematopoietic cells are separated by density centrifugation prior 
to DNA extraction. 

The second most important factor that determines the efficiency of antigen­
receptor gene PCR for detecting residual leukemia is the strategy used to 
distinguish the clonal leukemia-specific product from polyclonal normallym­
phocytes with rearranged IgH or TCR sequences. Most have designed 
clonospecific probes or oligonucleotides containing patient-specific leukemia 
sequences that are hybridized under stringent conditions to PCR products on 
Southern blots [21,31,37,38]. While the investigators have clearly indicated 
that the stringency can be optimized to limit the binding of the labeled probe 
to normal cellular DNA and that such probes are specific for rearrangements 
from individual patients, this specificity step can significantly diminish the 
sensitivity of the PCR reaction. Ouspenskaia et al. have preserved the sensitiv­
ity of optimized all-or-none PCR amplifications of IgH sequences by using a 
patient-specific primer, located in sequences amplified in the first PCR reac­
tion, in a second (nested) PCR reaction and have sequenced the final PCR 
product directly to verify absolutely that the products represent leukemia cells 
[35]. 

To interpret the data from any single study of residual disease in ALL and 
to compare the results among independent investigators, it is imperative to 
consider the realistic sensitivity of PCR for each laboratory based on the 
actual number of cells that were amplified and the conditions applied to ensure 
leukemia specificity. Thus, studies that use DNA isolated from bone marrow 
slides or studies where the sensitivity of PCR is limited for other technical 
reasons are likely to detect fewer samples positive for residual leukemia. 
Interpreting the significance of positive samples is complicated by the difficul­
ties encountered when quantitative estimates for the amount of residual leu­
kemia are assigned. As noted above, quantitative estimates from single PCR 
reactions, constituting the vast majority of study designs, are likely to be 
associated with errors greater than one order of magnitude, making interpre­
tations of the clinical relevance of such values exceptionally difficult. How­
ever, despite all these difficulties, we believe that the data generated from the 
PCR-based antigen-receptor residual disease studies to date can be inter­
preted and compared. Furthermore, apparently different results from these 
studies are not necessarily contradictory when the appropriate factors are 
taken into consideration. 

4. Clinical studies of residual disease detected by PCR 

The vast majority of studies of residual disease in ALL have been performed 
retrospectively on samples collected at different times during treatment and 
stored either as cryopreserved cells or as bone marrow smears on slides (table 
2; [39]). The data for adults with ALL are included in some studies, but are not 
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Table 2. PCR studies of residual disease in ALL 

Investigator 

Brisco [40,42] 
Wasserman [41] 
Nizet [21,38] 
Yamada [22] 
Cave [31] 
Bartram [37] 
Biondi [43] 
Kitchingman [44] 
Cole-Sinclair [45J 
Yokota [46J 
Deane [47J 
Potter [48J 
Estrov, Ouspenskaia [14,35,49J 
Neale [51J 
Ito [50] 
Neale [52] 
Goulden [53J 

Study design 

Retrospective 
Retrospective 
Retrospective 
Retrospective 
Prospective 
Prospective 
Rctrospective 
Retrospective 
Retrospective 
Retrospective 
Retrospective 
Retrospective 
Prospective 
Retrospective 
Retrospective 
Retrospective 
Retrospective 

Patients 

152/88 
44 
16/25 
8 

20 
71 
17 
11 
28 
27 
11 
14 
27 
17 
24 
11 
13 

Sample timing 

End of induction therapy 
End of induction therapy 
Serial 
Sporadic 
Serial 
Serial 
Sporadic 
Sporadic 
Sporadic 
Sporadic 
Sporadic 
Sporadic 
Serial 
Sporadic 
End of chemotherapy 
Extramedullary relapse 
Extramedullary relapse 

always separable. Therefore, the data for all patients have been grouped 
together, although the vast majority of the cases studied (ca. 90%) were 
children. While it is possible that the results for residual disease detection for 
adults will be significantly different, consistent with their worse outcome and 
potential for early disease recurrence, the data are not yet sufficient for 
evaluation. 

4.1. End of induction therapy 

Two centers have performed large retrospective studies on bone marrow 
samples obtained from patients who completed one month of induction 
therapy. The investigators, by necessity, had to extract DNA from bone mar­
row smears that were stained, fixed, and stored, since cryopreserved samples 
were not available. When the efficiency for peR amplification of a control 
gene was analyzed for DNA obtained by these methods, an average number of 
total cells effectively studied was about 40,000, severely limiting the sensitivity 
of the assay [40]. Despite this, Brisco observed residual disease in 35 of 152 
patients using a qualitative peR technique [42] and in 38 of 88 patients from 
the same patient population who could be studied by the quantitative limiting­
dilution peR strategy described by Sykes [32,40]. The investigators suggested 
that the presence of any amount of residual disease at the end of induction was 
associated with higher rates of relapse. However, as we will show, the percent­
age of detectable leukemia (43 %) in these cases was very small when com­
pared to studies performed on viable, cellular bone marrow samples. 
Furthermore, the technical constraint of their quantitative peR method lim­
ited its applicability to only about one half of the population of children 
treated in the two clinical trials evaluated by this technique. 
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A similar study using DNA isolated from bone marrow smears was per­
formed by Wasserman, who identified residual disease after one month of 
treatment in a higher percentage of cases (33 of 44 or 75%). The authors 
analyzed the group of patients with residual disease further and suggested that 
high levels of residual disease at the end of induction were an independent 
predictor of relapse. The authors did not design a prospective study to test 
these results, perhaps because the phage clonogenic assay method for estimat­
ing residual disease is cumbersome and, as discussed earlier in section 2, may 
lack the necessary accuracy required for the success of such a study. 

Taken together, these studies suggest that, in samples adequate for the 
detection of residual disease, the degree of cytoreduction for patients who 
attain morphologic remission from early therapy may vary over a range of 
about three orders of magnitude. These intriguing results suggest that prospec­
tive studies with adequate marrow samples and accurate PCR quantitation 
will be able to discern patients with poor treatment response to induction 
therapy who may be at very high risk for relapse. 

4.2. Residual disease during continuation therapy 

The preceding studies suggest that only 43 %-75 % of patients have detectable 
levels of residual leukemia at the end of one month of induction treatment 
[40-42]. The results are substantially different for studies that analyzed bone 
marrow samples that were either cryopreserved and studied retrospectively or 
processed directly on fresh bone marrow specimens. For example, the data 
from the studies of Cave [31], Bartram [37], Biondi [43], Kitchingman [44], and 
Cole-Sinclair [45] detect residual leukemia at one month of therapy in the vast 
majority of cases, and the disease remains detectable in over half the patients 
studied during the first six months of therapy. Furthermore, the studies of 
Nizet [21,38], Yamada [22], Yokota [46], Deane [47], Potter [48], and Estrov 
and Ouspenskaia [14,35,49] extended these observations; residual leukemia 
was found in almost every sample analyzed during the first six months of 
therapy. The most recent data from a prospective study of children with B­
precursor ALL treated at the University of Texas M.D. Anderson Cancer 
Center indicated that 26 of 27 patients have detectable residual disease during 
the first six months of treatment and that detection of residual disease per­
sisted for 19 of 22 of these patients who have completed one year of treatment 
[49]. The median level for residual disease at the end of induction, as deter­
mined by the previously described quantitative peR method of Ouspenskaia, 
was 1.7 X 10-4 and did not significantly decline on average by the end of 12 
months of therapy (median 1.0 X 10-4). A comparison of the PCR results with 
those from the clonogenic blast colony assay (BCA) technique performed in 
parallel during this study are indicated in table 1. The strong correlation 
between the two independent assays (p < 0.01) suggests that PCR is identify­
ing leukemia cells capable of self-renewal in vitro and, thus, the molecular 
results are likely relevant to viable, malignant disease in the patient. Thus, 
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given PCR assays with adequate sensitivity (i.e., 2:10-5), and adequate bone 
marrow samples, it appears reasonable to conclude that almost all children will 
have residual leukemia detected at the end of induction therapy and, there­
fore, that the disease persists during early intensification and consolidation 
therapies. 

The studies of Nizet [21,38], Bartram [37], and Estrov and Ouspenskaia 
[14,35,49] suggest that residual disease becomes undetectable after the first 12 
months of treatment and prior to the end of chemotherapy in the majority of 
patients who remain in complete remission during this period. Intriguingly, 
however, these studies indicate that a significant number of patients still have 
detectable residual disease at the end of the second year of chemotherapy, a 
period when chemotherapy is electively terminated in many treatment proto­
cols. The combined results from these three studies indicate that 10 of 30 
patients have detectable residual disease from 19-24 months of treatment. Of 
the four patients with detectable residual disease by PCR at 24 months in the 
M.D. Anderson study (see table 1), only one had detectable leukemic colonies 
by the BCA clonogenic assay. Since PCR and the BCA were highly correlated 
during the first 21 months of treatment, one hypothesis is that PCR is a slightly 
more sensitive assay and is identifying low levels of residual disease missed by 
cell culture. Conversely, however, it could be argued that the BCA is identify­
ing residual disease that is capable of repopulating the malignancy and that 
PCR may be 'too sensitive' and is detecting cells that are either crippled or 
dying. The answer requires longer observation for this group of patients, but 
the significance of residual disease persistence at the end of therapy will be 
discussed further in section 5. 

4.3. Residual disease at the end of treatment 

Three other studies have attempted to identify patients at increased risk for 
bone marrow relapse at the completion of chemotherapy. The study of Ito 
apparently lacked the sensitivity needed to adequately detect residualleuke­
mia in a population of patients who were selected because they relapsed soon 
after the completion of treatment [50). Bartram identified only 1 patient of 37 
unselected patients who had detectable residual disease; notably, this is the 
only patient who subsequently relapsed [37]. Potter detected residual 
leukemia in four patients selected because they subsequently relapsed, 
whereas none of five patients who remained in remission had detectable 
disease [48]. Thus, the potential for identifying patients who might benefit 
from continued therapy exists, but the present data addressing this question 
are rather limited. 

4.4. Prediction of relapse 

While prognostic factors, including the determination of residual disease lev­
els at the end of induction therapy, may be successfully utilized to design 
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therapy in ALL in a risk-directed fashion, the ability to accurately predict 
outcome for any individual patient would be of potentially greater value. The 
retrospective studies of Yamada [22], Biondi [43], Kitchingman [44], Cole­
Sinclair [45], Potter [48], and Neale [51] and the prospective studies of 
Bartram [37], Nizet [21,38], Cave [31], and Estrov and Ouspenskaia [14,35,49] 
all indicate, in the preponderance of cases, that bone marrow relapse is pre­
ceded by a gross increase in the amount of residual leukemia detected. The 
molecular prediction of relapse precedes clinical signs typically by at least 
three months and may be present several months prior to the morphologic 
diagnosis of relapse. Furthermore, the persistence of high levels of residual 
leukemia for long periods (i.e., > 18-24 months) may also herald bone marrow 
relapse in patients that lack evidence for a rapid rise in leukemia cell number 
[38]. Of the three children in the prospective study at M.D. Anderson who 
have relapsed to date, each relapse occurred in the bone marrow. The quanti­
tative estimates for residual disease in these cases revealed a net rise of 
leukemia cell concentration of one or more orders of magnitude occurring 3, 
6, and 6 months (respectively for the three cases) prior to clinical relapse. In 
each case, the amount of residual disease detected after the rise increased to 
greater than the 10-3 level (0.001, figure 3). Furthermore, each case had 
persistent detection of residual disease by both PCR and the BCA throughout 
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Figure 3. Chart indicating residual disease levels as determined by quantitative PCR for the three 
cases with relapse in the M.D. Anderson prospective study. All bone marrow samples tested for 
each case were positive; the axes indicate time from diagnosis and the amount of residual 
leukemia. The last sample in each case was obtained at the time of clinical relapse as determined 
by standard morphologic evaluation of bone marrow smears. 
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treatment and thus also fit the second criteria for predicting clinical relapse. 
The small number of relapses in the M.D. Anderson study precludes, at 
present, a meaningful statistical analysis of the pattern of residual disease 
reappearance in relapsing patients as compared to the pattern of residual 
disease disappearance for children who remain in extended remission. Given 
the size of the study population and the expected outcome for this group of 
patients, an additional 5 to 6 relapses are predicted to occur in the next 2- to 
3-year period of observation; the results will be published at that time unless 
significant results are observed at an earlier date. 

4.5. 'Isolated' extramedullary relapse 

The data reported by Neale [52] and Goulden [53] clearly indicate that the 
bone marrow had an increased amount of residual disease detected at the time 
of either 'isolated' central nervous system or testicular relapse. These studies 
provide data consistent with the clinical impression that relapse of ALL is 
invariably a systemic phenomenon, although it is difficult to distinguish 
whether the bone marrow is 'reseeded' during extramedullary relapse or 
whether the failure to eradicate leukemia is similar throughout the body but is 
more readily detected in these so-called sanctuary sites. 

5. Biologic implications 

The trend in clinical treatment trials for patients with ALL is to decrease the 
number of routine-surveillance bone marrow aspirations, since the yield from 
standard morphologic assessment is low [54-56]. However, the encouraging 
data generated in the PCR studies to date suggest that we have already learned 
a considerable amount from the detection of residual disease from such 
samples. While the disease has been termed an acute leukemia due to the 
relatively rapid onset of life-threatening symptoms in the newly diagnosed 
patient, the persistence of residual disease suggests that the treatment re­
sponse for typical patients is actually quite slow, more consistent with the 
'chronic' nature of this disease. Although PCR does not directly assess viabil­
ity, growth characteristics, or drug sensitivity of leukemia cells, serial studies 
with accurate estimates of residual disease levels have the capability to indi­
rectly address these key issues based on whether the disease is increasing, 
declining, or stable. Thus, to generate data with the greatest predictive value 
for PCR residual disease studies, it is necessary to have frequent bone marrow 
samples. Unfortunately, the data from the studies of Cave [31] and Yokota 
[46] definitively prove that peripheral blood is an unacceptable substitute for 
monitoring residual disease in ALL patients. Therefore, bone marrow speci­
mens remain the tissue of choice for PCR analyses. 

We have concentrated in this chapter on the results for residual disease 
detection by PCR because this assay appears to be the most sensitive tech-
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nique available at present. However, it is imperative to consider that up to 105 

leukemia cells may remain in the body of a patient who has a negative PCR 
result, even when the sensitivity of the assay is optimal. Thus, if it is necessary 
to eradicate all leukemia progenitor cells to achieve cure in a patient with 
ALL, then it would be reasonable to postulate that PCR detection of residual 
disease would not be possible in patients that remain in extended remission. 
The PCR results, therefore, could be considered surprising in that one third of 
cases from three studies have detectable residual disease after 24 months of 
treatment at a time when the cure rate is likely greater than 75%. 

This leads to an interesting question: Since residual disease appears to be 
sustained in the marrow of some patients for prolonged periods, why don't 
these patients relapse? The possibilities include the following: (1) given 
enough time, the patients will all eventually relapse from the original leukemic 
clone; or (2) some patients will not relapse because mechanisms in the 
patient's body to control small amounts of residual disease exist, such as 
immunologic surveillance, or an alteration of the leukemic clone or bone 
marrow microenvironment has occurred during treatment, rendering the dis­
ease quiescent such that repopulation of the malignancy is no longer possible. 
The occurrence of very late (>10 years) relapses in ALL, although a rare 
phenomenon, suggests the possibility that the delicate balance between leuke­
mic regrowth and disease quiescence may be a permanent concern for a subset 
of these patients. A simple interpretation of the detection of residual disease, 
regardless of the assay employed, requires an answer to this type of question. 
Conclusions related to ALL biology, however, may be different than those for 
other hematologic neoplasms. Thus, one of the most interesting times for 
studying residual disease in ALL is at the end of treatment and in the months 
after therapy is completed. Unfortunately, however, the prevailing clinical 
practice is to follow patients who have completed therapy with blood counts 
alone, making bone marrow sample acquisition difficult for such research 
studies. It is intriguing to consider that one of the early hopes for monitoring 
residual disease was that the duration of therapy could be shortened for 
patients who rapidly became PCR negative. The data, however, seem to 
suggest that this is not a practical alternative; in fact, the presence of persistent 
residual disease near the end of chemotherapy may hint that extending the 
treatment for a longer duration (e.g., >3-4 years) may improve the outcome 
for the subset of patients who are 'slow responders.' 

6. Summary 

The PCR technique appears to be the most sensitive method for detecting 
residual disease in ALL and can be applied to a high percentage of cases by 
amplifying sequences of the antigen-receptor genes. The PCR studies to date 
suggest that this sensitive technique can detect residual disease in virtually all 
patients during the first year of treatment. The residual disease becomes 
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undetectable in the majority of patients by the end of treatment; however, a 
subset of patients remain peR positive at a time when therapy is electively 
discontinued. The development of a highly accurate quantitative peR tech­
nique may allow the possibility of distinguishing the patterns of residual dis­
ease for patients who will be cured by treatment from those who relapse. If 
such a pattern can be discerned, then an immediate benefit for peR monitor­
ing will be that clinicians will have the opportunity to test whether treating 
patients at the time of 'molecular relapse' will help to improve the cure rate for 
this disease. 

The peR studies of remission marrows at the end of treatment raise a 
number of questions about the biology of disease persistence in patients who 
remain in extended 'remission.' A commitment to obtaining and analyzing 
bone marrow specimens in patients who have completed therapy is necessary 
to discern whether novel strategies, such as immunomodulatory manipula­
tions, are needed to control or eradicated residual disease in patients who have 
completed planned chemotherapy. Thus, the long-term benefit of residual 
disease monitoring by peR may be a better understanding of the biology and 
definition of 'cure' in ALL. 
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9. Interleukin-6: biologic properties and role in 
lymphoproliferative disorders 

John F. Seymour and Razelle Kurzrock 

1. Introduction 

Interleukin-6 (IL-6) is a cytokine that exemplifies the multifunctional nature 
common to all interleukins [1]. Due to its broad range of actions in many 
systems, IL-6 has been and remains the focus of intense investigation in a 
number of diverse research fields. Indeed, prior to its complete characteriza­
tion, the molecule was variously referred to as interferon (IFN) - ~2 [2], B-cell 
stimulatory factor 2 [3], human hybridomaplasmacytoma growth factor [4], or 
hepatocyte-stimulatory factor [5]. Although such functional designations 
clearly and succintly conveyed a single specific action and were historically 
very useful, they initially led to some confusion among researchers, and it was 
not until the determination of the amino-acid sequence of each of these 
'factors' that their common identity was recognized and the uniform use of the 
designation IL-6 was adopted (reviewed in [6]). With the more rapid cloning 
and production of recombinant molecules, such confusion with terminology 
rarely exists with cytokines and growth factors discovered in more recent 
years. 

The capacity of IL-6 to modulate the growth, differentiation, and activation 
state of both normal and transformed human B- and T-Iymphocytes suggested 
a possible role in the malignant transformation of these cells. Multiple 
myeloma was the disease in which the role of IL-6 was first intensively inves­
tigated [7-10]. Although the large amount of data relating to the role of IL-6 
in myeloma will not be extensively reviewed, the model of the actions of IL-6 
in myeloma provides a paradigm for exploring its activity in lympho­
proliferative disorders. The major focus of this chapter will be to examine the 
evidence supporting a role for IL-6 in the development, proliferation, and 
systemic manifestations of malignant lymphoproliferative disorders. 

2. Role in normal lymphoid proliferation and activation (table 1) 

IL-6 is a potent and essential factor for the normal development and function 
of both B- and T-Iymphocytes. Monocytes and T-Iymphocytes are major 
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Table 1. Major biologic activities of IL-6a 

Lymphoid cells 
terminal maturation of B-cells 
enhancement of immunoglobulin secretion 
T-cell proliferation and differentiation 
MDR-l gene expression 

Hematopoiesis 
enhancement of IL-3, GM-CSF, and M-CSF activities 
thrombopoiesis 
dilutional anemia 

Hepatic 
acute-phase protein synthesis 
inhibition of albumin secretion 
inhibition of drug metabolism via cytochrome P450 

Systemic 
fever 
cachexia 
osteoclastic bone resorption 

Endocrine 
enhancement of endogenous corticosteriod secretion 
anterior pituitary hormone secretion (growth hormone, 

prolactin, LH, FSH) 

a See text for references. 

sources of IL-6 (see below), and these cells are pivotal in the modulation of B­
lymphocyte maturation. IL-6 is the major determinant of terminal maturation 
of B-cells into immunoglobulin-producing cells [11] and is essential for the 
survival and proliferation of hybridoma cell lines, making the cytokine of 
significant research interest in monoclonal antibody formation and production 
(reviewed in [6]). The marked sensitivity and concentration-dependent prolif­
eration of these hybridoma cell lines in response to exogenous IL-6 also 
provided the basis for early bioassays for the detection and quantitation of the 
cytokine. 

In cell culture systems, IL-6 is a potent enhancer of IgM, IgG, and IgA 
responses to mitogens such as PWM [11). IL-6 is essential for such antibody 
production, since IL-6 antisera effectively abrogate immunoglobulin produc­
tion in response to PWM; however, cell proliferation is not diminished [12). 
The ability of IL-6 to augment antibody production has been confirmed in vivo 
in sheep [13], and also in IL-6-deficient mice, which have greatly reduced titres 
of both IgG and IgM neutralizing antibody in response to soluble antigen 
challenge [14]. Further, IL-6 appears to be an essential component of mucosal 
immunity, since IL-6-deficient mice also have grossly defective IgA responses 
to mucosal antigen challenge [15]. 

IL-6 acts predominantly on activated B-cells, since resting B-cells do not 
express the IL-6 receptor (IL-6R) [16,17]. IL-6 may also mediate some of the 
actions of IL-2 on B-Iymphocytes, since IL-6 antiserum greatly diminishes the 
level of immunoglobulin secretion in response to exogenous IL-2 [18]. Not 
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only are B-cells responsive to IL-6 but also there is evidence they can produce 
the cytokine. Freeman et al. [19] found negligible levels of IL-6 mRNA in 
purified resting splenic B-Iymphocytes. However, IL-6 mRNA levels were 
greatly and rapidly increased following anti-immunoglobulin treatment of 
these cells, suggesting a role in cellular activation or B-cell recruitment by T­
cells. 

Together with IL-2, IL-6 is the major competence factor for T-Iymphocyte 
function. IL-6 can act on the majority of T-cells, since the IL-6R is widely 
expressed on all stages of T-cell maturation [16,17]. IL-6 has many actions, 
including the upregulation of expression of the IL-2R, potentiation of PHA­
induced T-cell proliferation, and the differentiation and proliferation of cyto­
toxic T -cells [20]. In contrast to its role in B-cell stimulation, where IL-6 in part 
mediates the actions of IL-2, in T-cells the proliferation in response to IL-6 is 
partly inhibited by antibodies to IL-2 [6,21]. 

3. Hematopoietic activities 

In addition to the above actions specific to lymphoid proliferation and activa­
tion, IL-6 has broad actions on the hematopoietic system, predominantly as a 
factor synergistically enhancing the activity of early-acting thrombopoietic and 
granulopoietic factors. The first recognized activity was the potentiation of IL-
3-induced multiline age colony formation, at least in part due to recruitment of 
quiescent pluripotent progenitors from Go into active proliferation [22-24]. 
Similarly, although having only weak granulopoietic activity in isolation, IL-6 
potentiates the actions of both granulocyte-macrophage colony-stimulating 
factor (GM-CSF) [25,26] and macrophage-CSF (M-CSF) [27]. Preliminary 
evidence supports a role for IL-6 in the optimal in vitro expansion of periph­
eral blood progenitor cells [28], possibly due to its ability to synergistically 
enhance the activity of these other early-acting hematopoietic growth factors. 

There was much early excitement over the thrombopoietic actions of IL-6 
[29], although this activity is now recognized to be relatively weak compared 
to that of the recently identified c-mpl ligand [30,31]. These activities may 
underlie the observation of leukocytosis and thrombocytosis in animals 
overexpressing the IL-6 gene [32-34] and in humans receiving recombinant 
IL-6 [35-37]. 

These animal models and human therapeutic trials have also noted the 
rapid development of a moderate normochromic normocytic anemia. There 
has been no evidence of diminished erythropoiesis or hemolysis; rather, the 
anemia appears to be dilution ai, related to an increased plasma volume [38]. 

Recent studies of the distribution of the IL-6R suggest that some of these 
hematopoietic actions may be indirect, since neutrophil and erythroid precur­
sors express the IL-6R very weakly [16,17]. 

Recent therapeutic trials of the administration of anti-IL-6 antibodies have 
confirmed that IL-6 has a role in the steady-state hematopoiesis in humans in 
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vivo. Following administration of the antibody, there have been statistically 
significant declines in both platelet and neutrophil counts observed [39,40]. 

4. Other actions 

4.1. Acute-phase response 

IL-6 is the central regulator of the production of the 'acute-phase proteins' by 
the liver. The systemic response of humans to a variety of inflammatory stimuli 
is characterized by a distinctive coordinated temporal pattern of enhanced 
production of certain proteins and a reciprocal diminished production of 
others. 

In humans, the plasma-level C-reactive protein and serum amyloid A pro­
tein are most dramatically increased during the 'acute-phase' response. In­
creases in serum concentrations of up to lOO-fold in these proteins are 
commonly observed. The concentrations of other proteins, including a j -

antitrypsin, fibrinogen, haptoglobin, and ferritin may be increased up to ten­
fold. Conversely, transferrin, pre albumin, and albumin are reduced. It 
was recognized in the 1950s that the liver was the major source of all these 
proteins. 

Early investigations focused on the activity of cell-free supernatants from 
activated neutrophils and monocytes on the production of these proteins by 
hepatocytes. A purified substance capable of regulating the full range of the 
involved proteins was identified and named 'hepatocyte-stimulating factor' 
[5]. This factor was later recognized to be IL-6. In vitro work with cultures of 
hepatocyte-derived cell lines has demonstrated the ability of IL-6 to appropri­
ately regulate the mRNA expression of all the involved proteins [41,42). 

Other cytokines, including IL-1 and tumor necrosis factor-a (TNF-a), can 
influence the production of some of the acute-phase proteins, but only IL-6 has 
been shown to be able to regulate the synthesis of all involved proteins 
(reviewed in [43]), and indeed many of the actions of IL-1 are mediated 
through induction of IL-6 [44]. 

The primary role of IL-6 in the induction of the acute-phase response was 
subsequently confirmed in two ways. Firstly, administration of recombinant 
IL-6 to both experimental animals [43,45), and to humans [35-37] reproduces 
the typical syndrome. Secondly, IL-6-deficient mice do not develop the bio­
chemical features of the acute-phase response following sterile tissue damage 
by turpentine injection [14,46]. 

4.2. Fever and cachexia 

Fever is a prominent component of the acute-phase response that is also due 
to the actions of IL-6. In rabbits, administration of IL-6 induces a dose­
dependent fever that peaks 30 to 60 minutes following administration [47). 
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Human studies have also shown a close temporal relationship between fever 
and serum level of IL-6 [48]. The cause and effect relationship of this associa­
tion in humans has recently been clarified by the early phase-I studies re­
ported. IL-6 is clearly the cause, rather than the result, of the fever [35-37]. 

In both animal models and human disease states associated with prolonged 
inflammatory processes, cachexia and loss of muscle mass are common 
findings. In human disease states, this progressive catabolism can be extremely 
debilitating. IL-6 appears to be the central mediator of these processes. 

In mice bearing colon carcinoma implants, tumor size and degree of weight 
loss correlate with serum IL-6 levels [49], and monoclonal antibodies to IL-6 
(but not TNF-a) are able to prevent weight loss [50]. In such tumor xenograft 
models, many cytokines are likely to be released. However, the specific activ­
ity of IL-6 was confirmed by reconstituting mouse bone marrow with hemato­
poietic cells constitutively overexpressing IL-6 [51]. In this defined 
single-cytokine model, animals still displayed the same features of wasting and 
reduced fat stores as in the tumor-xenograft models [51]. The mechanism of 
these observed metabolic changes is not yet clear, although IL-6 can directly 
cause skeletal-muscle protein breakdown [52]. As discussed below, IL-6 may 
mediate loss of adipose tissue through enhanced endogenous corticosteroid 
secretion. No data are yet available on any direct effect of IL-6 on adipocytes 
or lipid metabolism. 

4.3. Bone resorption 

Bone is also a major site of activity of IL-6. Fibroblasts, osteoclasts and 
osteoblasts in the local bone environment produce IL-6, which is a potent 
inducer of osteoclastic bone resorption [53]. It has recently been demonstrated 
that IL-6-mediated bone resorption is a major factor in post-menopausal 
osteoporosis [54,55]. Also, in some experimental systems, IL-6 can mediate 
humoral hypercalcemia through its potent induction of bone resorption 
[56,57]. There are less data to support such a role in clinical hypercalcemia 
complicating solid tumors or lymphoma [58,59]. 

4.4. Endocrine effects 

IL-6 has a number of complex and interrelated effects on the endocrine system 
that are under ongoing investigation (reviewed in [60]). The major site of 
activity is in the hypothalamic-pituitary axis. 

At the level of the hypothalamus, IL-6 enhances endogenous corticosteroid 
secretion through induction of corticotropin releasing factor, and conse­
quently ACTH [61]. In addition to the capacity of IL-6 to induce CRF secre­
tion, it also directly enhances ACTH secretion from the anterior pituitary [62]. 
The adrenal secretion of corticosteroids is also directly activated by IL-6 [63]. 
Thus IL-6 potently induces endogenous corticosteroid secretion by acting at 
all levels of the hypothalamic-pituitary-adrenal axis. The enhanced corticos-
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teroid secretion may transiently serve to potentiate the influence of IL-6 on 
acute-phase proteins, since corticosteroids increase the expression of the IL-
6R by hepatocytes 164] and the presence of corticosteroids is necessary for 
maximal hepatic IL-6 responsiveness [65]. However, corticosteroids also ulti­
mately inhibit production of IL-6, at least from monocytes and macrophages, 
but probably other sources also [66]. 

Many other anterior pituitary hormones are secreted in response to IL-6. 
These include growth hormone, prolactin, LH, and FSH [60]. 

Other endocrine organs that secrete, or respond to, IL-6 include the thy­
roid, the pancreas, and both male and female reproductive organs [60]. The 
physiological role of the cytokine in these systems is less well characterized. 

5. Structure aud properties of IL-6 (table 2) 

Human IL-6 has been cloned, sequence and expressed in E. coli. Recombinant 
human IL-6 has entered therapeutic trials [35-37,67]. 

The human molecule consists of a single chain of 184 amino acids incorpo­
rating four cysteine residues and two potential N-glycosylation sites [3]. This 
mature protein is the product of a 212-amino-acid precursor protein follow­
ing the cleavage of a 28-amino-acid signal peptide. A variety of N- and 0-
glycosylation and phosphorylation patterns are seen depending upon the 
tissue of origin, although these do not appear to alter biologic activity 
(reviewed in [43]). 
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Table 2. Major features of the human IL-6 gene, protein, and 
receptor' 

Protein 
212-amino-acid precursor 
184-amino-acid mature protein 
source-specific glycosylation and phosphorylation pattern 
four conserved cystein residues necessary for function 

Gene 
located at chromosome 7p 15-21 
approximately 5kB in size 
five exons and four introns 
regulated by cAMP, AP-1, NF-xB, glucocorticoids, IL-1, 

NF-IL6 
Receptor 

80-kDa, 449-amino-acid ligand-binding component (IL-6R) 
membrane bound and soluble forms 
member of cytokine-receptor family 
shared motif of 'WSXWS box' 

130kDa signal-transducing component (gp 130) 
predominantly membrane bound 
shared signaling component for many cytokine receptors 

'See text for references. 



The number and position of the cysteine residues is conserved between the 
murine and human molecules despite only 42 % homology of the proteins 
overall [68], suggesting that these residues are critical in determining the 
tertiary structure of the protein and biologic activity. An identical pattern of 
cysteine residues is also seen in the G-CSF protein, and the structure of the G­
CSF gene also shows homology to the IL-6 gene, suggesting a possible com­
mon evolutionary link (reviewed in [12]). The structure-function relationships 
of the IL-6 molecule are under active investigation. At this stage, it is clear that 
the amino-terminal portion of the molecule is not required for biologic func­
tion [69], and the protein is predicted to assume a tertiary structure of four 
antiparallel-a-helices [70]. 

6. IL·6 receptor (table 2) 

An enormous amount of recent experimental work has clarified the identity, 
structure, and function of the IL-6 receptor system (reviewed in [71-73]). The 
cell-surface receptor complex for IL-6 consists of two distinct components; an 
80-kDa 449-amino-acid molecule that associates directly with IL-6 (IL-6R) 
[74] and a 130-kDa signal-transduction molecule (gp130) that associates with 
the IL-fi/IL-6R complex [75]. 

The IL-6R itself exists in both a membrane-bound and a soluble form (sIL­
fiR) [72]. IL-6R usually exists as a monomeric protein and has significant 
homology to a large family of cytokine receptors, including IL-2R, IL-3R, IL-
4R, IL-5R, IL-7R, erythropoietin receptor, G-CSFR, GM-CSFR, leukemia­
inhibitory factor (LIF)-R, and ciliary neurotrophic factor (CNTF)-R. IL-6R 
has a single transmembrane domain and a short intracytoplasmic domain 
without signal-transduction capacity. The region of shared homology of these 
receptors is a sequence of approximately 200 amino acids that consists of a 
single immunoglobulin-like domain of approximately 90 amino acids at the 
amino-terminal end of the extracellular region of the receptor and four com­
mon cysteine residues necessary for intra strand cross-linking. All receptors in 
the IL-6R family also have a common amino-acid sequence motif in the 
proximal extracellular domain. This motif, which consists of the sequence 
tryptophan-serine-one amino acid-tryptophan-serine and has been called the 
'WSXWS box,' is essential for optimal ligand binding [76]. 

Although the involvement of either the surface-bound IL-6R or the sIL-6R 
is necessary for the activity of IL-6, neither alone is sufficient to allow 
signal transduction. This function is performed by the gp130, which, when 
expressed with either IL-6R or sIL-6R, forms a high-affinity receptor complex. 
Given that gp130 directly interacts weakly, if at all, with IL-6 [77], most 
investigators propose that the interaction between the complex of IL-6 bound 
to IL-6R and gp130 alters the configuration of IL-6R, enhancing the affinity of 
its binding to IL-6. The use of accessory signal-transduction molecules is a 
theme common to all receptors in the IL-6R family, and the gp130 signaling 
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molecule is also used for this purpose by LIF, CNTF, and oncostatin-M 
(OSM). 

The sIL-6R maintains the same functional capacity of membrane-bound 
IL-6R and binds IL-6 with the same affinity, demonstrating that the transmem­
brane and short intracellular portions of the IL-6R are not essential for func­
tion, having only an anchoring role. Similarly, once associated with gp130, IL-6 
that is complexed with either sIL-6R or IL-6R induces identical signal­
transduction events, resulting in identical cellular responses. This clearly dem­
onstrates that the functional domain of the IL-6R lies within the extracellular 
portion of the molecule. 

In addition to the sIL-6R, there is evidence that a soluble cleavage form of 
the gp130 molecule (sgp130) may also be present in human serum [78]. In vitro 
data has demonstrated the potential for sgp130 to associate with the complex 
of sIL-6R and IL-6, moderately reducing the capacity of such a complex to 
bind to and activate membrane-bound gp130. It has been postulated, but is yet 
to be demonstrated, that sgp130 has such a capacity in vivo and may therefore 
act as a negative regulator of the activity of IL-6. 

7. Signal transductiou 

The understanding of the signal-transduction events involved in the actions of 
IL-6 is evolving rapidly, and the details are not yet entirely clear. The current 
level of understanding has been reviewed by some of the senior investigators 
in the field [79-83]. In spite of this state of flux in the understanding of the 
process, some of the major early events have been clearly established. 

Although gp130 has no basal kinase activity, IL-6/IL-6R binding induces 
tyrosine-specific protein phosphorylation. It appears that the proximal intra­
cytoplasmic portion of gp130, specifically a conserved 'proline-x-proline' mo­
tif, is essential for this function [84]. Initiation of the signaling cascade also 
requires homodimerization of gp130 molecules following binding to IL-6R 
linked to IL-6 [85]. Site-directed mutagenesis has established that the dimer­
ization and kinase activation sites are distinct [85]. 

Following binding of IL-6, the high-affinity receptor complex may, at least 
in some circumstances, assume the form of a hexameric complex consisting of 
two molecules each of IL-6, IL-6R, and gp130 [86]. The gp130 homodimers 
then bind and activate cytoplasmic tyrosine protein-kinases [85]. Recent data 
have clearly shown that these include members of the Jak/Tyk family of 
tyrosine kinases [87-90]. The gp130 molecules forming the homodimer then 
undergo tyrosine-specific phosphorylation [85]. The cellular events more distal 
to this remain unclear, but in diverse cell types are known to involve the 
phosphorylation and activation of a variety of signaling molecules involved in 
at least two distinct signaling cascades, including members of the ERK family 
of serine/threonine protein MAP kinases [89,91,92], ras [91,93], raf[89], phos­
pholipase Cy-1, phosphatidylinositol3' -kinase [82], and members of the STAT 
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family of tyrosine kinases, Stat3 and Statl [83,94]. Many of these intracellular 
events are common to the signaling cascade of numerous cytokines, and the 
mechanism allowing specificity of cellular response to such signals is an area of 
great research and clinical interest. 

It appears that the final intranuclear mediator of IL-6 activity is a transcrip­
tion factor called NF-IL6 that binds to specific IL-6 responsive elements within 
the DNA of many genes [95]. Site-specific serine (amino acid 231) and threo­
nine (amino acid 235) phosphorylation of NF-IL6 by MAP kinases are essen­
tial for DNA binding [91]. NF-IL6 has a 'basic leucine zipper' type motif, 
homologous to other DNA-transcription factors such as C/EBP. 

8. Sources and regulators of IL·6 (table 3) 

The biologic activity ultimately found to be due to IL-6 was first reported in 
the supernatant of fibroblast cultures [2], and fibroblasts are a rich and wide­
spread source of the cytokine in vivo. It is likely, however, that the major 
cellular sources of IL-6 in most circumstances are peripheral blood monocytes 
and tissue macrophages [96,97]. Other sources of substantial quantities of IL-
6 are vascular endothelial cells [98]. A very large number of other cell types 
have also been demonstrated to produce IL-6, although the biologic signifi­
cance of such sources in the normal physiology is less clear (reviewed in [43]). 
These cell types include, but are not limited to, keratinocytes, synovial lining 
cells, amnion cells, endometrial stromal cells, astrocytes and microglial cells. 

Table 3. Major sources and regulators of IL-6' 

Cellular sources 
fibroblasts 
monocytes/macrophages 
B- and T-lymphocytes 
vascular endothelial cells 
keratinocytes 
synovial lining cells 
amnion 
endometrial stromal cells 
astrocytes and micoglial cells 

Inducers 
IL-l 
lipopolysaccharide 
phytohemaglutinin 
IFN-y 
GM-CSF 
TNF 
platelet-derived growth factor 

Inhibitors 
glucocorticoids 

"See text for references. 
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As described above, both normal B- and T -lymphocytes are also able to 
synthesize and secrete functional IL-6. 

Many well-recognized inflammatory cytokines can induce the expression 
and secretion of IL-6. Overall, the most potent of these is IL-l [47,99], but the 
relative potency and importance of the regulatory molecules vary depending 
upon the cellular source of IL-6 (reviewed in [43]). Using peripheral blood 
monocytes, the bacterial products LPS and PHA are significantly more potent 
inducers of IL-6 than is IL-l [100]. Other moderately active stimuli for mono­
cyte and macrophage IL-6 production include interferon-y and GM-CSF [43]. 
The major inhibitor of IL-6 production from monocytes is corticosteroid. 

Conversely, IL-l is the most potent stimuli for IL-6 production from both 
fibroblasts and endothelial cells, whereas LPS and TNF-a are only weak to 
moderate inducers in these systems. Platelet-derived growth factor is also an 
active inducer of IL-6 secretion from fibroblasts [99,101]. There are only 
scanty data available on the soluble factors important in the regulation of IL-
6 production by normal B- and T-Iymphocytes. 

Such variability in the soluble factors controlling production of IL-6 from 
various sources makes it difficult to predict the overall influence of circulating 
levels of the respective factors on the balance of IL-6 production in the whole 
organism in vivo. Preliminary data in mice injected with increasing doses of 
various cytokines provide some information [102]. Using circulating concen­
trations of IL-6 as the endpoint, TNF-a appears to be the most potent inducer 
of IL-6 secretion. In this model, IL-l, IL-2, and interferons-a and -y also had 
significant activity. Comparable studies in humans receiving such cytokines in 
therapeutic settings have not yet been performed. 

9. IL-6 gene structure and regulation (table 2) 

The human IL-6 gene was cloned even before it was recognized that its protein 
product was actually IL-6 [103]. It is located on chromosome 7p15-21 [104], 
spans approximately 5 kb, and consists of five exons and four introns. Overall, 
there is only moderate homology with the mouse gene [68]. However, specific 
regions show greater than 90% sequence conservation. The areas of greatest 
homology are those involved in regulation of expression, particularly the 3' 
untranslated region and the proximal 5' flanking region. 

The IL-6 gene has a number of transcriptional enhancer elements identified 
that are very important in controlling gene expression. These include recogni­
tion sites for cAMP, activating protein-l (AP-l) [68], NF'X-B [105], the gluco­
corticoid receptor, and IL-l response elements [106]. There is an additional 14 
base-pair palindromic site that specifically binds NF-IL6 [95]. NF-IL6 and NF­
'XB appear to be the most potent regulators of IL-6 gene expression [107], and 
they act synergistically to enhance transcription [108]. 

There is evidence emerging that important ubiquitous cell-cycle regulatory 
proteins may also influence the regulation of the IL-6 gene. Santhanam et al. 
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[109] have demonstrated that the tumor suppressor gene products, wild-type 
p53 and the retinoblastoma protein, can inhibit the level of expression of the 
IL-6 gene. Not only do tumor-associated mutant forms of p53 lack this repres­
sor function, but some actually enhance IL-6 gene expression [110]. The 
mechanism of regulation by the retinoblastoma protein is unknown; however, 
wild-type p53 acts, at least in part, through modulation of the activity of NF­
IL6 [110]. 

10. Laboratory issues aud measurement 

Recognition of the important physiological and pathologic role of cytokines 
such as IL-6 provided an urgent need for simple, reliable, accurate, and repro­
ducible means of measuring their presence and activity in both laboratory 
settings and patient samples. This was initially hampered by the very low 
concentration of IL-6 in most physiologic situations, making detection in 
normal persons, and hence determination of an appropriate normal range, 
problematic. This problem has been overcome by the development of more 
sensitive assays. Currently available assays are able to reproducibly detect as 
little as 0.094pg/ml of IL-6, whereas the lower limit of sensitivity in earlier 
systems was as high as 100 to 200pg/ml. This greatly enhanced sensitivity now 
means that serum IL-6 can be detected and quantified in almost all normal 
individuals, allowing reference ranges to be very accurately determined, rather 
than relying upon detectability alone to indicate elevated serum levels of IL-
6. The sensitivity of the assay system used is an important feature of early 
studies that must be borne in mind when interpreting data. 

Prior to full characterization of IL-6, such measurements relied upon detec­
tion of biologic activities postulated to be unique to IL-6, such as proliferation 
of certain factor-dependent cell lines. Those used included the B9, MH60, and 
7TDl murine hybridoma cell lines and the T1165 murine plasmacytoma cell 
line [111]. The major difficulty with such assays is that the biologic activity 
quantified is rarely unique to the molecule purportedly measured. 

More recently, increasingly sensitive immunoassays for IL-6 have become 
available for use. Although such assays are truly specific for IL-6, they create 
other potential problems in interpretation that have yet to be clarified. The 
major issue relates to determining what the particular assay system is actually 
measuring. This point has been highlighted and reviewed thoroughly by May 
et al. [112]. These investigators have demonstrated the presence ofIL-6 bound 
to numerous carrier proteins in human serum. The major proteins character­
ized were complement factors 3b and 4b, C-reactive protein, and albumin. 
Earlier reports also suggested that a2-macroglobulin may also function as a 
carrier protein for IL-6 [113]. 

May et al. [112] further investigated the ability of a variety of assay systems 
to measure such 'complexed' IL-6 with variable results. They found that the 
B9 murine hybridoma bioassay system did not detect such 'complexed' IL-6, 
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whereas the immunoassays tested did recognize bound IL-6. It is necessary to 
clarify such issues before a uniform and biologically relevant system for mea­
surement of IL-6 in patient sera can be broadly applied for clinical use. A 
similar analysis of the available assays for sIL-6R is required [114]. 

One group has developed a novel assay that specifically detects IL-6 bound 
to sIL-6R [115]. The assay is an ELISA utilizing a monoclonal antibody to IL-
6 to capture the protein, and a distinct monoclonal antibody conjugated to 
alkaline phosphatase directed against sIL-6R for detection. This overcomes 
some of the above uncertainties regarding biologic activity, as it is established 
that the complex of IL-6/sIL-6R retains full functional capacity. However, the 
kinetics of dissociation of the pair in serum is not known. 

Further difficulties in the interpretation of single determinations of serum 
IL-6 levels are introduced by recent data demonstrating that there may be 
diurnal variations over as much as a threefold range in patients with inflamma­
tory arthritis [116]. Fluctuations of a similar amplitude have also been re­
ported to correlate with the sleep-wake cycle in healthy volunteers [117]. 

There are also a number of important issues in sample collection and 
processing that can very significantly alter assay results. There are convincing 
data that indwelling peripheral venous cannulae induce local IL-6 production 
from vascular endothelial cells, making fresh venipuncture the preferred 
method of sample acquisition [118]. The blood should be collected into EDTA 
and the serum separated immediately, or rapidly cooled to 4°C, to minimize ex 
vivo IL-6 production by monocytes activated by the sampling process. Specific 
protease inhibitors such as aprotonin are not required [119]. Lithium heparin 
is unsuitable as an anticoagulant [120]. Further, repeated freezing and thawing 
of stored samples can significantly diminish the detection of IL-6 [119]. Al­
though such issues may appear mundane and unimportant, failure to adhere to 
optimal technique renders interpretation of results difficult and may obscure 
the correlates and associations of elevated cytokine levels. 

11. Evidence for a role of IL-6 in the systemic effects of lymphoma 

Early in the history of the clinical investigation of Iymphoproliferative disor­
ders, it was recognized that patients frequently developed a clinically distinct 
constellation of systemic symptoms, collectively referred to as 'B-symptoms' 
[121-123], and biochemical abnormalities resembling the 'acute-phase' re­
sponse [124]. By convention, B-symptoms are defined by the presence of any 
one or more of '(a) unexplained weight loss of more than 10% of the body 
weight during the six months before initial staging investigation; (b) unex­
plained, persistent, or recurrent fever with temperatures above 38°C during the 
previous month; and (c) recurrent drenching night sweats during the previous 
month' [123]. Although not all studies have been unanimous in their conclu­
sions, most data support the judgment that the presence of such symptoms 
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independently confers a poor prognosis in Hodgkin's disease [125]. The situa­
tion is less clear in the more heterogenous studies of patients with aggressive 
non-Hodgkin's lymphomas, where the presence of B-symptoms is certainly a 
powerful prognostic indicator in univariate analysis, but loses much of its 
significance in multivariate analysis [126,127]. 

12. IL-6 as a mediator of B-symptoms 

12.1. Non-Hodgkin's lymphoma (table 4) 

As discussed above, the potent capacity of exogenous IL-6 to induce fever, 
sweats, and weight loss/cachexia certainly suggest it as one of the possible 
mediators of B-symptoms in non-Hodgkin's lymphomas. Data are rapidly 
accumulating that support this hypothesis. 

The earliest studies proposing IL-6 as the mediator of B-symptoms were 
reported independently by Stasi et al. [128] and Kurzrock et al. [129]. Stasi et 
al. [128] found that the mean plasma IL-6level was 18pg/ml among 16 patients 
with any B-symptom, compared to 5 pg/ml among those 15 patients with no 
symptoms (p = 0.011). These authors also measured IL-l, IL-2, IL-3, ILA, IL-
7, IL-8, TNF-a, and IFN-y without noting any correlation between these 
inflammatory cytokines and the presence of B-symptoms. They have con­
firmed these findings in two separate group of patients [130,131]. 

In a concurrent and independent study, Kurzrock et al. [129] found, using 

Table 4. Clinical correlates of IL-6 in non-Hodgkin's lymphomas" 

presence of B-symptoms in newly diagnosed and relapsed 
patients 

direct linear correlations with: 
erythrocyte sedimentation rate 
C-reactive protein 
white blood cell count 
platelet count 
inversely related to serum albumin 

elevated serum levels associated with: 
higher serum level of ~2-microglobulin 
poorer performance status 
higher International Index prognostic score 

macrophage IL-6 expression associated with higher proliferative 
rate 

serum levels predictive of development of lymphoma in: 
posttransplantation setting 
human immunodeficiency virus infection 

serum levels predictive of poorer failure-free and overall 
survival 

"See text for references. 
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an ELISA assay with a lower limit of sensitivity of 22 pg/ml, that those patients 
with B-symptoms among a group of 32 patients with non-Hodgkin's 
lymphoma had significantly higher levels of IL-6 than those without 
such symptoms (p < 0.005). In this study, the level of other potentially patho­
genic cytokines, IFN-y, TNF-a, and IL-1 a, were not different between these 
groups. 

Preceding studies using relatively sensitive bioassays had noted elevated 
serum levels of IL-6 in patients with non-Hodgkin's lymphoma, but had failed 
to detect any association with B-symptoms [132,133]. The interpretation of 
these studies was complicated by the inclusion of patients with a variety of 
histologic types of lymphoma. 

We have recently reported [134] further supporting data from a group of 58 
patients with newly diagnosed diffuse large cell lymphoma. In this study, 
serum levels of IL-6 were significantly higher in those patients with B­
symptoms (median 8.8 pg/ml compared to 3.1 pg/ml, p = 0.012). 

These studies clearly associate IL-6 levels with the presence of B-symptoms 
in patients with non-Hodgkin's lymphoma, both at the time of diagnosis and 
relapse. However, they do not establish the causality of such an association. 
The pathogenic role of IL-6 was recently proven by the elegant studies of 
Emilie et al. [39]. These investigators developed a murine monoclonal anti­
body that prevents the binding of human IL-6 to its receptor. Administration 
of this antibody to four patients with lymphoma and B-symptoms resulted in 
resolution of fevers and sweats within hours. The symptoms did not recur 
during therapy, despite progression of the underlying lymphoma in most cases. 
An example of such a response is shown in figure 1. Further, treated patients 
reversed the previous trend of progressive weight loss and gained an average 
of 1.4kg over the three-week treatment period [39]. 

Although the above data clearly demonstrate a pathogenic role for IL-6 in 
the systemic symptoms of patients with non-Hodgkin's lymphoma, some un­
certainty remains. Not all patients with elevated serum levels of IL-6 report B­
symptoms, and not all patients with B-symptoms have elevated serum levels of 
IL-6. One contributing factor may be that other inflammatory cytokines may 
mediate B-symptoms in some cases. Further, different patients will certainly 
have varying levels of awareness of the same severity of symptoms. It is also 
likely that the difficulties discussed above in actually determining what level of 
biologically active IL-6 is present contribute to the lack of a clear 'cut-point.' 
The duration and consistency of elevated serum IL-6 levels are also likely to 
explain much of the observed heterogeneity. Recent work clearly demon­
strates cyclic variation in serum levels of IL-6 [116,117], and a single serum 
sample, although clearly useful, cannot provide a precise measure of the 'area 
under the curve' of the time course of the serum IL-6 concentration in an 
individual. Repetitive sampling studies should clarify the presence and nature 
of any cyclic variation in serum concentrations of IL-6 in various disease states 
and improve the ability to detect the relationship between serum levels and 
symptoms. 
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Figure 1. Effect of anti-IL-6 monoclonal antibody (m Ab) on lymphoma-associated fever. Body 
temperature curve for one representative patient. (From [39], with permission.) 

12.2. Hodgkin's disease 

Gause et al. [135-137] were the investigators who first examined the relation­
ship between serum levels of IL-6 and B-symptoms in patients with newly 
diagnosed Hodgkin's disease. In a cohort of 56 previously untreated patients, 
they documented elevated serum levels of IL-6 in 57%, but did not find any 
correlation with the presence of B-symptoms. The assay used was an ELISA 
with a sensitivity of 10pg/ml. A further small study by Blay et al. [138] of 24 
untreated patients also failed to note any correlation between serum levels of 
IL-6 and B-symptoms, but utilized a very insensitive assay (lower limit of 
sensitivity 70 pg/ml). 

In contrast, Kurzrock et al. [129] noted a striking correlation between the 
presence of B-symptoms and serum levels of IL-6 in a group of 28 patients with 
relapsed Hodgkin's disease (p < 0.005). 

We have recently reported the results of a larger study of 65 newly diag­
nosed patients using a very sensitive ELISA method (lower limit of sensitivity 
0.35 pg/ml) [139]. Similar to the earlier studies, elevated serum IL-6levels were 
found in the majority of patients (47 of 65, or 72%). Although those patients 
with B-symptoms had higher serum levels, this difference did not reach statis­
tical significance (median 5.6pg/ml compared to 2.5pg/ml). 

Other investigators have found correlations between the presence of B-
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symptoms and the serum levels of other soluble mediators, such as the soluble 
receptor for IL-2 [140,141] and the soluble CD30 antigen [142-144]. There are 
few studies of the administration of antibodies to these putative mediators in 
patients with Hodgkin's disease to clarify the causal relationship of these 
cytokines. There are small numbers of patients treated with antibodies to 
soluble CD30 reported [145,146], and these cases do not support a pathogenic 
role for soluble CD30 as a mediator of systemic symptoms. 

In conclusion, the major mediator of B-symptoms in patients with newly 
diagnosed Hodgkin's disease remains to be elucidated, but a strong correlation 
between serum IL-6 levels and these symptoms appears to exist in patients 
with relapsed disease. 

13. The role of IL-6 in the biochemical/hematologic abnormalities 
of lymphoma 

As discussed above, IL-6 has a large number of diverse actions influencing the 
endocrine, immunologic, hematopoietic, and hepatic systems. Patients with 
lymphoproliferative disorders frequently manifest abnormalities reflecting 
stimulation or dysregulation of these systems. Could IL-6 be responsible for 
some of these abnormalities? 

13.1. Non-Hodgkin's lymphoma (table 4) 

The early studies of Stasi et al. [128,130] reported significant correlations (r '" 
0.7) between the erythrocyte sedimentation rate (ESR) and serum level of IL-
6 in patients with non-Hodgkin's lymphoma. They have recently confirmed 
these findings in a separate group of patients [131]. The major determinant of 
the ESR is the plasma fibrinogen concentration [147]. The known capacity of 
IL-6 to greatly enhance hepatic fibrinogen synthesis [43,148] in concert with 
the other acute-phase proteins suggests that this relationship is causal. Our 
recent analysis [134] in 20 patients with diffuse large cell lymphoma confirms 
the correlation between the ESR and serum IL-6 level (r = 0.56, p = 0.01) 
(figure 2). 

Given the other activities of IL-6, we explored the relationship between 
serum levels of IL-6 and serum albumin, white cell count, and platelet count. 
As predicted by the actions of IL-6 in experimental systems, there were direct 
linear correlations between the serum level of IL-6 and white cell count (r = 
0.32, p = 0.012) and platelet count (r = 0.30, p = 0.019), and an inverse 
relationship with serum albumin (r = -0.62,p < 0.0001) (figure 3). We found 
no correlation between serum IL-6 concentration and the level of LDH, 
consistent with the observations that administration of IL-6 to patients does 
not result in an increase in LDH [37] and that IL-6 transgenic mice have a 
normal level of serum LDH [149]. 

Elevated serum levels of IL-6 are also associated with a number of addi-
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Figure 2. Correlation between serum IL-6 level and erythrocyte sedimentation rate in 20 newly 
diagnosed patients with diffuse large-cell non-Hodgkin's lymphoma (p = 0.01 by Spearman Rank 
Sum correlation coefficient). _ represents linear regression line. (From [134], with permission.) 

tional adverse prognostic indicators, including higher serum levels of ~2-
microglobulin, lower performance status, and a higher International Index 
score [134]. 

IL-6 probably has a similar role in the systemic manifestations of the 
lymphoproliferative disorder Castleman's disease [150,151]. There is a recent 
report of a single patient treated with a prolonged course of anti-IL-6 antibody 
[152]. Similar to the results obtained in patients with non-Hodgkin's 
lymphomas, treatment was accompanied by prompt resolution of the fever, 
anemia, thrombocytosis, and hypoalbuminemia. In this instance there was no 
objective regression of the tumor mass, and symptoms and signs recurred 
promptly on withdrawal of the antibody. This case clearly illustrates the pro­
tean systemic manifestations caused by excessive production of IL-6 by a 
localized disease process. 

13.2. Hodgkin's disease (table 5) 

Unlike the consistent findings of correlation between the ESR and serum level 
of IL-6 in non-Hodgkin's lymphoma, there are contradictory reports in pa­
tients with Hodgkin's disease. The early studies of Gause et al. claimed no 
relationship between serum IL-6 level and ESR, albumin, white cell count, or 

183 



Interleukin-6 Level and Serum Albumin 
5 

0 
0 0 0 

r--I 0 o 0 
"'CJ 0 0 -... 0 0 
Cl 4 

0 -
c:: 0 

.r-! 

E 
:::::J 
.c 0 

r--I 0 
< 3 

0 
0 

E 
:::::J 0 

'- (r = -0.62. P < 0.0001) 
OJ 0 U) 

0 

2 
.1 1 10 100 

Serum IL-6 Level (pg/ml) 
Figure 3. Correlation between serum IL-6 level and serum albumin level in 53 newly diagnosed 
patients with diffuse large-cell non-Hodgkin's lymphoma (p < 0.0001 by Spearman Rank Sum 
correlation coefficient). _ represents linear regression line. (From [134], with permission.) 

Table 5. Clinical correlates of IL-6 in Hodgkin's diseasea 

Serum levels elevated in most newly diagnosed patients 
no clear relationship with a-symptoms 
inconsistent reports, but likely correlated with: 

erythrocyte sedimentation rate 
white blood cell count 
platelet count 
~2-microglobulin 
inversely with serum albumin 

inadequate data to evaluate prognostic role in newly 
diagnosed patients 

In relapsed patients 
associated with a-symptoms 
associated with a poorer survival 

a See text for references. 

platelet count in 56 patients with newly diagnosed Hodgkin's disease [135-
137]. Possibly due to the insensitivity of the assay used (lower limit of detec­
tion 70pgiml), Blay et al. [138] also reported no relationship between the 
serum level of IL-6 and ESR, platelet count, white cell count, serum albumin, 
or fibrinogen among 24 patients with Hodgkin's disease. 
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Figure 4. Correlation between serum IL-6 level and serum ~2-microglobulin level in 63 newly 
diagnosed patients with Hodgkin's disease (p = 0.0012 by Spearman Rank Sum correlation 
coefficient). _ represents linear regression line. 

In contrast to these reports, and consistent with our studies in patients with 
non-Hodgkin's lymphoma, we found strong correlations between the serum 
level of IL-6 and ESR (r = 0.64, p = 0.0007), white cell count (r = 0.36, p = 
0.003), and platelet count (r = 0.53, p < 0.0001). We also demonstrated an 
inverse relationship of IL-6 with serum albumin (r = -0.43, p = 0.0003) [139]. 

In addition, we also reported a linear correlation between the serum levels 
of IL-6 and ~2-microglobulin (r = 0.40, p = 0.0012) (figure 4). As with ESR, 
there are preclinical and clinical data suggesting that IL-6 may be pathogenic 
in this relationship. IL-6 can increase the expression of the major histocompat­
ibility complex (MHC) class-1 genes in human fibroblasts [153] and of the 
MHC class-1 protein in colon cancer cells [154]. Since ~2-microglobulin is 
the light chain component of the MHC class-1 protein, IL-6 may thus increase 
the amount of ~2-microglobulin shed from the tumor or nonmalignant tissue, 
increasing serum levels. This activity has previously been documented for 
other cytokines, notably IFN-y [155]. 

Although other cytokines, particularly IL-1, sIL-2R [140,141], and sCD30 
[142-144] have been investigated in patients with Hodgkin's disease, none of 
these has been demonstrated to have any relationship with the biochemical 
and hematologic features discussed. 

185 



14. The influence of IL-6 on the toxicity of chemotherapy 

Intriguing recent work suggests that IL-6 may also have a role in the toxicity 
and patient tolerance of chemotherapy for lymphoma. It has long been recog­
nized that acute illnesses can result in increased serum levels of certain drugs 
normally cleared by the liver (reviewed in [156]). Since IL-6 is the major factor 
controlling hepatic acute-phase protein production in such circumstances, its 
role in hepatic drug metabolism has come under scrutiny. 

Both rat and human hepatocyte culture studies have shown that IL-6 re­
duces the intracellular levels and activities of various cytochrome P-450 en­
zymes [157-159]. This effect is seen at concentrations of IL-6 similar to those 
observed in patients with Hodgkin's disease or non-Hodgkin's lymphoma 
[139,160]. These reductions are mediated via reduced gene transcription, most 
likely through NF-IL6 consensus sequences in the promoters of the involved 
genes [159]. 

Such observations are relevant to drug disposition in patients in clinical 
situations. Chen et al. [156] prospectively followed and correlated the serum 
levels of IL-6 and cyclosporine in patients undergoing bone marrow transplan­
tation. Cyclosporine is known to be metabolized by a cytochrome P450 isoen­
zyme influenced by IL-6 in vitro [161]. They observed up to threefold increases 
in the serum level of cyclosporine metabolites temporally related to increases 
in serum concentrations of IL-6 [156]. 

Although the precise enzymes involved are yet to be determined, many of 
the most potent cytotoxics used in the treatment of lymphomas, particularly 
the anthracyclines and the vinca alkaloids, are catabolized by the liver [162], 
possibly involving cytochrome P450. Many historical data correlate impaired 
hepatic function with increased toxicity from these drugs. This suggests that, at 
clinically encountered serum concentrations, IL-6 may inhibit hepatic enzyme 
activity sufficiently to diminish the clearance, and hence increase the toxicity, 
of commonly used chemotherapeutic agents. 

15. The role of IL-6 in drug resistance 

Preclinical experimental data suggest that IL-6 may influence the resistance of 
lymphoma cells to many cytotoxics through enhanced expression of the 
multidrug resistance (MDR) -1 gene [163]. The MDR-1 gene encodes a trans­
membrane glycoprotein that mediates cellular resistance to many naturally 
occurring cytotoxics by functioning as an efflux pump [164,165]. Resistance to 
many of the active drug classes in lymphoma, including the vinca alkaloids and 
anthracyclines, can be mediated through overexpression of MDR-1 (reviewed 
in [166,167]). Although there are many technical difficulties in definitively 
ascertaining expression of functional MD R -1 protein, such a phenotype prob­
ably predicts for a poor response to therapy in lymphoma [168], myeloma [169] 
and acute myeloid leukemia [170,171]. 
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Based upon the recognition of the conservation of an NF-IL6-like consen­
sus sequence in the promoter region of human, mouse, and hamster MDR-l 
genes, Combates et al. [163] have recently established that NF-IL6 binding, 
but not binding of closely related transcription factors such as C/EBP, is able 
to greatly enhance expression of the MDR-l gene. As described above, NF­
IL6 is the major intracellular mediator of the actions of IL-6 following recep­
tor binding, and many lymphoma cell lines [172-174] and patient samples 
express receptors for [175] and are able to respond to IL-6. The links between 
the actions of IL-6, MDR-l expression, drug resistance, and poor clinical 
efficacy of therapy in the clinic remain speculative, but illustrate a potentially 
beneficial area of further investigation. Currently, there are no data exploring 
the possible association between IL-6levels, IL-6R expression, and the MDR-
1 phenotype in lymphoma. If IL-6 is confirmed to have a role in the expression 
of the MDR-l phenotype, the inhibition of its binding would be a novel 
mechanism for restoring drug sensitivity. 

16. Evidence for a pathogenetic/promotional role in lymphoma 

The available data suggest that although IL-6 is a potent growth stimulatory 
cytokine for B-Iymphocytes, in isolation it is insufficient to induce malignant 
transformation, but probably has a promotional role in such transformation. 

Kishimoto's group was the first to develop an IL-6 transgenic mouse [34]. 
They inserted the human IL-6 gene fused to the human immunoglobulin 
heavy chain gene enhancer to generate a strain of mice with very high serum 
concentrations of human IL-6. These mice developed massive polyclonal 
plasmacytosis with organ infiltration and polyclonal hypergamma­
globulinemia. Although some mice died as a result of the progressive 
plasmacytosis, these cells were not transplantable into syngeneic mice, failing 
to demonstrate the properties of malignant transformation. Similar results 
have been reported in animals with isolated hepatic expression of the IL-6 
transgene [149]. When followed for more than 18 months, however, some of 
these IL-6 transgenic mice develop true lymphomas [176]. 

Further work from Kishimoto's group suggests that additional genetic alter­
ations are required before IL-6 transgenic mice manifest malignant lymphoid 
transformation. These investigators back-crossed their C57BLl6 IL-6 
transgenic mouse strain with BALB/c mice, which have an inherent genetic 
tendency to develop plasmacytomas with prolonged immune stimulation, and 
found that the resultant mice did develop transplantable monoclonal 
plasmacytomas with defined cytogenetic abnormalities resulting in myc 
oncogene rearrangement [177]. 

Further data supporting a 'multi-step' model for IL-6 tumorigenicity have 
come from many studies of EBV-immortalized lymphoblastoid cell lines. In 
these models, cells inherently capable of IL-6 secretion were found to be more 
tumorigenic [178], and similarly, cells transfected with the IL-6 gene were 
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more tumorigenic than the untransfected parent strains [179,180]. The poten­
tial role for virus-induced IL-6 secretion and lymphomagenesis is discussed 
below. 

17. Autocrine/intracrine 

Multiple myeloma is the IL-6 responsive tumor that has been most widely 
studied. There is evidence supporting both autocrine and paracrine sources of 
the IL-6 stimulation ([181,182]; reviewed in [8,9,40]) with most data in favor of 
a predominantly paracrine model (reviewed in [10]). The investigation of the 
growth-stimulatory role of IL-6 in lymphoma is still in its infancy, and a similar 
controversy exists. Some data potentially support both autocrine and 
paracrine roles. 

The first area of investigation that supports an autocrine role for IL-6 in 
lymphoma comes from cell line studies. A number of cell lines proliferate in 
response to the addition of IL-6 [172,173] and also constitutively secrete IL-6 
[172,174]. IL-6 also functions as an autocrine growth factor for EBV-immor­
talized B-cells [183]. In various systems, antibodies to IL-6 have been reported 
to have significant [172,184] or little [174] inhibitory effect on growth. These 
data are consistent with an autocrine growth-stimulatory role for IL-6 in at 
least some instances of lymphoma. The failure of inhibition by exogenous anti­
IL-6 antibodies [174] does not necessarily disprove an autocrine role for IL-6, 
since some cells may respond to intracellular IL-6 without the need for extra­
cellular secretion or binding of the cytokine. This private autocrine loop is 
also known as an 'intracrine' loop. Such activity has recently been shown 
for human myeloma cells [185] and hairy cell leukemia cells in response to 
exogenous TNF [186]. The possible intracrine actions of IL-6 in other 
lymphoproliferative disorders have not yet been explored. 

A number of viruses have been implicated in the development of non­
Hodgkin's lymphomas, predominantly Epstein-Barr virus (EBV) in the 
post-transplantation setting [187,188] and human T-celllymphotrophic virus 
type-l (HTLV -1) [189]. Some recent data suggest that the induction of consti­
tutive expression of IL-6 by the tax gene product in HTL V -1 infected cells may 
be one of the mechanisms by which HTL V -1 induces tumor formation 
[190,191]. 

There are less conclusive clinical data supporting an autocrine role for IL-
6 in non-Hodgkin's lymphomas, but it certainly is implicated. Freeman et a1. 
[19] very clearly demonstrated the expression of the IL-6 gene by Northern 
analysis in approximately 50% of B-cell lymphomas studied. Other studies 
have demonstrated relatively low levels of IL-6 in malignant cells by immuno­
histochemical methods [192-194a], although malignant lymphoma cells cer­
tainly expressed IL-6R in most cases [175,193]. 

Perhaps there is more evidence consistent with an autocrine role for IL-6 in 
Hodgkin's disease. Both the IL-6R and IL-6 gene expression have been dem-
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onstrated in Hodgkin's disease-derived cell lines [194-196]. Hodgkin's cells 
from tissue samples of patients have also shown expression of IL-6 in 50% to 
80% of cases [194,196-199]. There are fewer data available on the expression 
of the IL-6R in primary tissue samples, with the only reported study finding 
expression in 8 of 16 cases [194,196]. These receptors appear to be able to 
mediate cell growth, since exogenous IL-6 was able to greatly enhance the 
proliferation of Hodgkin's-disease-derived cell lines expressing the receptor 
[196]. However, anti-IL-6 antibodies did not inhibit the basal proliferation of 
such cell lines [195]. As discussed above, this finding does not necessarily 
disprove an autocrine role for IL-6 in this setting. 

18. Paracrine 

There is some histopathologic evidence that is more supportive of a paracrine 
role for IL-6 in non-Hodgkin's lymphomas. As discussed above, monocytes 
and macrophages are the major sources of IL-6, and it appears that the total 
amount of IL-6 present in the local lymph node environment may be predomi­
nantly due to macrophage production. Four groups have independently shown 
significantly greater reactive cell IL-6 expression than in malignant lympho­
cytes themselves [192-194,200]. Muller et al. [200] have shown a correlation 
between the proliferative rate of the malignant cells and the degree of IL-6 
expression by reactive macrophages in a group of 121 node biopsies from 
patients with non-Hodgkin's lymphoma. This would be consistent with an in 
vivo paracrine proliferative action of IL-6. 

The only studies of proliferation of lymphoma cells from direct tissue 
samples from patient biopsies failed to demonstrate any stimulatory effect of 
IL-6 on the low-grade MALT lymphoma cells [201]. However, serum levels of 
IL-6 are rarely elevated in patients with low-grade lymphomas, and data in 
intermediate- and high-grade disease are required. 

There are some provocative prospective data on the predictive value of 
serum IL-6 levels and the development of lymphomas both in the post­
transplant setting [202] and in patients infected with the human immuno­
deficiency virus (HIV) [203]. The long lead time prior to the clinical detection 
of the lymphomas in both reports suggest that the link with serum IL-6 level is 
not merely an early manifestation of a preexisting disorder, but truly predicts 
for the subsequent development of malignancy. The B-cell stimulatory prop­
erties outlined above would be consistent with IL-6 playing a promotional role 
in the development of such tumors. 

The primary initiating event in both situations may be a viral infection, with 
most available data supporting a role for EBV [187,188,204]. EBV infection 
induces IL-6 secretion from monocytes [205], and recent data clearly demon­
strate that cyclosporine also enhances IL-6 secretion by T-Iymphocytes and 
potentiates EBV replication, possibly also enhancing tumorigenesis as shown 
for EBV-immortalized cell lines. 
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19. Prognostic significance of IL-6 

The foregoing discussion provides compelling preclinical and clinical grounds 
to suspect that the serum level of IL-6 may provide an easily determined and 
accurate assessment of the likely outcome of patients with aggressive 
lymphoproliferative disorders. The available preliminary data support this 
suggestion. 

The first data supporting the prognostic potential of IL-6 levels came from 
the study of Kurzrock et al. [129] of patients with relapsed Hodgkin's disease. 
Among the 26 patients studied, the median survival of those with increased 
serum IL-6 (~22 pg/ml) was only 10 months, whereas that of the group with 
undetectable serum IL-6 had yet to be reached with a median follow-up time 
of 37.5 months (p = 0.0012). Further studies in patients with uniform treat­
ment are needed to confirm this finding. 

The very high complete remission rate of patients with newly diagnosed 
Hodgkin's disease, coupled with the long natural history, makes it difficult to 
rapidly obtain accurate prospective information on the prognostic significance 
of new parameters. This is applicable to the study of IL-6, where no studies 
with adequate follow-up to accurately assess outcome data have yet been 
reported. The studies of Gause et al. [135,136] have not yet noted any survival 
difference, although the median follow-up of patients was less than two years 
at the time of reporting. Longer follow-up of this cohort is clearly required. 

In contrast, the lower complete remission rate and shorter median remis­
sion duration in patients with aggressive non-Hodgkin's lymphoma make 
prognostic information more rapidly attainable. We used the stored sera of a 
cohort of uniformly staged and treated patients with diffuse large-cell 
lymphoma to explore the prognostic significance of serum levels of IL-6 [134]. 
Fifty-seven patients were studied and treated with an intensive alternating 
anthracycline-based therapy [206]. Seventy-eight percent of the lymphoma 
patients had serum IL-6 levels above the normal range (0-1.9pg/ml). There 
was no significant difference observed in the complete remission rate accord­
ing to the IL-6 level (77% for those with a normal level, compared to 61 % for 
those with elevated levels). With a median follow-up of 25 months (range 7 to 
37 months), those patients with an elevated baseline serum level of IL-6 had an 
inferior relapse-free and overall survival rate (p = 0.042 and p = 0.05, respec­
tively) compared to those patients with normal serum levels of IL-6 (figures 5 
and 6). 

20. Potential therapeutic implications 

Based upon early cell line studies demonstrating inhibition of cell growth [207] 
and supportive data in some animal models [208,209], there was some initial 
enthusiasm for the therapeutic potential of the administration of IL-6. There 
have been no objective responses noted in the phase-l trials reported to date 

190 



GI ... 
..:! 
'co u.. 

'0 
GI 
GI ... u.. 
e: 
~ ... 
0 
c. 
0 ... 
c. 

1.0 

0.8 

0.6 

0.4 ~ 

0.2 

--I • --, 
'­.... -

I­. . 
' . . 
!.. 
• "ll, ..... , 

• !.. -. 
~1. • 

:.-------. 

I I I 

. 

·! ______ LLUl ___ Jl __ J ___ J_J ___ J-L_lL_l ____ l ___ l 

n Fail 

(lL-6 < 1.9 pg/mJ) 13 
(lL-6 ~ 1.9 pg/mJ) 44 

4 
25 

p = 0.042 

0.0 1--_-'-_--1. __ '--_..1-.._-'-_--'-_---.;'--_...1.-_--'-_--1 

o 16 32 48 64 80 

Weeks 

96 112 128 144 160 

Figure 5. Freedom from treatment failure in 57 patients with newly diagnosed and uniformly 
treated diffuse large-cell lymphoma according to their pretreatment serum level of IL-6 (curve 
plotted by Kaplan-Meier method; p = 0.042 by Gehan-Breslow test). (From [134], with 
permission.) 

1.0 

0.8 

GI . :: 
< 0.6 l-
e: 
~ ... 
0 
c. 0.4 0 ... 
c. 

0.2 

0.0 
0 

1 -..... 
--i -i_. I 

----~ 't., 
j ..... 

• .... 
'-, -j.-.. L 1_.- . ... 

" 

n 

(lL-6 < 1.9 pg/mJ) 13 
(lL - 6 ~ 1.9 pg/ml) 44 

16 32 48 64 

I '" 

- -!.J _U 1 L J ••• _U. _L __ J_ J. L -U •• _lL. J ••• L •• _1 

Died 

3 P = 0.05 
22 

. . 
80 96 112 128 144 160 

Weeks 

Figure 6. Overall survival of 57 patients with newly diagnosed and uniformly treated diffuse large­
cell lymphoma according to their pretreatment serum level of IL-6 (curve plotted by Kaplan­
Meier method; p = 0.05 by Gehan-Breslow test). (From [134], with permission.) 

191 



[35-37,67]. Conversely, it now appears that the inhibition of action of IL-6 may 
have beneficial consequences in many tumor types. For example, high serum 
levels of IL-6 are associated with a poor response to therapy and survival in 
patients with multiple myeloma [210,211], renal cell carcinoma [212], ovarian 
cancer [213], and melanoma [214]. Indeed, there has been concern expressed 
regarding the tumor-promoting potential of IL-6, since a number of patients 
have developed rapid unexpected disease progression during administration 
of IL-6 [215]. 

Our increasing understanding of the role of IL-6 in lymphoproliferative 
disorders provides opportunities in two broad areas to improve therapy. 
Firstly, it may allow us to target certain high-risk populations, and secondly IL-
6 may provide a novel therapeutic target in itself. 

The ability to tailor the intensity of therapy to the specific requirements of 
individual patients has become increasingly important. The financial costs, and 
the acute and chronic toxicities of dose-intensive therapies for both Hodgkin's 
disease and non-Hodgkin's lymphoma, demand that these be applied in an 
appropriate manner. It is intuitively obvious that it should be an aim of 
treatment to obtain the best possible outcome for an individual patient at the 
lowest cost and with the least morbidity. In patients with aggressive 
lymphoproliferative disorders, this means aiming to obtain a cure. One of the 
major advances in this field of clinical research is the recognition of specific 
groups of patients where this goal can readily be obtained with standard, 
relatively nontoxic therapies [125-127]. 

Over many years, a number of investigators have repeatedly demonstrated 
the prognostic value of markers such as the ESR, serum ~2-microglobulin, 
serum albumin, and the presence of B-symptoms [125-127,216-219]. These 
relationships suggest that it is possible that many currently recognized prog­
nostic factors may be surrogate measures of the activity of IL-6. Although 
measuring the phenotypic expression of the activity of IL-6 (e.g., 
hypoalbuminemia) may provide as accurate prognostic information, the ex­
ploration of the underlying cause will allow meaningful exploration of the 
biologic relationship between the measured variable and the outcome for the 
patient. Thus, investigation of the role of IL-6 in lymphoproliferative disorders 
will both enhance our ability to select the appropriate therapy for individual 
patients and expand our understanding of the underlying pathobiology of the 
disease. 

Expanding their earlier work using anti-IL-6 antibodies in the therapy of 
myeloma [40], French investigators have recently demonstrated the clinical 
utility of disrupting IL-6 in patients with HIV -associated lymphomas [39]. 
Eleven patients were treated with a murine monoclonal antibody to human 
IL-6 with negligible toxicity. Despite rapidly progressive disease at the institu­
tion of therapy in most patients, stabilization was achieved in five patients, and 
an objective partial remission in one additional patient. Immunization against 
the murine protein was only observed in two of these highly immuno­
compromised patients. More impressive even than the antitumor activity was 
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the amelioration of weight loss and fevers (discussed above). These prelimi­
nary data clearly demonstrate the activity of IL-6 in the growth and systemic 
effects of IL-6 in human lymphomas and provide an impetus for improving the 
potency of binding inhibitors of IL-6 [220] and the efficacy of other interven­
tions to inhibit the activity of IL-6 in vivo. 

In human myeloma cells, exposure to IFN-a or -y downregulates expression 
of the IL-6R, disrupting autocrine growth stimulation [221,222]. There are no 
data available to determine whether such a mechanism has a role in the 
antitumor activity of IFN-a in either low-grade [223,224] or aggressive non­
Hodgkin's lymphomas [225]. Alternative methods of IL-6-directed therapy 
potentially also include the admministration of antibodies capable of blocking 
the IL-6R [226-228], radio- or immunotoxins targeting the IL-6 receptor [229], 
specifically designed ribozymes selectively able to cleave IL-6 mRNA [230], or 
the use of antisense oligonucleotides to inhibit IL-6 gene expression [185,231]. 
This field is rapidly expanding, and new laboratory developments are certain 
to increase the number of therapeutic modalities capable of disrupting the 
actions of IL-6 in vivo available to the clinician. 

21. Unanswered questions 

The investigation of the role of IL-6 in lymphoproliferative disorders is pro­
gressing very rapidly on a number of fronts. At the basic research level, the 
major area of interest is to develop a more accurate and refined understanding 
of the signal-transduction machinery used by the IL-6 receptor system. Of 
particular importance is understanding how such a complex cascade can share 
many components with other cytokine signaling systems and yet still maintain 
the high degree of specificity necessary for the coordinated function of the 
intact organism. 

The biological understanding of the actions of IL-6 remain further ad­
vanced than the knowledge of the clinical relevance of such actions. There are 
at least three major questions to be addressed. Firstly, how is IL-6 related to 
the development of lymphoproliferative disorders? Is its excessive secretion 
and activity directly causative, or does it playa promotional or accessory role? 
Secondly, if IL-6 is pathogenic in the development and proliferation of these 
tumors, is this primarily due to autocrine or paracrine sources? What data are 
available suggest that the mechanism of autocrine secretion will not be simply 
one of gene translocation - for example, as seen with c-myc in Burkitt's 
lyphoma. The IL-6 gene locus is very rarely involved in the translocation 
events documented in patients with lymphomas. The mechanism of constitu­
tive autocrine secretion may be due to the disruption of the complex regula­
tory factors normally responsible for the control of gene expression. 

The third, and most directly clinically applicable question, is what benefits 
effective abrogation of the actions of IL-6 will have both on systemic disease 
manifestations and on disease growth and progression in patients with malig-
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nant lymphoproliferative disorders. It is unclear what proportion of malignant 
lymphomas (Hodgkin's and non-Hodgkin's) are dependent upon IL-6 for 
viability and proliferation, as opposed to simply possessing the capacity to 
proliferate in response to IL-6, in addition to other growth-stimulatory mol­
ecules. In the former case, intervention aimed at disruption of IL-6 may be 
potently cytoreductive. Conversely, in the latter case, even the most effective 
blocking of IL-6 activity will not result in meaningful tumor regression. 

Regardless of the ultimate effectiveness of IL-6-directed therapy in 
lymphoproliferative disorders, a more complete understanding of the involve­
ment of this pleotropic cytokine in both normal and malignant lymphoid cell 
biology will enhance our knowledge of the pathogenesis of malignant transfor­
mation and also improve our understanding of the causes for the clinical 
manifestations of these diseases, the great heterogeneity in responsiveness to 
cytotoxic-based therapy, tretament-related toxicity, and ultimately outcome. 
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10. Autologous bone marrow transplantation for 
leukemia and lymphoma 

Koen van Besien and Sergio Giralt 

1. Introdnction 

The hematologic malignancies, namely, acute and chronic leukemias and 
lymphomas, are among the most chemosensitive malignancies. Responses and 
complete remissions occur in the majority of patients with lymphoma and 
leukemia. Unfortunately, recurrence usually follows, indicating the persis­
tence of cancer cells with a higher degree of resistance. For many chemothera­
peutic agents, however, there is a steep dose-response curve. This is 
particularly true for alkylating agents, for which any level of in vitro resistance 
can be overcome by dose escalation [1-3]. The concept of dose intensity has 
been applied in clinical medicine by dose escalation of selected agents to 
maximally tolerated levels. The agents utilized have myelosuppression as their 
dose-limiting toxicity. The dose is increased to a level that is considered 
myeloablative, and patients are rescued by infusion of previously collected 
blood and marrow stem cells. A large number of pilot studies in the 1980s 
established the feasibility of this approach in selected patients with hemato­
logic malignancies. In recent years, improvements in supportive care and in 
stem cell collection and purging techniques have increased the applicability of 
high-dose chemotherapy. In addition, recent results of prospective studies, 
some of them randomized, have better defined the efficacy of this procedure 
for various malignancies. 

This chapter will provide an overview of the current clinical experience with 
high-dose chemotherapy and autologous bone marrow transplantation in 
hematologic malignancies, particularly with reference to 
1. acute myelogenous leukemia, 
2. acute lymphoblastic leukemia, 
3. chronic myelogenous leukemia, 
4. aggressive lymphoma, 
5. low-grade lymphoma, 
6. chronic lymphocytic leukemia, and 
7. Hodgkin's disease. 
The chapter ends with some conclusions and suggestions for future 
directions. 

E.J Freireich and H. Kantarjian (eds.), MOLECULAR GENETICS AND THERAPY OF LEUKEMIA. 
Copyright © 1996. Kluwer Academic Publishers, Boston. All rights reserved. 



2. Autologous bone marrow transplantation in acute 
myelogenous leukemia (AML) 

Allogeneic bone marrow transplantation (BMT) was long considered the 
optimal treatment for many patients with AML [4). However, the lack of 
available donors and the considerable problems associated with this procedure 
make it available to only a minority of patients [5]. Autologous bone marrow 
transplantation has therefore been investigated as an alternative treatment 
and has emerged as a promising strategy. ' 

2.1. Autologous bone marrow transplantation for refractory 
AML and AML in relapse 

Many patients with recurrent leukemia fail to respond to salvage chemo­
therapy. Such patients can be cured in approximately 20% of cases by alloge­
neic bone marrow transplantation, including some who never achieved 
remission [6,7]. With similar conditioning regimens and the infusion of synge­
neic marrow, long-term disease-free survival was achieved in 8 of 34 patients 
with refractory leukemia [8]. 

For those who lack an HLA-identical or syngeneic donor, high-dose che­
motherapy and reinfusion of marrow obtained in first remission has been 
attempted. This led in early studies to a high rate complete remissions [9-14]. 
With few exceptions [12-14], those remissions were not durable. It is conceiv­
able that in the future, different conditioning and marrow purging techniques 
could result in a better outcome for patients with recurrent AML and make 
this approach more generally available. 

One example of an innovative approach was reported by Meloni et al. [14]. 
They treated three patients with high-dose chemotherapy and bone marrow 
transplant as induction treatments at the time of first recurrence. These treat­
ments were then successfully consolidated with high-dose cyclophosphamide 
and TBI, followed by infusion of marrow that was collected in second 
remission. 

2.2. Autologous BMT for AML in second or subsequent remission 

Patients with recurrent leukemia can occasionally achieve a second remission, 
but when treated with chemotherapy alone, they usually relapse, although a 
small subset may achieve prolonged remissions. Allogeneic BMT may im­
prove the outcome, but is available to only a minority of patients. Consolida­
tion of second remission with autologous BMT has been attempted in a 
number of small and several large prospective studies (for an overview of 
published results, see table 1). We will present in some detail the results of the 
largest and most recent prospective studies. 

Chopra et al. [12] present data on 34 patients who underwent autologous 
bone marrow transplantation for recurrent AML between 1985 and 1989. 
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Twenty-five were in second remission and nine were in untreated first relapse. 
The data were obtained in a retrospective fashion from 12 centers in Great 
Britain. The conditioning regimen consisted of busulfan 16mg/kg and cyclo­
phosphamide 200mg/kg in 19 patients and of busulfan 16mg/kg and 
cyclophosphamide 120mg/kg in 15 patients. All patients received unpurged 
marrow. Twelve of 25 patients grafted in second remission remained free of 
disease with a median follow-up of 26 months (range 8-62 months). For 10 
patients, the duration of second remission exceeded that of first remission. 

Meloni et al. [15] reported 24 patients who underwent autologous BMT as 
consolidation of second remission between 1984 and 1988. The chemotherapy 
schedules that were used to induce first and second remission varied. All 
patients received the BV AC conditioning regimen prior to autologous BMT, 
consisting of carmustine 800mg/m2, amsacrine 150mg/m2, etoposide 450mg/ 
m2, and cytarabine 900mg/m2. All patients received unpurged marrow. There 
was one treatment-related death. Eleven of 21 patients remained alive and 
free of disease, with a median follow-up of 40 months (range 24 to 63). For 
those 11 patients, the duration of second remission exceeded that of first 
remission. Their experience was recently updated [16],60 patients have been 
autografted in second remission since 1984. Event-free survival projected at 10 
years is 41 %. 

Linker et al. [17] reported 26 patients who underwent autologous BMT as 
consolidation of second or third remission between 1986 and 1992. The che­
motherapy schedules that were used to induce first and second remission 
varied, but two thirds of the patients had relapsed after previous exposure to 
high-dose cytarabine. All patients received busulfan 16mg/kg and etoposide 
60mg/kg as a conditioning regimen prior to autologous BMT. Marrow was 
purged with 4-Hydroperoxycyclophosphamide (4HC). In all patients, marrow 
was collected during the remission immediately preceding BMT. There were 
nine treatment-related deaths. Thirteen patients continue in remission, with a 
median follow-up of 22 months (range 3 to 56 months). 

Chao et al. [18] reported 12 patients who received busulfan and etoposide 
as conditioning for autologous bone marrow transplantation in second remis­
sion. Three received unpurged marrow, and nine received marrow purged 
with 4HC. Ten patients continue in remission, with a median follow-up of 31 
months. 

Laporte et al. [19] reported 20 patients who underwent autologous BMT as 
consolidation of second or third remission between 1983 and 1993. All patients 
received cyclophosphamide 60mg/kg and TBI as conditioning regimen prior 
to autologous BMT. Marrow was purged with mafosfamide. With a median 
follow-up of 64 months, leukemia-free survival was 34% + 11 %. 

Korbling et al. [20] reported 30 patients who underwent autologous BMT as 
consolidation of second (22), third (5), or fourth (2) remission. All patients 
received hyperfractionated TBI and cyclophosphamide 200mg/kg as a condi­
tioning regimen prior to autologous BMT. Marrow was purged with 
mafosfamide. There were two treatmentrelated deaths. Actuarial disease-free 
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survival is 34 % with a median follow-up of 19 months. In 11 of 30 patients, the 
remission duration after BMT exceeded that of their first remission. 

These reports are representative of the majority of publications in this field. 
Most reports concern small groups of highly selected patients, accrued over a 
prolonged period of time. It is unlikely that such patient populations are 
representative of leukemia patients in general. Although it is undoubtedly true 
that prolonged disease-free survival can be obtained in some patients, it is far 
from clear which patients benefit most and whether autologous bone marrow 
transplantation is truly superior to salvage chemotherapy. Most reports pro­
vide information on the delay between remission and transplant, which ac­
counts for bias due to time censoring [21]. Information on other important 
prognostic features, especially cytogenetics, is usually lacking. The exact im­
pact of autologous BMT in the treatment of recurrent leukemia therefore 
remains difficult to assess. 

High-dose chemotherapy and autologous bone marrow transplantation in 
second remission is not a trivial procedure. Hematopoietic recovery is slow, 
with delays in platelet recovery and neutrophil recovery commonly occurring 
[19]. The delayed hematopoietic recovery is probably caused by a disease­
specific defect in the hematopoietic precursors, but is accentuated by the use 
of purging techniques [19]. It predisposes to infectious and toxic complications 
and leads to treatment-related mortality ranging from 5% to 33%. 

2.3. Autologous BMT for AML in first remission 

With modern chemotherapy, a substantial fraction of younger patients with 
AML can be cured [22]. The cure rates depend on prognostic features such as 
cytogenetic abnormalities associated with the disease, white blood cell counts 
at diagnosis, and response to initial chemotherapy. 

There are a number of reports on autologous BMT in first-remission AML, 
with disease-free survival rates ranging from 33% to 66%. Although appar­
ently superior to results of chemotherapy, these results are heavily influenced 
by time censoring and patient selection. 

Linker et al. [17] report a disease-free survival of 100% for 15 patients with 
M3 or M4EO consolidated in first remission. For 17 patients with other FAB 
subtypes, actuarial relapse rate at three years was 48%. Meloni et al. [16] 
report a disease-free survival of 0 among 32 patients with high-risk disease 
(post-MDS, secondary leukemia, or two cycles to CR) as opposed to 42% 
among 127 patients with standard-risk AML. In other reports, details on 
prognostic features are often lacking. 

The issue of patient selection has been addressed in several prospective 
studies confirming various consolidation modalities. 

In the Dutch prospective study [23], (table 2), all patients received induc­
tion therapy consisting of an anthracycline and cytarabine :±:: thioguanine, 
followed by one consolidation treatment with the same agents. Patients under 
age 46 who had an HLA-matched sibling donor then underwent allogeneic 
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BMT; the others underwent bone marrow harvest, one additional cycle of 
consolidation treatment, and autologous BMT with unpurged marrow. Of 117 
patients entered into the protocol, 90 achieved complete remission. Twenty­
three (23%) underwent allogeneic bone marrow transplantation. Thirty-two 
(36%) underwent an autologous bone marrow transplantation, and 37 (41 %) 
were not transplanted for reasons such as early relapse (n = 18), insufficient 
graft (n = 3), refusal (n = 6), and other reasons (n = 10). The actuarial three­
year relapse-free survival was 51 % for those undergoing allogeneic BMT and 
35% for those undergoing autologous BMT (p = 0.12). For those patients who 
did not undergo BMT, disease-free survival was extremely poor. 

Ferrant et al. [24] reported a single-institution study with a similar design. 
Of 107 patients entered, 96 achieved complete remission. Twenty-four pa­
tients had an HLA identical sibling, and 20 underwent an allogeneic BMT in 
first remission (the upper age limit for allogeneic BMT was 56 in this study). 
Thirty-three patients (44% of the first-remission patients) underwent autolo­
gous BMT in first remission. Forty-three patients in first remission (48% of the 
first-remission patients) were not transplanted, for reasons such as early re­
lapse (n = 9), refusal (n = 11), or medical problems (n = 23). The four-year 
leukemia-free survival was 71 % for allogeneic BMT recipients and 31 % for 
recipients of autologous BMT (p = 0.028). An 'intention to treat' analysis 
shows a leukemia-free survival of 53% for those who had a donor and of 16% 
for those who lacked a donor (p = 0.003). 

Both studies showed a benefit for allogeneic bone marrow transplanta­
tion over autologous BMT. They also illustrated the selection process, 
limiting the availability of autologous BMT to a minority of patients with acute 
leukemia. 

Four randomized studies have compared autologous BMT with intensive 
consolidation chemotherapy for patients who lack an HLA identical donor 
(table 3). In a French study [25], patients in first remission received one 
consolidation treatment and were then randomized to double autologous bone 
marrow transplantation or to four cycles of intensive chemotherapy. Three of 
15 patients randomized to undergo autologous BMT were not transplanted. In 
an 'intention to treat' analysis, disease-free survival was significantly better for 
allogeneic BMT (61%) than for autologous BMT (41 %) or for intensive 
chemotherapy (16%). The difference in disease-free survival between 
autologous BMT and intensive chemotherapy was marginally significant 
(p = 0.06). 

In the GOELAM study [26], patients in first remission who had an HLA 
identical sibling underwent allogeneic BMT. All others received one consoli­
dation treatment with high-dose cytarabine and were then randomized to 
high-dose chemotherapy and autologous BMT or to a second intensive con­
solidation. The four-year disease-free survival was 48% for allogeneic BMT, 
59% for intensive chemotherapy, and 52% for autologous BMT. None of the 
three treatment arms was significantly superior. 

In the MRC trial [27], all patients received two inductions followed by two 
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consolidation treatments. Those with an HLA-identical sibling underwent 
allogeneic BMT; the others were randomized between autologous BMT and 
no further treatment. Eighteen hundred patients were accrued to the trial. In 
a preliminary analysis of 766 patients in first remission, disease-free survival 
was not significantly different between the three treatment arms. 

Zittoun et al. [189] reported a cooperative study by the EORTC and 
GIMEMA groups. Patients received one or two induction treatments followed 
by one intensive consolidation. Those with an HLA-identical donor then 
underwent allogeneic BMT. The others were randomized between autologous 
BMT and consolidation with one additional round of intensive chemotherapy. 
Overall survival and disease-free survival were respectively 59% and 55% for 
those assigned to allogeneic BMT, 56% and 48% for those assigned to 
autologous BMT, and 46% and 30% for those assigned to intensive chemo­
therapy, Overall survival was not significantly different between the treatment 
arms. Disease-free survival was significantly superior for those undergoing 
autologous BMT compared with those receiving intensive consolidation. This 
is the only large multicenter trial that has been reported in detail. It is 
characterized by a median age of 33 years and a large percentage of patients 
not completing the assigned treatments. In fact, only 343 of 424 (81 %) 
patients assigned to a consolidation treatment completed the treatment as 
assigned. 

Finally, in a retrospective review of patients reported to the International 
Bone Marrow Transplant Registry and to the North American Autologous 
Bone Marrow Transplant Registry, Keating et al. [29] found no difference in 
two-year leukemia-free survival between patients undergoing autologous 
BMT or allogeneic BMT in first remission. 

The results of these trials and of the registry review by Keating et al. 
therefore fail to establish a role for autologous BMT in first remission. Most 
studies, in fact, indicate a recurrence rate that is substantially higher after 
autologous BMT than after allogeneic BMT. It is, however, not excluded that 
autologous BMT may benefit selected patient subgroups. Only careful analysis 
of prognostic features in large patient populations will be able to demonstrate 
this. It should also be kept in mind that unpurged bone marrow was used in the 
prospective studies and in most patients reported to the registry. As discussed 
below, it is likely that leukemic cells contained in the marrow contribute to 
recurrence, and conceivably results could be improved with adequate purging 
techniques. 

2.4. Bone marrow purging 

AML involves the marrow, and even at the time of complete remission, a small 
number of viable tumor cells remain in the marrow and may contaminate a 
bone marrow harvest. Several lines of evidence suggest that, at least in some 
cases, these cells contribute to recurrence. The Baltimore team first showed 
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that in vitro treatment of the bone marrow as assessed by the elimination of 
CFU-GM colonies was associated with a significant decrease in relapse [30]. 
Later, the same team correlated the sensitivity to 4HC of clonogenic leukemia 
cells grown in remission with the posttransplant outcome [31]. 

Experiments utilizing retroviral marking of infused unpurged bone marrow 
cells indicate that infused stem cells contribute to long-term hematopoiesis 
and that reinfused leukemic cells can contribute to recurrence [32] Elimina­
tion of these leukemic cells from the bone marrow prior to reinfusion may 
therefore substantially reduce the risk of recurrence and has been attempted 
by a number of investigators. 

The most common way of purging marrow consists of incubating it with a 
chemotherapeutic agent. In the U.S., 4-Hydroperoxycylophosphamide is the 
most commonly utilized agent [31]. In Europe, mafosfamide, another cyclo­
phosphamide derivative, is used [33]. Typically, cells obtained at bone marrow 
harvest are incubated with the chemotherapeutic agent for a predetermined 
period of time at a fixed concentration. These chemotherapeutic agents affect 
normal stem cells as well as leukemic cells. Typically, this procedure will lead 
to an elimination of all mature CFU-GM and will affect the rate of engraft­
ment. One group has adapted this technique to allow adjustment of the 
mafosfamide dose to the sensitivity of the leukemic cells [33]. Such an ap­
proach, although cumbersome, may be important for determining the efficacy 
of purging methods [19]. 

Other methods of purging include the use of monoclonal antibodies di­
rected against the leukemic cells. The immunophentypic heterogeneity of 
myeloid blasts makes such an approach applicable only to selected patients 
[34,35]. CD33 is an antigen expressed on the surface of leukemia cells of 
approximately 90% of patients with AML and may therefore be more widely 
applicable. Its use was associated with delayed but durable engraftment [36]. 

Newer methods, currently in phase I trials, rely on stimulation of LAK cells 
by in vitro incubation with interleukin-2 [37,38]. 

Finally, double autologous bone marrow transplantation with repeat har­
vest after the first conditioning has also been used [25,39]. The first intensive 
conditioning is meant to eradicate minimal residual disease and therefore can 
be considered as 'in vivo' purging. In at least one report, those patients who 
underwent double transplantation had a better outcome than comparable 
patients who did not undergo the second transplant [39]. 

None of the purging techniques has been tested in a randomized fashion, 
and convincing evidence of a contribution to improved disease-free survival is 
lacking. There is, however, substantial indirect evidence of their effect. An 
analysis from the European Bone Marrow Transplant Registry [40] indicated 
that purging of marrow with mafosfamide benefits subpopulations of patients, 
especially those transplanted early after achieving remission and slow 
remitters. Strikingly, among patients transplanted in first CR, late relapses (> 1 
years post-BMT) occurred only in those receiving unpurged marrow. Chao et 
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al. [18] also found that for patients treated with busulfan and etoposide, 
recurrence was lower among those receiving chemopurged marrow. 

2.5. Stem cells 

The use of peripheral blood stem cells is based on the observation that pluri­
potent stem cells reside in the peripheral blood and that they may cause 
persistent hematopoiesis [41]. The combination of growth factors and inten­
sive chemotherapy allows the rapid collection of large numbers of hemato­
poietic progenitor and stem cells, which assures rapid and permanent 
hematopoietic recovery after high-dose chemotherapy. This significantly re­
duces the morbidity and mortality associated with this procedure. Early trials 
of its use in AML resulted in a rather high recurrence rate, possibly due to 
contamination of the stem cell product with leukemic cells [42,43]. 

Techniques of stem cell collection are rapidly evolving, allowing collection 
of the total number of required cells within a few collections in the majority of 
patients. It is foreseeable that in the near future single large-volume pheresis 
will be possible. Such developments will make purging of stem cell products 
feasible and may make peripheral blood stem cell transplantation the proce­
dure of choice for patients with AML. 

3. Autologous bone marrow transplantation in acute lymphocytic 
leukemia (ALL) 

Autologous bone marrow transplantation for ALL was initially undertaken 
more than a decade ago. The results vary considerably depending on the stage 
of the disease and other factors such as age and type of ALL (determined by 
cytogenetic and immunophenotypic characteristics) 

Pediatric ALL is a highly curable disease, and therefore transplant is rec­
ommended only for patients with recurrent disease and for occasional patients 
with high-risk features such as a high white blood cell count at diagnosis, 
hypodiploid cytogenetics, or the presence of t(9;22) or t( 4;11) [44,45]. Adult 
ALL has a less favorable prognosis. In particular, patients with high white 
count at diagnosis and those with particular cytogenetic features such as 
Philadelphia chromosome (approximately 20% of adults with ALL) have a 
poor prognosis with conventional chemotherapy [46]. Investigational treat­
ments are justified, and autologous BMT has been attempted for those who 
lack HLA identical donors. As in other malignancies, the original conditioning 
regimens were derived from those used for allogeneic BMT and included 
cyclophosphamide and TBI. Other chemotherapeutic agents such as etoposide 
and cytarabine have sometimes been added in an effort to increase the efficacy 
of the chemotherapy. Combinations of TBI with other agents such as 
melphalan [47] or VM26 [48] have also been tested, with encouraging early 
results. 
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3.1. Autologous bone marrow transplantation in recurrent ALL 

Results of recently published trials are summarized in table 4. As can be noted, 
the results vary widely. For patients with recurrent disease, disease-free sur­
vival ranges between 10% and 50%. The results are affected by differences in 
conditioning and in the method of marrow purging, but most importantly by 
patient selection. The best results have been obtained in pediatric patients 
who relapsed after a prolonged first remission [44]. Some subgroups of pa­
tients with very long initial remissions had up to an 80% disease-free survival 
after autologous BMT. For patients with short initial remissions, disease-free 
survival was limited. 

3.2. Autologous bone marrow transplantation for ALL in first remission 

A number of patients with ALL have undergone bone marrow transplantation 
as consolidation of first remission. The results are summarized in table 4. 
Disease-free survival ranges from 21 % to 66%. As in AML, the results are 
influenced mainly by patient selection. In those studies focusing on the high­
risk patients, the outcomes are typically poor [49]. It therefore appears that 
high-risk patients do not benefit from autologous bone marrow transplanta­
tion. It is, however, possible that autologous BMT benefits other subgroups of 
patients. This issue has been addressed in two European prospective studies 
[50,51]. In one study [51] patients with ALL in first remission who had an 
HLA-identical sibling were consolidated with allogeneic BMT. All others 
underwent autologous BMT after conditioning with cyclophosphamide 
and TBI, followed by a randomization to maintenance interleukin-2. Of the 
135 patients were registered, 126 achieved remission and 120 were HLA typed. 
Forty-three had an HLA identical sibling and underwent allogeneic BMT; 
77 were to receive autologous BMT, of whom 30 were randomized to 
receive interleukin-2. Event-free survival was 68% for those undergoing allo­
geneic BMT, 29% for those receiving autologous BMT + interleukin-2, 
and 27% for those undergoing autologous BMT without interleukin-2 
maintenance. 

In the LALA87 trial [50], patients in first remission with a sibling donor 
underwent allogeneic BMT. Those without a donor were randomized to fur­
ther chemotherapy vs. autologous BMT. Ninety-six patients were randomized 
to chemotherapy and 95 to autologous BMT. In this study, no significant 
difference was observed between any of the three treatment arms when the 
results were analyzed on an intention-to-treat basis. However, for patients 
with high-risk features, there was a trend for an improved outcome after 
allogeneic BMT. When comparing autologous BMT vs. chemotherapy, the 
incidence of late relapse was decreased among those undergoing autologous 
BMT. 

At present, there is no clear indication for autologous bone marrow trans­
plantation in first-remission ALL. While allogeneic bone marrow transplanta-
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tion seems to benefit at least a fraction of patients that are incurable with other 
treatments [52,53], such a patient population has not been identified for au­
tologous BMT. Application of this procedure to all patients in first CR does 
not appear to improve their outcome and cannot be recommended outside an 
investigational protocol. 

3.3. Marrow purging in ALL 

In ALL, as in AML, it is likely, though unproven, that residual leukemia cells 
contaminate the marrow and contribute to recurrence in patients undergoing 
autologous BMT. For this reason, virtually all BMT studies in ALL have 
utilized purging of autologous marrow with either monoclonal antibodies plus 
complement [54,55], immunotoxins [56,57], antibody-bead immunoconjugates 
[58], or pharmacologic agents such as mafosfamide [19] or 4HC [59,60]. 

The phenotype of B-cell or pre-B-cell ALL is fairly well defined and uni­
form, thus allowing the application of a monoclonal antibody technique to the 
majority of patients. Typically, antibodies are directed against lymphoid anti­
gens that spare myeloid hematopoietic progenitors. Such antigens include 
CD9, CDlO, CD19, and CD24 [44]. Antibodies used for purging of T-cell 
leukemias have targeted antigenic determinants with broad reactivity. These 
include CDS and CD7 and have been used alone or in combination with 4HC 
[57,61]. Randomized studies of purging agents are not available; therefore, the 
exact contribution of purging in preventing disease recurrance cannot be 
accurately assessed. It is likely that purging, by eliminating residual leukemia 
cells, contributes to cure in some patients. Similarly, in other patients, residual 
leukemia is probably responsible for recurrence, as has been suggested by 
studies correlating the pretransplant leukemia burden with recurrence [62]. 

4. Autologous bone marrow transplantation in chronic myelogenous 
leukemia (CML) 

The natural history of CML involves an indolent chronic phase followed by a 
disease acceleration or a blast crisis that is rapidly fatal. Conventional chemo­
therapy has not resulted in prolonged survival or duration of the chronic 
phase. Newer approaches involving interferon chemotherapy have resulted in 
prolongation of the chronic phase and an improved survival for a minority of 
patients [63]. But allogeneic and syngeneic bone marrow transplantations 
remain the only curative treatment modalities for CML [64]. Cure is effected 
by dual mechanisms in allogeneic BMT. One mechanism is cytoreduction by 
high-dose chemoradiotherapy, and the other is a poorly defined graft vs. 
leukemia effect that contributes to eradication of minimal residual disease. In 
syngeneic BMT, graft vs. leukemia effects are not present, and although the 
cure rates are lower than with allogeneic BMT, they are still in the range of 
40% [65,66]. 
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4.1. Autologous bone marrow transplantation for CML in chronic phase 

Autologous BMT for CML in chronic phase relies on the following concepts: 
(1) the results of syngeneic BMT could be imitated if the patients could be 
provided with a stem cell rescue product that contains only nonmalignant 
hematopoietic progenitors; and (2) if no complete eradication of the leukemic 
clone can be achieved, a massive reduction in tumor cell burden will reduce 
the number of target cells for secondary mutational events, and thus delay the 
onset of blast crisis. 

Different methods have been used for purification of benign hematopoietic 
cells in CML. Some are nonspecific and based on in vitro growth advantages 
for normal progenitors [67] or on collection of cells during the transient phase 
of Philadelphia negative hematopoiesis that is sometimes achieved after in­
tensive chemotherapy [68-70]. Other methods rely on differences in 
immunophenotype between Philadelphia positive cells and normal hemato­
poietic progenitors [71-73]. Finally, in recent experiments, antisense oligo­
nucleotides are used directed against the BCR-ABL gene or against the MYB 
oncogene [74,75]. 

The results of autografting of CML in chronic phase are summarized in 
table 5. Early studies were performed with bone marrow or peripheral blood 
cells collected during the chronic phase of the disease. Such an approach 
resulted in rapid engraftment in most patients and the appearance of 
Philadelphia negative hematopoiesis in some. Occasionally, failure of engraft­
ment has occurred. Cytogenetic remissions were usually partial and transient, 
and there is conflicting evidence on whether autologous bone marrow 
transplantation with unpurified marrow leads to a survival benefit for the 
patients. 

Hoyle et al. [76] recently published an update on the British experience 
with 21 patients treated between 1984 and 1992 for CML in the chronic phase. 
Twelve of these patients survived at a median of 82 months from the time of 
autografting (range 9 to 105 months), six died of leukemia in transformation, 
and three died from other causes. Autografted patients had a significantly 
longer survival at five years postautograft than chemotherapy patients (56% 
vs. 28%). Eleven of 17 patients who had cytogenetic analyses performed in the 
first six months after transplantation had some Philadelphia-negative cells 
detected. After 12 months, only three patients had Philadelphia-negative cells. 

Mc Glave et al. compiled results from seven different centers [77]. Approxi­
mately 40% of the patients transplanted in chronic phase achieved a pro­
longed survival. 

On the other hand, Khouri et al. [78] compared patients undergoing autolo­
gous BMT for CML chronic phase with patients who were concurrently 
treated without transplantation. Patients were matched for prognostic features 
such as age, decade of therapy, and response to interferon. No significant 
improvement in survival could be found for those undergoing bone marrow 
transplantation. Therefore, at the current time, autologous BMT for CML in 
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the chronic phase remains an investigational treatment and should not be 
applied outside the setting of a clinical trial. 

On the other hand, there are good indications that the use of Philadelphia­
negative, or partially Philadelphia-negative stem cell products will contribute 
to prolongation of remissions after autologous BMT. Indeed, in our experi­
ence, a direct correlation could be observed between the level of Philadelphia­
negative cells in a bone marrow or stem cell product and the percentage of 
Philadelphia-negative cells after transplant in the patients [79]. In addition, the 
Italian and Swedish experience with Philadelphia-negative products obtained 
after intensive chemotherapy [68,80,81] and the Canadian experience with in 
vitro cultured marrow indicate the frequent occurrence of cytogenetic remis­
sions and achievement of prolonged hematologic remissions in small groups of 
patients [67]. McGlave et aI., utilizing interferon treated marrow, also ob­
tained a high incidence of transient cytogenetic remissions. With current tech­
nologies, cytogenetic remissions are still transient, and it is unlikely that any of 
the patients thus treated are cured. It can be hoped that further improvements 
in cell manipulation techniques will ultimately result in the procurement of 
products containing only normal hematopoietic progenitors, which may result 
in restoration of permanent normal hematopoiesis. 

4.2. Autologous bone marrow transplantation for CML in accelerated phase 
or blast crisis 

Autologous BMT has frequently been attempted in transformed CML in an 
attempt to eradicate the transformed clone and to return the patient to a 
chronic phase. Since the original report by Buckner et al. [82], a number of 
cases have been reported of autologous bone marrow transplantation for 
CML in blastic phase with marrow collected during the initial chronic phase of 
the disease. The majority of these reports are summarized in table 6. While 
such approaches have usually resulted in rapid engraftment and a return to 
chronic phase, transformation has usually rapidly reoccurred. This result is not 
surprising, given the equally poor results obtained with allogeneic bone mar­
row transplantation in this disease [63]. 

Reiffers et al. [83] indicated that treatment with interferon alpha could 
prolong the duration of the second chronic phase after autologous BMT and 
prolong the median survival to approximately 19 months after transplantation. 
The use of Philadelphia-negative products, obtained after intensive chemo­
therapy [68,79,80] or by in vitro culture [67], has resulted in the achievement 
of more prolonged hematologic and cytogenetic remissions in some patients. 
Therefore, it can be hoped that, as in chronic-phase CML, further improve­
ments in stem cell purification techniques will result in better outcome for 
transplantation even in this disease. Given the extreme chemotherapy resis­
tance of transformed CML, it has to be anticipated, however, that despite 
infusion of benign hematopoietic progenitors, recurrence may often occur due 
to endogenous leukemia cells surviving the conditioning. 
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5. Autologous bone marrow transplantation in intermediate and high-grade 
non-Hodgkin lymphoma (NHL) 

5.1. Outcome of high-dose chemotherapy and conditioning regimens in 
recurrent lymphoma 

Patients with recurrent NHL have a poor prognosis with conventional dose 
salvage treatment. Complete remission rates of approximately 30% can be 
achieved, but only 25% of the complete remissions are durable [26]. When 
patients with chemosensitive recurrences are consolidated with high-dose che­
motherapy, cure rates of 30% to 50% have been reported [75,84-95]. The 
mortality ranges from 5% to 20% and depends heavily on patient selection. 
Result of several large studies are summarized in table 7. These studies include 
a majority of patients with intermediate grade and immunoblastic lymphoma, 
but also a substantial number of patients with other disease histologies. Many 
different conditioning regimens have been used. Some are based on regimens 
used for allogeneic BMT and use combinations of cyclophosphamide and TBI 
[58,85,86,89,96-101]. In some regimens, cyclophosphamide has been com­
bined with or replaced by other drugs such as etoposide [75,95,102], melphalan 
[58,103], or cytarabine [87,97,104]. TBI-containing regimens are effective but 
also potentially toxic, especially when used in patients who have previously 
received radiation to the lung and mediastinum [105]. Pulmonary complica­
tions seem to be even more frequent when cytarabine has been incorporated 
in TBI-containing regimens [87,97,104]. An increased incidence of secondary 
hematologic disorders has also been associated with the use of TBI -containing 
regimens [70]. 

Chemotherapy-based regimens have several advantages, including ease of 
administration and potentially reduced side effects. A commonly used regi­
mens is the BEAC regimen consisting of high-dose BCNU, cytarabine, 
etoposide, and cyclophosphamide [92,93,106]. Although highly effective, this 
regimen has been associated with a high incidence of cardiac and pulmonary 
toxicity [92,93]. This is possibly due to the association of BCNU and 
cyclophopshamide with cytarabine, and was also noted with the BACT and 
TACC regimens [93,107-109]. BVAC is similar to BEAC, but with a dose 
reduction in cyclophosphamide and an increase in the doses of BCNU and 
cytarabine. In one report, it was associated with a high incidence of fatal sepsis 
in patients with NHL (9 out of 21 patients) [110]. The CBV regimen, a 
combination of carmustine, etoposide, and cyclophosphamide, has not been 
associated with excessive toxicity [94]. BEAM has been used frequently in 
Europe [91,111]' In it, cyclophosphamide has been replaced with high-dose 
melphalan. Other regimens incorporate platinum compounds: examples 
include cisplatinum, etoposide, and cyclophosphamide (CVP) [112-114], 
ifosfamide, carboplatin, and etoposide [115]; and cyclophosphamide, 
carboplatin, and etoposide [116]. Such regimens are active and have a low 
treatment-related mortality. Busulfan and cyclophosphamide have been rarely 
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used as conditioning regimens for non-Hodgkin's lymphoma [117]. Recently, 
we have used the combination of busulfan, cyclophosphamide, and thiotepa 
in a group of patients with end-stage lymphoma [118]. Grade 3-4 toxicity 
occurred in 14% of the patients treated at the highest dose level. Disease­
free survival at 18 months was 35%. 

5.2. Prognostic factors in transplantation for recurrent lymphoma 

Several prognostic features for the outcome of high-dose chemotherapy and 
autologous BMT for lymphoma have been recognized. Those patients with 
disease that does not respond to salvage chemotherapy usually do not benefit 
from intensification treatment [84,89,90,92-94,102,105]. Performance score at 
the time of transplantation is another important predictor for the outcome of 
BMT, but may be related to the stage and responsiveness of the disease 
[89,96]. 

Several other features have been recognized that allow a more adequate 
separation for good and poor prognosis patients. Vose et al. [90] constructed 
a prognostic model based on four parameters. Those with a tumor mass of 
10cm or more, or with two of the following characteristics: elevated LDH; 
chemotherapy resistance; or three or more prior chemotherapy regimens, had 
a three-year failure-free survival of 10% compared with a 45% three-year 
failure-free survival in other patients. In the good prognosis group, failure-free 
survival was significantly better for those receiving peripheral stem cell trans­
plantation as opposed to bone marrow transplantation. 

Appelbaum et al. [105] identified a group of patients with advanced disease 
who had a poor prognosis. This group included those with refractory disease 
and those with more than one prior recurrence. 

In other studies, similar or slightly different prognostic variables have 
been identified [92-94,102,119]. Outcome of autologous BMT is in all studies 
related to tumor bulk, measured by either LDH [90,93] or tumor size [90], 
and to the chemosensitivity of the disease, as identified by the number of 
recurrences [90,93,105], the response to the last chemotherapy [90,92-
94,96,102,105], or in some studies disease histology [94]. Other important 
predictors of outcome include the performance score [89,119] and a 
history of prior chest irradiation when TBI containing regimens are used 
[89,119]. 

Finally, an intriguing observation was reported by the Nebraska group, who 
found that in good-prognosis patients, recurrence rates were lower after pe­
ripheral stem cell transplantation compared with autologous bone marrow 
transplantation [90]. This finding has been attributed to a possible immune 
effect of lymphocytes infused during autologous stem cell transplant. In an 
analysis of patients with Hodgkin's disease treated at the same institution, 
no difference in outcome was found between stem cell and bone marrow 
recipients [95]. 
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5.3. Chemotherapy vs. autologous BMT for recurrent lymphoma 

Patients enrolled in BMT trials are selected by age and performance status and 
possibly other factors. The survival advantage for patients treated with high­
dose chemotherapy and autologous BMT can therefore at least partially be 
explained by patient selection. 

The Parma trial was specifically designed to compare conventional-dose 
salvage chemotherapy with transplantation. Patients with recurrent intermedi­
ate grade or immunoblastic lymphoma were treated with DHAP chemo­
therapy. After two cycles, they were randomized to consolidation with BEAC 
and autologous BMT vs. further treatment with DHAP. The final analysis of 
this study has recently been reforted and showed a significant advantage in 
survival (53% vs 32%, P = 0.038) and disease-free survival (46% vs 12%, P = 

0.001) for patients with chemotherapy sensitive disease, who underwent BMT. 
One other study compared in a retrospective fashion the outcome of con­

ventional chemotherapy with bone marrow transplantation for patients with 
recurrent lymphoma after front-line treatment with a uniform regimen, the 
LNH84 protocol [121]. After reinduction, some patients were consolidated 
with autologous BMT, and others received chemotherapy alone. The outcome 
was significantly better for those undergoing autologous BMT, even after 
correction for age and response to chemotherapy. 

5.4. Autologous BMT in NHL in first remission 

Based on the encouraging results with high-dose chemotherapy for patients 
with recurrent lymphoma, pilot studies have addressed the use of autologous 
BMT in patients with high-risk lymphoma in first remission [122-124]. 
Unfortunately, commonly used risk factors in lymphoma predict better for 
achieving a remission than for maintaining it [125], and a substantial number 
of patients enrolled in these studies may already have been cured prior to the 
transplant. 

The issue of whether or not high dose chemotherapy benefits patients with 
intermediate grade lymphoma prior to recurrence can be better addressed in 
randomized studies. Three such studies have been recently completed. 

1. In the French study [74], patients with poor prognostic features who 
achieved complete remission after four induction cycles of conventional che­
motherapy were randomized to intensification or to sequential chemotherapy. 
The intensification treatment consisted of two cycles of high-dose 
methotrexate followed by high-dose CBV and autologous BMT. Sequential 
therapy consisted of two cycles of high-dose methotrexate followed by several 
rounds of treatment with a combination of ifosfamide, etoposide, 
asparaginase, and cytarabine. 

Between October 1987 and December 1991, 881 patients were registered. 
Of these, 790 patients were eligible for analysis, 520 (66%) of whom achieved 
a complete remission. Fifty-six patients were not randomized because of re-
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fusal (n = 26), poor performance status (n = 20), or protocol violation (n = 
10); 460 patients were randomized, 230 to BMT and 234 to sequential chemo­
therapy. However, only 174 of 230 patients scheduled to undergo BMT did so. 
The reasons for not undergoing BMT were patient refusal (n = 26) and early 
relapse (n = 23). Two patients died of transplant-related complications, and 
one patient in the sequential chemotherapy arm died from embolic complica­
tions related to asparaginase treatment. 

All analyses were carried out on an intention-to-treat basis. The three-year 
disease-free survival rate was 52% (45%-59%) in the sequential chemo­
therapy arm and 59% (52%-66%) in the autologous BMT arm (p = 0.46). 
Three-year disease-free survival for those patients who actually underwent 
autologous BMT was 68%. When the international index [125] was applied to 
the patients studied, approximately 50% of the patients were found to be in a 
high-risk category (C or D). Ninety-five such patients had been randomized to 
chemotherapy and 108 to autologous BMT. Three-year disease-free survival 
was 41 % for those in the chemotherapy arm and 60% for those in the autolo­
gous BMT arm (p = 0.07). Therefore, the benefit of intensification may apply 
only to the subgroup of patients who truly were in a high-risk category [228]. 
Also, 23 of the 87 recurrences in the autologous BMT arm occurred before the 
patients were actually transplanted, and this may explain partially the rela­
tively poor results in the autologous BMT arm. 

In a Dutch study [126], patients with stage II-IV lymphoma who had a 
partial remission after three induction cycles of CHOP chemotherapy, but no 
bone marrow involvement, were randomized to either three additional cycles 
of CHOP or to autologous BMT after conditioning with cyclophosphamide 
and TBI. Of the 294 patients registered, 234 were evaluable after three courses 
of CHOP. Complete remission was observed after three cycles in 94 of 234 
(40%), a partial remission without marrow infiltration in 89 of 234 (38 %), a 
partial remission with marrow infiltration in 21 of 234 (9%), and no response, 
progressive in 30 of 234 (13%). Sixty-one patients were randomized - 30 to 
autologous BMT and 31 to CHOP chemotherapy. In the autologous BMT 
arm, 7 patients never received autologous BMT, 8 relapsed, 2 died from 
toxicity, 12 are in complete remission and 1 is too early. In the CHOP arm, 13 
showed a relapse, 17 are in CR, and 1 is too early. The conclusions of this 
study, which was reported in abstract form, are that autologous BMT does not 
improve the outcome of slow responders and that slow response does not 
predict for outcome in general. 

Finally, Gianni et al. [127] reported a comparison between MACOP-B 
versus an innovative high-dose sequential chemotherapy program supported 
by growth factors and autografting. Preliminary findings suggest a better tu­
mor response in patients receiving high-dose chemotherapy, but survival re­
portedly is not different, perhaps due to lack of follow-up and due to a high 
treatment-related mortality in the transplant group [127]. 

While these reports provide interesting information and indicate a potential 
role for autologous BMT in high-risk patients, the results are preliminary and 
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further studies are needed. Possibly such studies should specifically target very 
high-risk populations, including those with a high tumor burden who fail to 
achieve remission with conventional treatments [128). 

5.5. Burkitt's and lymphoblastic lymphoma 

High-grade lymphomas account for a large proportion of childhood 
lymphomas but represent only a small proportion of adults with non­
Hodgkin's lymphoma and are therefore usually included in large series of 
patients with aggressive lymphoma, without specifying their results. 

In Burkitt's lymphoma, high-dose chemotherapy and autologous bone mar­
row transplantation have been attempted in patients with recurrent disease, 
but also as consolidation of first remission and as intensification treatment for 
those with partial responses. 

The results of autologous BMT for patients with recurrent disease are 
summarized in table 8. The majority of patients received chemotherapy-based 

Table 8. Result of autologous BMT in recurrent and refractory DSNCC lymphoma (Burkitt's and 
non-Burkitt's); individually reported cases 

Outcome 

Author, year, Treatment-
reference Conditioning Age N pat DFS Progression related death 

Petersen et al. AraTBI 24 
1989 [87] 
Philip et al. BACT 3-16 12 4 7 1 
1986 [129] BEAM 3-24 6 3 1 2 
Philip et al. BEAM 17,22 2 2 
1992 [209] 
Gaspard et al. BEAM 8 
1988 [210] 
Stoppa et al. Bu-mel 15 
1990 [58] 
Appelbaum et BACT 3-33 14 3 7 4 
al. 1978 [211] 
Vaughan et al. Ara-Cy-TBI 26 1 
1987 [212] 
Ostronoff et al. BACT 18-39 4 4 
1992 [213] BEAM 38 1 1 

Bu-Cy 17 1 
Hartmann et al. BACT 3-13 10 4 4 2 
1984 [214] 
Avet-Loiseau Bu-Cy 7-18 5 1 4 
et al. 1991 [215] Bu-Mel 813 2 2 

Bu-Cy-Mel 3-10 6 1 5 

Total 67 22 (33%) 36 (54%) 9 (13%) 

For details of conditioning regimens, see references. 
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Table 9. Result of autologous BMT in DSNCC lymphoma (Burkitt's and non-Burkitt's) in first 
remission or partial response 

Author Type BMT Conditioning Age Npat Outcome 

Transplantation in CR 1 
Vaughan et al. auto BACT 4 1 Progression day 35 

1987 [212] 
Strauss et al. auto TBI-CY-VP ? 3 DFS3 

1991 [216] 
Philip et al. auto BACT 4-14 4 DFS 1 (657+ days) progression 

1986 [129] 3 (day 30, 46, 60) 
BEAM 6-10 4 DFS 1 (277+ days) progression 

2 (day 35, day 37), sepsis 1 
Cy 10 1 CR 657+ 

Stoppa et al. auto Mel-TBI 41,43 2 DFS 15+ months, 11 + months 
1990 [58] 

Ostronoff et auto Cy-TBI 29,26 2 +toxicity 2 
al. 1993 
[213] 

Total 17 DFS 8 

Transplantation in PR 1 
Petersen et al. auto Ara-TBI 19 Progression + day 27 

1989 [87] 
Vaughan et al. auto BACT 29 1 Progression + day 41 

1987 [212] Cy-TBI 26 1 Progression + day 35 
Philip et al. auto BACT 4-8 8 DFS 5 (46,47,49,52,70 

1988 [130] months) progression 2 (day 
60 and day 70), toxic death 1 

BU-Cy 15 1 DFS 27+ months 
BEAM 7 1 DFS 26+ months 

Avet-Loiseau auto Bu-Cy 16 1 DFS 276+ weeks 
et al. 1991 Bu-Mel 5 1 DFS 116+ weeks 
[215] Bu-Cy-Mel 3 1 DFS 88+ weeks 

Kaizer et al. auto Adr-Cy-TBI 6 1 DFS 25+ months 
1979 [217] 

Total 17 DFS 11 

For details of conditioning regimens see references. 

regimens, although the use of TBI-containing regimens has been reported as 
well. Overall, approximately 30% of the reported patients achieved long-term 
disease-free survival. Patients with refractory disease had a poor outcome 
[129]. The inclusion of many patients with poorly responsive disease probably 
accounts for the very high failure rates in adult patients. 

The results of autologous BMT in first complete or partial remission are 
summarized in table 9. Philip et al. [130] used high-dose intensification in 10 
children with Burkitt's disease in partial response after induction therapy. 
The presence of residual disease was demonstrated by biopsy in seven patients 
and by the presence of persistent neurologic symptoms in three. One patient 
died from infectious complications, two relapsed, and seven achieved durable 
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Table 10. Results of autologous BMT in recurrent or refractory lymphoblastic lymphoma; indi­
vidually published cases 

Disease-free 
Author Conditioning Age N pat survival 

Petersen et al. Ara-TBI 34 
1989 [87] 

A vet-Loiseau Bu-CY (2), 7-17 8 1 
et al. 1991 Bu-Mel (2), 
[215] Bu-Cy-Mel 

(4) 
Hartmann et BACT 5-14 6 1 

al. 1984 
[214] 

Sweetenham various 16-57 109 CR2:29%, 
et al. 1994 REFR< 
[218] 15% 

aOne patient died from sepsis six years after BMT. 
For details of conditioning regimens, see references. 

Outcome 

Treatment-
Progression related death 

7 

4 1 

25 

Table 11. Results of autologous BMT for lymphoblastic lymphoma in first remission 

Outcome 

Author, year, Disease-free Treatment-
reference Conditioning Age N pat survival Progression related death 

Sweetenham et al. various 16--53 63% 6 (5%) 
1994 [218] 

Santini et al. 1989 CyTBI 15-43 18 14 4 0 
[219] 

Milpied et al. CyTBI (9), 16--39 13 9 4 0 
1989 [220] MeITB! 

(4) 
Baro et al. 1992 various 14-52 14 11 2 1 

[221] 
Verdonck et al. CyTBI 16--31 9 6 2 1 (secondary 

1992 [222] AML) 
Morel et al. 1992 CyTBI 5 3 2 0 

[136] 

For details of conditioning regimens, see references. 

remissions, indicating the efficacy of this approach in this poor prognosis 
setting. 

High-dose chemotherapy and autologous bone marrow transplantation as 
consolidation of first remission in high-risk patients has only rarely been 
attempted [129,131], and it is unclear whether cure rates are improved by 
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intensive consolidation in patients who have already achieved a complete 
remission. 

The results with autologous BMT for lymphoblastic lymphoma have re­
cently been reviewed by the European Bone Marrow Transplant Registry. 
The Registry analyzed 214 patients, including 105 who underwent BMT in first 
remission. The six-year actuarial survival was 63% for patients transplanted in 
first complete remission, 31 % for those transplanted in second complete re­
mission, and 15 % for those with resistant disease. The results in patients with 
recurrent disease are consistent with those reported by others, as summarized 
in table 10. These results indicate that a fraction of patients with recurrent 
disease are cured by autologous BMT. As in ALL, allogeneic BMT has better 
results and should be considered the treatment of choice in patients with a 
sibling donor [132]. 

The results in first complete remission are summarized in table 11. They are 
encouraging but can at least be partially explained by patient selection and 
time censoring and are not necessarily better than those obtained with inten­
sive chemotherapy approaches [133-136]. 

6. Autologous BMT in low-grade lymphoma 

Low-grade lymphomas are indolent disorders with a median survival of 7 to 9 
years. Several features allow the identification of patients with more aggres­
sive disease. These features include tumor bulk (stage and size of lymph 
nodes, LDH), response to chemotherapy, and, for patients with follicular 
lymphomas, male sex. At the time of first recurrence, the prognosis is usually 
limited [137-138]. Conventional salvage regimens, while effective, rarely lead 
to prolonged remissions, and the use of more aggressive regimens appears 
appropriate. 

Several groups have used autologous BMT as treatment for recurrent low­
grade lymphoma [139,140]. The patients usually had chemosensitive recur­
rences and underwent autologous BMT after achieving a second complete 
remission or a good partial remission. Because of the frequent involvement 
of the bone marrow with lymphoma, purging procedures are usually 
applied. 

Two large series have been reported. Freedman et al. [139] reported 69 
patients with low-grade B-cell non-Hodgkin's lymphoma with chemosensitive 
relapse or partial remission who underwent autologous BMT. Of these pa­
tients, 51 had low-grade lymphoma at the time of transplantation, and 18 had 
transformed histology. The bone marrow was treated with a cocktail of mono­
clonal antibodies combined with complement. Conditioning consisted of high­
dose cyclophosphamide and TBI. Actuarial disease-free survival was 
estimated at 53% for those with low-grade histologies. Those in complete 
remission at the time of bone marrow transplant had a significantly better 
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outcome than those in partial remission. With prolonged follow-up, however, 
the difference in outcome between those transplanted in CR versus those 
transplanted in PR is no longer significant [141]. 

Rohatiner et al. [140] reported 64 patients with recurrent follicular 
lymphoma who underwent autologous BMT as consolidation of second or 
subsequent remission. The marrow mononuclear cell component was treated 
in vitro with three cycles of the monoclonal anti-CD20 and complement. 
Conditioning consisted of high-dose cyclophosphamide and TBI. With a me­
dian follow-up of three years, 35 patients continue in remission. The actuarial 
disease-free survival at three years is 50%. Disease-free survival for patients 
treated in this fashion was superior to that of a historical control group treated 
at the same institution before 1985. 

Both studies have a median follow-up of several years. The early treatment­
related mortality of autologous BMT is less than 5%. With prolonged follow­
up, however, there has been a continued pattern of relapse after autologous 
BMT. In addition, it must be kept in mind that patients undergoing this 
procedure were highly selected. They had recurrent disease that was highly 
responsive to salvage therapy and had achieved a second CR or a very good 
PR. It is not entirely certain whether the survival of such patients is better than 
that of patients with similar characteristics who do not undergo autologous 
BMT [138,142]. When we have extended autologous BMT to patients with 
more extensive disease, the results have been poor [143]. Also, when autolo­
gous BMT has been used as consolidation of first remission in poor-prognosis 
low-grade lymphoma, the results have been disappointing [143]. At the cur­
rent time, we recommend allogeneic bone marrow transplantation for patients 
with recurrent low-grade lymphoma who have an HLA-identical sibling. This 
procedure has resulted in durable remissions in the majority of patients 
treated [144]. 

The Dana Farber group has stressed the importance of purging in autolo­
gous BMT for bcl-2-positive low-grade lymphoma. They used a PCR tech­
nique to detect the presence of lymphoma in bone marrow before and after 
purging [145] and in the peripheral blood before and after bone marrow 
infusion [146]. They found that bone marrow involvement was always present 
before purging. After purging with a cocktail of three monoclonals, PCR 
negativity was obtained in approximately 50% of the cases. The achievement 
of PCR negativity correlated with excellent disease-free survival after BMT. 
On the other hand, those whose bone marrow remained involved after purging 
had a high recurrence rate. In addition, in many of the latter patients, circulat­
ing bcl-2 positive cells could be detected within several hours after marrow 
infusion, suggesting that the infused lymphoma cells were viable and poten­
tially clonogenic. 

These findings contrast with the clinical observation of frequent reoccur­
rence of lymphoma at sites of previous bulk disease, suggesting the persistence 
of clonogenic cells at those sites. In addition, Johnson et al. [147] were unable 
to confirm the data obtained by the Dana Farber group. Utilizing different 
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purging methods and slightly different PCR techniques, they obtained PCR 
negativity in only a small fraction of patients, and PER negativity did not 
correlate with disease-free survival in this study. More definitive answers 
concerning the contribution of reinfused lymphoma cells to tumor recurrence 
will probably be obtained only with gene-marking studies of reinfused bone 
marrow. 

7. Autologous BMT in chronic lymphocytic leukemia (eLL) 

CLL has many features in common with low-grade lymphomas, including an 
indolent course, frequent reoccurrences, and the presence of extensive bone 
marrow involvement. Up to 40% of patients with B-CLL are younger than 60 
years of age at the time of diagnosis, making them eligible for studies of high­
dose chemotherapy [148]. 

Khouri et al. [149] reported data on 11 patients with CLL who underwent 
autologous BMT after conditioning with high-dose cyclophosphamide and 
TBi. Bone marrow had been collected in a prior, fludarabine-induced remis­
sion and was purged with anti-CDI9. Six patients achieved a complete remis­
sion, four a nodular partial remission, and one a partial remission. With limited 
follow-up, 6 of 11 patients continue in remission. 

Rabinowe et aI. [1S0] reported autologous BMT in 12 patients with poor­
prognosis CLL. At the time of BMT, 2 patients were in complete remission 
and 10 had minimal disease «2 cm lymph nodes and <20% bone marrow 
involvement). Conditioning consisted of high-dose cyclophosphamide and 
TBI, and marrow was purged with three B-cell antibodies (CD20, CDlO, and 
BS) and complement. One patient died from diffuse alveolar hemorrhage, one 
had persistent disease, and 10 achieved a complete remission. 

Both studies, while preliminary because of a limited follow-up, indicate 
the efficacy of high-dose chemotherapy to induce remissions in CLL. Further 
studies with more prolonged follow-up are required to assess the impact 
of high-dose chemotherapy and autologous BMT on survival of these 
patients. 

8. Autologous BMT in Hodgkin's disease 

Hodgkin's disease affects mainly younger patients and is highly curable 
with conventional chemotherapy, radiation therapy, or combinations of the 
two. 

High-dose chemotherapy has been used for those patients who recur after 
adequate front-line therapy. A number of different conditioning regimens 
have been used. The majority of these include high-dose cyclophosphamide 
(6-7.2 gr/m2) , BCNU (300-600 mg/m2) , and VP16 (900-1200mg/m2) 
(CBV)[ISI-IS4]. At lower doses of BCNU, this regimen is well tolerated. 
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At the higher dose levels, there is a considerable incidence of pulmonary 
toxicity [151]. Reece et al. [151] recently reported the use of CBVP, in which 
platinum was added to CBV. Other commonly used regimens include BEAM, 
which has been widely used in Europe and is well tolerated [155], and BEAC 
[92], a variant of CBV with added cytarabine. TBI [156] or TLI [157] including 
regimens are attractive because of the efficacy of radiation therapy in 
Hodgkin's disease. Unfortunately most patients will have received extensive 
radiation by the time they are referred to BMT, making further radiation 
therapy unpractical. Finally, the use of busulfan- and cyclophosphamide­
containing regimens has been reported to be effective [156,158]. In a 
univariate analysis, however event-free survival was inferior for patients re­
ceiving busulfan and cyclophosphamide, compared to those receiving TBI­
containing regimens [156]. 

Excellent results have been reported with high-dose chemotherapy and 
autologous BMT as treatment for first recurrence of Hodgkins disease. Reece 
et al. [151] reported 58 patients with Hodgkin's disease in first relapse after 
primary chemotherapy treated with high-dose chemotherapy (CBV or CBV 
+ P) and autologous BMT. All but six of these patients were given a median of 
two cycles of conventional chemotherapy ± involved field radiation therapy 
prior to admission for BMT. There were three treatment-related deaths, and 
13 patients have relapsed a median of 0.7 years after BMT. At a median 
follow-up of2.3 years, the actuarial progression-free survival was 64%. Forty­
three patients in this series were originally from British Columbia, where 
cancer care is centralized. An additional 16 patients had been diagnosed with 
recurrent Hodgkin's disease in British Columbia during this time interval, but 
had not undergone BMT. Alternative treatments included radiation treatment 
with curative intent (n = 8), allogeneic BMT (n = 1), and conventional 
chemotherapy (n = 4), as well as refusal of therapy (n = 3). These findings 
indicate that in this disease, high-dose chemotherapy is applicable to the large 
majority of patients. 

Prognostic factors identified in a multivariate analysis included the pres­
ence of B-symptoms at relapse, extranodal disease at relapse, and short dura­
tion of first remission. For those patients with no or only one risk factor, 
progression-free survival was 100% and 81 %, respectively. Similar low mortal­
ity rates have been reported for autologous BMT in first recurrence of 
Hodgkin's disease by other groups [159]. 

The results of a number of other relevant reports are summarized in table 
12. In general, the results of autologous bone marrow transplantation have 
been superior to those achieved with conventional-dose chemotherapy at the 
time of first relapse. But fairly good results have also been reported with 
conventional salvage chemotherapy, especially among patients with prolonged 
initial remissions. The best results have been reported by the group from 
Milan [160]. They reported a 51 % freedom from progression with ABVD 
treatment for patients who relapsed after initial MOPP induced complete 
remissions that were longer than one year. For failure of MOPP/ABVD treat-
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ment, the freedom from progression is 46% in this series. A fraction of the 
patients with second recurrence can still be salvaged with autologous BMT, 
and overall outcome may be similar. 

In many centers, including our own, autologous BMT is offered preferen­
tially to patients with specific high-risk factors, such as (1) failure to achieve a 
remission, (2) short (less than one year) initial remission, and (3) two or more 
treatment failures [154,155,157,158,161]. While these high-risk features also 
predict for an inferior outcome with high-dose chemotherapy, it is generally 
believed that a fraction of such patients can be salvaged by high-dose chemo­
therapy. This approach is also supported by an analysis of cost-effectiveness 
[162,163]. In a recent report on 155 patients selected in this fashion and treated 
with BEAM and autologous BMT [155], failure-free survival was 55% for the 
entire study population and 33 % for those with primary refractory disease. 
These results are comparable to those of other reports, as indicated in table 12. 
In addition, in patients selected according to these criteria, a randomized 
prospective trial has indicated an improved disease-free survival (53% vs. 
10%) for those receiving BEAM versus those receiving several cycles of 
melphalan, etoposide, carmustine, and cytarabine at conventional doses 
(miniBEAM)[164]. 

While there is little disagreement on transplantation for patients with re­
fractory disease, it has been more difficult to identify those patients with 
Hodgkin's disease in first remission who are destined to relapse. Carella et al. 
reported 15 patients who underwent autologous BMT in first complete remis­
sion because of the presence of several high-risk features [165]. At the time of 
the report, 13 of the 15 patients were alive and in remission, one had died from 
treatment-related causes, and one had relapsed. Further follow-up and accrual 
of more patients will be necessary to validate such an approach. 

9. Conclusion 

Autologous BMT has become one of the most promising areas of clinical and 
basic cancer research. The data obtained over the past decade are encouraging 
and document the validity of the dose-intensity concept. On the other hand, 
recurrence rates and morbidity associated with the procedure have been high, 
making it applicable only to very selected patients. 

In recent years, there has been a rapid evolution in the use of cytokines and 
peripheral blood stem cell apheresis. This has resulted in a significant reduc­
tion in duration of pancytopenia and a reduction in complications and 
treatment-related deaths. Recent trials in patients with good performance 
status have typically had mortalities in the range of 2% [166,167], which is 
comparable to mortality of conventional chemotherapy trials. Many centers 
are now treating patients with high-dose chemotherapy as outpatients, thus 
reducing expense. It is to be expected that the improvements in supportive 
care will continue. Methods of in vitro stem cell expansion are under develop-
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ment [168,169]. If successful, such methods may lead to a complete abolition of 
pancytopenia. 

Further improvements can also be expected from posttransplant method­
ologies for eradicating minimal residual disease. Such treatments rely on tar­
geting residual tumor with monoclonal or polyclonal antibodies linked to 
radioemitters [170,171] or cellular toxins [172]. Nonspecific stimulation of the 
immune system with interleukin-2 [37,38] or cyclosporin withdrawal [173] with 
the purpose of inducing autologous GVHD has also been attempted. Finally, 
anti-idiotypic vaccinations are sometimes used in situations of minimal re­
sidual disease. 

Hematopoietic stem cells are an ideal target for genetic manipulation. 
Trials are underway in metastatic ovarian cancer to establish chemotherapy 
resistance of normal hematopoietic stem cells by introducing the MDR gene, 
thereby hopefully allowing the administration of larger doses of chemo­
therapy. We are likely to witness an explosion in the applications of molecular 
techniques in the field of BMT for a variety of tumors. Finally, thanks to 
improvements in supportive care, high-dose chemotherapy can be reexamined 
in diseases where it was formerly thought to be ineffective due to unacceptable 
toxicity or lack of prolonged remissions, such as in small cell lung cancer or 
osteosarcoma. 

Unfortunately, for any progress, there is a price to pay [174]. Until recently, 
the late side effects of autologous BMT were thought to be minimal; however, 
there have been three reports in the last year documenting the frequent 
occurrence of secondary myelodysplastic disorders after autologous BMT 
for lymphoid malignancies [70,175,176]. The cumulative incidence of second­
ary myelodysplastic disorders is over 10% at five years in each of these studies. 
A better understanding of the pathogenesis, incidence, and severity of this 
syndrome will probably emerge in coming years. Currently identified risk 
factors include increased exposure to chemotherapy, older age, and the use of 
radiation therapy. Modification in conditioning regimens and avoidance of 
potentially leukemogenic agents may be necessary as more patients are 
treated. 

Current debate often centers on transplant versus so-called conventional 
chemotherapy in the treatment of malignant hematologic disorders. Such 
issues will soon be something of the past. High-dose chemotherapy and the use 
of cellular support strategies, as well as the manipulation of stem cells by either 
genetic manipulation or other methodologies, will become an integral part of 
cancer treatment in the same way that blood transfusions and later platelet 
transfusions became an essential part of supportive care. 

References 

1. Frei E III (1991). The modulation of alkylating agents. Semin Hematol 28 (SuppI4):22. 
2. Frei E III, Holden SA, Gonin R, Waxman DJ, Teicher BA (1993). Antitumor alkylating 

243 



agents: in vitro cross-resistance and collateral sensitivity studies. Cancer Chemother 
PharmacoI33:113. 

3. Frei E III, Canellos GP (1980). Dose: a critical factor in cancer chemotherapy. Am J Med 
69:585. 

4. Long GD, Blume KG (1994). Allogeneic bone marrow transplantation for acute myeloid 
leukemia. In Forman SJ, Blume KG, Thomas ED (eds), Bone Marrow Transplantation. 
Blackwell Scientific Publications: Boston, pp. 607. 

5. Berman E, Little C, Gee T, O'Reilly R, Clarkson B (1992). Reasons that ptients with acute 
myelogenous leukemia do not undergo allogeneic bone marrow transplantation. N Engl J 
Med 326:156. 

6. Biggs JC, Horowitz MM, Gale RP, Ash RC, Atkinson K, Helbig W, Jacobsen N, Phillips GL, 
Rimm AA, Ringden 0, Rozman C, Sobocinski KA, Veum JA, Bortin MM (1992). Bone 
marrow transplants may cure patients with acute leukemia never achieving remission with 
chemotherapy. Blood 80:1090. 

7. Clift RA, Buckner CD, Appelbaum FR, Schoch G, Petersen FB, Bensinger WI, Sanders J, 
Sullivan KM, Storb R, Singer J, Hansen JA, Thomas ED (1992). Allogeneic marrow 
transplantation during untreated first relapse of acute myeloid leukemia. J Clin Oncol 
10:1723. 

8. Fefer A, Cheever MA, Thomas ED, et al. (1981). Bone marrow transplantation for refrac­
tory acute leukemia in 34 patients with identical twins. Blood 57:42l. 

9. Dicke KA, Spitzer G, Peters L, et al. (1979). Autologous bone marrow transplantation in 
relapsed adult acute leukemia. Lancet i:514. 

10. Meloni GP, Fabritis G, dePapa G, Amadori S, Pulsoni A, Simone F, Mandelli F (1985). 
Cryopreserved autologous bone marrow infusion following high dose chemotherapy in 
patients with acute myeloblastic leukemia in first relapse. Leuk Res 9:407. 

11. Spinolo JA, Dicke KA, Horwitz U, Jagannath S, McCredie K, Estey E, Kantarjian H, 
Zander AR, Keating M, Spitzer G (1990). High-dose chemotherapy and unpurged autolo­
gous bone marrow transplantation for acute leukemia in second or subsequent remission. 
Cancer 66:619. 

12. Chopra R, Goldstone AH, McMillan AK, Powles R, Smith AG, Prentice HG, Reid C, 
Marcus R, Bell A, Milligan D, McCarthy D, Morgenstern G, Barnard D (1991). Successful 
treatment of acute myeloid leukemia beyond first remission with autologous bone marrow 
transplantation using busulfan/cyclophosphamide and unpurged marrow: The British 
Autograft Group experience. J Clin Oncol 9:1840. 

13. Rosenfeld C, Shadduck RK, Przepiorka D, Mangan KF, Colvin M (1989). Autologous bone 
marrow transplantation with 4-hydroperoxycyclophosphamide purged marrows for acute 
nonlymphocytic leukemia in late remission or early relapse. Blood 74:1159. 

14. Meloni G, de Fabritis P, Pulsoni A, Sandrelli A, Simone F, Mandelli F (1989). Acute 
myelogenous leukemia in first relapse treated with two consecutive autologous bone marrow 
transplantations: a pilot study. Eur J Haematol 42:441. 

15. Meloni G, De Fabritiis P, Petti MC, Mandelli F (1990). BVAC regimen and autologous bone 
marrow transplantation in patients with acute myelogenous leukemia in second remission. 
Blood 75:2282. 

16. Meloni G, Vignetti M, Avvisati G, Andrizzi C, Capria S, Orsini E, Simone F, Todisco E, 
Vegna ML, Mandelli F (1994). Autologous BMT in 199 AML patients in CR: 10 year 
experience at the hematology section of the university 'la Sapienza' of Rome. Blood 84 
S1:202a. 

17. Linker CA, Ries CA, Damon LE, Rugo HS, Wolf JL (1993). Autologous bone marrow 
transplantation for acute myeloid leukemia using busulfan plus etoposide as a preparative 
regimen. Blood 81:311. 

18. Chao NJ, Stein AS, Long GD, Negrin RS, Amylon MD, Wong RM, Forman SJ, Blume KG 
(1993). Busulfan/etoposide - initial experience with a new preparatory regimen for autolo­
gous bone marrow transplantation in patients with acute nonlymphoblastic leukemia. Blood 
81:319. 

244 



19. Laporte lP. Douay L. Lopez M, Labopin M, 10uet JP, Lesage S. Stachowiak 1, Fouillard L, 
Isnard F, Noel-Walter MP, Pene F, Deloux 1, Van Den Akker 1, Grande M, Bauters F, 
Najman A, Gorin NC (1994). One hundred twenty-five adult patients with primary acute 
leukemia autografted with marrow purged by mafosfamide: a 10-year single institution 
experience. Blood 84:3810. 

20. Korbling M, Hunstein W, Fliedner TM, Cayeux S, Darken B, Fehrentz D, Haas R, Ho AD, 
Keilholz U, Knauf W, Konig A. Mende U, Pezzutto A, Von Reumont J, Wolf GK, 
Wannenmacher M, Zum Winkel K, Rother K (1989). Disease-free survival after autologous 
bone marrow transplantation in patients with acute myelogenous leukemia. Blood 74: 
1898. 

21. Yeager AM (1994). Autologous bone marrow transplantation of acute myeloid leukemia. In 
Forman Sl, Blume KG, Thomas ED (cds), Bone Marrow Transplantation. Blackwell Scien­
tific Publications: Boston. p. 709. 

22. Mayer RJ, Davis RB, Schiffer CA, Berg DT, Powell BL, Schulman P, Omura GA, Moore 
10, Mcintyre OR, Frei E, for the Cancer and Leukemia Group B (1994). Intensive 
postremission chemotherapy in adults with acute myeloid leukemia. N Engl J Med 331: 
896. 

23. Lowenberg B, Verdonck LJ, Dekker AW, Willemze R, Zwaan FE, De Planque M, Abels J, 
Sonnevcld P, Van der Lelie 1, Goudsmit R, Van Putten WLJ, Sizoo W, Hagenbeek A, de 
Gast GC (1990). Autologous bone marrow transplantation in acute myeloid leukemia in first 
remission: results of a Dutch prospective study. 1 Clin Oncol 8:287. 

24. Ferrant A, Doyen C, Delannoy A, Cornu G, Martiat P, Latinne D, DeBruyere M, Bosly A, 
Michaux lL, Sokal G (1991). Allogeneic or autologous bone marrow transplantation for 
acute nonlymphocytic leukemia in first remission. Bone Marrow Transplant 7:303. 

25. Reiffers 1, Gaspard MH, Maraninchi D, Michallet M, Marit G, Stoppa AM, Corront B, 
David B, Gastaut lA, Sotto 11, Boustet A, Carcassonne Y, Hollard D (1989). Comparison of 
allogeneic or autologous bone marrow transplantation and chemotherapy in patients with 
acute myeloid leukaemia in first remission: prospective controlled triaL Br 1 Haematol72:57. 

26. Velasquez WS, McLaughlin P, Tucker S, Hagemeister FB, Swan F, Rodriguez MA, 
Romaguera 1, Rubenstein E. Caban ill as F (1994). ESHAP - an effective chemotherapy 
regimen in refractory and relapsing lymphoma: a 4 year follow-up study. 1 Clin Oncol 
12:1169. 

27. Barnett AK. Goldstone AH, Stevens RF, Hann 1M, Rees JK. Wheatley K, Gray RG (1994). 
The role of BMT in addition to intensive chemotherapy in AML in first CR: results of the 
MRC AML-lO trial. Blood 84 (Suppll):252a. 

28. Lowenberg B (1995). Post-remission treatment of acute myelogenous leukemia. N Engl J 
Med 332:260. 

29. Keating A, Rowlings PA, Horowitz MM, Dicke K, Gale RP, Klein JP (1994). Comparison of 
HLA-identical sibling and autologous bone marrow transplants for acute myelogenous 
leukemia. Blood 84 SI:201a. 

30. Rowley SD, Jones Rl, Piantadosi S, Braine HG, Colvin OM, Davis 1, Saral R, Sharkis S, 
Wingard 1, Yeager AM, Santos GW (1989). Efficacy of ex vivo purging for autologous bone 
marrow transplantation in the treatment of acute nonlymphoblastie leukemia. Blood 74:501. 

31. Miller CB, Zehnbauer BA, Piantadosi S, Rowley SD, 10nes Rl (1991). Correlation of occult 
clonogeneic leukemia drug sensitivity with relapse after autologous bone marrow transplan­
tation. Blood 78:1125. 

32. Brenner MK, Rill DR, Moen RC, Kranee RA, Mirro J Jr, Anderson WF, Ihle IN (1993). 
Gene-marking to trace origin or relapse after autologous bone-marrow transplantation. 
Lancet 341:85. 

33. Gorin NC, Douay L, Laporte JP, et aL (1986). Autologous bone marrow transplantation 
using marrow incubated with AstaZ7557 in adult acute leukemia. Blood 67:1367. 

34. Miyake K, Medina KL, Hayashi S-I, Ono S, Hamaoka T, Kincade PW (1990). Monoclonal 
antibodies to Pgp-lICD44 block lympho-hemopoiesis in long-term bone marrow cultures. J 
Exp Med 171:477. 

245 



35. De Fabritiis P, Ferrero D, Sandrelli A, Tarella C, Meloni G, Pulsoni A, Pregno P, Badoni R, 
De Felice L, Gllo E, Amadori S, Mandelli F, Pileri A (1989). Monoclonal antibody purging 
and autologous bone marrow transplantation in acute myelogenous leukemia in complete 
remission. Bone Marrow Transplant 4:669. 

36. Robertson MJ, Soiffer RJ, Freedman AS, Rabinowe SL, Anderson KC, Ervin TJ, Murray C, 
Dear K, Griffin JD, Nadler LM, Ritz J (1992). Human bone marrow depletd of CD33-
positive cells mediates delayed but durable reconstitution of hematopoiesis: clinical trial of 
MY9 monoclonal antibody-purged autografts for the treatment of acute myeloid leukemia. 
Blood 79:2229. 

37. Charak BS, Choudhary GD, Tefft M, Mazumder A (1992). Interleukin-2 in bone marrow 
transplantation: preclinical studies. Bone Marrow Transplant 10:103. 

38. Charak BS, Brynes RK, Chogyoji M, Kortes V, Tefft M, Mazumder A (1993). Graft versus 
leukemia effects after transplantation with interleukin-2-activated bone marrow: correlation 
with eradication of residual disease. Transplantation 56:31. 

39. McMillan AK, Goldstone AH, Linch DC, Gribben JG, Patterson KG, Richards JDM, 
Franklin I, Boughton BJ, Milligan DW, Leyland M, Hutchison RM, Newland AC (1990). 
High-dose chemotherapy and autologous bone marrow transplantation in acute myeloid 
leukemia. Blood 76:480. 

40. Gorin NC, Aegerter P, Auvert B, Meloni G, Goldstone AH, Burnett A, Carella A, Korbling 
M, Herve P, Maraninchi D, Lowenberg R, Verdonck LF, De Planque M, Hermans J, Helbig 
W, Porcellini A, Rizzoli V, Alesandrino EP, Franklin 1M, Reiffers J, Colleselli P, Goldman 
JM (1990). Autologous bone marrow transplantation for acute myelocytic leukemia in first 
remission: a European survey of the role of marrow purging. Blood 75:1606. 

41. Shpall EJ, Jones RB (1994). Mobilization and collection of peripheral blood progenitor cells 
fpr support of high-dose cancer chemotherapy. In Forman SJ, Blume KG, Thomas ED (eds), 
!3one Marrow Transplantation. Blackwell Scientific Publications: Boston, p. 913. 

42. KorbUng M, Fliedner TM, Holle R, Magrin S, Baumann M, Holdermann E, Eberhardt K 
(199,). Autologous blood stem cell (ABSCT) versus purged bone marrow transplantation 
(pABMT) in standard risk AML: influence of source and cell composition of the autograft on 
hem,opoietic reconstitution and disease-free survival. Bone Marrow Transplant 7:343. 

43. Sanz MA, De la Rubia J, Sanz GF, Martin G, Martinez J, Jarque I, Sempere A, Gomis F, 
Seq~ht L, Soler MA, L6pez F, Arilla MJ, Carpio N, Guinot M, Palau J, Tudela M, Marty ML 
(1993). Busulfan plus cyclophosphamide followed by autologous blood stem-cell transplan­
bition for patients with acute myeloblastic leukemia in first complete remission: a report 
from a single institution. J Clin Oncol 11:1661. 

44. Ritz J, Ramsay NK, Kersey JH (1994). Autologous bone marrow transplantation for acute 
lymphoblastic: leukemia. In Forman SJ, Blume KG, Thomas ED (eds), Bone Marrow Trans­
plantation. Blackwell Scientific Publications: Boston, p. 731. 

45. Rivera GK, Pinkel D, Simone JV, Hancock ML, Crist WM (1993). Treatment of acute 
lymphoblastic leukemia - 30 years' experience at St. Jude Children's Research Hospital. N 
Engl J Med 329:1289. 

46. Hoelzer DF (1993). Therapy of the newly diagnosed adult with acute lymphoblastic leuke­
mia. HematoliOncol Clin North Am 7:139. 

47. Schroeder H, Pinkerton CR, Powles RL, Meller ST, Tait D, Milan S, McElwain TJ (1991). 
High dose melphalan and total body irradiation with autologous marrow rescue in childhood 
acute lymphoblastic leukaemia after relapse. Bone Marrow Transplant 7:11. 

48. Davis HP, Revell P, Giangrande P, Flanagan P, Poynton CH, Bampton S, Phillips R, Barrett 
AJ (1988). Safe application of a 13-Gy split dose total body irradiation schedule prior to bone 
marrow transplantation. Bone Marrow Transplant 3:349. 

49. Gilmore MJML, Hamon MD, Prentice HG, Katz F, Slaper-Cortenbach ICM, Hunter 
AE, Gandhi L, Brenner MK, Hoffbrand AV, Mehta AB, Secker-Walker LM, Skeggs D, 
Collis CH (1991). Failure of purged autologous bone marrow transplantation in high 
risk acute lymphoblastic leukaemia in first complete remission. Bone Marrow Transplant 
8:19. 

246 



50. Fiere D, Sebban C, Vemant JP, Witz F, Rigal-Huguet F, Boucheix C, Racadot E, Pignon B, 
Delannoy A, Reiffers J, Sutton L, Archimbaud E, Lepage E (1994). Long term results of 
chemotherapy, allogeneic or autologous bone marrow transplantation (BMT) as post remis­
sion therapy in adult acute lymphoblastic leukemia (ALL) for patients included in a prospec­
tive multicentric trail (LALA 87). Blood 84 (Suppll):251a. 

51. Attal M, Blaise D, Marrit G, Michalet M, Vemant JP, Sauvage C, Troussard X, Nedellec G, 
Pico J, Huguet F, Stoppa AM, Sotto JJ, Reiffers J, Maraninchi D, Paven C, Pris J (1994). 
Consolidation treatment of adult acute lymphoblastic leukemia (ALL): a prospective study 
comparing allo-BMT versus auto-BMT and testing the impact of IL2 after auto-BMT. Blood 
84 (Suppll):251a. 

52. Barrett AJ, Horowitz MM, Ash RC, Atkinson K, Gale RP, Goldman JM, Henslee-Downey 
PJ, Herzig RH, Speck B, Zwaan FE, Bortin MM (1992). Bone marrow transplantation for 
Philadelphia chromosome-positive acute lymphoblastic leukemia. Blood 79:3067. 

53. Chao NJ, Forman SJ, Schmidt GM, Snyder DS, Amylon MD, Konrad PN, Nademanee AP, 
O'Donnell MR, Parker PM, Stein AS, Smith E, Wong RM, Hoppe RT, Blume KG (1991). 
Allogeneic bone marrow transplantation for high-risk acute lymphoblastic leukemia during 
first complete remission. Blood 78:1923. 

54. Sallan SE, Niemeyer CM, Billett AL, Lipton JM, Tarbell NJ, Gelber RD, Murray C, 
Pittinger TP, Wolfe LC, Bast RC Jr, Ritz J (1989). Autologous bone marrow transplantation 
for acute lymphoblastic leukemia. J Clin Oncol 7:1594. 

55. Kersey JH, Weisdorf D, Nesbit ME, LeBien TW, Woods WG, McGlave PB, Kim T, Vallera 
DA, Goldman AI, Bostrom B, Hurd D, Ramsay NKC (1987). Comparison of autologous and 
allogeneic bone marrow transplantation for treatment of high risk refractory acute lympho­
blastic leukemia in second remission. N Engl J Med 317:461. 

56. Preijers FWMB, de Witte T, Wessels JMC, de Gast GC, Van Leeuwen E, Capel PJA, 
Haanen C (1989). Autologous transplantation of bone marrow purged in vitro with anti­
CD7-(WTl-) ricin A immunotoxin in T-cell lymphoblastic leukemia and lymphoma. Blood 
74:1152. 

57. Uckun FM, Kersey JH, Vallera DA, Ledbetter JA, Weisdorf D, Myers DE, Haake R, 
Ramsay NKC (1990). Autologous bone marrow transplantation in high-risk remission T­
lineage acute lymphoblastic leukermia using immunotoxins plus 4-
hydroperoxycyclophosphamide for marrow purging. Blood 76:1723. 

58. Sloppa AM, Him J, Blaise D, Delaage M, Novakovitch G, Viens P, Capiello MA, Mannoni 
P, Mawas C, Maraninchi D (1990). Autologous bone marrow transplantation for B cell 
malignancies after in vitro purging with floating immunobeads. Bone Marrow Transplant 
6:301. 

59. Gonzalez-Chambers R, Przepiorka D, Shadduck RK, Borochovitz D, Bloom E, Colvin OM, 
Mangan KF, Rosenfeld CS (1991). Autologous bone marrow transplantation with 4-
hydroperoxycyclophosphamide-purged marrow for acute lymphoblastic leukemia. Med 
Pediat OncoI19:160. 

60. Santos GW, Yeager AM, Jones RJ (1989). Autologous bone marrow transplantation. Annu 
Rev Med 40:99. 

61. Case lias P, Canat X, Fausere A, et al. (1985). Optimal elimination of leukemic T-cells from 
human bone marrow with T101 ricin A-chain immunotoxin. Blood 65:289. 

62. Uckun FM, Kersey JH, Haake R, Weisdorf D, Nesbit ME, Ramsay NKC (1993). 
Pre transplantation burden of leukemic progenitor cells as a predictor of relapse after bone 
marrow transplantation for acute lymphoblastic leukemia. N Engl J Med 329:1296. 

63. Kantarjian HM, Deisseroth A, Kurzrock R, Estrov Z, Talpaz M (1993). Chronic myelog­
enous leukemia: a concise update. Blood 82:691. 

64. Clift RA, Appelbaum FR, Thomas ED (1993). Treatment of chronic myeloid leukemia by 
marrow transplantation. Blood 82:1954. 

65. Fefer A, Thomas ED (1990). Bone marrow transplantation for chronic myelogenous leuke­
mia. In De Vita VTJ, Hellman S, Rosenberg SA (eds), Important Advances in Oncology 
1990. J.B. Lippincott: Philadelphia, p. 143. 

247 



66. Fefer A, Radich J, Pavletic Z, Cheever MA, Greenberg PO, Appelbaum FR, Clift RA, Storb 
R, Sanders J, Sullivan K, Buckner CD, Thomas ED (1994). Syngeneic bone marrow trans­
plantation for chronic myelogenous leukemia in chronic phase: update of the original 14 
Seattle patients. Blood 84 (Suppll):252a. 

67. Barnett MJ, Eaves CJ, Phillips GL, Gascoyne RD, Hogge DE, Horsman DE, Humphries 
RK, Klingemann H, Lansdorp PM, Nantel SH, Reece DE, Shepherd JD, Spinelli 11, 
Sutherland HJ, Eaves AC (1994). Autografting with cultured marrow in chronic myeloid 
leukemia: results of a pilot study. Blood 84:724. 

68. Carella AM, Gaozza E, Raffo MR, Carlier P, Frassoni F, Valbonesi M, Lercari G, Sessarego 
M, Defferrari R, Guerrasio A, Saglio G. Canepa L, Gaetani GF, Occhini D (1991). Therapy 
of acute phase chronic myelogenous leukemia with intensive chemotherapy, blood cell 
autotransplant and cyclosporine A. Leukemia 5:517. 

69. Vellekoop L, Zander AR, Kantarjian HM, Jagannath S, Hester JP, Trujillo J, McCredie 
KB, Zagars G, Spitzer G, Dicke KA (1986). Piperazinedione, total body irradiation and 
autologous bone marrow transplantation in chronic myelogenous leukemia. J Clin Oncol 
4:906. 

70. Darrington DL, Vose JM. Anderson JR, Bierman PJ, Bishop MR, Chan WC, Morris ME, 
Reed EC, Sanger WG, Tarantolo SR, Weisenburger DD, Kessinger A. Armitage JO (1994). 
Incidence and characterization of secondary myelodysplastic syndromes and acute myelog­
enous leukemia following high-dose chemoradiotherapy and autologous stem cell transplan­
tation for lymphoid malignancies. J Clin Oncol 12:2527. 

71. Verfaillie CM, Miller WJ, Boylan K, McGlave PB (1992). Selection of benign primitive 
hematopoietic progenitors in chronic myelogenous leukemia on the basis of HLA-DR 
antigen expression. Blood 79:1003. 

72. Talpaz M, Kantarjian H, Khouri I, Gajewski J, Przepiorka D, Giralt S, Mehra R, van Besien 
K, Claxton 0, Andersson B, Hester J, Korbling M, Berenson R, Heimfeld S, Calvert L, 
Hamer J, Tibbits P, Liang J, Champlin R, Deisseroth AB (1994). Diploid cells collected from 
chronic myelogenous leukemia patients during recovery from conventional dose-induced 
myelosuppression generate complete cytogenetic remissions after autologous transplanta­
tion. Blood 84 (Suppl 1 ):537a. 

73. Carlo-Stella C, Mangoni L, Piovani C, Garau D, Dotti GP, Almici C. Rizzoli V (1994). 
Selection of Philadelphia-negative progenitors from chronic myelogenous leukemia. Bone 
Marrow Transplant 14 S3:S45 (abstract). 

74. Haioun C, Lepage E, Gisselbrecht C, Coiffier B, Bosly A, Tilly H, Morel P, Nouvel C, 
Herbrecht R, D'Agay MF, Gaulard P, Reyes F, for the Groups d'Etudes des Lymphomes de 
l'Adulte (1994). Comparison of autologous bone marrow transplantation with sequential 
chemotherapy for intermediate-grade and high-grade non-Hodgkin's lymphoma in first com­
plete remission: a study of 464 patients. J Clin Oncol 12:2543. 

75. Horning S, Negrin RS, Chao NJ, Long GD, Hoppe RT, Blume KG (1994). Fractionated 
total-body irradiation, etoposide, and cyclophosphamide plus autografting in Hodgkin's 
disease and non-Hodgkin's lymphoma. J Clin Oneol 12:2552. 

76. Hoyle C, Gray R, Goldman J (1994). Autografting for patients with CML in chronic phase: 
an update. Br J Haematol 86:76. 

77. MeG lave P, De Fabritiis P, Deisseroth AB, Goldman J, Barnett M, Reiffers J, Simonsson B, 
Carella A. Aeppli D (1994). Autologous transplants for chronic myelogenous leukemia: 
results form eight transplant groups. Lancet 343:1486. 

78. Khouri IF, Kantarjian HM, Talpaz M, Rios MB, Giralt S, Hester JP, Champlin RE, 
Deisseroth AB (1994). High-dose chemotherapy and un purged autologous stem cell trans­
plantation for chronic myelogenous leukemia: the M.D. Anderson experience. Blood 84 
(Suppll):537a. 

79. Talpaz M, Kantarjian H, Liang 1, Calvert L, Hamer J, Tibbits P, Durett A, Claxton D, Giralt 
S, Khouri I, Przepiorka D, van Besien K, Andersson B, Mehra R, Gajewski J, Seong D, 
Hester J, Estey E, Korbling M, Pollicardo N, Berenson R, Heimfeld S, Champlin R, 
Deisseroth AB (in press). Percent of Ph-negative and Ph-positive cells found after autolo-

248 



gous transplantation for chronic myelogenous leukemia (CML) depends on percent of 
diploid cells induced by conventional dose chemotherapy before collection of autologous 
cells. Blood. 

80. Carella AM, Frassoni F, Pollicardo N, Pungolino E, Podesta M, Giordano D, Ferrero R, 
Soracco M, Benvenuto F, Figari 0 (1994). Ph-negative blood progenitor cells (BPCs) can be 
recruited after chemotherapy and G-CSF during early hemopoietic recovery in patients at 
diagnosis of CML or pretreated only with hydroxyurea. Bone Marrow Transplant 14 S3:S34 
(abstract). 

81. Simonsson B, Oberg G, Killander A, Bjorkholm M, Gahrton G, Stenke L, Turesson I, Uden 
A, Claes M, Vilen L, Wahlin A, Lofvenberg E, Carneskog J, Westin J (1994). Intensive 
treatment in order to minimize the Ph-positive clone in chronic myelogenous leukemia 
(CML). Bone Marrow Transplant 14 S3:S55 (abstract). 

82. Buckner CD, Stewart P, Clift RA, Fefer A, Neiman PE, Singer J, Storb R, Thomas ED 
(1978). Treatment of blastic transformation of chronic granulocytic leukemia by chemo­
therapy, total body irradiation and infusion of cryopreserved autologous marrow. Exp 
Hematol 6:96. 

83. Reiffers J, Trouette R, Marit G, Montastruc M, Faberes C, Cony-Makhoul P, David B, 
Bourdeau MJ, Bilhou-Nabera C, Lacombe F, Feuillatre-Fabre F, Vezon G, Bernard P, 
Broustet A (1991). Autologous blood stem cell transplantation for chronic granulocytic 
leukaemia in transformation: a report of 47 cases. Br J Haematol 77:339. 

84. Philip T, Armitage JO, Spitzer G, Chauvin F, Jagannath S, Cahn JY, Colomb at P, Goldstone 
A, Gorin NC, Flesh M, Laporte JP, Maraninchi D, Pi co J, Bosly A, Anderson C, Schots R, 
Biron P, Cabanillas F, Dicke K (1987). High-dose therapy and autologous bone marrow 
transplantation after failure of conventional chemotherapy in adults with intermediate grade 
or high-grade-non-Hodgkin's lymphoma. N Engl J Med 316:1493. 

85. Takvorian T, Canellos CP, Ritz J, Freedman AS, Anderson KC, Mauch P, Tarbell N, Coral 
F, Daley H, Yeap B, Schlossman SF, Nadler LM (1987). Prolonged disease-free survival after 
autologous bone marrow transplantation in patients with non-Hodgkin's lymphoma with a 
poor prognosis. N Engl J Med 316:1499. 

86. Weisdorf DJ, Haake R Miller WJ, MeG lave PB, LcBien TW, Vallera DA, Lasky LC, Kim 
TH, Peterson BA. Ramsay NKC, Kersey JH, Hurd DD (1991). Autologous bone marrow 
transplantation for progressive non-Hodgkin's lymphoma: clinical impact of 
immunophenotype and in vitro purging. Bone Marrow Transplant 8:135. 

87. Petersen FB, Appelbaum FR, Bigelow CL, Buckner CD, Clift RA, Sanders JE, Storb R, 
Sullivan KM, Weiden PL, Fefcr A, Thomas ED (1989). High-dose cytosine arabinoside, total 
body irradiation and marrow transplantation for advanced malignant lymphoma. Bone 
Marrow Transplant 4:483. 

88. Appelbaum FR (1993). Treatment of aggressive non-Hodgkin's lymphoma with marrow 
transplantation. Marrow Transplant Rev 3:1. 

89. Petersen FB, Appelbaum FR, Hill R, Fisher LD, Bigelow CL, Sanders JE, Sullivan KM, 
Bensinger WI, Witherspoon RP, Storb R, Clift RA, Fefer A, Press OW, Weiden PL, Singer 
J, Thomas ED, Buckner CD (1990). Autologous marrow transplantation for malignant 
lymphoma: a report of 101 cases from Seattle. J Clin Oncol 8:638. 

90. Vose JM, Anderson JR, Kessinger A, Bierman PJ, Coccia P, Reed EC, Gordon B, Armitage 
JO (1993). High-dose chemotherapy and autologous hematopoietic stem-cell transplantation 
for agressive non-Hodgkin's lymphoma. J Clin OncoI11:1846. 

91. Colombat P, Gorin N-C, Lemonnier M-P, Binet C, Laporte J-P, Douay L, Desbois I, Lopez 
M, Lamagnere J-P, Najman A (1990). The role of autologous bone marrow transplantation 
in 46 adult patients with non-Hodgkin's lymphomas. J Clin Oneal 8:630. 

92. Rapoport AP, Rowe JM, Kouides PA, Duerst RA, Abboud CN, Liesveld JL, Packman CH, 
Eberly S, Sherman M, Tanner MA, Cons tine LS; DiPersio JF (1993). One hundred 
autotransplants for relapsed or refractory Hodgkin's disease and lymphoma: value of 
pretransplant disease status for predicting outcome. J Clin Oncol 11:2351. 

93. Van Besien KW, Tabocoff J, Rodriguez MA, Andersson B, Mehra R, Przepiorka D, 

249 



Dimopoulos M, Giralt SA, Suki S, Khouri I, Hughes P, Spitzer G. Jagannath S, Dicke K, 
LeMaistre CF, Deisseroth AB, Cabanillas F, Champlin R (in press). Intensive chemotherapy 
with the BEAC regimen and autologous bone marrow transplantation in patients with 
refractory or recurrent intermediate grade and immunoblastic lymphoma; toxicity, long-term 
follow-up and identification of prognostic factors. Bone Marrow Transplant. 

94. Wheeler C, Strawderman M, Ayash L, Hallowell Churchill W, Bierer BE, Elias A, Gilliland 
DG, Antman K, Guinan EC, Eder JP, Weinstein H, Schwartz G, Ferrara J, Mazanet R, 
Rimm 11, Tepler I, McCarthy P, Mauch P, Ault K, Gaynes L, McCauley M, Schnipper LE, 
Antin J (1993). Prognostic factors for treatment outcome in autotransplantation of interme­
diate-grade and high-grade non-Hodgkin's lymphoma with cyclophosphamide, carmustine, 
and etoposide. J Clin OncoI11:1085. 

95. Weaver CH, Petersen FB, Appelbaum FR, Bensinger WI, Press 0, Martin p, Sandmaier B, 
Deeg HJ, Hansen JA, Brunvand M, Rowley S, Benyunes K, Chauncy T, Fefer A, Hackman 
R, Gooley T, Schiffman K, Storb R, Sullivan KM, Weiden P, Witherspoon R, Buckner CD 
(1994). High-dose fractionated total-body irradiation, etoposide, and cyclophosphamide 
followed by autologous stem-cell support in patients with malignant lymphoma. J Clin Oncol 
12:2559. 

96. Phillips GL, Fay JW, Herzig RH, Lazarus HM, Wolff SN, Lin H, Shina DC, Glasgow GP, 
Griffith RC, Lamb CW, Herzig GP (1990). The treatment of progressive non-Hodgkin's 
lymphoma with intensive chemoradiotherapy and autologous marrow transplantation. 
Blood 75:831. 

97. Armitage JO, Gingrich RD, Klassen LW, Bierman PJ, Kumar PP, Weisenburger DD, Smith 
DM (1986). Trial of high-dose cytarabine, cyclophosphamide, total-body irradiation and 
autologous marrow transplantation for refractory lymphoma. Cancer Treat Rep 70:871 
(abstract ). 

98. Verdonck LF, Dekker A W, de Gast GC, Van Kempen ML, Lokhorst HM, Nieuwenhuis HK 
(1992). Salvage therapy with ProMACE-MOPP followed by intensive chemoradiotherapy 
and autologous bonc marrow transplantation for patients with non-Hodgkin's lymphoma 
who failed to respond to first-line CHOP. J Clin Oncol 10:1949. 

99. Freedman AS. Takvorian T, Anderson KC, Mauch P, Rabinowe SN, Blake K, Ycap B, 
Soiffer R, Coral F, Heflin L, Ritz J, Nadler LM (1990). Autologous bone marrow transplan­
tation in B-cell non-Hodgkin's lymphoma: very low treatment-related mortality in 100 
patients in sensitive relapse. J Clin Oncol 8:784. 

100. Ghalie R, Richman CM, Adler SS, Korenblit AD, Kramer TS, Manson S, Dolce A, Kaizer 
H (1991). Involved field radiation, fractionated total body irradiation, high dose cyclophos­
phamide, and autologous bone marrow transplantation in the treatment of malignant 
lymphomas. Bone Marrow Transplant 8:41. 

101. Verdonck LF, Dekker A W, Van Kempen ML, Punt K, Van Unnik JAM, van Peperzeel HA, 
de Gast GC (1985). Intensive cytotoxic therapy followed by autologous bone marrow trans­
plantation for non-Hodgkin's lymphoma of high grade malignancy. Blood 65:984. 

102. Gulati S, Yahalom J, Acaba L, Reich L, Motzer R, Crown J, Toia M. Igarashi T, Lemoli R, 
Hanninen E, Doherty M (1992). Treatment of patients with relapsed and resistant non­
Hodgkin's lymphoma using total body irradiation, etoposide, and cyclophosphamide and 
autologous bone marrow transplantation. J Clin Oncol 10:936. 

103. Spitzer G, Japannath S, Dicke KA, Armitage J, Zander AR, Vellekoop L, Horwitz L, 
Cabanillas F, Zagars GK, Velasquez WS (1986). High dose melphalan and total body 
irradiation with bone marrow transplantation for refractory malignancies. Eur J Cancer C1in 
Oncol 22:677. 

104. Broun ER, Tricot G, Akard L, Nichols C, Cheerva A, Jansen J (1990). Treatment of 
refractory lymphoma with high dose cytarabine, cyclophosphamide and either TBI or VP-16 
followed by autologous bone marrow transplantation. Bone Marrow Transplant 5:34l. 

105. Appelbaum FR, Sullivan KM, Buckner CD, Clift RA, Deeg J, Fefer A, Hill R, Mortimer J, 
Neiman PE, Sanders JE, Singer J, Stewart P, Storb R, Thomas ED (1987). Treatment of 

250 



malignant lymphoma in 100 patients with chemotherapy, total body irradiation and marrow 
transplantation. J Clin Oneal 5:1340. 

106. Philip T, Chauvin F, Armitage J, Bron D, Hagenbeek A, Biron P, Spitzer G, Velasquez W, 
Weisenburger DD, Fernandez-Ranada J, Somers R, Rizzoli V, Harousseau JL, Sotto 11, 
Cahn JY, Guilhot F, Biggs J, Sonneveld P, Misset JL, Manna A, Jagannath S, Guglielmi C, 
Chevreau C, Delmer A (1991). Parma international protocol: pilot study of DHAP followed 
by involved-field radiotherapy and BEAC with autologous bone marrow transplantation. 
Blood 77:1587. 

107. Gottdiener JS, Appelbaum FR, Ferrans VJ, Deisseroth AB, Ziegler J (1981). Cardiotoxicity 
associated with high-dose cyclophosphamide therapy. Arch Intern Med 141:758. 

108. Cazin B, Gorin NC, Laporte JP, Gallet B, Douay L, Lopez M, Najman A, Duhamel G 
(1986). Cardiac complications after bone marrow transplantation. A report on a series of 63 
consecutive transplantations. Cancer 57:2061. 

109. Appelbaum FR, Strauchen JA, Graw RG, Savage DD, Kent KM, Ferrans VJ, Herzig 
GP (1976). Acute lethal carditis caused by high-dose combination chemotherapy. Lancet 
i:58. 

110. Gingrich RD, Ginder GD, Burns U, Wen B-C, Fyfe MA (1990). BVAC ablative chemo­
therapy followed by autologous bone marrow transplantation for patients with advanced 
lymphoma. Blood 75:2276. 

I 11. Gribben JG, Goldstone AH, Linch DC, Taghipour G, McMillan AK, Souhami RL, Earl H, 
Richards JDM (1989). Effectiveness of high-dose combination chemotherapy and autolo­
gous bone marrow transplantation for patients with non-Hodgkin's lymphomas who are still 
responsive to conventional-dose therapy. J Clin Oncol 7:1621. 

112. Neidhart JA, Kohler W, Stidley C, Mangalik A, Plauche A, Anderson T, Quenzer RW, 
Rinehart 11 (1990). Phase I study of repeated cycles of high-dose cyclophosphamide, 
etoposide, and cisplatin administered without bone marrow transplantation. J Clin Oncol 
8:1728. 

113. Lazarus HM, Crilley P, Ciobanu N, Creger RJ, Fox RM, Shina DC, Bulova SI, Gucalp R, 
Cooper BW, Topolsky D, Soegiarso W, Brodsky I (1992). High-dose carmustine, etoposide, 
and cisplatin and autologous bone marrow transplantation for relapsed and refractory 
lymphoma. J Clin OncoI1O:1682. 

114. Van Besien KW, Mehra R, Khouri I, Giralt SA, Andersson B, Dimopoulos M, Przepiorka D, 
Gajewski J, Rodriguez A, Besa P, Deisseroth AB, Champlin R (1993). Double intensifica­
tion and allogeneic or autologous bone marrow transplantation for poor prognosis 
lymphoma. Blood 82 (SuppI1):146a (abstract). 

115. Wilson WH, Jain V, Bryant G, Cowan KH, Carter C, Cottier-Fox M, Goldspiel B, Steinberg 
SM, Longo DL, Wittes RE (1992). Phase I and II study of high-dose ifosfamide, carboplatin, 
and etoposide with autologous bone marrow rescue in lymphomas and solid tumors. J Clin 
Oncol 10:1712. 

116. Schenkein DP, Dixon P, Desforges JF, Berkman E, Erban JK, Ascensao JL, Miller KB 
(1994). Phase 1111 study of cyclophosphamide, carboplatin and etoposide and autologous 
hematopoietic stem cell transplantation with posttransplant interferon alfa-2b for patients 
with lymphoma and Hodgkin's disease. J Clin Oncol 12:2423. 

117. Van der Jagt RHC, Appelbaum FR, Petersen FB, Bigelow CL, Fisher LD, Schoch GH, 
Buckner CD, Sanders JE, Storb R, Sullivan KM, Thomas ED (1991). Busulfan and cyclo­
phosphamide as a preparative regimen for bone marrow transplantation in patients with 
prior chest radiotherapy. Bone Marrow Transplant 8:211. 

118. Przepiorka D, Nath R, Ippoliti C, Mehra R, Hagemeister F, Diener K, Dimopoulos M, Giralt 
S, Khouri I, Samuels B, van Besien K, Andersson B, Deisseroth AB, Luna M, Cabanillas F, 
Champlin R (in press). A phase I-II study of high-dose thiotepa, busulfan and cyclophospha­
mide as a preparative regimen for autologous transplantation for malignant lymphoma. Leuk 
Lymphoma. 

119. Robertson HT, Haley NR, Guthrie M, Cardenas D, Eschbach JW, Adamson JW (1990). 

251 



Recombinant erythropoietin improves exercise capacity in anemic hemodialysis patients. 
Am 1 Kidney Dis 15:325. 

120. Philip T, Guglielmi C, Hagenbeek A, Somers R, Van der Lelie H, Bron D, Sonneveld P, 
Gisselbrecht C, Cahn l-Y, Harousseau l-L, Coiffier B, Biron P, Mandelli F, Chauvin F 
(1995). Autologous bone marrow transplantation as compared with salvage chemotherapy in 
relapses of chemotherapy-sensitive non-Hodgkin's lymphoma. N Engl 1 Med 333: 1540. 

121. Bosly A, Coiffier B, Gisselbrecht C, Tilly H, Auzanneau G, Andrien F, Herbrecht R, Legros 
M, Devaux Y, laubert 1, Pignon B, Michaux l-L, Humblet Y, Dupriez B, Thyss A, Lederlin 
P (1992). Bone marrow transplantation prolongs survival after relapse in aggressive­
lymphoma patients treated with the LNH-84 regimen. 1 Clin Oncol 10:1615. 

122. Freedman AS, Takvorian T, Neuberg D, Mauch P, Rabinowe SN, Anderson KC, Soiffer RJ, 
Spector N, Grossbard M, Robertson Ml, Blake K, Coral F, Canellos GP, Ritz 1, Nadler LM 
(1993). Autologous bone marrow transplantation in poor-prognosis intermediate-grade and 
high-grade B-cell non-Hodgkin's lymphoma in first remission: a pilot study. 1 Clin Oncol 
11:931. 

123. Nademanee A, Schmidt GM, O'Donnell MR, Snyder DS, Parker PA, Stein A, Smith E, 
Lipsett lA, Sniecinski I, Margolin K, Somlo G, Niland lC, Blume KG, Forman Sl (1992). 
High-dose chemoradiotherapy followed by autologous bone marrow transplantation as con­
solidation therapy during first complete remission in adult patients with poor-risk aggressive 
lymphoma: a pilot study. Blood 80:1130. 

124. Gulati SC, Shank B, Black P, Yopp 1, Koziner B, Straus D, Filippa D, Kempin S, Castro­
Malaspina H, Cunningham I, Berman E, Coleman M, Langleben A, Colvin OM, Fuks Z, 
O'Reilly R, Clarkson B (1988). Autologous bone marrow transplantation for patients with 
poor-prognosis lymphoma. 1 Clin Oncol 6:1303. 

125. The International Non-Hodgkin's Lymphoma Prognostic Factors Project (1993). A predic­
tive model for aggressive non-Hodgkin's lymphoma. N Engl J Med 329:987. 

126. Verdonck LF, Van Putten WU, Hagenbeek A, Schouten HC, Sonneveld P, Van Imhoff 
GW, Kluin-Nelemans HC, Raemaekers IMM, Van Oers RHJ, Haak HL, Schots R, Dekker 
A W, De Gast GC, Lowenberg B (1995). Comparison of CHOP chemotherapy with autolo­
gous bone marrow transplantation for slowly responding patients with aggressive non­
Hodgkins' lymphoma. N Engl 1 Med 332: 1045. 

127. Gianni AM, Bregni M, Siena S, Brambilla C, Di Nicola M, Lombardi F, Gandola L, Tarella 
C, Pileri A, Stern A, Valagussa P, Bonadonna G (1994). 5-Year update of the Milan Cancer 
Institute randomized trial of high-dose sequential vs MACOP-B therapy for diffuse large cell 
lymphoma. ASCO Proc 13:373. 

128. Peterson BA (1994). The role of transplantation in non-Hodgkin's lymphoma. 1 Clin Oncol 
12:2524. 

129. Philip T, Biron P, Philip I, Favrot M, Souillet G, Frappaz D, laubert 1, Bordigoni P, Bernard 
lL, Laporte IP, Lemevel A, Plouvier E, Marguerite G, Pinkerton R, Brizard CP, Freycon F, 
Forster HK, Philippe N, Brunat-Mentigny M (1986). Massive therapies and autologous bone 
marrow transplantation in pediatric and young adults with Burkitt's lymphoma (30 courses 
on 28 patients: a 5 year experience). Eur 1 Cancer Clin OncoI22:1015. 

130. Philip T, Hartman 0, Brian P, et al. (1988). High dose therapy and autologous bone marrow 
transplantation in partial remission after first line induction therapy for diffuse non­
Hodgkins lymphoma. J Clin Oncol 8:784. 

131. Philip T, Biron P, Herve P, Dutou L, Ehrsam A, Philip I, Souillet G, Plouvier E, Le Mevel 
A, Philippe N, Vuvan 0, Bouffet E, Bachmann P, Cordier IF, Freycon F, Brunat-Mentigny 
M (1983). Massive BACT chemotherapy with autologous bone marrow transplantation in 17 
cases of non-Hodgkin's malignant lymphoma with a very bad prognosis. Eur J Cancer Clin 
OncoI19:1371. 

132. Chopra R, Goldstone AH, Pearce R, Philip T, Petersen F, Appelbaum F, De Vol E, Ernst P 
(1992). Autologous versus allogeneic bone marrow transplantation for non-Hodgkin's 
lymphoma: a case-controlled analysis of the European Bone Marrow Transplant Group 
registry data. J Clin Oncol10:1690. 

252 



133. Coleman CN, Picozzi VJ, Cox RS, McWirter K, Weiss LM, Cohen JR, Yu KP, Rosenberg SA 
(1986). Treatment of lymphoblastic lymphoma in adults. J Clin Oncol 4:1628. 

134. Eden OB, Hann I, Imeson J, Cotterill S, Gerrard M, Pinkerton CR (1992). Treatment of 
advanced stage T cell lymphoblastic lymphoma: results of the United Kingdom Children's 
Cancer Study Group (UKCCSG) protocol 8503. Br J HaematoI82:310. 

135. Bernasconi C, Brusamolino E, Lazzarino M, Morra E, Pagnucco G, Orlandi E (1990). 
Lymphoblastic lymphoma in adult patients: clinicopathological features and response to 
intensive multiagent chemotherapy analogous to that used in acute lymphoblastic leukemia. 
Ann Oncol 1:141. 

136. Morel P, Lepage E, Brice P, Dupriez B, D'Agay M-F, Fenaux P, Gosselin B, Bauters F, 
Gisselbrecht C (1992). Prognosis and treatment of lymphoblastic lymphoma in adults: a 
report on 80 patients. J Clin OneoI1O:1078. 

137. Spinolo JA, Cabanillas F, Dixon DO, Khorana SM, McLaughlin P, Velasquez WS, 
Hagemeister FB, Redman JR, Swan F Jr (1992). Therapy of relapsed or refractory low-grade 
follicular lymphomas: factors associated with complete remission, survival and time to treat­
ment failure. Ann Oneol 3:227. 

138. Weisdorf DJ, Andersen JW, Glick JH, Oken MM (1992). Survival after relapse of low­
grade non-Hodgkin's lymphoma: implications for marrow transplantation. J Clin Oncol 
10:942. 

139. Freedman AS, Ritz J, Neuberg D, Anderson KC, Rabinowe SN, Mauch P, Takvorian T, 
Soiffer R, Blake K, Yeap B, Coral F, Nadler LM (1991). Autologous bone marrow transplan­
tation in 69 patients with a history of low-grade B-cell non-Hodgkin's lymphoma. Blood 
77:2524. 

140. Rohatiner AZS, Johnson PWM, Price CGA, Arnott SJ, Amess JAL, Norton AJ, Dorey E, 
Adams K, Whelan JS, Matthews J, MacCallum PK, Oza AM, Lister TA (1994). 
Myeloablative therapy with autologous bone marrow transplantation as consolidation 
therapy for recurrent follicular lymphoma. J Clin Oncol 12:1177. 

141. Freedman AS, Nadler LM (1993). Which patients with relapsed non-Hodgkin's lymphoma 
benefit from high-dose therapy and hematopoietic stem-cell transplantation. J Clin Oncol 
11:1841. 

142. Johnson PWM, Rohatiner AZS, Whelan JS, Price CGA, Love S, Lim J, Matthews J, Norton 
AJ, Amess JAL, Lister TA (1995). Patterns of survival in patients with recurrent follicular 
lymphoma: a 20-year study from a single center. J Clin Oncol 13:140. 

143. Khouri IF, Suki S, van Besien K, McLaughlin P, Vriesendorp H, Przepiorka D, Andersson 
B, Giralt S, Gajewski J, Mehra R, Cabanillas F, Deisseroth AB, Champlin RE (1994). 
Etoposide, cyclophosphamide, total body irradiation and autologous bone marrow trans­
plantation for low grade non-Hodgkin's lymphoma. Blood 84 Sl:206a (abstract). 

144. Van Besien KW, Khouri IF, Giralt SA, McCarthy P, Mehra R, Andersson B, Przepiorka D, 
Gajewski JL, Bellare N, Nath R, Romaguera J, McLaughlin P, Korbling M, Deisseroth AB, 
Cabanillas F, Champlin RE (in press). Allogeneic bone marrow transplantation for refrac­
tory and recurrent low grade lymphoma - the case for aggressive management. J Clin 
Onco!. 

145. Gribben JG, Freedman AS, Neuberg D, Roy DC, Blake KW, Woo SD, Grossbard ML, 
Rabinowe SN, Coral F, Freeman GJ, Ritz J, Nadler LM (1991). Immunologic purging of 
marrow assessed by PCR before autologous bone marrow transplantation for B-cell 
lymphoma. N Engl J Med 325:1525. 

146. Gribben JG, Neuberg D, Barber M, Moore J, Pesek KW, Freedman AS, Nadler LM 
(1994). Detection of residual lymphoma cells by polymerase chain reaction in peripheral 
blood is significantly less predictive for relapse than detection in bone marrow. Blood 
83:3800. 

147. Johnson PWM, Price CGA, Smith T, Cotter FE, Meerabux J, Rohatiner AZS, Young BD, 
Lister TA (1994). Detection of cells bearing the t(14;18) translocation following 
myeloablative treatment and autologous bone marrow transplantation for follicular 
lymphoma. J Clin Oncol 12:798. 

253 



148. Lee JS, Dixon DO, Kantarjian HM, Keating MJ, Talpaz M (1987). Prognosis of chronic 
lymphocytic leukemia: a multivariate regression analysis of 325 untreated patients. Blood 
69:929. 

149. Khouri IF, Keating MJ, Vriesendorp HM, Reading CL, Przepiorka D, Huh YO, Andersson 
B, Van Besien KW, Mehra RC, Giralt SA, Ippoliti C, Marshall M, Thomas MW, O'Brien S, 
Robertson LE, Deisseroth AB, Champlin RE (1994). Autologous and allogeneic bone 
marrow transplantation for chronic lymphocytic leukemia. J Clin OncoI12:748. 

150. Rabinowe SN, Soiffer RJ, Gribben JG, Daley H, Freedman AS, Daley J, Pesek K, Neuberg 
D, Pinkus G, Leavitt PR, Spector NA, Grossbard ML, Anderson K, Robertson MJ, Mauch 
P, Chayt-Marcus K, Ritz J, Nadler LM (1993). Autologous and allogeneic bone marrow 
transplantation for poor prognosis patients with B-cell chronic lymphocytic leukemia. Blood 
82:1366. 

151. Reece DE, Connors JM, Spinelli JJ, Barnett MJ, Fairey RN, Klingemann H, Nantel SH, 
O'Reilly S, Shepherd JD, Sutherland HJ, Voss N, Chan K, Phillips GL (1994). Intensive 
therapy with cyclophosphamide, carmustine, etoposide ::':: cisplatin, and autologous bone 
marrow transplantation for Hodgkin's disease in first relapse after combination chemo­
therapy. Blood 83:1193. 

152. Wheeler C, Antin JH, Churchill WH, Come SE, Smith BR, Bubley GJ, Rosenthal DS, 
Rappaport JM, Ault KA, Schnipper LE, Eder JP (1990). Cyclophosphamide, carmustine, 
and etoposide with autologous bone marrow transplantation in refractory Hodgkin's disease 
and non-Hodgkin's lymphoma: a dose-finding study. J Clin Oncol 8:648. 

153. Kessinger A, Bierman PJ, Vose JM, Armitage JO (1991). High-dose cyclophosphamide, 
carmustine, and etoposide followed by autologous peripheral stem cell transplantation for 
patients with relapsed Hodgkin's disease. Blood 77:2322. 

154. Jagannath S, Armitage JO, Dicke KA, Tucker SL, Velasquez WS, Smith K, Vaughan WP, 
Kessinger A, Horwitz U, Hagemeister FB, McLaughlin P, Cabanillas F, Spitzer G (1989). 
Prognostic factors for response and survival after high-dose cyclophosphamide, carmustine, 
and etoposide with autologous bone marrow transplantation for relapsed Hodgkin's disease. 
J Clin Oncol 7:179. 

155. Chopra R, McMillan AK, Linch DC, Yuklea S, Taghipour G, Pearce R, Patterson KG, 
Goldstone AH (1993). The place of high-dose BEAM therapy and autologous bone marrow 
transplantation in poor-risk Hodgkin's disease. A single-center eight-year study of 155 
patients. Blood 81:1137. 

156. Anderson JE, Litzow MR, Appelbaum FR, Schoch G, Fisher LD, Buckner CD, Petersen 
FB, Crawford SW, Press OW, Sanders JE, Bensinger WI, Martin PJ, Storb R, Sullivan 
KM, Hansen JA, Thomas ED (1993). Allogeneic, syngeneic, and autologous bone marrow 
transplantation for Hodgkin's disease: the 21 year Seattle experience. J Clin Oncol 11: 
2342. 

157. Yahalom J, Gulati SC, Toia M, Maslak P, McCarron EG, O'Brien JP, Portlock CS, Straus 
DJ, Phillips J, Fuks Z (1993). Accelerated hyperfractionated total-lymphoid irradiation, 
high-dose chemotherapy, and autologous bone marrow transplantation for refractory and 
relapsing patients with Hodgkin's disease. J Clin Oncol11:1062. 

158. Jones RJ, Piantadosi S, Mann RB, Ambinder RF, Seifter EJ, Vriesendorp HM, Abeloff MD, 
Bums WH, May WS, Rowley SD, Vogelsang GB, Wagner JE, Wiley JM, Wingard JR, 
Yeager AM, Saral R, Santos GW (1990). High-dose cytotoxic therapy and bone marrow 
transplantation for relapsed Hodgkin's disease. J Clin Oncol 8:527. 

159. Bierman PJ, Vose JM, Armitage JO (1994). Autologous bone marrow transplantation for 
Hodgkin's disease: coming of age? Blood 83:1161. 

160. Viviani S, Negretti E, Bonfante V, Valagussa P, Bonadonna G (1990). Salvage chemo­
therapy in Hodgkin's disease. Ann Oncol 1:123. 

161. Gianni AM, Siena S, Bregni M, Lombardi F, Gandola L, Valagussa P, Bonnadonna G 
(1991). Prolonged disease-free survival after high-dose sequential chemo-radiotherapy and 
haematopoietic autologous transplantation in poor prognosis Hodgkin's disease. Ann Oncol 
2:645. 

254 



162. Desch CE, Lasala MR, Smith TJ, Hillner BE (1992). The optimal timing of autologous bone 
marrow transplantation in Hodgkin's disease patients after a chemotherapy relapse. J Clin 
Oncoll0:200. 

163. Canellos GP (1992). The second chance for advanced Hodgkin's disease. J Clin Oncol 
10:175. 

164. Linch DC, Winfield D, Goldstone AH, Moir D, Hancock B, McMillan A, Chopra R, Milligan 
D, Hudson CV (1993). Dose intensification with autologous bone-marrow transplantation in 
relapsed and resistant Hodgkin's disease: results of a BNLI randomised trial. Lancet 
341:1051. 

165. Carella AM, Carlier P, Congiu A, Occhini D, Nati S, Santini G, Pierluigi D, Giordano D, 
Bacigalupo A, Damasio E (1991). Autologous bone marrow transplantation as adjuvant 
treatment for high-risk Hodgkin's disease in first complete remission after MOPP/ABVD 
protocol. Bone Marrow Transplant 8:99. 

166. Peters WP, Ross M, Vredenburgh JJ, Meisenberg B, Marks LB, Winer E, Kurtzberg J, Bast 
RC Jr, Jones R, Shpall E, Wu K, Rosner G, Gilbert C, Mathias B, Coniglio D, Petros W, 
Henderson IC, Norton L, Weiss RB, Budman D, Hurd D (1993). High-dose chemotherapy 
and autologous bone marrow support as consolidation after standard-dose adjuvant therapy 
for high-risk primary breast cancer. J Clin OncoI11:1132. 

167. Jagannath S, Vesole DH, Glenn L, Crowley J, Barlogie B (1992). Low-risk intensive therapy 
for multiple myeloma with combined autologous bone marrow and blood stem cell support. 
Blood 80:1666. 

168. Brugger W, Mocklin W, Heimfeld S, Berenson RJ, Mertelsmann R, Kanz L (1993). Ex vivo 
expansion of enriched peripheral blood CD34+ progenitor cells by stem cell factor, 
interleukin-l~ (IL-l~), IL-6, IL-3, interferon-gamma, and erythropoietin. Blood 81: 
2579. 

169. Koller MR, Emerson SG, Palsson BO (1993). Large-scale expansion of human stem and 
progenitor cells from bone marrow mononuclear cells in continuous perfusion cultures. 
Blood 82:378. 

170. Kaminski MS, Zasadny KR, Francis IR, Milik A W, Ross CW, Moon SD, Crawford SM, 
Burgess JM, Petry NA, Butchko GM, Glenn SD, Wahl RL (1993). Radioimmunotherapyof 
B-celllymphoma with (I31I]anti-BI (anti-CD20) antibody. N Engl J Med 329:459. 

171. Press OW, Eary JF, Appelbaum FR, Martin PJ, Badger CC, Nelp WB, Glenn S, Butchko G, 
Fisher D, Porter B, Matthews DC, Fisher LD, Bernstein ID (1993). Radiolabeled-antibody 
therapy of B-cell lymphoma with autologous bone marrow support. N Engl J Med 329: 
1219. 

172. Vitetta ES, Thorpe PE, Uhr JW (1993). Immunotoxins: magic bullets or misguided missiles. 
Immunol Today 14:252. 

173. Hess AD, Jones RJ, Morris LE, Noga SJ, Vogelsang GB, Santos GW (1992). Autologous 
graft-versus-host disease: a novel approach for antitumor immunotherapy. Hum Immunol 
34:219. 

174. Stone RM (1994). Myelodysplastic syndrome after autologous bone marrow transplantation 
for lymphoma: the price of progress? Blood 83:3437. 

175. Miller JS, Arthur DC, Litz CE, Neglia JP, Miller WJ, Weisdorf DJ (1994). Myelodysplastic 
syndrome after autologous bone marrow transplantation: an additional late complication of 
curative cancer therapy. Blood 83:3780. 

176. Stone RM, Neuberg D, Soiffer R, Takvorian T, Whelan M, Rabinowe SN, Aster JC, Leavitt 
P, Mauch P, Freedman AS, Nadler LM (1994). Myelodysplastic syndrome as a late compli­
cation following autologous bone marrow transplantation for non-Hodgkin's lymphoma. J 
Clin Oncol 12:2535. 

177. Michel G, Maraninchi D, Demeocq F, Perrimond H, Blaise D, Gaspard MH, Stoppa AM, 
Gastaut JA, Lepeu G, Novakovitch G, Marguerite G, Carcassonne Y (1988). Repeated 
courses of high dose melphalan and unpurged autologous bone marrow transplantation in 
children with acute non-lymphoblastic leukemia in first complete remission. Bone Marrow 
Transplant 3:105. 

255 



178. Cahn lY, Herve P, Flesch M. Plouvier E, Noir A. Racadot E, Montcuquet P, Behar C, 
Pignon B, Boilletot A, Lutz P, Henon P, Rozenbaum A. Peters A, Leconte des Floris R 
(1986). Autologous bone marrow transplantation (ABMT) for acute leukemia in complete 
remission: a pilot study of 33 cases. Br 1 Hematol 63:457. 

179. Lenarsky C. Weinberg K. Petersen 1, Nolta 1, Brooks 1, Annett G, Kohn D, Parkman R 
(1990). Autologous bone marrow transplantation with 4-hydroperoxycyclophosphamide 
purged marrow for children with acute non-lymphoblastic leukemia in second remission. 
Bone Marrow Transplant 6:425. 

180. Ball ED, Mills LE, Cornwell GG, III, Davis BH, Coughlin CT, Howell AL, Stukel T A, Dain 
Bl, McMillan R, Spruce W, Miller WE, Thompson L (1990). Autologous bone marrow 
transplantation for acute myeloid leukemia using monoclonal antibody-purged bone mar­
row. Blood 75:1199. 

181. Beelen DW, Quabeck K. Graeven U, Sayer HG, Mahmoud HK, Schaefer UW (1989). Acute 
toxicity and first clinical results of intensive postinduction therapy using a modified busulfan 
and cyclophosphamide regimen with autologous bone marrow rescue in first remission of 
acute myeloid leukemia. Blood 74:1507. 

182. Yeager AM, Kaizer H, Santos GW, Saral R, Colvin OM, Stuart RK, Braine HG, Burke Pl, 
Ambinder RF, Burns WH, Fuller DJ, Davis 1M, Sensenbrenner LL, Vogelsang GB, Wingard 
lR (1986). Autologous bone marrow tranplantation in patients with acute nonlymphocytic 
leukemia, using ex vivo marrow treatment with 4-hydroperoxycyclophosphamide. N Engl J 
Med 315:141. 

183. Stewart p, Buckner CD, Bensinger W, Appelbaum F, Fefer A. Clift R, Storb R, Sanders J, 
Meyers J, Hill R, Thomas ED (1985). Autologous marrow transplantation in patients with 
acute nonlymphocytic leukemia in first remission. Exp Hematol 13:267. 

184. Chang 1, Coutino L, Morgenstern G, Scarffe lH, Deakin D, Harrison C, Testa NG, Dexter 
TM (1986). Reconstitution of hemopoietic system with autologous marrow taken during 
relapse of acute myeloblastic leukemia and grown in long term culture. Lancet 1:294. 

185. Koeppler H, Pflueger KH, Wolf M, Weide R, Havemann K (1990). High-dose chemotherapy 
with noncryopreserved autologous bone marrow transplantation for acute myeloid leukemia 
in first complete remission. Haematol Blood Transfusion 33:699. 

186. Solh H, Saunders EF, Freedman M (1991). Autologous bone marrow transplantation follow­
ing high-dose busulfan and cyclophophamide using unpurged marrow in children with acute 
nonlymphoblastic leukemia. Blood 78 S1:507a. 

187. Lowenberg B, Hagenbeek A, Sizoo W, de Gast GC, Verdonck LF (1984). Bone marrow 
transplantation strategies in acute leukemia. Lancet ii:1400. 

188. Shaw JP, Bergin ME, Burgess MA. Dalla Pozza L, Kellie Sl, Rowell G, Stevens MM, 
Webster BH, Bradstock KF (1994). Childhood acute myeloid leukemia: outcome in a single 
center using chemotherapy and consolidation with busulfan/cyclophosphamide for bone 
marrow transplantation. 1 Clin Oncol 12:2138. 

189. Zittoun RA, Mandelli F, Willemze R, de Witte T, Labar B, Resegotti L, Leoni F, Damasio 
E, Visani G, Papa G, Caronia F, Hayat M, Stryckmans P, Rotoli B, Leoni P, Peetermans ME, 
Dardenne M, Vegna ML, Petti MC, Solbu G, Suciu S, for the European Organization for 
Research and Treatment of Cancer (EORTC) and the Gruppo Italiano Malattie 
Ematologiche Maligne Dell'Adulto (GIMEMA) Leukemia Cooperative Groups (1995). 
Autologous or allogeneic bone marrow transplantation compared with intensive chemo­
therapy in acute myelogenous leukemia. N Engl 1 Med 332:217. 

190. Doney K, Buckner CD, Fisher L, Petersen FB, Sanders 1, Appelbaum FR, Anasetti C, 
Badger C, Bensinger W, Deeg Hl, Fefer A, Martin P, Petersdorf E, Schuening F, Singer 1, 
Stewart P, Storb R, Sullivan KM, Witherspoon R, Hansen lA (1993). Autologous bone 
marrow transplantation for acute lymphoblastic leukemia. Bone Marrow Transplant 12:315. 

191. Blaise D, Gaspard MH, Stoppa AM, Michel G, Gastaut lA, Lepeu G, Tubiana N, Blanc AP, 
Rossi JF, Novakovitch G, Mannoni P, Mawas C, Maraninchi D, Carcassonne Y (1990). 
Allogeneic or autologous bone marrow transplantation for acute lymphoblastic leukemia in 
first complete remission. Bone Marrow Transplant 5:7. 

256 



192. Pico JL, Hartmann O. Maraninchi D, Beaujean F, Benhamou E, Mascret B, Novakovitch G, 
Ghalie R, Kalifa C, Hayat M, Patte C, Carcass one Y, Lemerle J (1986). Modified chemo­
therapy with carmustine, cytarabine, cyclophosphamide and 6-thioguanine (BACT) and 
autologous bone marrow transplantation in 24 poor risk patients with acute lymphoblastic 
leukemia. J Nat! Cancer Inst 76:1289. 

193. Soiffer RJ, Roy DC, Gonin R, Murray C, Anderson KC, Freedman AS, Rabinowe SN, 
Robertson MJ, Spector N, Pesek K, Mauch P, Nadler LM, Ritz J (1993). Monoclonal 
antibody-purged autologous bone marrow transplantation in adults with acute lymphoblastic 
leukemia at high risk of relapse. Bone Marrow Transplant 12:243. 

194. Billett AL, Kornmehl E, Tarbell NJ, Weinstein HJ, Gelber RD, Ritz J, Sallan SE (1993). 
Autologous bone marrow transplantation after a long first remission for children with 
recurrent acute lymphoblastic leukemia. Blood 81:1651. 

195. Zintl F, Hermann J, Fuchs D, Prager J, Reiners B, Muller A, Kob D, Goetz I, Metzner G 
(1990). Comparison of allogeneic and autologous bone marrow transplantation for treatment 
of acute lymphocytic leukemia in childhood. Haematol Blood Transfusion 33:692. 

196. Herve P, Labopin M, Plouvier E, Palut P, Tiberghien P, Gorin NC, EBMT Working Party on 
ABMT (1991). Autologous bone marrow transplantation for childhood acute lymphoblastic 
leukemia - a European survey. Bone Marrow Transplant 8 S:72. 

197. Colleselli P, Dini G, Andolina M, Bonetti F, Miniero R, Sonego M, Pigozzo P, Messina C, 
Porta F, Sotti G, Zanesco L (1991). Autologous bone marrow transplantation for acute 
lymphoblastic leukemia: the high dose vincristine study of AIEOP BMT group. Bone Mar­
row Transplant 7 S3:28. 

198, Cahn JY, Bordigoni P, Souillet G, Pico JL, Plouvier E, Reiffers J, Benz-Lemoine E, Bergerat 
JP, Lutz P, Colomb at P, Herve P (1991). The TAM regimen prior to allogeneic and autolo­
gous bone marrow transplantation for high-risk acute lymphoblastic leukemias: a coopera­
tivc study of 62 patients. Bone Marrow Transplant 7:1. 

199. De Fabritiis P, Sandrelli A, Meloni G, Alimena G, Montefusco E, Lo Coco F, De Felice L, 
Mandelli F (1990). Prolonged suppression of myeloid progenitor cell numbers after stopping 
interferon treatment for CML may necessitate delay in harvesting marrow cells for 
autografting. Bone Marrow Transplant 6:247. 

200. McGlave P, Miller W, Perry E, Fautsch S, Ramsay NKC, Verfaillie CM, Weisdorf D (1994). 
Autologous marrow transplant therapy for CML using marrow treated ex vivo with human 
recombinant interferon gamma. Blood 84 SI:537a (abstract). 

201. Karp DD, Parker LM, Binder M, Tantravahi R, Smith BR, Ervin TJ, Canellos GP (1985). 
Treatment of the blastic transformation of chronic granulocytic leukemia using high dose 
BCNU chemotherapy and cryopreserved autologous peripheral blood stem cells. Am J 
HematoI18:243. 

202. Preisler HD, Raza A, Higby D, Kirshner J, Woll J, Bennett J, Winton L, Weiner R, Richman 
C, Golomb H, Goldberg J (1984). Treatment of myeloid blastic crisis of chronic myelogenous 
leukemia. Cancer Treatment Rep 68:1351. 

203. Vogler WR, Winton EF, James S, O'Neill S, Granade S, Mallard G (1983). Autologous 
marrow transplantation after karyotypic conversion to normal in blastic phase of chronic 
myelocytic leukemia. Am J Med 75:1080. 

204. Thomas MR, Robinson W A, Dantas M, Koeppler H, Drebing C, Globe LM (1984). Autolo­
gous marrow transplantation for patients with chronic myelogenous leukemia in blast crisis. 
Am J Hematol 16:105. 

205. Lemonnier MP, Gorin NC, Laporte JP, et al. (1986). Autologous marrow transplantation for 
patients with chronic myeloid leukemia in accelerated or blastic phase: report of 14 cases. 
Exp Hematol 14:105. 

206. Phillips GL, Herzig RH, Lazarus HM, et al. (1984). Treatment of resistant malignant 
lymphoma with cyclophospamide, total body irradiation and transplantation of 
cryoperserved autologous marrow. N Engl J Med 310:1557 (abstract). 

207. Kantarjian HM, Talpaz M, LeMaistre CF, Spinolo J, Spitzer G, Yau J, Dicke K, Jagannath 
S, Deisseroth AB (1991). Intensive combination chemotherapy and autologous bone marrow 

257 



transplantation leads to the reappearance of Philadelphia chromosome-negative cells in 
chronic myelogenous leukemia. Cancer 67:2959. 

208. Haines ME, Goldman JM, Worsley AM, et al. (1984). Chemotherapy and autografting for 
chronic granulocytic leukemia in transformation: probable prolongation of survival for some 
patients. Br J Haematol 58:711. 

209. Philip T, Meckenstock R, Deconnick E, Carrie C, Bailly C, Colombat P, Dauriac C, Demaille 
MC, Salles B, Cahn JY, Turpin F, Biron P (1992). Treatment of poor prognosis Burkitt's 
lymphoma in adults with the societe Francaise d'oncologie pediatrique LMB protocol - a 
study of the federation nationale de centres de lutte contre Ie cancer (FNLCC). Eur J Cancer 
28A:1954. 

210. Gaspard MH, Maraninchi D, Stoppa AM, Gastaut JA, Michel G, Tubiana N, Blaise D, 
Novakovitch G, Rossi JF, Weiller PJ, Sainty D, Horchowski N, Carcassonne Y (1988). 
Intensive chemotherapy with high doses of BCNU, etoposide, cytosine arabinoside, and 
melphalan (BEAM) followed by autologous bone marrow transplantation: toxicity and 
antitumor activity in 26 patients with poor risk malignancies. Cancer Chemother Pharmacol 
22:256. 

211. Appelbaum FR, Deisseroth AB, Graw RG, Herzig GP, Levine AS, Magrath IT, Pizzo PA, 
Poplack DG, Ziegler JL (1978). Prolonged complete remission following high dose chemo­
therapy of Burkitt's lymphoma in relapse. Cancer 41:10559. 

212. Vaughan WP, Weisenburger DD, Sanger W, Gale RP, Armitage JO (1987). Early leukemic 
recurrence of non-Hodgkin lymphoma after high-dose anti-neoplastic therapy with autolo­
gous marrow rescue. Bone Marrow Transplant 1:373. 

213. Ostronoff M, Soussain C, Zambon E, Ibrahim A, Bosq J, Bayle C, Pico JL, Gilles E, Moran 
A, Droz JP, Patte C, Hayat M (1992). Burkitt's lymphoma in adults: a retrospective study of 
46 cases. Nouv Rev Fr HematoI34:389. 

214. Hartmann 0, Pein F, Beaujean F, Kalifa C, Patte C, Parmentier C, Lemerle J (1984). High­
dose polychemotherapy with autologous bone marrow transplantation in children with re­
lapsed lymphomas. J Clin Oncol 2:979. 

215. Avet Loiseau H, Hartmann 0, Valteau D, McDowell H, Brugieres L, Vassal G, Kalifa C, 
Patte C, Lemerle J (1991). High-dose chemotherapy containing busulfan followed by bone 
marrow transplantation in 24 children with refractory or relapsed non-Hodgkin's lymphoma. 
Bone Marrow Transplant 8:465. 

216. Straus DJ, Wong GY, Liu J, Oppenberg J, Filippa DA, Gold JWM, Offit K, Clarkson BD 
(1991). Small non-cleaved-cell lymphoma (undifferentiated lymphoma, Burkitt's type) in 
American adults: results with treatment designed for acute lymphoblastic leukemia. Am J 
Med 90:328. 

217. Kaizer H, Wharam MD, Munoz LL, Johnson RJ, Elfenbein GJ, Tutschka PJ, Braine HG, 
Santos GW, Leventhal BG (1979). Autologous bone marrow transplantation in the treat­
ment of selected human malignancies: the Johns Hopkins oncology center program. Exp 
Hematol 7 (Suppl 5):309. 

218. Sweetenham JW, Liberti G, Pearce R, Taghipour G, Santini G, Goldstone A (1994). High­
dose therapy and autologous bone marrow transplantation for adult patients with lympho­
blastic lymphoma: results of the European group for bone marrow transplantation. J Clin 
Oncol 12:1358. 

219. Santini G, Congiu AM, Coser P, Chisesi T, Porcellini A, Sertoli R, Contu A, Vinante 0, 
Pierluigi D, Vitale V, Rubagotti A, Orcamo P, Rizzoli V (1991). Autologous bone marrow 
transplantation for adult advanced stage lymphoblastic lymphoma in first CR. A study of the 
NHLCSG. Leukemia 5 (Suppll):42. 

220. Milpied N, Ifrah N, Kuentz M, Maraninchi D, Colombat P, Blaise D, Harousseau JL (1989). 
Bone marrow transplantation for adult poor prognosis lymphoblastic lymphoma in first 
complete remission. Br J Haematol 73:82. 

221. Baro J, Richard C, Sierra J, Garda-Conde J, Garda Larafia J, Rocha E, Solano C, Caballero 
D, Carrera D, Leon A, Zuazu J, Martinez F, Domingo A, Hernandez F, Marin P, Iriondo A, 
Montserrat E, Conde E (1992). Autologous bone marrow transplantation in 22 adult patients 

258 



with lymphoblastic lymphoma responsive to conventional dose chemotherapy. Bone Mar­
row Transplant 10:33. 

222. Verdonck LF, Dekker AW, de Gast GC, Lokhorst HM, Nieuwenhuis HK (1992). Autolo­
gous bone marrow transplantation fOF adult poor-risk lymphoblastic lymphoma in first 
remission. J Clin Oneol 10:644. 

223. Philip T, Dumont J, Teillet F, et al. (1986). High-dose chemotherapy and autologous bone 
marrow transplantation in refractory Hodgkin's disease. Br J Cancer 53:737. 

224. Carella AM, Congiu AM, Gaozza E, Mazza P, Ricci P, Visani G, Meloni G, Cimino G, 
Mangoni L, Coser P, Cetto GL, Cimino R, Alessandrino EP, Brusamolino E, Santini G, Tura 
S, Mandelli F, Rizzoli V, Bernasconi C, Marmont A (1988). High-dose chemotherapy with 
autologous bone marrow transplantation in 50 advanced resistant Hodgkin's disease pa­
tients: an Italian study group report. J Clin Oncol 6:1411. 

225. Phillips GL, Reece DE (1986). Clinical studies of autologous bone marrow transplantation in 
Hodgkin's disease. Clin Haematol 15:151. 

226. Hurd DD, Haake RJ, Lasky LC, Christi,;Jlsen NP, McGlave PB, Bostrom B, Levine EG, 
Weisdorf DJ, Kim TH, Peterson BA, Bloomfield CD (1990). Treatment of refractory and 
relapsed Hodgkin's disease: intensive chemotherapy and autologous bone marrow or periph­
eral stem cell support. Med Pediatr Oncol 18:447. 

227. Reece DE, Barnett MJ, Connors JM, Fairey RN, Greer JP, Herzig GP, Herzig RH, 
Klingemann H-G, O'Reilly SE, Shepherd JD, Spinelli 11, Voss NJ, Wolff SN, Phillips GL 
(1991). Intensive chemotherapy with cyclophosphamide, carmustine, and etoposide followed 
by autologous bone marrow transplantation for relapsed Hodgkin's disease. J Clin Oncol 
9:1871. 

228. Haioun C, Lepage E, Gisselbrecht C, Coiffier B, Bosly A, Dupriez B, Nouvel C, Tilly H, 
DeconinckLederlin P, Biron P, Briere J, Gaulard Ph, Reyes F (1995). Autologous bone 
marrow transplantation versu sequential chemotherapy for aggressive non-Hodgkin's 
lymphoma in first complete remission: A study of 542 patients (LNH87-2 protocol). Blood 
86:457 a (abstract). 

259 



11. Retinoblastoma gene in malignancy 

Lance C. Pagliaro 

1. Introductiou 

The central importance of genetic damage in the development of tumors was 
suspected prior to the advent of molecular biology because chemical carcino­
gens were noted to be potent mutagens as well [1]. Hereditary cancer syn­
dromes provided further evidence of a genetic basis for carcinogenesis [2]. The 
identities of the genes involved remained unknown until the 1970s, when the 
study of animal RNA tumor viruses led to the discovery of several vertebrate 
genes that could acquire transforming properties through mutation [3,4]. 
The consequences of these genetic alterations are now beginning to be under­
stood. Knudson proposed that at least two separate mutational events are 
required, based on his observations of hereditary and nonhereditary 
retinoblastoma tumors in children [5]. According to his two-hit hypothesis, 
sporadic tumor formation requires the independent occurrence of both muta­
tions within the same cell, whereas in individuals who inherit one mutation in 
the germline, only the second mutation is required. Using the estimated 
frequency of spontaneous mutation, Knudson showed that the hypothesis 
correctly predicts multiple bilateral tumors in patients with the inherited 
retinoblastoma susceptibility trait, and solitary unilateral tumors in nonheredi­
tary cases. 

The retinoblastoma gene (RBI) takes its name from a rare tumor, but 
actually plays an important role in cell-cycle regulation of normal cells in 
most vertebrate species and is disrupted in a wide variety of human neoplasms 
[6]. It is the prototype of a class of genes that suppress cancer cell growth 
and is increasingly important to our understanding of the molecular pathology 
of cancer [7]. This discussion will review the evidence that structural alteration 
of the RBi gene constitutes the primary etiology of retinoblastoma and con­
tributes to the development of other solid tumors and hematopoietic neo­
plasms. The structure and function of the RBi gene product will be reviewed, 
and the significance of low or absent levels of the protein in human tumors 
will be discussed. The results of RBi restoration will be examined with respect 
to the implications for development of novel therapeutic strategies. 
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2. Genetic basis of retinoblastoma 

2.1. Paradigm of tumor suppressor gene 

Identification of the genetic loci involved in retinoblastoma began with the 
karyotyping of patients with hereditary retinoblastoma. Visible deletions in 
the long arm of chromosome 13 were frequently observed [8]. Subsequently, 
comparison of chromosome 13 DNA polymorphisms in tumor cells and so­
matic cells from the same patients revealed loss of heterozygosity (LOR) in 
tumor cells at the same region of chromosome 13 [9]. These observations 
suggested that, in the case of retinoblastoma, the first and second mutational 
events consist of loss or mutation of genetic material from the same locus on 
homologous chromosomes, and point to complete inactivation of a single gene 
as the most likely cause of this particular tumor. The RBI gene has been 
cloned and, with confirmation of its suspected role in the development 
of tumors, is the prototype of a class of genes called tumor suppressor genes 
[10]. 

Pedigree analysis of patients with retinoblastoma reveals an autosomal 
dominant pattern of inherited susceptibility [2,S]. The germline transmission 
of a mutant RBI allele from a heterozygous parent results in heterozygosity 
for the gene in SO% of offspring. When heterozygosity is demonstrated 
through restriction fragment length polymorphism (RFLP) analysis of RBI, 
then looked for in retinoblastoma tumor tissue, the tumor shows LOR, 
signifying deletion of the wild-type allele [11]. In heterozygous children, mul­
tifocal retinal tumors arise as a result of LOR occurring independently in 
different cells. This response to LOR is specific to retinal progenitors and 
is not shared by most other cell types or by mature retinal epithelial cells 
[12]. The paradigm of LOR as a fundamental process in carcinogenesis has 
been found to apply to other tumor suppressor genes, and the view that 
carcinogenesis is usually, if not always, a multistep process is now widely 
accepted [4,7,13]. 

2.2. Regulation of RBI expression 

The RBI promoter has a high G+C content and lacks CCAAT or TATA 
motifs; these are characteristics identified with 'housekeeping' genes, or genes 
expressed at a relatively constant level [14]. In normal mammalian tissues, 
expression of RBI is ubiquitous [IS]. Increased levels of RBI transcripts and 
of the gene product, p110RB, are seen following mitogenic stimulation of rest­
ing B- and T-lymphocytes. In reactive lymphoid tissue, p110RB is expressed 
mainly in germinal centers [16,17]. Levels of p110RB also increase following 
induction of differentiation in embryonal carcinoma P19 cells [18] and KS62 
myeloid leukemia cells [19]. The RBI promoter contains an E2 element that is 
repressed by p110RB and a cis-acting element susceptible to regulation by pS3. 
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There is evidence that both p110RB and the product of the p53 gene repress 
RBi transcription [20,21]. 

3. RBI mutations in malignancy 

3.i. Nonocular tumors in retinoblastoma survivors 

Somatic mutation of RBi and resulting LOH can occur not only in retinal 
progenitor cells of children, but in any dividing cell at any time in the life of the 
individual. Since treatment of retinoblastoma is largely successful, many pa­
tients survive into adulthood and have been studied for the incidence of other 
cancers. Certain solid tumors, particularly bone and soft tissue sarcomas, occur 
more often than expected and demonstrate LOH [22]. Most neoplastic dis­
eases, however, do not affect retinoblastoma survivors more often than the 
general population. It is apparent that RBi is not required to prevent tumor 
formation in all cell types [12,16,23]. 

3.2. Solid tumors 

Sporadic cases of retinoblastoma and of RB-negative sarcomas can occur 
without prior germline mutation [23]. In fact, absent RBi expression has been 
found in a wide variety of solid tumors and hematopoietic neoplasms, includ­
ing those that do not occur more frequently in retinoblastoma survivors (table 
1) [24-34]. LOH at the RBI locus occurs in the majority of small-cell lung 
cancer tumors [26]. In the case of bladder carcinoma, absence of RBI expres-

Table I. Structural abnormalities and aberrant expression of the RBI gene in primary human 
solid tumors 

Homozygous Absence of 
Reference Disease No. pts. LOH deletions pllORB protein 

Wadayama et a1. Osteosarcoma 63 39 9 30/56 
Ishikawa et a1. Bladder ca. 27 5 0/5 

Renal cell ca. 30 2 112 
Hensel et a1. SCLC 26 6/6 12114 
Xu et a1. NSCLC 36 10 
Tang et a1. Breast ca. 41 3 
Kim et a1. Ovarian ca. 

Low grade 15 0 0 
High grade 29 15 2/26 

Murakami et a1. Hepatocellular ca. 7 6 
Cryns et a1. Parathyroid ca. 5 5 
Ruggeri et a1. Pancreatic ca. 10 2 
Cance et a1. Sarcomas 44 13 
Hamel et a1. High-grade glioma 10 3 
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sion is associated with worse prognosis [35]. In ovarian cancer, LOH is associ­
ated with high-grade histology, although preservation of immunoreactive 
p110RB is commonly observed [29]. Whereas RBi inactivation is a tumor­
initiating step in retinoblastoma and in a limited group of solid tumors, it 
apparently occurs as a late step in a much greater number of tumor types, 
probably contributing to tumor progression in these cases. 

3.3. Hematologic malignancy 

Normal hematopoietic tissue has a high rate of proliferation. Assuming nor­
mal mutation rates, patients with germline RBi mutations should produce 
hundreds of hematopoietic cells with LOH every day. Yet, the incidence of 
leukemias and lymphomas in retinoblastoma patients is no higher than in the 
general population [36]. The lack of an association between germline RBi 
mutations and development of hematopoietic malignancies is a strong argu­
ment against a role for RBi in the transformation of normal to leukemic cells, 
even through RBi is normally expressed in hematopoietic cells. There are 
several possible reasons for differences in the consequences for cells when 
they lose RBi expression. For example, normal hematopoietic cells may pos­
sess other means of growth control that are absent in retinal progenitor cells. 
Alternatively, normal hematopoietic cells may die when RBi expression is lost 
due to a unique requirement for its expression, whereas retinal progenitor 
cells survive and proliferate. Nevertheless, DNA studies of cells obtained from 
patients with hematopoietic neoplasms have shown that RBi deletions and 
mutations do occur, most likely as a late event contributing to progression of 
disease. 

Cytogenetic abnormalities in acute myelogenous leukemia (AML) do not 
frequently involve chromosome 13, although deletion at 13q14 (the site of 
RBi) is occasionally observed [37]. Southern blotting has the potential to 
detect structural deletions that may be missed with cytogenetics alone. In a 
series of 69 patients with AML, however, Chen and coworkers found only one 
case of apparent RBi deletion by Southern blotting [38]. Ahuja and coworkers 
found 5 of 54 AML samples, 1 of 17 chronic myelogenous leukemia (CML) 
chronic phase, 6 of 42 myeloid blast crisis, and 1 of 9 lymphoid blast crisis with 
abnormal RBi gene structure [39]. The absence of detectable structural abnor­
malities of the RBi gene in the majority of AML and CML cases does not 
exclude the possibility of additional cases with subtle gene alterations that are 
undetected, or of aberrancy involving transcriptional or posttranscriptional 
regulation. Blast cells from patients with AML show increased colony forma­
tion in vitro following incubation with an RB-antisense oligonucleotide, pro­
viding further evidence that decreased expression of RBi contributes to the 
neoplastic phenotype [40]. 

The study by Chen et al. showed 1 of 52 acute lymphoblastic leukemia 
(ALL) cases with structural rearrangement (homozygous deletions) of the 
RBi gene detected by Southern blotting [38]. Ginsberg and coworkers re-
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ported RBI deletions detectable by Southern blotting in 1 of 26 cases of ALL 
and in the T-cell ALL cell line HSB-2. The patient sample with RBI deletion 
also demonstrated undetectable RBI transcript, whereas HSB-2 has multiple 
transcripts of abnormal size [41]. Ahuja and coworkers found abnormal RBI 
gene structure in 2 of 17 T-cell ALL cases, 5 of 22 CALLA-positive pre-B-cell 
ALL cases, and 3 of 11 Philadelphia chromosome-positive ALL cases [39]. 
RBI deletions have also been reported in childhood ALL, with frequency 
ranging from 5% to 32% [42,43]. 

Evidence for involvement of RBI is relatively common in chronic lympho­
cytic leukemia (CLL). Stilgenbauer et al. reported that CLL cells from 31 % of 
the patients in their study had monoallelic deletions of the RBI gene according 
to the results of fluorescence in situ hybridization (FISH) using probes to the 
RBI gene [44]. Monoallelic deletion is analogous to LOR in that it may 
provide a mechanism whereby a recessive loss-of-function mutation is ex­
pressed. The high frequency of LOH in CLL has not been confirmed, nor is it 
known how LOH affects the function of the gene product, pllORB. Aberrations 
affecting the long arm of chromosome 13 are the most common structural 
cytogenetic abnormalities in CLL, and most of these involve the site of the 
RBI gene. In a large European study, 35 of 391 patient samples with evaluable 
peripheral blood lymphocyte cultures showed deletions or translocations 
affecting band 13q14 [45]. 

Normal resting B- and T-Iymphocytes have low levels of RBI expression 
that increase upon mitogenic stimulation [16]. In parallel fashion, low-grade 
non-Hodgkin's lymphomas (NHLs) show weak expression of p110RB by immu­
nohistochemistry, whereas high-grade NHLs show increased expression [17]. 
There is a subset of intermediate- and high-grade lymphomas that do not 
express p110RB (discussed below), but structural rearrangement of the RBI 
gene is rarely found [46]. The frequency of RBI alterations is variable among 
other types of lymphoid neoplasms. Corradini et al. reported 1 of 29 cases 
of mUltiple myeloma with a DNA rearrangement consistent with deletion of 
part of the RBI gene, and no rearrangements among 15 with monoclonal 
gammopathy of undetermined significance (MGUS) or 16 with plasma cell 
leukemia [47]. In a study from the University of Arkansas involving 23 patients 
with mUltiple myeloma, Dao and coworkers found an abnormal chromosome 
13 by routine cytogenetics in 17% and mono allelic deletion of RBI detected 
by FISH in 48% [48]. 

In summary, genetic abnormalities at the RBI locus are uncommon in most 
hematologic malignancies. The exceptions are CLL and mUltiple myeloma, 
where mono allelic deletions of RBI are commonly detected by FISH or cyto­
genetics. It remains possible that cytogenetic abnormalities are significant due 
to loss of other genes on chromosome 13, although results of FISH with RBI­
s!")ecific probes yield the highest estimates of mono allelic loss. The clinical 
significance of RBI disruption in these indolent lymphoid neoplasms has yet to 
be determined. Measurement of the RBI gene product in leukemia and 
lymphoma cells, discussed in the next section, suggests that involvement in 
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NHL and myeloid leukemias may be more frequent than is apparent from 
studies of gene structure. 

4. RBI gene product 

4.1. Protein structure 

The RBI gene product, p110RB, is a 110-kilodalton-molecular-weight nuclear 
protein [49]. It has A and B domains forming the AlB pocket that binds SV40 
T-antigen, and a C-terminal domain that binds the nuclear tyrosine kinase c­
abl [50]. The C-terminal portion of the protein also contains a basic region 
with sequence similarity to a known bipartite nuclear localization signal 
(NLS), which is both necessary and sufficient to direct the protein into the 
nucleus [51]. p110RB is the prototype of the RB family of proteins, which also 
includes p107, pl30, and p300 [16]. p110RB also contains sequence homology 
with intermediate filaments of the cytoskeleton and has been observed to form 
filaments in solution [52]. p110RB contains 11 phospho tryptic serine and threo­
nine residues and may exist in various states of hypo- or hyperphosphorylation 
[53]. Phosphorylation appears to be an important means of post-translational 
control, mediated by the D and E cyclins and cyclin-dependent kinases (cdk 's), 
primarily cdk4 [54-56]. Quiescent cells in tissue culture contain predominantly 
hypophosphorylated p110RB, whereas actively proliferating cells contain 
hyperphosphorylated p110RB [6]. 

4.2. Tumor suppressor function 

The oncoproteins of certain tumor viruses, namely, simian virus 40 (SV40), 
adenovirus, and human papilloma virus, are known to bind hypo­
phosphorylated p110RB [57-59]. Viral point mutations that interfere with bind­
ing to p110RB also abolish transforming capacity [60]. There is now a wealth 
of evidence to support the model that hypophosphorylated p110RB pos­
sesses tumor suppressor activity whereas the phosphorylated form is inactive, 
and that viral oncoproteins function by binding and blocking the 
AlB pocket of p110RB, preventing the binding of its normal protein partners 
[50,56]. 

Proteins that bind the AlB pocket domain of p110RB include the transcrip­
tion factor E2F [60] and D cyclins [54,55]. p110RB also binds DNA, suggesting 
that it participates in a protein complex with gene regulatory function [49]. 
The binding ofp110RB to double-stranded DNA most likely occurs on the basis 
of charge-charge interactions. The p110RB amino acid sequence does not 
contain any of the recognizable DNA binding motifs, nor has a unique DNA 
binding motif been described such as in the case of p53. Binding of 
hypophosphorylated p110RB to E2F prevents transcription from genes con­
trolled by the E2 promotor. E2F normally regulates cell-cycle genes such as c-
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myc, c-myb, DNA polymerase-a, ribonucleotide reductase, and thymidylate 
synthase [60]. Phosphorylation of pllORB allows E2F-driven transcription to 
proceed. In mammalian cells, phosphorylation of p110RB is linked to the cell 
cycle and occurs at a point late in G 1. Microinjection of an RB-related peptide 
effectively blocks synchronized cells from entering S phase [61]. pllORB also 
binds c-myc in vitro, but a significant functional interaction in vivo has not 
been found. There is, however, evidence for an in vivo interaction between the 
related protein p107 and c-myc [62]. 

Binding of the nuclear tyrosine kinase c-abl to a C-terminal domain of 
pllORB inhibits tyrosine kinase activity. Interaction with c-able is prevented by 
phosphorylation of pllORB, but not by viral oncoprotein binding. The presence 
of two separate binding pockets suggests that one of the biological functions of 
pllORB is to bring specific proteins together, for example, c-abl and a substrate 
for c-abl [50]. 

A high percentage of RB-positive tumor cell lines contain mutations or 
deletions of the MTSI gene on chromosome 9. The gene product of MTSI is 
p16, which binds and inhibits cdk4. It is likely that absence of p16 promotes 
cell-cycle progression by allowing phosphorylation of pllORB. In this manner, 
MTSI functions as a tumor suppressor gene by altering the posttranslational 
modification of pllORB [63]. 

4.3. Cytokine effects 

Regulation of pllORB activity occurs primarily at the posttranslational level, 
i.e., through changes in phosphorylation, rather than at the level of the gene. 
There is evidence that extracellular signaling from soluble cytokine proteins 
regulates the phosphorylation of pllORB as a mechanism for control of cell 
growth and differentiation [64]. These cytokines include interferons [65,66], 
transforming growth factor ~ (TGF~) [54,67], and interleukin-6 (IL-6) [65]. 
Conversion of pllORB to the un phosphorylated form precedes GO/G1 arrest 
induced by IL-6 or interferons (a and~) [65], and interferon-gamma-mediated 
responses that are absent in RB-negative breast cancer cells are restored by 
infection with the wild-type RBI gene [66]. The inhibitory effect of TGF~ on 
proliferation and differentiation of hematopoietic cells is partially reversed by 
RB antisense oligonucleotides, indicating a requirement for pllORB function 
[67]. TGF~ downregulates cdk4 expression, allowing pllORB to remain in the 
unphosphorylated form [54]. 

4.4. Animal model 

There is a high degree of homology between mouse and human RBI [16]. Mice 
with germline RBI mutations ('knockout mice') have been described. Ho­
mozygous mutants die before the 16th day of gestation, with abnormal matu­
ration of the central nervous system and hematopoietic tissues. Nevertheless, 
a striking degree of tissue and organ formation is possible in the complete 
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absence of pllORB. Heterozygous mice survive to adulthood and do not form 
retinal tumors, but do have an increased incidence of pituitary tumors associ­
ated with LOH [68,69]. In adult mice, loss of pllORB activity results in slowly 
growing tumors, with increased prolifeation of cells partially offset by wide­
spread apoptosis. Inactivation of p53 results in disappearance of apoptosis and 
rapid tumor growth [70]. 

5. Levels of pllORB in normal and neoplastic tissues 

Monoclonal antibodies that bind pllORB have been used to study levels in 
various tissues and tumor types. In vertebrate species, pllORB is detected in 
virtually all proliferating tissues. In mouse embryos, the RBI transcript 
reaches maximum levels at gestational days 12.5-14.5 and is present in all 
tested tissues [15,16]. Malignant cells from human tumors often have readily 
detectable levels of pllORB. Expression may be heterogeneous, with varying 
fractions of RB-negative cells present within different tumors (table 1). Using 
immunohistochemistry, solid tumors that undergo loss or inactivation of the 
RBI gene, such as transitional cell carcinoma of the bladder, may be distin­
guished from normal stroma by complete absence of nuclear staining [71]. RB­
negative human tumor cell lines have been derived from retinoblastoma, 
osteosarcoma, synovial sarcoma, prostate, bladder, renal cell, breast, cervical, 
small-cell lung, and non-small cell lung cancers [56], ALL [72], and NHL [41]. 

Cells from hematopoietic malignancies are easily accessible and amenable 
to study of pllORB expression. Several laboratories have reported the success­
ful use of flow cytometry to measure pllORB, but few clinical studies to date 
have made use of this technique [40,71,73]. Early reports based on Western 
blotting suggested that absence of pllORB occurs in up to 25% of AML cases 
and 45% of CML blast crisis [39]. Subsequent studies have found instead that 
less than 10% of myeloid leukemias completely lack pllORB, although absence 
of pllORB is still detected more commonly than gene rearrangements, and 
there is heterogeneity in the level of expression among RB-positive cases, with 
lower pllORB levels associated with shorter survival [74,75]. The downward 
trend in estimates of RB negativity may be due to the use of anti-pllORB 
antibodies with higher affinity in later studies [71]. There have also been cases 
of RB-negative AML that were RB-positive at relapse, raising doubt as to the 
significance of the original finding [76]. Towatari et al. studied 22 cases of CML 
blast crisis using Western blotting and found 5 with absent pllORB, all of which 
had the megakaryoblastic phenotype, whereas the RB-positive cases had lym­
phoid or other myeloid phenotypes suggesting a phenotypic correlation with 
RBi inactivation, the strength of which has not been confirmed [77]. Absence 
of pllORB is more common in CML blast crisis than in the chronic 
phase, suggesting that inactivation of RBi contributes to disease progression 
[39,77]. 

Levels of p 11 ORB in ALL have been reported to be undetectable by Western 
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blotting in cases with structural gene rearrangements [39,41,43]. Furukawa et 
al. have reported undetectable p110RB expression in 1 of 12 ALL cases studied 
by Western blotting alone [78]. 

Levels of p110RB are heterogeneous in CLL, with low or absent levels found 
on Western blotting in approximately 30% of untreated patients [79]. It is 
unclear how the loss of pll0RB expression affects the biology of this slowly 
proliferating neoplasm, and no correlations of pllORB level with clinical char­
acteristics have yet been reported. Absence of pllORB detection by immuno­
histochemistry has been observed in 5 of 14 multiple myeloma cases and 3 of 
9 plasma cell dyscrasias [47]. 

Levels of pllORB in NHL reflect its normal association with activated or 
proliferating lymphocytes. Low-grade lymphomas, which have a low growth 
fraction, show weak or absent expression, whereas intermediate- and high­
grade lymphomas tend to have higher expression. There is a significant cor­
relation between intensity of immunohistochemical staining for p110RB and 
staining with Ki-67, which is a monoclonal antibody specific for a nuclear 
antigen detected in all phases of the cell cycle except GO [17]. There is a subset 
of high-grade NHLs that has high Ki-67 but absent pll0RB, in which the 
inactivation of pllORB might have pathological significance. The frequency of 
absent p110RB expression by immunohistochemical analysis in high-grade 
NHL has been reported at 16% to 58% [17,46]. 

In summary, heterogeneity of pll0RB expression is readily demonstrated in 
AML and CML blast crisis. The frequency of low or undetectable expression 
is greater than that of detected structural gene abnormalities. Decreased ex­
pression may be highly correlated with megakaryoblastic phenotype in CML 
blast crisis, and lower levels of expression in AML correlated with decreased 
survival. Absence of pll0RB expression is common despite absence of detect­
able RB I gene alterations in high-grade NHL, whereas both gene and protein 
are affected with low frequency in ALL, and with higher frequency but uncer­
tain significance in eLL and plasma cell dyscrasias. 

6. Effect of pll0RB restoration on tumor growth 

The role of RBI inactivation in tumor cells has been investigated through 
genetic reconstitution of RBI expression in RB-negative cancer cell lines. The 
retinoblastoma cell line WERI-Rb27 and osteosarcoma cell line Saos-2 have 
partial deletions of RBI and express no functional pll0RB. Infection with an 
RBI-expressing viral construct resulted in decreased growth of bulk cultures, 
although RBI-infected clones that express p110RB and still grow well in culture 
were eventually isolated. When injected subcutaneously into nude mice, RBI­
infected WERI-Rb27 showed complete suppression of tumorigenicity com­
pared to control vector-infected cells in the opposite flank [80]. Similar 
experiments with other solid tumor cell lines have yielded variable results. 
Decreased growth and clonogenicity in vitro and decreased tumorigenicity in 
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vivo have been demonstrated following genetic reconstitution of RBl expres­
sion in RB-negative prostate cancer [81], transitional cell carcinoma [82], and 
non-small cell lung cancer [83] cell lines. The majority of RB-negative cell 
lines, however, show little effect of RBl restoration in vitro [16]. The data 
show that reintroduction of the RBl gene into an RB-negative background 
can reverse some aspects of the neoplastic phenotype, but that these effects 
are variable and probably dependent on factors other than prior inactivation 
of endogenous RB1. This observation is reminiscent of the variable effects of 
RBl inactivation in normal cells from different tissues. 

The effect of increased RBl expression was also studied in normal RB­
positive mice. Transgenic mice bearing multiple copies of a human RBl 
transgene, in addition to two copies of murine wild-type RB1, have been 
characterized. Organ structure was apparently normal, but most transgenic 
mice were smaller than their nontrasgenic littermates, with size inversely 
proportional to RBl gene copy number and level of expression [84]. These 
data provide evidence for an RBl gene-dose effect, and that differences in 
intracellular pll0RB concentration may have functional significance. 

Using recombinant human pll0RB from E. coli, it is possible to test the 
protein at concentrations up to 500nM for its effect on cells in culture. We 
asked whether direct exposure to pll0RB could regulate cancer cell growth. 
There are several precedents for extracellular proteins affecting gene expres­
sion through cellular uptake and nuclear translocation, including interleukin-
1 (IL-l) [85] and basic fibroblast growth factor (bFGF) [86]. The bladder 
cancer cell line 5637 (ATCC HTB-9) expresses no functional pll0RB and has 
been previously reported to exhibit decreased growth in vitro, decreased 
colony formation in soft agar, and reduced tumorigenicity in vivo following 
transfection with the wild-type RBl gene [82]. We asked whether exposure of 
the 5637 parent cell line to recombinant pll0RB would result in growth 
inhibition. Incorporation of tritiated thymidine by 5637 cells was inhibited by 
direct exposure to pll0RB concentrations above 100nM. Next, to further inves­
tigate the effect of recombinant pll0RB on self-renewal in a neoplastic cell 
population, we looked for an effect on clonogenicity of blast cells from pa­
tients with AML. Growth inhibition was observed in blast cultures from 8 of 
20 patients following exposure to recombinant pll0RB and was dose respon­
sive. In six cases self-renewal of blast stem cells, measured as clonogenic 
cell recovery, was decreased when cells were cultured for two days with 
pll0RB at a concentration of 200nM. Our data also show that pll0RB is inter­
nalized by cells in vitro and translocated to the nucleus. There were no differ­
ences in immunohistochemically detectable pll0RB expression between 
samples that were growth inhibited and those that were not, suggesting that 
heterogeneity of response is governed by other factors, such as differences in 
the degree to which exogenous protein is phosphorylated by specific kinases 
[75]. 

The mechanism for internalization of pll0RB is not known. One possibility 
is that recombinant pll0RB reaches the interior of cells through endocytosis 
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when there is a sufficient concentration gradient across the plasma membrane. 
Other growth-regulating macromolecules have been shown to cross the 
plasma membrane through receptor-mediated or non-receptor-mediated en­
docytosis. For example, the HIV tat protein is found in the extracellular matrix 
and is internalized by cells; attachment to the cell surface involves interaction 
of basic domains on tat with av~5 integrin [87]. Insulin enters cells by receptor­
mediated endocytosis at low concentrations and by fluid-phase endocytosis at 
high concentrations (> lOOng/ml) [88]. Both tat and insulin reach the nucleus 
and affect gene expression once internalized. A 60-kDa peptide derived from 
the Drosophila homeobox gene antennapedia is internalized by rat embryonic 
nerve cells, enters the nucleus, and regulates morphologic differentiation; 
internalization is blocked by an antibody that binds the a-2,8-polysialic acid 
(PSA) chains of the neuronal cell adhesion molecule [89]. It has been pro­
posed that structural similarity between PSA and double-stranded DNA may 
be the basis for binding of the homeobox peptide to the cell surface and 
subsequent internalization. Cultured endothelial cells exposed to bFGF are 
found to have bFGF present in the cytoplasm and nucleus [86], and a similar 
requirement for receptor-mediated internalization and nuclear translocation 
is seen for epidermal growth factor, platelet-derived growth factor [90], and 
interleukin-l [85]. Endocytosis of bFGF is mediated by binding to high-affinity 
receptors as well as lower-affinity binding to heparan-sulfate proteoglycans 
[86]. While there is no evidence for a high-affinity pllORB receptor, binding to 
proteoglycans on the cell surface or other nonspecific binding might occur. 
Localization to the nucleus is normally mediated by an NLS at the C-terminal 
portion of pllORB, and such signaling may also mediate protein trafficking 
from endocytic vesicles. 

An alternative, though less likely, mechanism for cellular uptake of pllORB 
is by diffusion directly through the plasma membrane. An intact plasma mem­
brane does not normally permit diffusion of macromolecules as large as 
pll0RB, but membranes may be altered to increase permeability. Cellular 
uptake of pllORB has been reported to occur following permealization with 
detergent [73]. 

7. Conclusions 

7.1. Role of RBI in hematopoietic neoplasia 

Abnormalities of the RBI gene are found in all types of leukemia. The fre­
quency of decreased protein levels parallels gene status in ALL, but is more 
common than detectable gene abnormalities in AML, CML blast crisis, and 
NHL. Decreased protein levels may signify subtle structural gene alterations, 
such as point mutation, which escape detection during Southern or RFLP 
analysis, or may be due to deregulation of RBI expression that does not 
involve a structural gene abnormality. There may be additional means of 
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inactivating pllORB without a decrease in the level of the protein. Indeed, this 
appears to be the case when the tumor suppressor gene MTSi is inactivated, 
resulting in increased phosphorylation of pllORB. 

The importance of RBi expression in the regulation of AML blast cell 
proliferation is demonstrated by the growth-inhibitory effect of recombinant 
pllORB and the growth-stimulatory effect of RB-antisense oligonucleotide. 
Loss of RBi expression may contribute to the progression from chronic phase 
to accelerated phase or blast crisis in CML. The role of RBi inactivation in 
CLL and other indolent lymphoid neoplasms has yet to be determined and 
may involve regulation of processes independent of cell-cycle progression, 
such as differentiation and senescence. 

7.2. Prospects for tumor suppressor therapeutics 

The attraction of tumor suppressor genes as targets for therapy lies in the 
potential for reversal of the neoplastic phenotype through restoration of the 
gene or gene product. In the case of RBi, cancer cell lines lacking expression 
of the gene show decreased proliferation following reconstitution of RBi 
expression through gene insertion, and following introduction of exogenous 
pllORB through microinjection or direct exposure to extracellular protein. 
Both normal and neoplastic cells are sensitive to the level of pllORB within the 
cell. The apparent autoregulatory function of pllORB, whereby the gene prod­
uct downregulates its own transcription, suggests that maintenance of a spe­
cific protein concentration is critical to the cell. Increased RBi expression in 
mice transgenic for multiple copies of the gene results in dwarf mice. AML 
blasts show increased clonogenicity when RBi expression is blocked with an 
antisense oligonucleotide and decreased clonogenicity when exposed to exog­
enous pllORB. Yet, in the case of RB-negative cell lines as well as primary 
AML blasts, not all cell types are growth inhibited by pllORB. 

The specificity with which pllORB affects a restricted subset of neoplasms is 
poorly understood. Patients who carry a mutant RBi gene in the germline 
have a 90% incidence of retinoblastoma and increased incidence of 
osteosarcoma and soft tissue sarcomas, but normal incidence of most other 
neoplasms. The occurrence of RBi mutations in a wider variety of solid 
tumors and hematopoietic neoplasms probably does not reflect a role in tumor 
initiation, but rather, a role in tumor progression. The effect of RBi inactiva­
tion is consistent with its normal function as a repressor of mitosis; but, for 
reasons that have yet to be determined, it only affects a limited group of 
human malignancies. Also unexplained is the apparent species specificity of 
LOR in the setting of heterozygous RBi germline mutation: retinal tumors 
predominate in humans and pituitary tumors in mice. 

Restoration of tumor suppressor genes through viral infection is currently 
under investigation as a potential therapeutic modality [91,92]. Genetic recon­
stitution of RBi has been studied only in RB-negative cell lines, where de­
creased tumorigenicity is observed in a restricted subset of tumor types. One 
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of the those cell lines, the transitional cell carcinoma cell line 5637, is not only 
growth inhibited by introduction of the RBI gene, but also by direct exposure 
to extracellular pll0RB. This appears to be due to uptake of exogenous 
pll0RB by the cell and translocation to the nucleus. Proteins that function 
extracellularly as regulators of growth and differentiation, such as interferons, 
IL-6, and TGFB, may act in part through their effects on the phosphorylation 
status of pll0RB, so that delivery of exogenous pll0RB to the nucleus in suffi­
cient amounts mimics the effect of the signaling peptide. Cytokines alone may 
have no effect on cancer cells that bear mutations of critical mediators such 
as pll0RB, but this escape from regulation is reversed by delivery of the 
tumor suppressor protein itself. In vivo studies with recombinant pll0RB 
may reveal more efficient means of achieving internalization and nuclear 
translocation of pll0RB, offering the possibility of a new approach to cancer 
treatment. 

Notes 

Since this manuscript was prepared, in vivo gene transfer of RBI using a replication·defective 
recombinant adenovirus vector has been reported (Chang MW, Barr E, Seltzer J, Jiang YQ, Nabel 
GJ, Nagel EG, Parmacek MS, Leiden JM (1995) Science 267:518-522). In this experiment, aden­
ovirus was administered intra-arterially to pigs after the femoral artery intima had been injured 
with a balloon catheter. The gene, a mutant RB that resists phosphorylation, was expressed in 
arterial smooth muscle and inhibited the hyperproliferative response to injury seen in controls. 
The animals exhibited no apparent adverse effects from the gene transfer. Adenovirus vectors, 
unlike retrovirus vectors, can infect cells in any stage of the cell cycle, resulting in episomal gene 
expression which lasts 2 to 3 weeks. Adenovirus-mediated RBI gene transfer may be clinically 
useful in certain diseases, for example bladder cancer where infection of tumor cells with ade­
novirus can be accomplished through intravesical administration. These approaches will be in­
vestigated in future clinical trials. 
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12. Treatment of relapse after allogeneic bone 
marrow transplantation 

Sergio A. Giralt and Koen Van Besien 

1. Introduction 

Disease relapse after allogeneic bone marrow transplantation (BMT) for he­
matologic malignancies remains the single most important cause of treatment 
failure [1-4]. Improvements in supportive care, prophylaxis of graft versus 
host disease (GVHD), and treatment of infectious complications have resulted 
in a decrease in transplant-related mortality during the year.s. However, modi­
fications in the conditioning regimen and other strategies to prevent relapse 
have failed, and the relapse rate after allogeneic transplant has remained 
constant throughout the years [5,6]. 

Since allogeneic BMT is being used more frequently and in earlier stages of 
disease, many centers are now being confronted with a growing population of 
patients whose first relapse occurs after their allograft. These patients will 
demand and require further therapy for their disease. 

We review the major treatment modalities for patients relapsing after 
allogeneic BMT, with emphasis on some of the more novel treatment 
strategies. 

2. Natural history of leukemia relapse after allogeneic BMT 

The survival of patients who relapse after an allogeneic BMT depends on the 
specific leukemia diagnosis, stage of the disease, interval from transplant to 
recurrence, the patient's performance status, and treatment. Patients with 
acute leukemia who relapsed after allogeneic BMT and receive no further 
treatment have a median survival of 3 to 4 months, with no long-term survivors 
[7,8]. 

Patients achieving a complete remission with conventional chemotherapy 
have median survival durations of 8 months for acute myelogenous leukemia 
(AML) and 14 months for acute lymphoblastic leukemia (ALL). Patients not 
achieving a complete remission have survivals comparable to patients receiv­
ing no treatment at all. The most important adverse prognostic factor for 
achieving a complete remission is a short remission duration after transplant. 
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Patients with remissions of less than one year have less than a 10% chance of 
achieving a complete remission with conventional chemotherapy [7,8]. 

Arcese recently reviewed the natural history of patients with chronic myel­
ogenous leukemia (CML) relapsing after an allogeneic BMT. Patients with 
isolated cytogenetic relapses have a median survival of greater than six years 
compared to three years for patients relapsing into a clinical chronic phase [9]. 
Spontaneous cytogenetic remissions have been reported in recipients of 
unmanipulated allografts with cytogenetic relapses, but have not been de­
scribed in patients receiving T-cell-depleted allografts [10,11]. 

Patients with CML who relapse into blast crisis or accelerated phase have a 
median survival duration of less than six months, with poor response to inter­
feron or conventional chemotherapy [9]. 

3. Approach to treatment in patients relapsing after allogeneic BMT 

Patients relapsing after an allogeneic BMT will usually be in a chimeric state 
in which the recurrent leukemia is of recipient origin, but the residual normal 
hematopoietic and immune systems remain donor in origin. Strategies 
to induce remission should therefore not only consider conventional 
antineoplastic chemotherapy but also novel therapeutic approaches that ex­
ploit this unique chimeric situation (see table 1). Such strategies may employ 
selective stimulation of donor-derived hematopoiesis or augmentation of the 
graft-versus-leukemia (GVL) reaction either through cytokines or cellular 
therapy. 
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Table 1. Therapeutic approaches for patients relapsing after allo­
geneic transplants 

Antineoplastic Therapy 
Conventional chemotherapy 

Investigational chemotherapy 

Second transplants 

Enhancement of Graft vs. Leukemia 
Discontinue immunesuppression 
Cytokines 

Cellular therapy 

Anthracyclines 
Vinca alkaloids 
Ara-C 
Steroids 
Alkylators 
Topo II inhibitors 
Topo I inhibitors 
Nucleoside analogues 
Phase I agents 

Interferon 
Interleukin-2 
G-CSF 
Others 
Donor lymphocyte 

infusions 



3.1. Cyclosporine withdrawal 

Abrupt cyclosporine withdrawal has been reported to induce hematologic and 
cytogenetic remissions in patients with CML, AML, and ALL. All patients 
reported have developed GVHD [12-14]. Recently, a retrospective analysis 
from the Seattle group suggests that patients with CML and two consecutive 
abnormal cytogenetic tests benefited from cyclosporine discontinuation with­
out exacerbation of GVHD [15]. Although further evaluation of this phenom­
enon is needed, it is reasonable to discontinue immunosuppressive therapy 
in patients who relapse after allogeneic BMT as an initial effort to induce 
remissions. 

3.2. Conventional chemotherapy and radiotherapy 

For patients ineligible or unwilling to receive investigational therapy, conven­
tional chemotherapy can prolong survival and improve quality of life in pa­
tients obtaining a complete remission. 

Patients with AML can be succesfully treated with a combination of cy­
tosine arabinoside and anthracyclines, while patients with ALL have re­
sponded to combination therapy with vinca alkaloids, steroids, and an 
anthracycline [7,8,16-18]. 

Extramedullary relapses after allogeneic BMT occur in 20% of patients 
who undergo BMT for AML and 6% to 30% of patients with ALL [7,8,19]. 
Most occur in the presence of marrow relapse. Patients with central nervous 
system (CNS), testicular, or symptomatic extramedullary disease may receive 
localized radiation therapy. Isolated extramedullary relapses will precede 
overt marrow relapses, and further therapy is warranted for long-term disease 
control after radiation therapy [20,21]. 

3.3. Second allogeneic BMT 

Second transplants have been succesfully performed in selected patients who 
relapse after allogeneic BMT. Treatment-related mortality is between 30% 
and 40%, with approximately 20% of the patients becoming long-term survi­
vors [22-31]. Patients with early relapse, or those who experienced serious 
toxic effects or GVHD during the first transplant, are poor candidates for 
repeat high-dose chemotherapy and should be offered alternative approaches. 

Most second transplants have involved the same donor. Since patients 
undergoing a second transplant generally remain chimeric and retain donor­
derived immunity, the preparative regimen is not required to be immunosup­
pressive [30]. For patients with more than one possible donor, there are no 
data that support the use of an alternative HLA-compatible donor as a means 
to achieve a greater GVL effect. For patients relapsing after a syngeneic BMT, 
an allogeneic transplant could be considered if a histocompatible donor is 
available. 
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Allogeneic peripheral blood progenitor cells are being actively explored as 
a source of stem cells for transplantation. Potential advantages could include 
more rapid recovery and, because of the large lymphocyte doses infused, a 
greater antileukemic effect. This approach is feasible, but its efficacy is un­
known [32-34]. 

3.4. Granulocyte colony-stimulating factor 

Granulocyte colony-stimulating factor (G-CSF) can induce cytogenetic and 
hematologic remissions in patients relapsing after allogeneic BMT. Fluores­
cence in situ hybridization of the bone marrow cells did not detect differentia­
tion of the leukemic clone and was most consistent with preferential 
stimulation of donor cell populations [35]. The experience so far suggests that 
patients with circulating blasts or extramedullary relapses are unlikely to 
respond too G-CSF and that some of these patients may have had acceleration 
of their disease during treatment. Seven of the eight responding patients have 
subsequently relapsed between 1 and 20 months after remission was reinduced 
[36]. This novel approach to therapy requires further evaluation to determine 
the mechanism of response. Assessment of the in vitro sensitivity of both 
normal marrow and leukemic cells could be useful in predicting response and 
requires evaluation [37]. 

3.5. Interferon 

IFN-a has direct activity against leukemic cells and may enhance a GVL effect 
by upregulating MHC antigen expression and stimulating T-Iymphocyte and 
NK-cell activity [38,39]. 

Treatment with IFN-a has been effective in selected patients with recurrent 
CML after allogeneic BMT [11,40,41]. For patients with CML relapsing after 
an allogeneic BMT, the actuarial probability of six-year survival was 36%. 
Survival was associated with four independent variables: CML phase, time 
from transplant to relapse, IFN-a therapy, and female sex [1]. For patients 
with a hematologic relapse after BMT, the cytogenetic response rate was 22% 
for those receiving IFN-a therapy versus 2% for those not receiving IFN-a. 
IFN-a delayed disease progression, improving the two-year probability of 
survival for patients with isolated cytogenetic relapse or hematologic relapse, 
but did not seem to effect long-term survival [9]. 

3.6. Interleukin-2 

Interleukin-2 (IL-2) is a potentially active agent for treatment of leukemia 
relapse after allogeneic BMT. It has modest but definite activity as a single 
agent, and it can enhance the antileukemic and cytotoxic activity ofT-lympho­
cytes and NK cells [42-45]. 

In a pilot trial, we have explored the combination of IFN-a and low-dose 
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IL-2 for patients with acute or chronic leukemia relapsing after allogeneic 
BMT. One of five patients with acute leukemia had clearing of her bone 
marrow and peripheral blood with restitution of donor hematopoiesis but died 
from a fungal pneumonia. However, three patients developed exacerbation of 
acute GVHD, and four patients required dose reduction [36]. Further study of 
this combination may be warranted in conjunction with other therapeutic 
modalities such as donor lymphocyte infusions. 

3.7. Donor lymphocyte infusion 

The antileukemic effects of unmanipulated donor peripheral blood lympho­
cytes in patients who had relapsed after allogeneic BMT was described by 
Kolb in 1990 [46]. These initial obsevations have been confirmed by other 
investigators (table 2) [47-56]. Results from the largest reported series suggest 
that patients with CML recurring as isolated cytogenetic relapse or chronic 
phase respond better to this treatment than patients with more advanced 
disease or acute leukemia. Thirty-one of 39 patients with isolated cytogenetic 
relapse or chronic phase achieved cytogenetic remissions compared with 5 of 
12 patients with more advanced CML and 8 of 23 patients with acute leukemia 
[47]. 

Neither the effector cells or the mechanism responsible for the 
antileukemic effect of donor lymphocytes is understood. Donor-derived 
CD4+ and CD8+ T-cell clones have been reported to have antileukemic 
activity [57-59]. Natural killer cells have also been implicated in this process 
[60-62]. Likewise, donor cells reactive against recipient nonleukemic cells 
have been shown to inhibit colony formation in vitro [62]. 

Recent data suggest that a dose of at least 1 X 107 CD3+ cells/kg is needed 

Table 2. Donor leukocyte infusions for CML relapse after allogeneic BMT 

108 cells Median time 
infused to documented Complete 

Ref N perlKg Aplasia GVHD response responses 

46 3 4.4-7.4 NS 2/3 16 weeks 3/3 
47 7 NS 3/9 4/9 NS 217 
48 11 0.9-7.9 7/11 9/11 8 weeks 6/11 
49 7 2.6-3.6 NS 217 12 weeks 517 
51 3 3.8-12.3 113 3/3 12 weeks 2/3 
52 14 1.8-10.1 2/14 9/14 16 weeks 8/14 
53 6 0.34-5.2 2/6 516 12 weeks 4/6 
54 8 3-5.5 6/8 516 16 weeks 5/8 
63 18 0.001-5 3/18 1118 NS 11118 
64 7 0.8-1.2 317 017 15 weeks 317 
55 51 NS NS NS NS 36151 

Ref, reference; N, number; Dx, diagnosis; TCD, T-cell depletion; GVHD, graft-versus-host dis-
ease; CML, chronic myelogenous leukemia; CP, chronic phase; NS, not stated; AP, accelerated 
phase; BC, blast crisis; CG, isolated cytogenetic relapse. 
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to achieve a response and that CD8+ lymphocytes may not be essential for the 
antileukemia effect, at least in CML [63,64]. 

GVHD and pancytopenia secondary to marrow aplasia have been impor­
tant causes of treatment failure in most published series. These complications 
account for most of the 20% treatment-related mortality that has been associ­
ated with donor lymphocyte infusions. In patients with isolated cytogenetic 
relapses, the incidence and severity of the aplasia postlymphocyte infusion 
seems to be less than when patients receive donor lymphocyte infusion with 
more advanced disease. GVHD, which has been reported to occur in up to 
80% of patients receiving donor lymphocytes, may be related to the number 
and type of cells infused. Some investigators have suggested that by infusing 
less lymphocytes, responses can still be achieved, but with a lower incidence of 
GHVD. We recently have explored the use of CD8-depleted donor lympho­
cyte infusions. This strategy has been effective in inducing remissions in pa­
tients with CML relapsing after an allogeneic BMT with a low incidence of 
GVHD and a high response rate. Our experience supports the hypothesis that 
CD8+ lymphocytes are not essential for a graft-versus-Ieukemia effect to 
occur, but contribute significantly to the pathogenesis of GVHD. 

Patients with acute leukemia relapsing after an allogeneic BMT have also 
responded to donor lymphocyte infusions, but at a much lower level than CML 
(table 3). The response rate to donor lymphocyte infusions seems to be similar 
in patients receiving concomitant chemotherapy rather than in those receiving 
donor lymphocytes alone (3 of 12 vs. 2 of 9) [55]. This therapeutic strategy 
warrants further study, especially in patients relapsing early after allogeneic 
transplantation. It is also possible that infusion of CD34+ cells in addition to 
donor lymphocytes might facilitate recovery after salvage chemotherapy for 
patients relapsing after an allogeneic BMT. 

4. Summary and therapeutic recommendations 

Relapse after allogeneic BMT remains an important cause of treatment failure 
and requires systematic study to develop adequate treatment strategies. 

Table 3. Donor leukocyte infusions for acute leukemia relapse after allogeneic BMT 

lOS cells Concomitant Complete 
Ref N infused perlKg chemotherapy Aplasia GVHD responses 

50 4 3.3-9.2 Amsacrinel Ara-C: 3 NS 3/4 1/4 
None:1 

55 23 NS NS NS NS 8/23 
65 13 1.18-16.4 NS NS 3/3 3/13 
66 5 4.9-6.7 MitoxantronelVP16:3 NS 4/5 4/5 

Retinoic Acid: 1 
None:1 

Ref, reference; N, number; GVHD, graft-versus-host disease; NS, not stated. 
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The chimeric state following allogeneic BMT allows for innovative 
approaches. 

Our approach is summarized in figure 1. For CML patients relapsing with 
an isolated cytogenetic relapse or into chronic phase, an initial trial of IFN-a 
or donor lymphocyte infusions is our recommended approach. High-dose 
chemotherapy and second BMT are reserved for patients who fail to respond, 
or who have relapsed into blast crisis. 

Patients with acute leukemia relapsing at least one year after initial trans­
plant, who have a good performance status, and who had no major complica­
tions during their first transplant should be considered for a second marrow or 
blood stem cell transplant. This could possibly be followed by some form of 
investigational therapy to prevent relapse. Patients whose remission lasted less 
than one year from initial transplantation are more difficult to treat because of 
their resistance to therapy and generally debilitated condition. These patients 
have occasionally responded to novel approaches, such as G-CSF, cytokines, 
or donor lymphocyte infusions. Further study of these treatments are 
required to determine their true value in the setting of relapse postallogeneic 
transplantation. 

Relapse prevention after the initial transplant is now feasible and is being 
actively pursued [67-69]. More effective preparative regimens may be possible 
using novel chemotherapy or targeted radiotherapy approaches [70]. Mainte-

CML Chronic Phase 
Cytogenetic Relapse 

I 
Interferon Trial 

I 
If persistant PH+ after 
6 months donor buffy 

coat infusions 
I 

If failed above and 
PS .. O. no active GVHD 
consider second BMT 

* Young patients with PS-O 
relapsing> 1 yr after BMT #1 

should be offered BMT #2 

0% PB blasts 
No extramedullary 

disease 
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* 
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Acute Leukemia 

Elevated WBC 
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support 
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Cytokine Therapy 
(lnterferon/IL-2) 
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Figure 1. Suggested approach for treatment of relapse after allogeneic BMT. 
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nance chemotherapy or immunotherapy post-BMT is also being actively ex­
plored, but no definite conclusions as to the efficacy and utility of either can be 
made at this time [67-69]. 
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13. Acute lymphocytic leukemia: a comprehensive 
review with emphasis on biology and therapy 

Jorge E. Cortes, Hagop Kantarjian, and Emil J Freireich 

1. Introdnction 

Acute lymphocytic leukemia (ALL) is a malignant hematologic disorder re­
sulting from the clonal proliferation of lymphoid precursors with arrested 
maturation [1]. The disease can originate in lymphoid cells of different lin­
eages, thus giving rise to B-cell or T -cell leukemias, or sometimes mixed lineage 
leukemia (see table 1). There are 3,000 to 5,000 new cases of ALL diagnosed 
every year in the United States [2,3]. In adults it represents 20% of allieuke­
mias [4] and 1 % to 2% of all cancers [5]. The disease has historic relevance, 
since it was one of the first malignancies reported to respond to chemotherapy 
[6] and was later among the first malignancies that could be cured in a majority 
of children [7]. Since then, much progress has been made, not only in terms of 
treatment for ALL but also, importantly, in understanding the heterogeneity of 
the disease. As information has accumulated about molecular aberrations, 
immunophenotyping, chromosomal abnormalities, and prognostic factors, 
more rational therapies have been designed. Since most cases are diagnosed in 
children [4], our current knowledge has originated from studies in the pediatric 
population. As differences between childhood and adult ALL became 
apparent, more research and progress has been made in adults. 

2. Etiology 

The etiology of ALL is not known. However, some associations have to be 
considered [8]: 

2.1. Genetic factors 

Some reports have identified families with multiple members affected by 
leukemia [9]. Several genetic syndromes have also been associated with leuke­
mia, best characterized by Down's syndrome, and others such as Bloom syn­
drome, ataxia-telangiectasia, Wiskott-Aldrich syndrome, and Fanconi anemia 
[10--12]' 
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Table I. Immunophenotype in ALL: expression of differentiation markers 

B-lineage HLA-DR CD19 CD24 CDlO CD20 CD21 CD22 CD23 cIg sIg 

Early pre-B + + + + :!:: Cyt 
Pre-B + + + + + + + + 
Transitional B + + + :!:: + + + + +W 
Mature B + + + + + + + + 

'[! heavy chains but no light chains. 

T-lineage CD? CD2 CDS CDl CD4 CDS CD3 

Early + + + 
Intermediate + + + + :!:: :!:: 
Mature + + + + + + 

2.2. Parental and socioeconomic factors 

Children of mothers older than 35 years of age may have an increased risk of 
leukemia [13]. A history of prior fetal loss, especially if there have been 
multiple miscarriages, has also been identified as a risk factor for the offspring 
[14]. The association of increased weight at birth and childhood ALL has been 
reported consistently [13,15]. 

2.3. Environmental factors 

Exposure to radiation is associated with a definite risk for ALL [16-18]. 
Exposure to different chemicals, particularly benzene, has also been associ­
ated with an increased risk of leukemia [19]. The exposure to electromagnetic 
fields has been repeatedly linked to an increased risk for ALL [20-22], but the 
evidence is inconclusive. Several studies have suggested clustering of cases of 
childhood leukemia. These usually represent a group of cases occurring within 
a popUlation, whose incidence is higher than that expected for the general 
population [23]. This clustering of cases has been attributed to the close 
proximity of environmental hazards, such as nuclear plants. However, evi­
dence of this exposure is lacking in most cases. This and other epidemiologic 
data, such as the increased incidence of common ALL (cALL) with higher 
socio-economic status and isolation, has led to the hypothesis of an infectious 
etiology for common ALL in children [24,25]. According to this hypothesis, 
cALL at childhood peak ages might arise following unusual patterns of expo­
sure to common infectious agents. In more developed societies with better 
hygiene and less social contacts early in infancy, common infections are fre­
quently delayed beyond the first year of life and until a higher level of social 
contacts is made [24,25]. 
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3. Classification 

ALL is a heterogeneous group of disorders, with several subgroups that have 
distinct clinical and prognostic features. Several attempts at classification of 
ALL have been made. The two most relevant ones are the morphologic and 
immunophenotypic classifications. 

3.1. Morphologic classification 

Morphologic classification follows the guidelines proposed by the French­
American-British (FAB) Cooperative Working Group [26,27]. It identifies 
three subgroups of ALL (table 2): L1 is the most common variety in children, 
representing 85% of all cases, but only 30% of adult cases [28,29]; L2 is the 
predominant variety in adults, affecting 60% to 70% of all cases, but less than 
15% of childhood ALL [93,94]; and L3, which represents less than 5% of all 
cases. The originalF AB classification is not always reproducible, and a scoring 
system has been added to increase concordance between observers [27]. 

3.2. Immunophenotypic classification 

Immunophenotypic classification of ALL is more clinically relevant and is 
based on the expression of certain antigens on the surface of leukemic cells. 
Normal lymphocytes express specific antigens in an orderly fashion through 
their different stages of differentiation [30]. According to Greaves [31], lym­
phoblasts represent an interruption at different steps of differentiation of 
normal lymphocytes. Therefore, expression of antigens on the cell surface 
indicates the specific step in differentiation where transformation occurred. 
Several classifications have been proposed for normal [32,33] and leukemic 
[34,35] lymphocytes. The immunophenotypic classification of ALL with the 
frequency of each subtype is presented in table 3. 

Table 2. F AB classification of acute lymphoblastic leukemia 

Incidence 
CR Three year 

Type Adult Children Characteristics (%) survival (%) 

L1 31 85 Small, homogeneous cells; round nucleus; 85 40 
scanty cytoplasm. 

L2 60 14 Large, heterogeneous cells; irregular 75 35 
nucleus, cleft, nucleolus; more cytoplasm. 

L3 9 1 Large, homogeneous; regular nucleus; 65 10 
vacuolated, basophilic cytoplasm. 

Burkitt's leukemia 
Poor prognosis 
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Table 3. Immunophenotypic classification of acute lymphoblastic leukemia 

Type Markers 

Early pre-B cIg-

Pre-B cIg+ 

B sIg+ 

T CD2 
CD3 
CD5 
CD7 
Others 
(CD4, CD8) 

Incidence (%) 

Children Adults Observations 

65-70 50-60 Express at least one B-cell marker 
CALLA + or-

15-20 15-25 Express at least one B-cell marker 
CALLA + or-
Worse prognosis than early pre-B 

<5 <5 Extramedullary lymphomatous masses, CNS 
involvement, hyperuricemia, ARF 

Burkitt's leukemia 
10-15 20-25 High WBC, CNS involvement, thymic mass 

Although this classification is useful clinically, some cautionary notes have 
to be added. First, the phenotype of the lymphoblasts may not correlate with 
any normal phenotype, including some cases with simultaneous expression of 
antigens normally present at different ends of the differentiation spectrum 
(i.e., asyncronous antigen expression) [36], although some of these lympho­
blasts may actually have a rare normal counterpart [37]. Approximately 5% to 
10% of childhood ALL cases [38,39] and 30% of adult ALL cases [40-42] 
express myeloid markers. It is not clear whether these cases represent trans­
formation of a pluripotent cell or an as yet unidentified progenitor 
coexpressing markers and features from several lineages [43,44]. No marker is 
absolutely lineage specific; in fact, CD19, CD2, and CD4 can be found 'in at 
least 50% of AML with t(8;21), APL, and AML with monocytic features, 
respectively [45-47]. Therefore, it has been suggested that at least two markers 
corresponding to a different lineage need to be present to diagnose a mixed­
lineage leukemia [39]. 

There are some non-lineage-dependent markers. The most common is 
CD10, also known as common acute lymphocytic leukemia antigen (CALLA), 
which is a membrane-bound neutral endopeptidase [48]. It can be expressed in 
both B- and T-cell ALL [49]. CD34 is a marker of a very early pluripotential 
cell, including the stem cell [50], and is most frequently expressed in non-T, 
non-B cell ALL cases [51]. Cells coexpressing CD38 and represent lineage­
committed cells [52]. This represent 20% of normal bone marrow cells, as well 
as activated plasma cells and T -cells, and is a common marker in both T-cell 
and B-cellieukemias [53]. CD71 is another marker of activation and is more 
common in T-cell than in B-cellieukemias [53]. 

The immunologic classification of ALL correlates with clinical characteris­
tics, with certain features associated with specific SUbtypes: 
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3.2.1. Early pre-B-cell ALL. Nearly 70% of childhood cases and adult ALL 
are early pre-B-cell ALL [54]. The hallmark of this immunophenotype is the 
lack of expression of cytoplasmic or surface immunoglobulins. Patients are 
frequently young (1 to 9 years old) and have low WBC counts [48). Nearly half 
of those younger than one year old, 10% of older children, and 10% to 40% of 
adults with this immunophenotype are CALLA negative [55,56]. Lack of 
expression of CD10 is associated with pseudodiploidy, high WBC counts, and 
poor prognosis. CDlO-negative early pre-B ALL probably represents a more 
immature counterpart of CD10-positive early pre-B ALL [57]. 

3.2.2. Pre-B-cell ALL. This group is characterized by the expression of cyto­
plasmic immunoglobulin heavy chains [58,59]. It represents approximately 
20% of all cases of ALL, and almost all express CDlO [54). These patients 
have higher hemoglobin levels, WBC counts, and LDH levels. Cytogenetics 
are often pseudodiploid, with frequent association with t(1;19), and are less 
likely to be hyperdiploid [60-61). Poor-prognosis characteristics and poor 
outcome are correlated to the t(1;19) abnormality [62). Other studies suggest 
that among patients with t(1;19), pre-B immunophenotype correlates with a 
worse prognosis than early-pre-B immunophenotype [63). More than three 
fourths of pre-B cell childhood ALL patients express CD34, a feature fre­
quently accompanied by hyperdiploidy, low incidence of CNS involvement at 
presentation, and good prognosis [64,65). 

3.2.3. Transitional pre-B-cell ALL. This subtype has been recently character­
ized. It is present in approximately 1 % of all cases. The hallmark is the 
expression of!l heavy chains on the cell surface, but without light chains [66]. 
Patients with this phenotype have L1 or L2 morphology and low WBC counts 
and are hyperdiploid. They have a better outcome than patients with mature 
B-cell ALL. 

3.2.4. Mature B-cell ALL. Mature B-cell ALL occurs in less than 5% of 
patients with ALL [54). It frequently presents with bulky extramedullary 
disease, including abdominal lymphadenopathy and CNS involvement [67). 
Morphologically, it often represents the L3 subtype of the FAB classification. 
Some cases of mature B-cell ALL do not show the L3 morphology and have 
lymphoma-like features with particular karytoypic abnormalities such as 6q-, 
14q+, t(11;14), or t(14;18). 

3.2.5. T-cell ALL. T-cell ALL is present in nearly 15% to 20% of cases of 
childhood and adult [68] ALL, although its incidence may decrease with age 
[69]. It is associated with male gender, older age, high WBC counts, CNS 
involvement, and mediastinal masses [70], the latter associated with mature 
thymocyte phenotypes [71]. Patients with T-cell ALL lacking CDlO 
expression have a worse prognosis [49]. 
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3.3. Cytogenetic classification 

Several cytogenetic abnormalities have been described in ALL. These can be 
numeric or structural [72,73], as shown in table 4. Ploidy is of significant 
prognostic value, whether determined by karyotype or by DNA content. 
When analyzed by DNA index (i.e., DNA content in leukemic cells versus that 
in normal cells), patients with an index greater than 1.16 correspond approxi­
mately to more than 50 chromosomes. These patients have the best prognosis, 
with a four-year EFS close to 90% [74]. Hyperdiploidy is present in 25% to 
30% of children with ALL [75] but only 10% to 20% of adults. The index 
classification should be accompanied by regular cytogenetics, since the pres­
ence of additional structural abnormalities (as occurs in 60% of hyperdiploid 
cases) makes the prognosis not as good as with the numeric abnormality alone 
[76]. Patients with a DNA index greater than 1.16 usually present with 
good prognostic features (i.e., age 1 to 9 years, low WBC counts, early pre­
B phenotype), but those with high-risk features should be treated as good 
risk if hyperdiploid [77]. Hyperdiploid patients with near tetraploid cells 
(approximately 1 % of all cases) [75,78] and those with 47 to 50 chromosomes 
(i.e., a DNA index >1 but <1.16; 15% of all cases) [75] have an intermediate 
prognosis [79]. The near-tetraploid group represents an older age group 
frequently with a T-cell phenotype [80]. Patients with 47 to 50 chromosomes 
often have additional chromosomes 21, X, 8, and 10, and in 76% of cases also 
have additional structural abnormalities [81]. When trisomy 21 is the sole 
chromosomal abnormality, patients may have a particularly good prognosis, in 
part due to the association with other good prognostic features [82]. 

Hypodiploid cases, most frequently from loss of chromosome 20 [83], rep­
resent 6% of all cases of ALL [75]. Although commonly presenting with good 

Table 4. Cytogenetic classification of acute lymphoblastic leukemia 

Cytogenetic abnormality 

Numeric abnormalities Hyperdiploid 
47 to 50 chromosomes 
>50 chromosomes 

Diploid 
Hypodiploid 

Structural abnormalities Pseudodiploid 
t(9;22)(q34;qU) 
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t(8;14), t(8;2), and t(8;22) 
t(4;1l)(q21;q23) [and others involving llq23] 
t(1;19)( q23;p13.3) 
14qll abnormalities 
7q35 abnormalities 
Others 

Incidence (%) 

Children Adults 

40-50 
15-20 
25-30 
10-30 
7-10 

40-50 
3-5 
3-5 
5 
5-7 

<5 
<5 
5-15 

10-20 
5-10 
5-10 

25-35 
5-10 

50-60 
15-25 
5-10 
5 

<5 
5-10 

<5 
5-15 



prognostic features these cases have an intermediate prognosis [83]. Patients 
with near haploid disease «1 % of all cases) [75] have a very poor prognosis 
[84-86]. Eight to ten percent of all patients have a normal diploid karyotype 
[75], but the frequency is as high as 30% in T-cell ALL [87]. The prognosis of 
disease with a normal karyotype is intermediate [79]. Numeric chromosomal 
abnormalities (hyper- and hypodiploid) are less common in adults and have 
much less impact in outcome than they do in children [85]. Adults with diploid 
ALL may have the best prognosis [85]. 

Pseudodiploid ALL represents a large percentage of patients [75,88]. Over­
all, these patients have a poor prognosis. Some of the specific abnormalities 
deserve special attention: 

3.3.1. Translocation t(9;22)(q34;ql1) or Philadelphia-chromosome (Ph). The 
Ph-chromosome is present in less than 5% of children with ALL [89-91], but 
in 15%-30% of adults [92,88,93]. When assessed by molecular techniques, Ph­
related abnormalities are present in up to 30% of adults with ALL [94,95]. Ph­
positive ALL is associated with older age, high WBC counts, and L2 
morphology [90,93]; in adults, it is also associated with a higher frequency of 
expression of CDI0 and CD34 [93]. Nearly half of patients with Ph-positive 
ALL may have additional chromosomal abnormalities, most frequently mono­
somy 7 [96]. At the molecular level, the Ph-chromosome in ALL may be 
different from the one seen in CML. The breakpoint at band 34 of the long 
arm of chromosome 9 splices the proto-oncogene c-abl to band 11 of the long 
arm of chromosome 22 in the bcr gene [97]. In 50% to 80% of ALL cases, the 
breakpoint in 22qll falls between exons bl and b2 of the major breakpoint 
cluster region (M-bcr) [98] as opposed to between b2 and b3 or b3 and b4 in 
CML [97]. This translates into a different protein product of only 190kDa 
(p190BCRlABL), compared to that of CML (210kDa, p210BCR/ABL) [97,98]. Both 
proteins have increased tyrosine kinase activity [99]. p190BCR/ABL can induce 
acute leukemia in transgenic mice [100] and may have comparatively 
higher transforming potential than p210BCRlABL [101]. Twenty percent to 50% 
of adults with Ph-positive ALL express p210 rather than p190 [95]; some of 
these patients may have a blastic phase of a previously unrecognized CML 
[102]. 

The outcome of patients with Ph-positive ALL is poor, with significantly 
low CR rates (75% in children, 50% to 70% in adults) [90,93] and long-term 
disease-free survival rates (less than 10%) [90,93,94]. 

3.3.2. t(8;14), t(8;2), and t(8;22). These translocations are present in most 
cases of mature B-cell ALL [103] and Burkitt's lymphoma [104]. The proto­
oncogene c-myc present in band 24 of the long arm of chromosome 8 is 
juxtaposed to an immunoglobulin locus, most frequently the heavy chain 
(chromosome 14q32), but sometimes the light chains 'X (2p12) or A. (22qll) 
[105]. This results in overexpression of myc [106], a transcription factor that 
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interacts with other proteins (MAX, MAZ) and binds to DNA [107]. In 
transgenic mice, overexpression of c-myc driven by immunoglobulin 
enhancers induces lymphoid malignancies [108]. 

3.3.3. t(4;11) and other abnormalities in band 23 of the long arm of chromo­
some 11 (l1q23). Abnormalities in 11q23 are frequently associated with acute 
myelogenous leukemias developing in patients treated for ALL and other 
malignancies [109-112]. ALL with 11q23 abnormalities can present de novo 
and is seen in approximately 5% of childhood ALL and less often in adults 
[113]. Patients with 11q23 abnormalities are frequently young, black, with high 
WBC counts [113,114], with CDIO negative, and with early pre-B-cell disease 
[115]. Co expression of myeloid markers is a common feature. It is the most 
common chromosomal abnormality in infant ALL [116], and when investi­
gated at the molecular level, it affects more than 70% of cases [117]. It carries 
a poor prognosis and may be the major culprit of the poor prognosis in infant 
ALL; infants who do not have this chromosomal abnormality may have an 
outcome comparable to that of intermediate-risk childhood ALL, but infants 
with 11q23 rearrangements have a three-year event-free survival of 13% com­
pared to 67% for those without this abnormality [118]. Chromosome 11q23 
codes for a gene called MLL or ALL-1 [119,120] with unknown function. The 
frequent involveme.nt of this gene in mixed lineage and myeloid leukemias 
suggests a role in lineage differentiation. 

3.3.4. t(1;19). This is the most common translocation in childhood ALL, 
present in 5% of all cases [121-123], but is very uncommon in adults. It is 
frequently associated with a pre-B cell immunophenotype [61,124]. Patients 
with this abnormality frequently carry other poor prognostic factors (high 
WBC, high LDH) and have a poor prognosis [61]. At the molecular level, it 
results in the fusion of E2A, an immunoglobulin enhancer-binding protein 
coded for in chromosome 19p13, with PBX, a homeobox protein that binds to 
DNA and is probably a transcription activation factor, coded for in chromo­
some 1q23 [125]. This results in the .constitutional expression in pre-B-cells of 
a gene (PBX) that is normally not expressed in these cells. 

3.3.5. 14q11 and 7q35 abnormalities. These regions contain the loci for the 
alb and ~ T-cell receptor (TCR) gene, respectively. They are rearranged in 
patients with T-cell ALL [126-130]. The most frequent abnormality involving 
these genes is a t(11;14)(p13;q11), present in 7% ofT-cell ALL [87,131], which 
fuses the TCR alb to a gene called rhombotin 2 or Ttg-2 [132]. A less common 
translocation, t(11;14)(p15;q11), present in only 1 % of T-cell ALL [222], 
affects rhombotin 1 or Ttg-1 [133]. The rhombotin (Ttg) family of genes is 
involved in transcription regulation via a LIM-domain-mediated protein inter­
action, which in turn could prevent transcription activation by LIM-domain 
protein partners [134]. Other partner genes for TCR alb include HOX11 in the 
t(10;14), a homeobox gene [135] that binds DNA and activates gene expres-
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sion; TALl/SCL in t(I;14), a basic helix-loop-helix protein that binds DNA 
and can control transcription either directly or by dimerization with other 
DNA binding proteins [136,137]; and c-myc in a t(8;14) [138]. Translocations 
affecting TCR ~ are less common [130,139,140). Partner genes involved in 
these translocations include TAL2, similar to TALlISCL, in a t(7;9)(q34;q32) 
[141]; LYLl in t(7;19), analogous to TAL2 [136,137]; rhombotin 2/Ttg2 in 
t(7;11); and TAN-l in t(7;9) [142]. 

3.3.6. Others. Abnormalities in the short arm of chromosome 9 occur in 
5% to 10% of childhood and adult ALL [143,144]. It is associated with high 
WBC counts, older age, T-cell immunophenotype, a high rate of 
extramedullary relapse [145], and poor outcome. This abnormality affects 
9p21-22, which contains the IFN-a and IFN-~ genes [146]. Abnormalities in 6q 
occur in 6% of cases [88], and their clinical and prognostic significance is 
uncertain [147]. The short arm of chromosome 12 is affected in 10% of cases 
of childhood ALL [148], usually of B-lineage, with great heterogeneity of the 
specific abnormality. Patients with this abnormality may have a higher inci­
dence of CNS relapse [149). Mutations of N-ras have been detected in 6% of 
childhood ALL, clustered in codons 12 and 13, and may be a poor prognostic 
feature [150). 

4. Prognosis 

Several prognostic factors have been identified for childhood [75,151,152] 
and adult [92,153,154] ALL, and risk categories have been defined and used 
to guide therapy. Some of the better defined prognostic factors are given 
below. 

4.1. Age 

Infants under 1 year of age and children older than 10 years of age have a 
worse prognosis than patients 1 to 9 years old [75,151,155]. Adults have a 
worse prognosis than children, with the worst outcome associated with age 
older than 60 years [92,153,156). 

4.2. WBC 

The WBC count at presentation is a highly significant prognostic variable. In 
children, the cutoff at which good prognosis is defined varies in different 
centers [77], but counts greater than 50 X 109/L are clearly associated with a 
poor outcome [57,77]. In adults, the cutoff value is not clear but is probably 
lower than that in children; the cutoff for prognostic significance has ranged 
from 5 to 50 X 109/L [157]. 
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4.3. Cytogenetics 

Cytogenetics is probably the most important prognostic factor for ALL [158]. 
In children, ploidy is the most important prognostic factor [74,159,160]. Pa­
tients with hyperdiploid ALL, in particular those with more than 50 chromo­
somes, have the best prognosis [79,88]. 

4.4. Immunophenotype (table 5) 

T -cell ALL represents a group with historically poor outcome, having a five­
year event-free survival of 50% in children [161] and 10% to 20% in adults. 
Recent studies have shown a similar or better outcome to that of other 
immunophenotypes [92,153], probably from the inclusion of cyclophospha­
mide and cytarabine in the treatment of this subgroup of patients [162,163]. 
Within the T-cell phenotype, those with pre-T phenotype (CD7 +, CD2 - , 
CDl-, CD4-, CD8-) have a worse prognosis. 

Mature B-cell ALL has historically been associated with a poor prognosis. 
The introduction of hyperfractionated cyclophosphamide, high-dose 
methotrexate, and cytarabine have significantly improved the results, both in 
children [67,164] and in adults [165]. The best prognosis among B-lineage ALL 
is associated with early pre-B-cell phenotype, in particular when associated 
with CDI0 [58]. 

Wide variations in the incidence of myeloid markers from less than 20% to 
more than 40% have been reported, most commonly in adults. Some investi­
gators have reported an associated poor prognosis [166], but not others 
[167,168], especially when adjusted for other poor prognostic factors [42]. 

4.5. Other prognostic factors 

Expression of CD34 has been correlated with a favorable outcome in children 
with pre-B phenotype [169], but not in adults [167]. Expression of MDR­
associated protein P-170 has been reported to confer a poor prognosis on both 
children and adults [170]. Patients with MDR-positive ALL at diagnosis have 
lower CR rates, higher relapse rates, and shorter survival than MDR-negative 
patients [170]. Males and blacks may have a worse prognosis [171 ,172]. Late 
response to therapy is a poor prognostic feature in all age groups 
[92,153,173,174]. 

4.6. Prognostic models 

Several prognostic models have been proposed using these risk factors. In 
children, an NCI-sponsored workshop has used age and WBC counts to define 
risk [77]. Patients aged 1 to 9 years with a WBC less than 50 X 109/L represent 
68% of all B-precursor ALL in children and have a four-year event-free 
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survival of approximately 80%. Patients older than 10 years or with WBC 
counts greater than 50 x 109/L have a four-year event-free survival of approxi­
mately 64% [77]. There is a strong correlation between age and WBC counts. 
In infants, almost 50% of patients have counts of 50 x 109/L or more, whereas 
less than 20% of older children have counts that high [151] and 50% have 
counts lower than 10 x 109/L [77,151]. In adults, 25% of all patients have 
counts greater than 50 x 109/L. 

In adults, several prognostic models have been proposed with close similari­
ties; these are summarized in table 5. High-risk groups represent the majority 
of adult ALL cases. Hoelzer et al. identified time to CR of more than four 
weeks, age greater than 35 years, WBC count higher than 30 x 109/L, and 
null-cell phenotype as poor prognostic features [153]. Patients with none of 
these features (27% of cases) have a five-year remission rate of 62%, com­
pared to 28% for those with one or more of these features [153]. Ph-positive 
ALL is a definite poor prognostic group, while the prognosis of mature B-cell 
ALL is changing; favorable outcomes (CR rates of 80% to 90%; long-term 
disease-free survival rates of 40% to 60%) have been reported with short-term 
dose-intensive regimens. The WBC cutoff is dependent on whether the par­
ticular model incorporates older age as a poor prognostic factor, since an 
inverse correlation is noted between age and WBC counts. In the model of 
Hoelzer et al. [153], age of more than 35 years (more than 50% of patients) is 
a poor prognostic factor; thus the WBC count cutoff is high (30 x 109/L). In a 
model from MDACC [153], age does not enter into the model as a poor 
prognostic factor; consequently the WBC count cutoff is lower (5 X 109/L) 
(table 5). 

Table 5. Prognostic models for adult ALL 

Risk category Hoelzer et al. [142] Kantarjian et al. [161] Gaynor et al. [143] 

Standard risk 
% of all patients 27 28 40 
Long-term DFS (%) 62 70 61 

Intermediate risk 
% of all patients 22 
Long-term DFS (%) 43 

High-risk 
% of all patients 73 72 38 
Long-term DFS (%) 28 27 20 

High-risk features WBC >30 X 109/L WBC ~5 x 109/L WBC >20 x 109/L 
Age >35 years Age >60 years 
Null-cell ALL B-cell ALL Null- or B-cell ALL 
CR after >4 weeks CR after ~2 induction CR after >5 weeks 

courses 
Ph-positive ALL Ph-positive 
CNS leukemia 

DFS, disease-free survival. 

301 



5. Treatment 

Modem therapy has changed the outcome of patients with ALL. In children, 
ALL is now a highly curable disease, with cure rates ranging from 60% to 
85%. Therapy of ALL in adults has followed the lead of childhood ALL. 
About 75% of adults with ALL (range 65% to 90%) achieve a complete 
remission, but despite significant progress in the last three decades, only 
20% to 40% are cured [175-177]. The value of individual components of the 
different phases of ALL therapy is sometimes controversial. 

5.1. Induction 

With the combination of vincristine and prednisone, 40% to 60% of patients 
achieve a CR, although the median remission duration is short (3 to 7 months) 
[178,179]. The addition of anthracyclines to this combination improves the CR 
rate to 85%, compared to 47% without anthracyclines (p = 0.003) [180]. The 
combination of these three drugs is now standard for remission induction in 
adult ALL, with CR rates of 70% to 85%. Doxorubicin and daunorubicin are 
the commonly used anthracyclines and have produced similar results 
[180,181]. Mitoxantrone may also be effective [182]. Among the corticoster­
oids, prednisone and methyl-prednisolone are most frequently used; however, 
dexamethasone penetrates the CNS-blood barrier better and exhibits better 
in vitro antileukemic activity [183]. With this induction chemotherapy, the 
mortality associated with therapy is 10% or less. 

Other chemotherapeutic agents have been incorporated into induction 
regimens in an attempt to improve CR rate and CR duration, including cyclo­
phosphamide, L-asparaginase, cytarabine, and less frequently etoposide, 
teniposide, and m-amsacrine. The benefit from these modifications is difficult 
to determine, but overall results seem to be equivalent to those with 
vincristine, anthracyclines, and corticosteroids. In one study, half the patients 
treated with induction therapy with vincristine, asparaginase, daunorubicin, 
and corticosteroids were randomized to receive additional cyclophosphamide 
during induction. The CR rate was 84 % for both arms, and the continuous CR 
rate at three years was also similar (47% versus 43%) [184]. In another study, 
however, the addition of cyclophosphamide may have improved outcome for 
patients with T-cell ALL [185]. The addition of high-dose cytarabine to the 
induction regimen did not improve the results and led to an increased toxicity 
and induction mortality [186]. Cytarabine at lower doses, together with 
thioguanine and daunorubicin, was added to vincristine and prednisone in 
another study, resulting in a CR rate of 91 %, but the median remission 
duration was only 15 months [187]. Cytarabine during induction may also 
improve outcome in T-cell ALL [188]. L-asparaginase has been added to 
induction with no improved CR rates [188-191], although in children remis­
sion duration may be prolonged [192]. In one study, L-asparaginase was used 
instead of anthracyclines in the induction regimen, resulting in a similar out-
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come but with the potential benefit of decreased cardiotoxicity [193]. Using 
methotrexate instead of anthracycline produced equivalent results [194]. More 
intensive regimens with growth factor support may induce rapid tumor-burden 
reductions and potentially better outcome [195]. Preliminary results with such 
an approach are encouraging [196,197]. Duration of neutropenia may be 
shortened [196,198], but there is the potential risk of stimulation of leukemic 
cells by growth factors [199]. 

Some subsets of patients may require a different approach for induction of 
remission. Patients with T-cell ALL may benefit from the addition of 
cytarabine and cyclophosphamide [92,153,185,188]. In mature B-cell ALL, the 
use of hyperfractionated cyclophosphamide alternating with high-dose 
methotrexate and cytarabine has resulted in cure rates of 50% to 60% in 
children and more recently also in adults [165,197,200-202]. 

5.2. Consolidation 

Intensive consolidation has demonstrated its value in childhood ALL. High­
dose methotrexate [203], sometimes in combination with 6-mercaptopurine 
(6MP) [204,205] or with teniposide and cytarabine [206], and the use of 
asparaginase [192] have significantly contributed to the cure rate of 70% to 
80% in childhood ALL. Delayed intensification has also improved the out­
come in childhood ALL [207], but its benefit in adult ALL has been dificult to 
prove. Some studies have failed to demonstrate that consolidation improves 
results in adult ALL [208], while others concluded that it improves the out­
come [177]. This discordance may be due to the difficulty in assessing the 
specific value of individual components or phases of the overall treatment. 
Some of the most effective regimens reported in the literature have included 
some form of consolidation, but its intensity varied from asparaginase alone 
[191] to combinations including cyclophosphamide, cytarabine, 6MP, and 
methotrexate [92,153,157]. These studies have resulted in median remission 
durations of 20 to 24 months and three-year survival rates of 35% to 45%. In 
one study, 61 patients were randomized to receive three courses of consolida­
tion at monthly intervals with doxorubicin, cytarabine, and asparaginase ver­
sus no consolidation. The three-year disease-free survival was 38% with and 
0% without consolidation [209]. In contrast, the European Organization for 
Research and Treatment of Cancer (EORTC) randomized patients to receive 
a three-month consolidation schedule with methotrexate, cytarabine, and 
thioguanine, versus maintenance therapy after induction of CR without con­
solidation. No difference in disease-free survival between the two groups was 
observed [210]. Similarly, the Cancer and Leukemia Group B (CALGB) 
randomized patients after induction to receive two courses of consolidation 
with cytarabine and daunorubicin versus maintenance with 6MP and 
methotrexate. The CR duration and overall survival were similar for both 
arms [211]. It is difficult to obtaind definitive conclusions from these studies 
because of the limitations involved. These include (1) the limited time and 
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intensity of the consolidation used in these patients, and (2) the use of sched­
ules that did not include some of the most effective agents in consolidation 
for childhood ALL, such as high-dose methotrexate and 6MP, high-dose 
asparaginase, and cyclophosphamide with cytarabine. The use of high-dose 
cytarabine may be beneficial in some patients. Rohatiner et al. found a trend 
for prolonged remission duration using high-dose cytarabine consolidation in 
patients with high blast cell counts or T-cell morphology [188]. A German 
multicenter trial used high-dose cytarabine with mitoxantrone for intensifica­
tion in high-risk patients and achieved a continuous CR rate at four years of 
43%, compared to 23% for those not receiving this therapy. However, older 
patients were frequently not offered the high-dose therapy, and the difference 
in results may be at least partially explained by the presence of higher-risk 
patients in the control arm [212]. The Eastern Cooperative Oncology Group 
(ECOG) used high-dose cytarabine consolidation without improvement in 
outcome. In this trial, however, some patients received very short induction 
regimens, and no patient received maintenance therapy [213]. 

In conclusion, consolidation may be beneficial when adequate drugs at 
adequate doses are used. Some subsets may benefit from specific agents, i.e., 
T-cell ALL from cytarabine and cyclophosphamide, and Ph-positive ALL and 
other high-risk groups from high-dose cytarabine. 

5.3. Maintenance 

The benefit of maintenance therapy has been established in several studies 
in childhood ALL. Maintenance therapy is usually given with 6MP and 
methotrexate and continued for two years. However, when adequate serum 
levels of these drugs are not achieved, the outcome may be as poor as when no 
maintenance is given [214,215]. Maintenance therapy including these drugs 
has been used in adult ALL [92,153,157,191,216] in different schedules. Some 
have used relatively intensive maintenance with regimens including high-dose 
methotrexate, daunorubicin, mercaptopurine, and prednisone (M-DOMP) 
[157], or vincristine, prednisone, doxorubicin, 6MP, oral methotrexate, actino­
mycin-D, cyclophosphamide, and carmustine [216]. Others have used less 
intensive regimens with oral 6MP and methotrexate reinforced by monthly 
doses of vincristine and prednisone and occasionally the addition of doxorubi­
cin or carmustine and cyclophosphamide [153,191]. 

Some studies have used no maintenance after induction of remission. The 
ECOG used consolidation with high-dose cytarabine and methotrexate, 
asparaginase, cyclophosphamide, doxorubicin, vincristine, and prednisone, 
with no maintenance. The four-year disease-free survival was only 13%, with 
a median remission duration of 9.6 months [213]. The CALGB used four 
intensification courses with several agents including cytarabine, 6MP, 
methotrexate, and asparaginase, but no maintenance. The median remission 
duration for these patients was only 11.2 months [182]. One study from Italy 
randomized patients to receive conventional maintenance or a more intensive 
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schedule with 6MP and methotrexate alternating with the same drugs used for 
consolidation. No difference in disease-free survival was observed [217]. Con­
ventional maintenance with 6MP and methotrexate could therefore be as 
effective as more intensive regimens in adult ALL. 

Some subgroups are not treated with maintenance chemotherapy. Patients 
with mature B-cell ALL do not need maintenance with 6MP and 
methotrexate. These patients are usually treated with 3 to 8 months of dose­
intensive therapy, which results in disease-free survival rates of 40% to 60%. 
Patients with Ph-positive ALL do not benefit from 6MP and methotrexate 
maintenance. These patients should be included in investigational approaches 
including the use of alpha interferon, high-dose cytarabine, immuno­
modulation, dose-intensive chemotherapy with autologous stem cell trans­
plant (with or without purging), and gene-targeted therapy if allogeneic BMT 
is not feasible in first CR. 

5.4. eNS prophylaxis and treatment 

CNS disease is present at diagnosis in only 5% of children and adults [218,219]. 
However, without adequate prophylaxis, 50% to 75% of patients will 
eventually have CNS disease [220,221]. CNS prophylaxis has reduced the 
incidence of CNS relapses to less than 10% [118]. Different alternatives have 
been used for prophylaxis of CNS disease, including cranial radiation, 
intrathecal chemotherapy with methotrexate and cytarabine, and high-dose 
systemic chemotherapy [222,223]. These can result in neurologic sequelae 
including intellectual dysfunction, seizures, and dementia [224], as well as 
extraneural complications such as slow growth, particularly in children [225]. 
Complications may be more common in patients receiving cranial radiation 
[224,226], and prophylaxis without the use of cranial radiation may be as 
effective [227]. 

Adults with ALL frequently receive prophylaxis to the CNS with 
intrathecal (IT) chemotherapy and cranial radiation, which has resulted in a 
lower incidence of CNS relapse [228,229]. The complications associated with 
CNS prophylaxis in adults are frequently asymptomatic and are detected only 
by electroencephalogram or CT scans [230]. It is questionable whether the 
reduced incidence of CNS leukemia has resulted in improved survival. In a 
study randomizing patients to receive cranial radiation and IT methotrexate or 
no CNS prophylaxis, the three-year CNS relapse rate significantly decreased 
from 45% to 20% with prophylaxis. This did not translate, however, into an 
improved survival [228]. In our studies in adult ALL, early intervention with 
IT chemotherapy and high-dose systemic chemotherapy without cranial radia­
tion has proven to be highly effective prophylaxis, particularly for patients 
with high-risk for CNS relapse [219]. Recent studies have emphasized 
intrathecal therapy plus high-dose systemic chemotherapy over cranial irradia­
tion as CNS prophylaxis in both childhood and adult ALL. 

Several reports have identified risk factors for the development of CNS 
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leukemia. In children, high WBC counts, T-cell or B-cell disease, young age, 
lymphadenopathy, thrombocytopenia, hepatomegaly, and splenomegaly are 
associated with a higher risk of CNS relapse [220,231]. In adults, mature B-cell 
phenotype, high serum LDH levels, and high proliferative index (i.e., cells in 
S+G2M compartments :::::14%) have been identified as risk factors for CNS 
disease [232]. Patients with none of these factors (40% of patients) had an 
incidence of CNS leukemia at one year of 5 %, compared to more than 50% for 
those with high LDH and high proliferative index [232]. The intensity of CNS 
prophylaxis could then be adjusted to the risk of CNS disease according to this 
model [219]. 

Patients who develop CNS leukemia should receive more aggressive 
therapy. One proposed therapeutic scheme includes IT methotrexate alternat­
ing with IT cytarabine twice weekly until the CSF clears, then weekly for one 
month, and once monthly thereafter for two years [211]. Cranial radiation may 
be indicated in these patients [201,211]. For those patients with 5 or less WBCI 
[ll CSF together with blasts, prophylaxis as for CSF blast-negative patients 
may be equally effective [227]. Patients with cranial nerve root involvement 
may benefit from selective irradiation to the base of the skull. 

5.5. Allogeneic BMT 

Allogeneic BMT is an effective alternative for therapy in ALL, but the timing 
of the transplant is controversial. Allogeneic BMT in first remission has re­
sulted in long-term disease-free survival in 22% to 60% of patients in different 
series [233-235]. This wide range derives from the variability in patient selec­
tion, since factors such as age, phenotype of the disease, WBC count, sex 
mismatch, and the type of GVHD prophylaxis used significantly influence the 
outcome of BMT [236]. The International Bone Marrow Transplant Registry 
(IBMTR) reported a 44% five-year actuarial leukemia-free survival for pa­
tients transplanted in first remission [237]. Several other studies have reported 
long-term disease-free survival of 40% to 70% [238-240]. Patients receiving 
allogeneic BMT usually represent a highly selected population of young pa­
tients with no organ dysfunction. To clarify the value of allogeneic BMT in 
patients in first remission, Horowitz et al. [241] conducted a retrospective 
analysis of patients who received intensive consolidation and maintenance 
with the Berlin-Frankfurt-Munster (BFM) regimen versus those receiving an 
allogeneic BMT in first remission. After accounting for age and lead-time bias 
to BMT, the five-year leukemia-free survival was 38% with chemotherapy and 
44% with transplant [241]. With chemotherapy, the five-year probability of 
relapse was 59% and the probability of treatment-related death 4%; for those 
treated with BMT, the probabilities were 26% and 39%, respectively [241]. No 
specific subgroups that could benefit from BMT in first remission could be 
identified in this study [233]. 

In a prospective study by Fiere et al. [242], patients younger than 40 years 
with an HLA-identical sibling who achieved remission after induction chemo-
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therapy were assigned to allogeneic BMT; if older than 50 years, patients 
received consolidation with chemotherapy; and all others were randomized to 
consolidation with chemotherapy alone or autologous BMT. The estimated 
three-year disease-free survival was 43% for patients receiving an allogeneic 
BMT, 39% for autologous BMT, and 32% for chemotherapy (non-statistically 
significant difference). The older patient subgroup had a significantly shorter 
three-year disease-free survival of only 24% [242]. In an update of this study, 
the five-year disease-free survival was 45% for the allogeneic BMT group and 
31 % for the control group (combining the autologous BMT and chemo­
therapy groups) (p = 0.1) [243] (table 6). When patients with high-risk disease 
(i.e., Ph-positive ALL, null or undifferentiated ALL, age >35 years, WBC 
count >30 X 109/L, or time to CR >4 weeks) were analyzed separately, the 
five-year disease-free survival was 39% with allogeneic BMT, and 14% with 
other therapies (p = 0.01). For standard-risk patients (62.5% of the total 
population), the five-year disease-free survival was 48% and 43% respectively 
(non-significant difference). This study shows the bias inherent in selecting 
patients for BMT: 62.5 % of patients included had standard-risk ALL, whereas 
in most studies (table 5) standard-risk ALL composes less than 30% of pa­
tients. Barrett et al. reported a two-year disease-free survival of 38% in pa­
tients with Ph-positive ALL transplanted in first remission [244]. Since these 
patients have a cure rate of less than 10% with chemotherapy alone, they are 
more likely to benefit from allogeneic BMT in first remission [243,244]. How­
ever, this population has to be selected carefully, since treatment-related 
mortality is still significant with BMT and the sequence of chemotherapy in 
first CR and BMT in first relapse or subsequently may yield the best cumula­
tive cure rate. 

For patients refractory to conventional therapy or in first relapse or second 
remission, allogeneic BMT is the treatment of choice. In patients refractory to 
chemotherapy, the actuarial three-year disease-free survival with BMT was 
23% in one study [245], which is more than can be expected with conventional 
salvage chemotherapy. For patients in second remission, several studies have 
reported long-term disease-free survival of 18% to 45% (average 30%) [233-
236]. 

Patients relapsing after allogeneic BMT may still respond to salvage chemo­
therapy. The outcome depends on the time from BMT to relapse: patients who 
relapse less than 100 days after BMT have a CR rate of 18%, compared to 71 % 

Table 6. Results with allogeneic and autologous BMT in ALL (from 243) 

No. patients included 
No. patients acutally transplanted (%) 
Three-year survival (%) 
Three-year DFS (%) 

DFS, disease-free survival. 

Allogeneic BMT 

116 
95 (79%) 
56 
44 

Autologous BMT 

95 
63 (66%) 
49 
39 
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if the relapse occured more than one year after BMT [246]. Remissions, 
however, are usually short in either case. 

5.6. Autologous BMT 

Two large studies have failed to demonstrate an advantage in disease-free 
survival for patients receiving autologous BMT compared to chemotherapy 
alone [241,242]. In the series from the French Group on Therapy for ALL, 
chemotherapy and autologous BMT produced comparable disease-free sur­
vival at three year (39% vs. 32%; p = 0.8). However, late relapses (i.e., after 
three years) were mainly seen in the chemotherapy arm [242]. A study from 
MDACC planned an intensive consolidation including autologous BMT for 
patients achieving a CR [157]. Of 79 patients who achieved a CR, 32 relapsed 
before the time of the BMT. Among the other 47 patients, 21 could not receive 
a BMT because of age, medical contraindications, or socioeconomic reasons. 
There was no difference in three-year remission rate between the 26 patients 
who received the BMT and the 21 patients who did not receive it (60% vs. 
49%, respectively). The three-year survival was also similar (58% vs. 62%, 
respectively). These studies suggest that autologous BMT is not more effective 
than consolidation chemotherapy. The fact that a plateau in disease-free sur­
vival may be seen after three years suggests that some patients, particularly 
those who are noncompliant or who are not willing to receive long-term 
therapy, may benefit from this one-time procedure. Several studies with au­
tologous BMT also exemplify the problems with patient selection. Only 20% 
to 50% of patients for whom autologous BMT is planned can actually receive 
the transplant [157,243]. 

For patients with refractory ALL or those in relapse, autologous BMT can 
result in long-term disease-free suvival of 20% to 30% [247-250]. The best 
results are achieved in patients with first CR duration of more than one year. 
These patients can have a disease-free survival of 40% to 50% [247]. Better 
methods of bone marrow purging are needed to reduce relapse rates in order 
to make this therapy a better alternative. 'In vivo' purging via mobilization of 
normal hematopoietic precursors after intensive chemotherapy is a promising 
approach [251]. 

6. Survival 

The long-term prognosis is excellent in children. More than 90% achieve CR, 
and 60% to 70% will be cured. In adults, the results are not as good. Although 
initial reports from large studies suggested a long-term disease-free survival of 
more than 50% [252,253], these studies included mostly younger patients and 
excluded those with Ph-positive disease. With longer follow-up and less selec­
tive inclusion criteria, the long-term disease-free survival has dropped to 20% 
to 35% [153,190]. These figures represent the cure rate expected with current 
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therapies in most studies. Although a major improvement from older studies, 
these results still speak for the need for further research to improve results 
towards what is now observed in childhood ALL. 

7. Biologic and prognostic investigations 

7.1. Minimal residual disease 

Flow cytometric sorting and immunophenotyping, clonogenic assays, and de­
tection of leukemia-specific DNA or RNA sequences by Southern blot or PCR 
can be used to detect residual disease below the level of sensitivity of 
morphologic evaluation [254]. This may have prognostic significance. In one 
study of patients treated with autologous BMT, all 42 patients with more than 
51 malignant cells per 106 total cells (as measured by multiparameter flow 
cytometry and cell-sorting with assays for leukemic progenitor cells) relapsed 
within 1 year, but only 41 % of those with lower levels of residual disease 
relapsed [255]. 

One approach for the detection of minimal residual disease is to identify the 
clonal rearrangement of Ig- or TCR-genes. Amplification of this leukemia­
specific marker by polymerase chain reaction (PCR) can identify 1 leukemic 
cell in 105 normal cells [256]. During induction chemotherapy, there is a 3- to 
4-log reduction in the number of leukemic cells, but even after achieving CR 
some residual disease can be documented [257]. In some patients, an increase 
in leukemic cells can be demonstrated by this technique months before the 
increase becomes clinically evident [257]. The major limitation is that, since 
the specific rearrangement is unique for each clone, specific probes have to be 
generated for each patient. 

An alternative approach is the blast-colony assay described by Estrov et al. 
[258]. With this assay, in vitro growth of lymphoblastic colonies during CR was 
observed in patients who later relapsed. However, the presence of disease as 
detected by this method is not always associated with relapse, and a threshold 
for prediction of adverse outcome has not been established. 

7.2. Multidrug resistance detection 

The multidrug resistance gene (MDR) encodes for a membrane glycoprotein, 
p170, that is thought to function as an efflux pump [259]. MDR expression 
confers resistance to some chemotherapeutic agents (e.g., vinca alkaloids, 
taxoids, anthracyclines, and epipodophylotoxins) [260]. In adults, the fre­
quency of MDR positivity increases after relapse (10% at diagnosis, 50% after 
relapse) [261]. The expression of MDR is associated with lower CR rate (56% 
for MDR-positive vs. 93% for MDR-negative; p = 0.05) and a higher relapse 
rate (100% vs. 46%, respectively; p = 0.05). This results in a survival advan­
tage for MDR-negative patients [261]. 

309 



7.3. Expression of bcl-2 

Bcl-2 is an oncogene involved in regulation of cell death. Overexpression of 
bcl-2 results in inhibition of programmed cell death [262]. B-cell precursor 
ALL cells overexpress bcl-2, resulting in prolonged survival of leukemic cells 
[263]. An association between bcl-2 overexpression and glucocorticoid resis­
tance has been suggested [264]. Overexpression ofbcl-2 was documented in all 
patients with ALL studied by Gala et al. [265], except those with Burkitt's 
phenotype. Overexpression, however, was not associated with a poor 
prognosis [265]. 
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