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Foreword

It is my distinct pleasure to provide a few words of introduction to Dr. Iris Schrijver
and her new book, Diagnostic Molecular Pathology in Practicee A Case-Based
Approach. | have known Dr. Schrijver since she was a junior faculty member and just
beginning her career in Molecular Pathology, and have followed with great pleasure
her career development into one of the leaders in Molecular Pathology. | was very
pleased when Dr. Schrijver talked with me about her idea for a new Molecular
Pathology book. I was highly enthusiastic at the time because of the unique nature of
the book she wanted to create. | also was pleased when the publisher of my most
recent textbook agreed to work with Dr. Schrijver to translate her idea into reality.

This textbook is unique among Molecular Pathology textbooks. As a practicing
molecular pathologist, | know that much of our experience as laboratory directors
comes from the difficult cases and problems we face in the laboratory on a regular
basis. This book opens up this world of unique and difficult cases to the reader.
Whether used as a source of teaching cases by professors or for study in preparation
for the practice of molecular pathology by students, the cases in this book illustrate
real-world clinical laboratory problems in Molecular Pathology and provide novel
insights into the practice of Molecular Pathology. Dr. Schrijver has involved many
other leaders in Molecular Pathology as chapter contributors to the book. The reader
will learn from experts in each of the book’s topic areas. Included in the design of the
book are questions about each situation, to allow the reader to assess their under-
standing of the information and issues presented.

As a more senior member of the Molecular Pathology community and an editor of
two textbooks myself, | understand the passion that leads someone to want to share
their knowledge through the writing of a textbook. I also understand the joy, mixed
with a sigh of relief, that comes from seeing the fruits of your labors and passion.
Dr. Schrijver clearly can be proud of this book, and I encourage readers to explore the
topics of this book and gain from the knowledge shared by the experts.

New York, USA Debra G.B. Leonard






Preface

The specialty of molecular genetic pathology (MGP) is rapidly growing and evolv-
ing. It focuses on the molecular identification of inherited genetic conditions, of
acquired genetic diseases such as solid tumors and hematologic malignancies, and of
infectious diseases. Specialty board examinations in MGP are available to physicians
who are pathologists or medical geneticists and who have completed subspecialty
training in an accredited MGP training program. Prior to the conception of MGP,
specialty board examinations were already administered in clinical molecular genet-
ics (CMG), which requires training by M.D. or Ph.D. post-doctoral trainees. CMG
training programs focus specifically on inherited genetic conditions. The intended
audience for this text comprises trainees in MGP and CMG, as well as residents and
fellows in medical specialties to which molecular genetic pathology is pertinent. It is
also relevant to the practicing pathologist who wants to learn more about the current
practice of molecular diagnostics.

In the past few years, much needed reference textbooks have become available and
provide a terrific knowledge foundation and resource. The book in your hands takes
a complementary approach. It is a practical, completely case-based book with exam-
ples of molecular diagnostic cases (which are composites with fictitious patient
names), as they can be encountered in molecular pathology laboratories. The cases
are divided into the four main areas addressed in MGP: inherited conditions, hemato-
pathology, solid tumors, and infectious diseases. Each section includes topics ranging
from test selection, qualitative and quantitative laboratory techniques, test interpreta-
tion, and prognostic and therapeutic considerations, to ethical considerations, techni-
cal troubleshooting, and result reporting. This reflects a rich variety of teaching points
associated with the diversity of cases in molecular laboratories and represents a cross
section of current practical issues which are encountered in the day-to-day activities
of a molecular genetic pathologist. The scenarios presented are not intended to indi-
cate the preferred or only approach, but rather represent examples of current practice.
Some of the cases in this book reflect common scenarios, whereas others are complex
“puzzlers.” All provide an opportunity to actively engage with the presented material
and to independently develop approaches, solutions, and diagnostic interpretations.
As such, it is a practice-based preparation for board examination, for the extensive
range of clinical scenarios in the medical specialty of MGP, and, most importantly,
for its successful practice.

Stanford, California, USA Iris Schrijver
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Cystic Fibrosis

Ruth A. Heim

Clinical Background

Mary Lombardi was 32 years old, of Italian descent,
and pregnant for the first time. There was no history of
cystic fibrosis (CF) in her family or in her husband’s
family. As recommended by the American College of
Obstetricians and Gynecologists [1], her physician
offered her CF carrier screening at her first prenatal
visit. She tested negative for the mutations analyzed.
The mutation panel ordered for Mary’s carrier screen
had a detection rate of 93% in Caucasians. After test-
ing, Mary’s risk to be a carrier of CF was reduced from
1/25 (4%) to 1/343 (0.3%), based on the negative
result, her ethnicity, and the negative family history.
Mary’s husband, Martin Lombardi, was not screened
for CF mutations, based on Mary’s negative result and
his negative family history. Although some physicians
offer couples-based tested initially, a typical approach
is maternal testing followed by assessment of need for
paternal testing based on the maternal result. At 16
weeks gestation, prenatal ultrasound identified an
echogenic bowel abnormality.

Question 1: What is your differential diagnosis?
Question 2: Mary tested negative for CF mutations;
could the fetus have CF?

R.A. Heim

Genzyme Genetics, 3400 Computer Drive,
Westborough, MA 01581, USA

e-mail: ruth.heim@genzymegenetics.com

1. Schrijver (ed.), Diagnostic Molecular Pathology in Practice,

Reason for Molecular Testing

Echogenic bowel can be associated with CF. CF is
inherited as an autosomal recessive condition, there-
fore if both parents are carriers of a CF mutation there
is a 25% risk that the fetus is affected. Mary may have
carried a rare mutation not detected by a targeted muta-
tion screening panel. It was possible that Martin was a
carrier of CF. Since carrier status cannot be determined
by physical examination, it would be clinically reason-
able to request a molecular test for both parents to
determine carrier status. Similarly, it would be reason-
able to request a molecular test for the fetus, although
this would ideally be done after parental testing. A
diagnosis of CF cannot be made clinically in a fetus,
but the presence of two CF mutations known to be clin-
ically significant can be used prenatally to predict CF.

Test Ordered

There were several possibilities for CF testing in this
family. Which tests are ordered first is typically based
on cost of testing and on timing. CF sequence analysis
could have been ordered for Mary to determine if she
carried a rare mutation. Targeted mutation analysis
could have been ordered for Martin, with a reflex to CF
sequence analysis if targeted analysis were negative. If
both parents were shown to be carriers, prenatal testing
could have been ordered. Targeted mutation analysis
costs less than sequence analysis; however, at 16 weeks
of gestation and with the additional risk factor of the
abnormal fetal ultrasound findings, the physician chose
to test the fetus immediately.

DOI: 10.1007/978-3-642-19677-5_1, © Springer-Verlag Berlin Heidelberg 2011
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Fig. 1.1 Bi-directional
sequence analysis showing the
F508del (1653delCTT)

Forward sequence:

m-ﬂj VY UVIARATIL YUY AR ’;n\f'--" Anlt A WA WnpfifG

[p.Phe508del
(c.1521_1523delCTT)]

mutation in the CFTR gene
Reverse seqguence:

GCACCATTAAAGAAAATATCATCTT[TGGTGTTTCCTATGATGAATATAG [normal sequence ]
GCACCATTAAAGAAAATATCATTGGTGTTTCCTATGATGAATATAGATA [sequence with CTT deletion]

mm‘llsﬁ VA AN B VA l '[ W ﬂﬂ . l

GCACCATTAAAGAAAATATCATICTT|TGGTGTTTCCTATGATGAATATAG [normal sequence]
CTGGCACCATTAAAGAAAATATCATTGGTGTTTCCTATGATGAATATAG [sequence with CTT deletion]

An amniocentesis was performed and amniotic
fluid was sent to the laboratory for CF sequence analy-
sis. For all prenatal molecular testing the laboratory
required a maternal sample for maternal cell contami-
nation (MCC) studies; therefore a maternal peripheral
blood specimen was sent for MCC analysis.

Question 3: Should the parents be tested as well as the
fetus?

Question 4: What happens if there are not enough fetal
cells in the amniotic fluid?

Questions 5: Is MCC analysis really necessary?

Laboratory Test Performed
Full Sequence Analysis of the Fetal Sample

DNA was extracted from amniocytes and amplified by
the polymerase chain reaction (PCR). Multiple regions
of the CFTR gene were analyzed by bi-directional
DNA sequencing using capillary gel electrophoresis
and fluorescence detection. The regions amplified
included the 27 exons of the CFTR gene and their
flanking intronic sequences (at least 15 bp upstream
and 6 bp downstream of each exon), as well as the
regions of introns 1, 2, 11, and 19 known to contain
clinically significant mutations.

Question 6: What are the limitations of sequence
analysis?
MCC Analysis

DNA from maternal and fetal samples was isolated
and amplified by the polymerase chain reaction

(PCR). Polymorphic markers were analyzed by cap-
illary gel electrophoresis and fluorescence detection.
Maternal and fetal markers were compared for evi-
dence of MCC.

Question 7: What are the limitations of MCC
analysis?

Results with Interpretation Guideline

Comparison of maternal and fetal DNA markers
indicated that MCC was unlikely to have interfered
with the fetal results. CFTR sequence analysis of
the fetus identified four sequence changes. The four
changes are listed below twice, first using historical
nomenclature, and then using the Human Genome
Variation Society (HGVS, http://www.hgvs.org/)
nomenclature:

V232D (827T>A) [p.Val232Asp (c.695T>A)]
(heterozygous) in exon 6a

M470V (1540A>G) [p.Met470Val (c.1408A>G)]
(homozygous) in exon 10

F508del (1653delCTT) [p.Phe508del (c.1521 1523
delCTT)] (heterozygous) in exon 10

11027T (3212T>C) [p.lle1027Thr (c.3080T>C)]
(heterozygous) in exon 17a

An example of bi-directional sequence showing the
F508del three base-pair deletion is shown in Fig. 1.1.
Both the normal nucleotide sequence and the sequence
with the three base-pair deletion are provided below
the data for reference.

Question 8: Why was Mary’s first CF mutation screen-
ing result negative?

Question 9: Are these sequence changes patho-
genic?
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Martin Lombardi

:

Mary Lombardi

F508del V232D
11027T M470V
M470V

F508del V232D
11027T M470Vv
M470Vv

Fig. 1.2 Pedigree showing familial mutations

Result Interpretation

Of the sequence changes identified, one was known to
be pathogenic (F508del); one was likely to be patho-
genic (V232D); one had unknown clinical consequences
(11027T); and one was a benign variant (M470V). To
interpret this information it was necessary to determine
which sequence changes were inherited together, so that
they could be phased in the fetus. The physician ordered
partial sequence analysis of exons 6a, 10, and 17a, for
both Mary and Martin.

The pedigree in Fig. 1.2 shows the results of parental
testing. Mary was found to carry the clinically significant
V232D mutation as well as the benign variant M470V
on the allele inherited by the fetus. Martin was found to
carry the clinically significant F508del mutation, the
mutation of unknown significance, 11027T, and M470V,
on the allele inherited by the fetus. The fetal chromo-
somes are depicted in Fig. 1.2 with the mutations phased
based on the parental results. The final result interpreta-
tion was that the fetus was a compound heterozygote for
two clinically significant CF mutations. The fetus was
predicted to be affected with CF, a disorder with a wide
range of clinical symptoms and a variable age of onset.

Question 10. Does this result explain the presence of
echogenic bowel?

Other Considerations

Mary and Martin may have considered how to prepare
for the birth of a child with CF, including identifying
support systems, or they may have considered termi-
nating the pregnancy. Consultation with a physician
and/or genetic counselor was recommended to discuss
the potential clinical and reproductive implications of
this result, as well as to consider recommendations
for testing other family members for their own
information.

Background and Molecular Pathology

Cystic fibrosis (CF) is one of the most common auto-
somal recessive disorders. Approximately 1 in 2,500
live-born children in the United States has CF. Life
expectancy has increased to the late 30s, but CF
remains a serious and often lethal disorder. CF is a
multi-system disorder in which defective chloride
transport across membranes causes dehydrated secre-
tions, resulting in tenacious mucus in the lungs, mucus
plugs in the pancreas, and characteristically high sweat
chloride levels. Nearly all males with CF are infertile.
CF is most common among the Caucasian population,
but also occurs in other ethnic groups [2].

CF is the result of mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene.
All types of mutations are distributed throughout the
gene, including missense, frameshift, nonsense, splic-
ing, and small and large in-frame deletions or inser-
tions. Genotype and phenotype correlations have been
studied, although this has only been done for a few
mutations and these predictions may have limited use
in clinical practice. The use of mutation analysis in
clinical practice continues to evolve (e.g. [3, 4]).

Multiple Choice Questions

1. When ordering a CF screening test, is it important
to obtain information about the ethnicity of the
individual to be tested?

A. No, a diagnosis of CF does not depend on knowl-
edge of ethnicity

B. No, interpretation of any molecular test is inde-
pendent of ethnicity
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C. Either yes or no, depending on the family history
of CF

D. Yes, in some ethnic groups a positive CF carrier
result is considered a false positive

E. Yes, this information is needed for accurate risk
assessment of CF carrier status.

. Which of the following is NOT important for inter-

preting a CF screening test result?

A. Accurate sample tube labeling

B. A clear indication for testing

C. Knowledge of any family history of CF

D. Pregnancy status

E. The mutation detection rate of the panel used

. Which of the following is NOT used when assess-

ing the clinical significance of a CFTR sequence

variant?

A. Information about the sequence variant curated
by the Consortium for CF genetic analysis [5]

B. Laboratory knowledge of the structure and func-
tion of the CFTR protein

C. The clinical status of the individual being tested

D. The effect on the CFTR protein of the change in
the amino acid sequence caused by the sequence
variant

E. The presence of the sequence variant in unre-
lated individuals with CF, as reported in the
literature

. Which of the following is NOT a limitation of

sequence analysis?

A. It may not be possible to interpret the clinical
significance of a sequence variant

B. Large deletions may prevent analysis of one allele

C. Rare sequence variants are technically more
difficult to sequence than common variants

D. Some regions of a gene may not be analyzed,
because of the size of the gene or technical
constraints

E. Variants may interfere with the sequencing
primers

. Is it necessary to determine whether maternal cell

contamination is present in a fetal sample?

A. Either yes or no, depending on the experience of
the physician obtaining the sample

B. Either yes or no, depending on whether the sam-
ple type is amniotic fluid or a chorionic villus
sample (CVS)

C. No, culturing cells from any fetal sample type
will eliminate maternal cell contamination

because the fetal cells will out-compete the
maternal cells

D. No, the laboratory is testing the fetal sample and
maternal cell contamination, if any, will not inter-
fere with the interpretation of the fetal result

E. Yes, maternal cells can be present in any fetal
sample, cultured or uncultured, and can interfere
with the interpretation of the fetal result

Answers to Questions Embedded
in the Text

Question 1. What is your differential diagnosis?
Echogenic bowel can be seen in normal fetuses, in
fetuses with CF, or in fetuses with other conditions,
including aneuploidy (particularly trisomy 21), intra-
uterine growth retardation, congenital viral infections,
and thalassemia [6]. In Mary’s case, fetal cytogenetic
analysis and maternal testing for cytomegalovirus, par-
vovirus, and toxoplasmosis were ordered in addition to
the CF testing. Results were negative for a chromo-
somal abnormality and negative for viral infection.

Question 2: Mary tested negative for CF mutations;
could the fetus have CF?

Yes. After carrier screening, Mary’s risk to be a car-
rier was reduced to 0.3%, but she was still at risk for
carrying a rare mutation. More than 1,700 CFTR
sequence variants have been identified, although it is
unclear how many of these are pathogenic, and most of
the variants are “private” (i.e., have been reported in
only one family) [5]. Martin, who was also Italian, had
a carrier risk of 1 in 25, which is equivalent to the gen-
eral population risk for individuals of his ethnic back-
ground. If both parents were carriers, the risk for the
fetus to be affected would be 1 in 4 (25%).

Question 3: Should the parents be tested as well as the
fetus?

Possibly, depending on the laboratory requirements
and the patient’s needs. When there is a 25% risk that
the fetus could be affected, both parents may be tested
for internal laboratory QA, so that the fetal result can
be interpreted accurately. For example, if one or both
parental mutations cannot be identified using a specific
laboratory test, then a negative fetal result obtained
using the same test cannot predict the CF status of the
fetus (carrier, affected, or unaffected). In this case, the
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fetal risk was not known to be 25%. While it may have
been useful to test both parents so that their results
would be available to interpret the fetal results if
needed, it was not required by the laboratory, and
Martin was temporarily unavailable. Based on cost and
logistics, the family decided to test the parents later if
needed.

Question 4: What happens if there are not enough fetal
cells in the amniotic fluid?

The amount of amniotic fluid available for testing is
dependent on the technical and clinical realities of
amniocentesis, including the location of the fetus and
its gestational age. The amount of DNA extracted from
amniotic fluid is not always sufficient for testing. It is
important to maintain a backup of cultured cells to be
available for testing if direct testing of the amniotic
fluid is unsuccessful. If cultured cells were required by
the laboratory then parental testing could be performed
concurrently with culturing of fetal cells, which typi-
cally takes about two weeks.

Question 5: Is MCC analysis really necessary?

Yes. If MCC is present in a prenatal sample it poses
a serious risk for prenatal misdiagnosis. The risk of
MCC being a source of ambiguous results is increased
when sensitive PCR-based methods are used.
Therefore, MCC testing is performed to rule out the
presence of contaminating maternal DNA that may
interfere with interpretation of the fetal results. Both
cultured and uncultured amniotic fluid samples may
have MCC, but uncultured amniotic fluid has a higher
frequency of MCC than cultured amniocytes [7].

Question 6: What are the limitations of sequence
analysis?

Analytical limitations: Rare mutations deep in an
intron or in the promoter region could be missed. Large
deletions encompassing one or more alleles or the
whole CFTR gene could be missed. Genetic variants
that interfere with a sequencing primer could prevent
amplification of a region of the CFTR gene, thereby
preventing detection of a mutation if one were pres-
ent in that region. Other sources of false positive or
false negative results include blood transfusions, bone
marrow transplantation, or laboratory error. The risk
of laboratory error is minimized by the use of assay
controls, effective quality control systems, and inde-
pendent confirmation of positive results. Interpretive

limitations: Not every sequence change identified is
well-characterized in terms of clinical correlations.
Interpretation of sequence changes can be challenging.
The American College of Medical Genetics has pub-
lished standards and guidelines for the interpretation
of sequence variants [8].

Question 7: What are the limitations of MCC
analysis?

The analytical sensitivity of the assay should be
determined by the laboratory, and this should be cor-
related with the amount of MCC that would result in a
false negative or positive result in the relevant assay.
For example, if results of sequence analysis are ambig-
uous when >10% of the sample tested is contaminated
with maternal cells, then the analytical sensitivity of
the MCC assay must be at least 10%. The number and
quality of markers used can limit analysis, because not
every marker may be informative for the maternal/fetal
pair analyzed. The markers used should be distributed
throughout the genome, and should be sufficiently
polymorphic that the appropriate number of informa-
tive loci, as determined by the laboratory as necessary
for a valid result, can be achieved. Other sources of
false positive or negative results are similar to those
listed in the answer to Question 6.

Question 8: Why was Mary’s first CF mutation screen-
ing result negative?

Most likely, the mutation(s) carried by Mary were
not included in the initial carrier screening mutation
panel. Alternatively, it may have been a false negative
result, for example because of a genetic variant under
the primer or a mislabeled tube. Based on the mutations
identified in the fetus, it was not possible to determine
which parent carried which mutations. To answer these
questions and to interpret the fetal results, it was nec-
essary to phase the mutations by testing the parents.

Question 9: Are these sequence changes pathogenic?
The laboratory should interpret the significance of
the sequence changes by using expert knowledge and
experience, as well as by reviewing the literature and
assessing the effect of the mutation on the protein. In
this case, F508del is the most common CF mutation
worldwide. It is considered a classic CF mutation and is
found in individuals with a severe form of CF. 11027T
and F508del have been reported as a complex allele
on the same chromosome (e.g. [9]). However, there is
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insufficient evidence to categorize the 11027T sequence
change as either disease-causing or benign. V232D is
a rare mutation that is likely to be clinically significant
based on a predicted change in protein structure and its
presence in individuals with CF and congenital absence
of the vas deferens (e.g. [10, 11]). M470V is consid-
ered to be a benign variant and was listed as having no
clinical consequences in a report from a cystic fibrosis
consensus conference [4].

Question 10. Does this result explain the presence of
echogenic bowel?
Yes.

Answers to Multiple Choice Questions

. The correct answer is E.
. The correct answer is D.
. The correct answer is C.
. The correct answer is C.
. The correct answer is E.

gk~ wN -
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Alport Syndrome

Jane W. Kimani and Karen E. Weck

Clinical Background

A.K. was a 5-year-old boy who presented to the
pediatric nephrology clinic with a recent finding of
microscopic hematuria and proteinuria on routine
screening. The analysis was repeated two weeks later
with persistence of hematuria and proteinuria. A com-
plete blood count (CBC) and a metabolic panel (Chem-
7) were both normal. Renal ultrasound was performed
which was also normal and without hydronephrosis.
A.K. had one younger brother who was two years old
with no health problems. A.K.’s father was 38 years
old and had no health concerns. A.K.’s father’s brother,
sister, and parents were all healthy, with no renal con-
cerns. A.K.’s father’s brother had one son who was
healthy at seven years. A.K.’s mother was healthy at
37 years. She had one brother and two sisters, none of
whom had any renal concerns. One of her sisters had a
son and a daughter; the son, who was six years old, had
proteinuria found on dipstick about a year ago, but he
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has not been referred to a nephrologist. A.K.’s mater-
nal grandfather was healthy and his grandmother died
of myocardial infarction at the age of 60.

Question 1: Draw a three-generation pedigree for this
family
Question 2: What is your differential diagnosis?

Reason for Molecular Testing

A diagnosis of X-linked Alport syndrome (XLAS)
was suspected. Diagnosis of Alport syndrome is com-
plex and requires urinalysis, renal function studies,
audiometry, ophthalmic evaluation, and skin and/or
kidney biopsy. Molecular testing for mutations in the
COL4A5 gene is useful for diagnosis of XLAS as
other diagnostic methods may be inconclusive in the
early stages of renal disease. Molecular testing is also
useful for prognosis, as identification of specific muta-
tions may be helpful to predict disease severity. In
addition, molecular testing is useful for family testing
to identify other male relatives who are at risk of
developing symptoms and to identify female carriers.
Finally, while renal transplantation is an effective
treatment for Alport syndrome, identification of an
unaffected living-related donor can be difficult and
can be guided with molecular testing in families who
have a known mutation.

Test Ordered

The physician ordered molecular testing for COL4Ab5.

DOI: 10.1007/978-3-642-19677-5_2, © Springer-Verlag Berlin Heidelberg 2011
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Fig. 2.1 High resolution melting curves and partial DNA
sequencing analysis for COL4A5 exon 50. (a) Fluorescence (F)
versus temperature (T) melting curves using raw fluorescence
data. (b) Temperature shifted melting curves after fluorescence
normalization. (c) Fluorescence difference curves. (d) Sequencing

Laboratory Test Performed

Mutation scanning of the exons and flanking intronic
regions of the COL4AS5 gene was performed using high
resolution melting analysis (HRMA) followed by DNA
sequencing of any exons with an abnormal melting
profile. COL4AS is a large 51-exon gene that spans a
genomic region of approximately 250 kb on chromo-
some Xq22 and generates an RNA transcript of about
6.5 kb. There is no mutation hotspot and hundreds of
mutations, most of them missense mutations, have
been identified throughout the gene. Molecular diag-
nosis therefore requires analysis of the entire coding
region either by direct sequence analysis or mutation
scanning followed by sequence analysis of exons with
putative sequence variation.

electropherograms showing patient sample A.K. (top panel) and
a control wild-type sample (bottom panel). A.K. patient sample
(neat), A.K.+ patient sample spiked with normal DNA, C control
wild-type samples, bl blank (no template control)

Question 3: What are the limitations and advantages
of this approach?

Results with Interpretation Guideline

The results of mutation scanning by HRMA of the
COL4A5 gene demonstrated an abnormal melting
profile for exon 50 (Fig. 2.1); the HRMA results for
all other exons were normal.

HRMA detects sequence variation in a DNA frag-
ment based on differences in melting properties rela-
tive to a normal control (wild-type) sample. In our
case, individual exons were amplified by PCR in the
presence of a saturating DNA-binding dye such as
LCGreenPlus that fluoresces only in the presence of
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double-stranded DNA. The PCR was followed by a
“heteroduplex formation” cycle involving denatur-
ation at 94°C for 30 s, followed by cooling to 25°C
for 30 s. The amplicons were then melted slowly on a
LightScanner instrument (ldaho Technology Inc.,
Salt Lake City, UT) by increasing the temperature to
96°C at a rate of 0.1°C/s. The decrease in fluores-
cence was measured as the double-stranded DNA
molecules melt apart.

Figure 2.1a shows the decrease in fluorescence as a
function of increasing temperature as the double-
stranded DNA molecules labeled with LCGreenPlus
dye melt apart for three normal control (C) samples,
the patient sample (A.K.), the patient sample mixed in
a 1:1 ratio with a wild-type control sample (A.K.+),
and a no template water control (bl). Figure 2.1b reflects
the melting curves from 81°C to 95°C after fluores-
cence normalization by Call-IT™ software (ldaho
Technology Inc., Salt Lake City, UT). Figure 2.1c dem-
onstrates the difference in the melting curve of each
sample compared to a normal control sample. The
Call-IT™ software groups samples based on the simi-
larity of the melting curve to the normal control (shown
in gray). Samples with significant difference in melting
profile from the normal control are grouped as
unknowns (shown in green). The neat patient sample
(A.K.) clusters with the wild-type control samples, but
the spiked patient sample (A.K.+) demonstrates an
abnormal melting curve. This result illustrates the
increase in sensitivity of HRMA for detection of a
hemizygous (e.g., X-linked) mutation by mixing with
normal DNA. This forces heteroduplexes of normal
and mutant DNA molecules which melt more easily
than homoduplexes of identical DNA molecules. DNA
sequencing of COL4A5 exon 50 was subsequently
performed to identify the mutation (Fig. 2.1d).

Result Interpretation

Mutation scanning by HRMA followed by DNA
sequencing revealed that the patient has a ¢.4946T>G
(p.Leul649Arg) mutation in the COL4A5 gene. A sin-
gle nucleotide at position 4946 of the cDNA was
changed from a thymine (T) to a guanine (G). In the
primary protein structure, this missense mutation
results in the substitution of a leucine codon (CTG) at
position 1649 by an arginine codon (CGG). This
COL4A5 L1649R mutation substitutes a conserved
neutral amino acid in the non-collagenous (NC1)

Table 2.1 Types of Alport syndrome based on the genes
involved and the inheritance pattern

Mode of inheritance Genes Frequency (%)
X-linked COL4A5 80
Autosomal recessive COL4A3 and 15
COL4A4
Autosomal dominant COL4A3 and 5
COL4A4

domain of the COL4ADS protein with a charged amino
acid. This mutation has previously been reported in
patients with Alport syndrome [1]. The results are
consistent with a diagnosis of Alport syndrome.

Question 4: Does this result explain the patient’s
symptoms?

Further Testing

There is no need for further genetic testing of the
patient. However, his kidney function should be moni-
tored closely for disease progression to allow timely
treatment and intervention. It is also recommended
that he be referred to an ophthalmologist and audiologist
for assessment of extra-renal manifestations of Alport
syndrome. The identification of a disease-causing
mutation in A.K. allows for molecular diagnostic test-
ing of at-risk family members. Targeted testing of
COL4A5 exon 50 in A.K.’s mother revealed the
€.4946T>G (p.L1649R) mutation in a heterozygous
state, confirming that she is a carrier of XLAS. Genetic
testing is recommended for the maternal cousin with
proteinuria and for A.K.’s younger brother if he devel-
ops symptoms of Alport syndrome such as hematuria.

Background and Molecular Pathology

Alport syndrome (OMIM # 301050) is a heteroge-
neous disorder characterized by progressive renal dis-
ease, cochlear, and ocular defects. It has an estimated
prevalence of approximately 1:50,000 live births [2].
Mutations in the type IV collagen genes that code
for structural components of basement membranes
are the underlying cause of Alport syndrome. There
are three types of Alport syndrome as shown in
Table 2.1.

Alport syndrome is predominantly an X-linked
disease. Males present with persistent microscopic
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and episodic gross hematuria from childhood, which
develops into proteinuria, progressive renal insuffi-
ciency, and eventually end stage renal disease
(ESRD). Other symptoms including progressive
hearing loss and ocular lesions, particularly anterior
lenticonus, may be present depending on the under-
lying mutation. However, there can be variability in
the age of onset even in family members with the
same mutation [3]. Clinical features in females vary
from severe involvement, intermittent microscopic
hematuria, to no symptoms at all. Hearing loss and
ocular lesions are infrequent in female carriers. The
clinical features of autosomal recessive Alport syn-
drome are similar to those of X-linked Alport syn-
drome in males, but affect males and females equally.
Autosomal dominant Alport syndrome has a vari-
able clinical phenotype that is generally milder than
both X-linked and autosomal recessive Alport syn-
drome [4].

There are six genetically distinct type 1V collagen
alpha chains (a1-a.6) that together with other mole-
cules such as laminins and proteoglycans form struc-
tural components of basement membranes. The
basement membrane is a sheet-like structure found
between the epithelium and the tissue stroma that
provides cellular support, compartmentalizes tissues,
and is involved in various biological functions includ-
ing growth and differentiation, tissue repair and
molecular ultra-filtration. Each type 1V a-chain con-
sists of a middle triple-helical domain with the char-
acteristic collagenous Gly-X-Y motif, flanked by an
amino-terminal 7S domain and a carboxy-terminal
non-collagenous (NC1) domain. The al(lV) and
a2(1V) chains have ubiquitous expression in all base-
ment membranes, but the expression of a3(IV),
a4(lV), and a5(1V) chains is specific to the base-
ment membranes of the glomerulus, the inner ear,
and the corneal epithelium. Three a-chains initiate
assembly at the NC1 domain to form triple helical
protomers, which form the building blocks for the
self-assembly of a collagen type 1V supra-structure
network [5, 6].

COLA4AS5 mutations result in defective or deficient
a5(1V) chains, which also abolishes expression of the
a3(IV) and a4(1V) chains. This causes ultrastructural
changes in the glomerular basement membrane
(GBM) such as irregular thinning and thickening that
can be observed by electron microscopy in renal
biopsy specimens from affected patients. There is

no mutation hotspot within the COL4A5 gene and
recurrent mutations are rarely seen. Hundreds of
mutations have been reported throughout the gene
including missense (40-48%), splice site (11-16%),
nonsense and frameshift (25-30%), and large rear-
rangement (6-20%) mutations. The incidence of
de novo mutations is 3-12% [4, 7]. The missense
mutations mostly involve substitution of the glycine
residue within the Gly-X-Y motif with a bulkier
amino acid, which alters the secondary structure of
the protein resulting in defective assembly of the cor-
responding a-chain. Genotype—phenotype correla-
tions in Alport syndrome are not well established.
However, large gene rearrangements, nonsense, and
frameshift mutations that result in a truncated or
absent protein are generally associated with a more
severe phenotype and earlier onset of ESRD, com-
pared with missense mutations. Additionally, because
assembly of the collagen protomers begins at the
carboxy-terminal NC1-domain, glycine missense
mutations involving the 3’ end of the gene generally
result in a more severe phenotype than those involv-
ing the 5’ end of the gene [8].

Multiple Choice Questions

1. Alport syndrome can result from mutations in three
different genes. This is an example of:
A. Allelic heterogeneity
B. Cellular heterogeneity
C. Clinical heterogeneity
D. Locus heterogeneity
E. Phenotypic heterogeneity

2. What is the probability that a third child born to this
family would be affected with Alport syndrome?
A.10%

B. 25%
C. 50%
D. 66%
E. 75%

3. A 33-year-old male has a clinical diagnosis of
Alport syndrome. He reports that his 60-year-old
father has had recent episodes of hematuria. Which
of the following sequence changes would BEST
explain the phenotype in this family?

A.COL4A3 c.1452G > A (p.G484G)
B. COL4A3 ¢.1477G > A (p.G493S)
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C. COL4AS5 ¢.1095G > A (p.G365G)
D. COL4A5 ¢.2023G > A (p.G675S)
E. COL4A5 ¢.5030G>A (p.R1677Q)

4. A.K.’s mother does not have features of Alport syn-
drome, but has the same mutation as her son who is
affected. The clinical phenotype in females with
X-linked Alport syndrome is MOST LIKELY mod-
ified by:

A. Genomic variation
B. Haplotype

C. Non-penetrance

D. Variable expressivity
E. X inactivation

5. Which of the following mutation scanning methods
would NOT be optimal for molecular diagnosis of
Alport syndrome?

A. Denaturing gradient gel electrophoresis (DGGE)

B. Denaturing high performance liquid chromatog-
raphy (DHPLC)

C. Protein truncation test (PTT)

D. Single strand conformational polymorphism
(SscpP)

E. Temperature gradient gel electrophoresis (TGGE)

Answers to Questions Embedded
in the Text

Question 1: Draw a three-generation pedigree for this
family (Fig. 2.2)

O ] Hematuria
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Fig.2.2 Shown is a three-generation pedigree with the proband
denoted by an arrow. Males are depicted with square symbols
and females with circles. The ages of the individuals are shown.
A slash through the symbol denotes a deceased individual with
the age of death shown. Affected individuals are denoted by
shaded blocks according to the key

Question 2: What is your differential diagnosis?

There are several causes of hematuria and proteinu-
ria in children. The two most common causes of
isolated hematuria are thin basement membrane neph-
ropathy (TBMN) and Immunoglobulin A (IgA) neph-
ropathy [9]. IgA nephropathy is the most common
glomerulonephritis worldwide. It is an autoimmune
disease in which deposition of the IgA antibody in the
glomerulus results in inflammation. Because most
cases of IgA nephropathy are sporadic, the diagnosis is
unlikely in this family where the proband’s cousin
appears to be presenting with similar symptoms [10].
TBMN is associated with heterozygous mutations in
COL4A3 and COL4A4 and may represent a mild form
of Alport syndrome [4]. The presence of proteinuria in
this family suggests the more severe Alport syndrome,
since proteinuria is rarely observed in TBMN.
Additionally, the family history appears to be consis-
tent with an X-linked pattern of inheritance, thus
implicating the X-linked COL4A5 gene.

Question 3: What are the limitations and advantages
of this approach?

A mutation scanning approach allows rapid analy-
sis of all the exons and detection of known and novel
mutations. For large genes, mutation scanning allows
for a faster and less expensive method of mutation
analysis than direct DNA sequencing. However, some
mutation scanning approaches have limited sensitivity.
HRMA has been reported to have >99% sensitivity for
the detection of heterozygous variants in amplicons
smaller than 500 bp [11]. HRMA has other advantages
over other scanning methods: it is a closed-tube, one-
step scanning method, and scanning is nondestructive
so that positive amplicons can be directly analyzed by
subsequent sequencing to identify the specific muta-
tion. One limitation is that, since the sensitivity of
HRMA is enhanced by the formation of heterodu-
plexes between wild-type and mutant DNA molecules,
the sensitivity to detect homozygous or hemizygous
variants is decreased. Mixing the DNA sample with an
equal concentration of a normal control allows forma-
tion of heteroduplexes and increases the sensitivity of
homozygote and hemizygote detection (see Fig. 2.1).

Another limitation is that mutation detection
techniques such as HRMA and DNA sequencing will
not detect large gene deletions or rearrangements.
Sequencing analysis has a mutation detection rate of
~90% in patients with a typical presentation of Alport
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syndrome and a family history consistent with X-linked
inheritance [12]. Comprehensive molecular diagnosis
requires additional dosage analysis for large structural
rearrangements, particularly in affected females where
the presence of a normal allele confounds interpreta-
tion of sequencing results.

Question 4: Does this result explain the patient’s
phenotype?

The reported COL4A5 ¢.4946T>G (p.Leul649Arg)
mutation alters a conserved amino acid that is involved in
intramolecular interactions within the non-collagenous
(NC1) domain of the COL4Ab5 protein and is the molec-
ular basis for the patient’s renal symptoms. Mutations in
the NC1 domain of COL4ADS affect the assembly of the
collagen triple helical protomer. There is no clear geno-
type—phenotype correlation, but NC1 domain mutations
may result in a more severe phenotype than glycine mis-
sense mutations, particularly those in the 5’ end of the
gene [8]. COL4A5 L1649R is a founder mutation that
was initially reported at a high prevalence in a population
from the western United States [1]. Affected males with
this mutation have developed microscopic hematuria in
childhood, but onset of renal failure was generally
delayed until after 40 years of age and usually preceded
hearing loss. Renal biopsy showed GBM alterations that
are characteristic of Alport syndrome. A similar clinical
course might be expected for this patient.

Answers to Multiple Choice Questions

1. The correct answer is D.

Locus heterogeneity refers to the fact that mutations
in different genes (COL4A3, COL4A4, and COL4Ab5)
result in the same phenotype of Alport syndrome.
Choices A, C, and E are all true for Alport syndrome.
Allelic heterogeneity refers to the fact that many dif-
ferent mutations within a given gene have been
described in Alport syndrome. Clinical and phenotypic
heterogeneity both refer to the presence of different
symptoms and disease severity that can manifest in
patients with Alport syndrome. Cellular heterogeneity
refers to the presence of distinct cell types, such as
within a tumor or cell culture.

2. The correct answer is B.

For this family, the disease-causing mutation
appears to be non-penetrant in females, so only a boy
inheriting the disease allele would be affected. Multiply

the two independent variables: 1/2 (the probability of
having a boy) x 1/2 (the probability that he will inherit
the mutation) =1/4 (25%).

3. The correct answer is B.

Choices A and C are benign synonymous single
nucleotide polymorphisms. Choices B, D, and E are
pathologic mutations that have been reported previ-
ously in association with Alport syndrome [12-14].
However, the inheritance pattern in this family from
father to son excludes X-linkage, so a COL4A5 muta-
tion is very unlikely to be the disease-causing mutation
in this family.

4. The correct answer is E.

X-inactivation is the mechanism by which one
X-chromosome is randomly silenced in each cell of
females, in order to equalize X-linked gene dosage
between males and females. As a result, female carri-
ers of X-linked diseases such as XLAS are usually
unaffected or mildly affected except in cases of
extremely skewed X-inactivation.

5. The correct answer is C.

PTT relies on identification of shortened protein
fragments in vitro, so only nonsense or frameshift
mutations can be detected by this method. Since these
represent a small proportion of mutations in XLAS,
PTT is not optimal for diagnosis of XLAS. The
other choices are suitable mutation screening meth-
ods that can detect sequence variants based on dif-
ferent migration patterns of DNA molecules through
an electrophoretic gel (DGGE, SSCP, and TGGE) or
chromatography column (DHPLC).
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Alpha Thalassemia

Colin C. Pritchard and Jonathan F. Tait

Clinical Background

A pregnant couple presented for evaluation of possible
alpha thalassemia trait. Because both prospective par-
ents were of Egyptian ancestry, routine screening for
thalassemia trait was indicated. Hematologic testing
showed that the mother was microcytic [mean red-cell
volume (MCV) 75 fL] with a HbA, fraction of 2.5%
and a normal hemoglobin electrophoresis. The father
had a similar picture (MCV 77 fL, HbA, 2.3%, normal
hemoglobin electrophoresis). Iron studies were nor-
mal, and the normal HbA, results effectively ruled out
beta thalassemia trait. DNA testing for alpha thalas-
semia was therefore performed, but both parents were
negative for six common deletional mutations that
cause most cases of alpha thalassemia.

Question 1: Is there any need for further genetic test-
ing? Why or why not?

Reason for Molecular Testing

In view of the still-unexplained microcytosis in both
parents, DNA sequencing of the alpha globin genes
was ordered to detect rare non-deletional mutations

C.C. Pritchard - J.F. Tait (D<)
Department of Laboratory Medicine,
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Seattle, WA 98195-7110, USA
e-mail: cpritch@u.washington.edu;
tait@u.washington.edu

1. Schrijver (ed.), Diagnostic Molecular Pathology in Practice,

that can cause alpha thalassemia. Detection of specific
mutations would clarify the risk of alpha thalassemia
for the fetus and allow prenatal diagnosis if clinically
indicated.

Question 2: Is this a clinically useful test to order in
these circumstances? Why or why not?

Test Ordered

The test ordered was complete sequencing of the two
alpha globin genes (HBAl and HBA2) to identify
potential point mutations, small insertions, or small
deletions.

Laboratory Test Performed

The test performed was sequencing of the two alpha
globin genes (HBA1 and HBA2) (Fig. 3.1). In this
test, a PCR product of 1,259 bp is produced from the
HBA1 gene, and a product of 1,102 bp from the HBA2
gene. The amplified region includes the promoter, the
entire protein coding region, the two introns, and the
5" and 3' untranslated regions. These products are
then sequenced bidirectionally with internal and
flanking primers. This approach allows detection of
most of the non-deletional mutations that cause
alpha-thalassemia, such as Hb Constant Spring in
HBA2 (Fig. 3.1a).

Question 3: What kinds of mutations will this technical
approach miss?

DOI: 10.1007/978-3-642-19677-5_3, © Springer-Verlag Berlin Heidelberg 2011
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Fig. 3.1 Sequence analysis of the HBA2 gene. (a) Genomic
structure of the Alpha Globin Gene Cluster. There are three
functional genes at this locus: HBZ, which produces the
zeta-globin protein during embryonic life; and HBA1 and
HBA2, two nearly identical genes that produce the alpha-
globin protein during prenatal and postnatal life. The expan-
sion of the HBA2 gene shows the spectrum of non-deletional
alpha-thalassemia mutations reported at this locus. Black
hashmarks indicate point mutations, red indicates deletions,
and green indicates insertions. The arrow points to the position
of the novel 5-bp deletion reported here. The numeric scale
at the top of the figure is genomic numbering on chromosome
16, based on human genome build 19 (February 2009 build,
http://genome.ucsc.edu). (b) Sequence analysis of a patient
with alpha thalassemia trait. Sequencing was performed with
a reverse primer beginning in intron 1 and proceeding in the
5’ direction into exon 1 (uppermost trace). At the 3’ end of
the sequence, the patient sample shows a clean homozygous

trace that matches the reference sequence up to base c.95+3
(designated “+3”). Starting from base ¢.95 +2 onward toward
the 5’ end of the sequence, there is a pattern of heterozygosity
at most bases that suggests the presence of a frameshift muta-
tion. Deconvolution of the sequence data revealed two com-
ponents: the wild-type sequence (middle trace) and a mutant
sequence (lower trace) with a 5-bp deletion that obliterates
the intron 1 splice donor site in the HBA2 gene. The normal
sequence spanning the intron 1 splice donor site beginning at
nucleotide 84 is GGCCCTGGAGAGgtgaggctccctecee, where
upper case indicates exon 1 sequence and lower case indi-
cates intron 1 sequence. The patient has a deletion of GAGgt,
resulting in the abnormal sequence beginning at nucleotide
84 of GGCCCTGGAgaggctccct. Using HGVS nomenclature
this mutation is designated as ¢.93_95+2delGAGGT, or as
NC_000016.9:9.223004_223008delGAGGT. IVS intervening
sequence
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Sequence analysis showed an abnormal result in the
HBAZ2 gene for both patients (Fig. 3.1b). The sequence
obtained with a reverse primer diverged from the refer-
ence sequence at the exon 1 — intron 1 boundary.
Deconvolution of the data from each patient indicated
that both were positive for a heterozygous deletion of
5 bp that obliterates the intron 1 splice donor site in the
HBAZ2 gene. In HGVS nomenclature (http://www.hgvs.
org/) this mutation is described as .93 95+ 2del-
GAGGT. No other actual or potential pathogenic muta-
tions were detected in either patient.

Question 4: What are some reasons why one might see
the same mutation in both members of a couple?

Result Interpretation

The first step in analyzing this result is to determine
whether this mutation has been previously reported.
An online mutation database [1, 2], a textbook [3], and
the research literature were consulted [4, 5], but no
previous reports of this mutation were identified.
Therefore, it was concluded that it was novel. It was
surprising to find the same novel mutation in two indi-
viduals who denied consanguinity. To exclude the pos-
sibility of a sample mixup, HBA2 gene sequencing was
repeated on both patients and Y-chromosome PCR was
performed to confirm that the samples were from a
man and woman. Thus, it seemed most likely that the
patients shared the same mutation due to distant com-
mon descent in their ancestral homeland of Egypt.
Next, the laboratory sought to determine whether
this novel mutation was likely to be pathogenic. The
normal sequence spanning the exon 1-intron 1 bound-
ary is GGAGAGgtgagg, where upper case indicates
exon sequence and lower case indicates intron
sequence, and the underlined bases are those deleted
by the novel mutation (Fig. 3.1b). Because the muta-
tion deletes the canonical splice donor site at the 5’ end
of the intron, it is highly likely to prevent normal
removal of intron 1 sequences during mMRNA process-
ing, thus resulting in an abnormal transcript from the
mutant allele. A different known mutation that disrupts
the splice site at the 5’ end of intron 1 of HBA2 does
cause phenotypic alpha thalassemia [4, 5]. This muta-
tion deletes bases two through six at the 5’ end of intron

1 (c.95+2 95+6delTGAGG), and is often described
in the older literature as o, *"a,.

Finally, the laboratory aimed to predict the pheno-
typic consequences of this mutation, since this couple
has a 25% chance of having a child who is homozy-
gous for the ¢.93_95+2delGAGGT mutation in the
HBA2 gene. In the absence of prior reports of homozy-
gous individuals, the actual clinical consequences of
this genotype are uncertain. However, phenotypes have
been reported for several patients either homozygous
for the ¢.95+2 95+6delTGAGG mutation or com-
pound heterozygous for the ¢.95+2_95+6delTGAGG
mutation and a deletion of both alpha-globin genes on
the other chromosome; these patients have a mild ane-
mia (hemoglobin levels approximately 9-10.5 g/dL)
[4-6]. In making a phenotypic prediction, one should
keep in mind that inactivating mutations in HBA2 (the
alpha-2 gene) are generally more deleterious than muta-
tions in HBA1 (the alpha-1 gene), because the alpha-2
gene normally produces two to three times as much
MRNA as the alpha-1 gene [3]. Thus, it would be rea-
sonable to predict that an individual homozygous for
the novel mutation present in this couple would have a
mild to moderate degree of anemia. However, the uncer-
tainties of this prediction should be clearly conveyed to
the couple in follow-up genetic counseling.

Further Testing

No further genetic testing was indicated for the prospec-
tive parents because the results of the alpha globin
sequence analysis were definitive. The laboratory con-
tacted the genetic counselor involved in the patients’
care to report the novel mutation and discuss the possi-
ble phenotypic consequences of a homozygous muta-
tion in the child. After receiving the results and genetic
counseling, the parents decided not to pursue prenatal
diagnosis.

Other Considerations

Although DNA sequencing provided a definitive diag-
nosis in this case, it is worth remembering the limita-
tions of sequence-based testing in this setting.
Sequencing will not detect mutations that lie outside of
the sequenced region of approximately 2 kb. In addi-
tion, large HBA1 and HBA2 gene deletions will be



20

C.C. Pritchard and J.F. Tait

mostly invisible to sequencing, as there is insufficient
normal polymorphism in the sequenced region to pro-
vide a reliable indicator of hemizygosity at the level of
an individual patient. As with other PCR-based assays,
sequencing is also subject to false negative results if
there is allele dropout during the amplification step,
due to a missing or mismatched primer binding site.

When there is still a high suspicion of alpha thalas-
semia in a patient who is negative for common large
deletions and point mutations, testing with additional
technical approaches may be indicated. For example,
chip-based comparative genomic hybridization (CGH)
analysis and multiplex ligation-dependent probe
amplification (MLPA) are clinically available to detect
very large or novel deletions.

Background and Molecular Pathology

The thalassemias are among the most common genetic
disorders worldwide [3, 7]. They result from imbal-
ances in the synthesis of alpha and beta globin chains
due to mutations in the corresponding genes. Two
alpha globin genes are located on the short arm of
chromosome 16, for a total of four alpha globin genes
per diploid genome. Alpha thalassemia is primarily a
result of alpha globin gene deletions, which can elimi-
nate from one to all four genes, with a corresponding
increase in the severity of disease (Reviewed in [7-10]).
People with the one-gene deletion, known as silent
alpha thalassemia carriers, have a clinically normal
phenotype. Those with two genes deleted, either in cis
as alpha thalassemia-1 (or o.° thalassemia [10]) or in
trans as alpha thalassemia-2 (or a* thalassemia [10]),
have mild anemia. Hemoglobin H disease occurs when
three alpha-globin genes are deleted or nonfunctional,
and it is characterized by moderate to severe anemia,
icterus, and splenomegaly [8]. The most severe form
of alpha thalassemia, hemoglobin Bart’s hydrops feta-
lis, occurs when all four alpha globin genes are miss-
ing or non-functional, and causes stillbirth or death
shortly after birth. Non-deletion mutations can occur,
as in this case, but account for only about 9-10% of the
mutant alleles worldwide [10].

The mode of inheritance of alpha thalassemia is
complex and depends upon both the type of mutation(s)
and the form of alpha thalassemia. The most clinically
severe forms of alpha thalassemia, hemoglobin H
disease, and hemoglobin Bart’s hydrops fetalis, are

inherited in an autosomal recessive pattern, which is
probably why some sources report that alpha thalassemia
is primarily an autosomal recessive condition [10].
However, clinically milder phenotypes can be inherited
in either an autosomal dominant pattern (alpha thalas-
semia-1, with two genes in cis deletion) or in an auto-
somal recessive fashion (alpha thalassemia-2, with two
genes in trans deletion). Non-deletion mutations, such as
the one reported in this case, generally cause alpha thala-
ssemia in the heterozygous state, and therefore have an
autosomal dominant pattern of inheritance [3].

The highest prevalence of alpha thalassemia is
seen in blacks and Southeast Asians. Approximately
25-30% of blacks are silent alpha thalassemia carriers,
and 3% have alpha thalassemia-2, due most commonly
to a two-gene deletion in trans, in which one alpha
gene is deleted from each chromosome. Two-gene
deletions in cis are very rare in blacks, which means
that hemoglobin Bart’s hydrops fetalis and hemoglobin
H disease are very uncommon in this group. Southeast
Asians have a combined prevalence of alpha thalas-
semia-1 and alpha thalassemia-2 carrier genotypes
ranging from 5% in some populations to up to 30% in
Thailand and as high as 80% in parts of New Guinea.
Unlike the black population, in Southeast Asians the
most common type of alpha thalassemia-1 is caused
by a two-gene deletion in cis, which means that both
alpha globin genes are missing from the same chromo-
some. This results in a high frequency of hemoglobin
Bart’s hydrops fetalis and hemoglobin H disease in
this population. Other populations affected by alpha
thalassemia include those from the Mediterranean,
the Middle East, and the Indian subcontinent. Among
Egyptians, the prevalence of alpha thalassemia alleles
is as high as 16% [3], with clinical manifestations of
alpha thalassemia estimated in about 8% [11].

There are currently over 800 hemoglobin variants
catalogued [1, 2], of which approximately 300 are due
to mutations in the alpha globin genes. Thus, sequence
analysis can be indicated in the workup of known or
suspected thalassemia carriers, as in this case. DNA
sequencing of the alpha or beta globin genes can be
indicated for several reasons in addition to detection of
thalassemia carriers. Sequencing can identify the spe-
cific hemoglobin variant responsible for an unknown
variant initially detected at the protein level by electro-
phoresis or anion-exchange HPLC (high performance
liquid chromatography). It can also be useful in detect-
ing hemoglobin variants that alter the oxygen affinity
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of the hemoglobin tetramer, which can cause otherwise
unexplained polycythemia.

Multiple Choice Questions

1. What is the most common type of mutation causing
alpha thalassemia?
A. Gene duplication
B. Gene inversion
C. Large deletion
D. Point mutation
E. Trinucleotide repeat expansion
2. Inthe case presented here, what DNA sequence results
would have been expected if one of these patients had
been heterozygous for the Mediterranean-type alpha
thalassemia deletion, which deletes both the HBAl
and HBA2 genes?
A. No sequence data could be obtained due to com-
plete gene deletion
B. Peak heights in the sequence chromatogram would
be half the normal value due to loss of one allele
C. The deletion would have been reliably detected
due to loss of heterozygosity in HBAL and HBA2
D. The Mediterranean-type deletion would have
been detected by sequencing due to presence of
novel sequence at the deletion breakpoint
E. The patient would have normal DNA sequence
in HBA1 and HBA2
3. Why was beta thalassemia trait excluded as an
explanation for the low MCV in the two patients
presented in this case study?
A. Beta thalassemia is not present in their ethnic
group
B. Carriers of beta thalassemia would have a much
lower MCV value than seen in these patients
C. Coexisting iron deficiency confounded the inter-
pretation of red cell indices
D. Hemoglobin electrophoresis was normal, ruling
out beta thalassemia
E. The hemoglobin A, levels were normal
4. Here we present a novel alpha globin mutation that
is very likely to cause clinical disease because it
abolishes a splice donor site. Which of the follow-
ing types of mutations is LEAST LIKELY to cause
clinical disease?
A.A point mutation in the poly-adenylation
sequence of the 3’ untranslated region
B. A point mutation near the middle of an intron

C. A point mutation resulting in an amino acid
change at a position that is highly evolutionarily
conserved

D. A point mutation that abolishes the stop codon

E. A small deletion that results in a frame-shift and
premature stop codon

5. What is the most widely used online resource that
best summarizes mutations in the globin genes?

A.Human Genome Variation Society Database
(HGVS)

B. Online Mendelian Inheritance in Man (OMIM)

C. The Globin Gene Server

D. The Single Nucleotide Polymorphism Database
(dbSNP)

E. University of Santa Cruz (UCSC) Genome Browser

Answers to Questions Embedded
in the Text

Question 1: Is there any need for further genetic test-
ing? Why or why not?

The six most common large deletions account for
~90% of alpha thalassemia alleles. However, alpha thal-
assemia trait remains likely in both parents because the
low MCV cannot be explained by iron deficiency (nor-
mal iron studies) or beta thalassemia (normal HbA,).
Additional genetic testing for non-deletional forms of
alpha thalassemia is indicated for prenatal counseling.

Question 2: Is this a clinically useful test to order in
these circumstances? Why or why not?

DNA sequencing of the HBAL and HBA2 genes will
reveal the majority of the remaining ~10% of alpha
thalassemia alleles not detected by testing for common
large deletions. Thus, this is a clinically useful and
appropriate next test to order in this circumstance. It
would be reasonable to do additional tests for rare
large deletions if no pathogenic mutations had been
detected by gene sequencing.

Question 3: What kinds of mutations will this technical
approach miss?

Gene sequencing cannot reliably detect large heterozy-
gous deletions due to allele drop-out, which results from
an inability of the primer to bind to the (deleted)
sequence. Rare mutations in far upstream (5") or down-
stream (3') regulatory elements will also be missed
because they are not included in the sequenced region.
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Question 4: What are some reasons why one might see
the same mutation in both members of a couple?

The couple may share a common ancestry or be
directly related (consanguineous). The mutation may
have a very high allele frequency in a population. A
sample mixup should be excluded if a very rare or
novel mutation is found in both members of a couple
not known to be consanguineous.

Answers to Multiple Choice Questions

1. The correct answer is C.

Large deletions (>1 kb) are the most common type
of alpha thalassemia mutation. In beta thalassemia,
small point mutations are the most common mutation

type.

2. The correct answer is E.

The patient would appear to have a normal sequence
because sequence data could only be obtained from the
single allele containing a normal alpha globin locus;
the allele with the Mediterranean deletion would pro-
duce no PCR product with HBA1 and HBA2 primers.

3. The correct answer is E.
A normal HbA, level excludes beta thalassemia,
except in rare instances such as delta—beta thalassemia.

4. The correct answer is B.

A point mutation near the middle of the intron is
usually silent, except in rare circumstances, for exam-
ple when it makes a cryptic splice site fully functional
and alters normal mRNA splicing patterns.

5. The correct answer is C.

The Globin Gene Server [2] is the most authorita-
tive online compilation of mutations in the alpha and
beta globin gene clusters.
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Charcot-Marie-Tooth Disease

Zhigiang B. Wang and Jeffrey A. Kant

Clinical Background

A 10-year-old Caucasian male returned with his par-
ents to his pediatrician’s office for genetic counseling
and sample acquisition to undergo genetic testing for
a specific disorder. He was conceived via sperm dona-
tion and born with bilateral congenital hip dislocation
to a 27-year-old G1P0 mother. Developmental delay,
hyptonia, and megalocephaly were noted at six months
of age, at which time computed tomography (CT)
evaluation demonstrated lateral and third ventricles
of high-normal size with bilateral frontal extra-axial
fluid. Further magnetic resonance imaging (MRI)
evaluation revealed mild hydrocephalus with excess
subdural fluid and increased ventricular size. An
electro-encephalogram (EEG) was normal, as was a
laboratory workup which included creatine phospho-
kinase, lactate, and pyruvate levels as well as urine
organic acids.
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Question 1: What is your differential diagnosis?

The year before, this patient had undergone anterior
tibialis transfer surgery with a split left posterior tibi-
alis tendon for a left calcovarus deformity. An electro-
myogram (EMG) had demonstrated decreased nerve
conduction velocity of 15 m/s (normal >45 m/s). A
definitive diagnosis was not made, although there was
a strong candidate diagnosis of Charcot-Marie-Tooth
(CMT), type 1 disease. A prior karyotype was normal
as were earlier molecular genetic tests for Fragile X
syndrome, Prader-Willi syndrome, and mitochondrial
myopathy. He had also been diagnosed with Attention-
Deficit Hyperactivity Disorder (ADHD) at age four
and with Asperger’s disease a year ago. Development
of gross motor skills and speech were delayed, although
fine motor skills were normal.

Reason for Molecular Testing

Based on the patient’s age of presentation, clinical fea-
tures and course as well as negative prior tests for other
molecular genetic disorders, a presumptive diagnosis
of CMT type 1 disease was considered. To confirm that
suspicion, the primary care physician requested genetic
testing.

Test Ordered

After the mother received genetic counseling and
signed informed consent for testing, a 5 mL anti-
coagulated whole blood sample from the patient
was submitted to the hospital laboratory with a
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request for a complete CMT evaluation panel. The
requisition form used was one previously left in the
physician’s office during a visit by a sales agent for
an outside reference laboratory which provides neu-
rogenetic testing services. The complete CMT eval-
uation panel included assessment for duplication
or deletion of the PMP22 and GJB1 genes as well
as full gene sequence analysis for the following 15
genes: CX32 (GJB1), EGR2, FIG4, GARS, GDAP1,
HSPB1, LITAF/SIMPLE, LMNA, MFN2, MPZ
(Myelin Protein Zero), NFL (Neurofilament Light),
PRX (Periaxin), PMP22, RAB7, and SH3TC2. This
panel was a send-out test which was listed, at that
time, for more than $11,500. Interestingly, a sample
was also received from the patient’s “sister.” Her
biological relationship (recall that the patient was
conceived via sperm donation) to the patient was not
indicated.

Question 2: Is this an appropriately ordered test?

There are six recognized CMT1 subtypes, includ-
ing, CMT1A, CMT1B, CMT1C, CMT1D, CMTIE,
and CMT2E/1F. More than 40 genes have been associ-
ated with CMT, but duplication and deletion of a
1.5 Mb region on chromosome 17, which includes the
PMP22 gene, accounts for diagnostic abnormalities in
60-80% of patients meeting clinical criteria for CMT1
[1-3]. The pathologist reviewed the request for send-
out testing and called the clinician to discuss the rela-
tive frequency of genetic abnormalities associated with
CMTL1. The clinician agreed to proceed first with
PMP22 gene deletion/duplication testing, which was
performed using the Multiplex Ligation-dependent
Probe Amplification (MLPA) technique at a charge of
$695. The option was left open to pursue future CMT
molecular genetic tests if initial testing results were
negative.

Laboratory Test Performed

MLPA is a variation on polymerase chain reaction
(PCR) amplification in which pairs of oligonucleotide
probes, which hybridize to directly-adjacent DNA
sites in a portion of a gene (typically an exon), are
first incubated as a group with genomic DNA. One
member of each probe pair is fluorescently tagged.
Subsequently, adjacently-bound oligonucleotides
are covalently joined to each other using the enzyme
DNA ligase. The amount of oligonucleotide bound

should correspond to the relative amount of genomic
DNA target present. In addition to the probe seg-
ment which hybridizes specifically to genomic DNA,
the oligonucleotide probes also contain sequences
at their respective upstream and downstream ends
which do not bind genomic DNA, but are instead
complementary to a “universal” forward or reverse
oligonucleotide primer used as a set to amplify
covalently-joined oligonucleotides. Oligonucleotide
probes that do not hybridize to the appropriate targets
will not be ligated to one another and are not ampli-
fied. The total length of adjacently-bound and ligated
oligonucleotide probes is designed to be unique for
each target region by incorporation of a variably-
sized “stuffer sequence.” The number of PCR cycles
is adjusted to obtain signal from PCR products during
the linear phase of amplification, which allows rela-
tive quantification of the dose of each target region.
By comparing the size and signal intensity patterns
with those of controls, the relative abundance (dele-
tion or duplication) of a particular region can be
determined [4].

Question 3: What are the limitations and advantages
of this approach?

MLPA is an efficient and cost-effective method for
detection of copy number changes (deletions and
duplications) of moderate to large size genomic
regions because multiple regions can be interrogated
simultaneously via probe binding and ligation, fol-
lowed by amplification using a single pair of PCR
amplification primers. In addition to being technically
more straightforward than dosage analysis by
Southern blot or quantitative PCR, the assessment of
copy number for multiple regions can typically be
performed in a single reaction. Impurities in extracted
nucleic acid or nucleotide sequence variants in regions
bound by MLPA probes may lead to mis-estimation
of copy number. Consequently, copy number varia-
tions are supposed to be confirmed by an independent
second method. MLPA is technically demanding to
set up de novo in the laboratory. A company (MRC
Holland) which specializes in this technique provides
reagents for more than 300 genomic regions [4].
These reagents typically have not been cleared for
clinical use in the United States (FDA review) or
Europe (CE Mark). As such, they are labeled and
intended “for research use only.” Laboratories which
choose to use such reagents validate them internally
as part of a laboratory-developed test.
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Fig. 4.1 MLPA analysis of patient sample DNA for the chro-
mosome 17 region associated with PMP22 gene duplication/
deletion. Panel a, DNA from a normal control, Panel b, DNA
from the patient described. The arrows point to MLPA product
from the same PMP22 gene region. The panels to the right of

Results with Interpretation Guideline

Direct testing for the typical CMT1A mutation (dupli-
cation of the 1.5 Mb region which includes the PMP22
gene) and the Hereditary Neuropathy with liability to
Pressure Palsies (HNPP) mutation (deletion of this
region) was performed by MLPA analysis. The accu-
racy, defined as the number detected in samples known
to be positive, of mutation detection by the analyses
was determined, by the reference laboratory, to be
greater than 96%. Figure 4.1 depicts the MLPA results
for this patient, generously provided by the reference
laboratory.

Question 4: Is this sequence change pathogenic?

Result Interpretation

MLPA analysis identified both an abnormal PMP22
allele (possessing a duplication mutation) and a PMP22
allele in which no mutation was detected. Although the
patient’s family history is lacking and peripheral nerve

each figure represent the ratio of PMP22 region MLPA products
to control signals. It is straightforward to appreciate the copy
number gain in the patient tested (panel b) (Original data pro-
vided by Sev Batish, PhD)

biopsy was not performed, this finding is consistent
with a diagnosis of CMT1A, which is supported by
clinical features in this patient including decreased
peripheral nerve conduction velocity and characteris-
tic clinical features (calcovarus foot deformity).

Further Testing

Duplication of the PMP22 gene region confirms a
diagnosis of CMT1A, and further testing of the patient
is not indicated.

Other Considerations

MLPA is a common method of assessing dosage for
discrete regions in the genome, but other methods
including quantitative PCR, Southern blot, and, more
recently, array hybridization will also provide such
information.

The patient was most likely a de novo case of CMT1A
due to a germline mutation or possibly due to autosomal
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inheritance from the father. Because the father was a
sperm donor, the paternal family history could not be
assessed. The mother did not demonstrate clinical signs
of CMT. If she were interested in having additional chil-
dren, a neurologic examination might be desirable and
in the event that features of neuropathy were identified
nerve conduction studies could be performed.

In the absence of clinical symptoms via neurologic
examination, no testing of the “sister’s” sample was
indicated. A generally-observed principle in genetic
testing is to not test samples from minors to establish a
diagnosis unless the child is symptomatic and confir-
mation of diagnosis is important for ongoing medical
management of the child [5].

Background and Molecular Pathology

CMT hereditary neuropathy characterizes a group of
polyneuropathy disorders sometimes referred to as the
hereditary sensory and motor neuropathies (HSMN).
A range of other hereditary and acquired neuropathies,
including those due to mitochondrial dysfunction, may
be considered depending on clinical presentation. A
fifth of patients presenting with complaints associated
with chronic peripheral neuropathy will have CMT1A.
Symptoms of motor neuron compromise such as distal
muscle weakness and atrophy dominate, but one fre-
quently also encounters sensory loss of different
degrees, depressed tendon reflexes, and severe pes
cavus deformity of the feet, particularly in cases with
childhood onset [1-3, 6-9].

Family history is an important element in evaluat-
ing patients for hereditary versus acquired causes of
neuropathy, but can be challenging to evaluate with
de novo cases; electrophysiologic studies on family
members may sometimes be helpful. Cases with severe
pes cavus deformity, as was present in this patient,
may require extensive orthopedic surgery. Decreased
nerve conduction velocity (NCV) is a hallmark of
CMT1 and contrasts with typically-preserved NCV in
CMT type 2 (CMT2), the symptoms of which, while
generally less severe, may overlap with CMT1. Note
that many of the genes in the “complete CMT panel”
originally requested by the clinician are associated
with CMT2, instead of CMT1 with which the patient’s
NCV studies and clinical phenotype were most consis-
tent. Consistently decreased NCV was originally felt
to be useful to differentiate hereditary from acquired

(e.g., inflammatory) neuropathies, but NCV can vary
inconsistently, particularly in the sex-linked forms
associated with mutation in the Connexin 32 (GJB1)
gene. Sural nerve biopsies are infrequently performed,
but often demonstrate characteristic lesions [8, 9].

The predominant form (up to 60-90%) of CMT1 is
CMT1A, which is inherited in an autosomal dominant
manner or occurs de novo. Other forms of CMT may
be inherited in autosomal dominant, autosomal reces-
sive, and sex-linked forms. Over 40 different genes
and an even larger number of chromosomal loci have
been associated with CMT [1-3]. Molecular genetic
testing is available on a clinical basis for various types
of CMT. Clinical and electrophysiologic features may
be helpful in suggesting which gene(s) to test initially,
a fact which pathologists or other laboratorians should
be willing to pursue to promote a cost-effective
approach to diagnosis when physicians or genetic
counselors request testing on large panels of genes
[6-9]. Genetic counseling is recommended and prena-
tal testing is available if desired, when a disease-causing
mutation is known [1-3].

The basis of CMT1A is typically a localized dosage
increase of a 1.5 Mb region on the short arm of chro-
mosome 17, resulting from duplication of this region
on one chromosome 17 during meiosis. Duplication
arises from unequal crossover between two 24 kb
repeat regions which flank this region, which includes
the PMP22 gene. With the exception of CMT1B,
which accounts for 5-10% of CMT1 and is due to
abnormalities of the myelin P, protein produced by the
MPZ gene, other forms of CMT1 resulting from abnor-
malities in other genes are rare, and it may be appro-
priate to question the cost-benefit of molecular genetic
testing if there is a firm clinical diagnosis of CMT1
[10].

Of note, a separate disorder, HNPP, is caused by
deletion of the PMP22 gene to realize a final germline
copy number of one.

Multiple Choice Questions

1. The mechanism for gene duplication seen in patients
with CMT1A is best described by which of the fol-
lowing concepts.

A. Gene amplification
B. Isodisomy
C. Overexpression
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D. Polyploidy
E. Unequal chromosomal crossover

2. CPT code 83898 is currently used to bill for PCR
amplification in molecular procedures performed in
the United States. For the MLPA procedure which
employs hybridization probes directed at the five
exons of the PMP22 gene, followed by PCR ampli-
fication using universal primers, how many units of
83898 are you allowed to code for the amplification
portion of the MLPA procedure?

Al
B.2
C.3
D.4
E.5

3. The typical patient with CMT1A disease is most
likely to demonstrate:

A. Compromise of motor and sensory neural func-
tion and decreased nerve conduction velocity

B. Compromise of motor neuron function only,
pain, and decreased nerve conduction velocity

C. Compromise of motor neuron function only,
pain, and normal nerve conduction velocity

D. Compromise of sensory neural function only
and decreased nerve conduction velocity

E. Compromise of sensory neural function only
and normal nerve conduction velocity

4. If it were shown through other studies that the
CMT-affected boy in this case inherited the dupli-
cated PMP22 gene on a maternal chromosome,
then what is the most likely risk of the mother hav-
ing another CMT-affected child?

A.<10%
B. 25%
C.33%
D. 50%
E. 100%

5. A neurologist with whom you have developed a
relationship over the years to discuss appropriate
indications for genetic testing calls for advice on a
three-generation family with a history of a CMT-
like disorder seen in several branches of the pedi-
gree but affecting only middle-aged males. Which
gene would you probably suggest testing for first?
A. Connexin 32 (GJB1)

B. MFN2

C. MPZ

D. PMP22 (deletion/duplication analysis)
E. PMP22 (full gene sequence analysis)

Answers to Multiple Choice Questions

1. The correct answer is E.

Unequal crossover during meiosis has been convinc-
ingly demonstrated to be the mechanism for dosage
abnormalities associated with CMT1A. Two homolo-
gous regions, roughly 1.5 Mb apart, permit misalign-
ment of chromosome 17 sister chromatids such that
when crossover occurs, one chromatid ends up with
two copies of the PMP22 gene and the other with no
copies. Individuals who inherit the double copy end up
with functional trisomy for this region and demonstrate
CMT1A. While it occurs less frequently, inheritance of
the “null” chromosome with no PMP22 copy results in
a different neurologic syndrome, HNPP. There is no
evidence for localized gene amplification, overexpres-
sion of the PMP22 gene, or improper chromosomal
segregation which could potentially lead to isodisomy.

2. The correct answer is A.

The correct answer is 1. Universal means exactly
what it implies. Universal PCR amplification primers
bind to the same sequences engineered at the 5" and 3’
ends of each DNA species produced when adjacently-
bound probes, targeting various regions associated
with deletion/duplication of the PMP22 gene or other
genomic regions used to normalize for diploid gene
dosage, are ligated.

3. The correct answer is A.

While motor neuron function is most affected, it is
not uncommon to also see loss of sensory nerve func-
tion in patients with CMT1A. Decreased nerve con-
duction velocity is a hallmark of CMT1A.

4. The correct answer is A.

There appears to be no clinical evidence that the
mother has CMT; hence, she is unlikely to be a germline
carrier with the standard one in two risk of passing an
affected chromosome 17 to offspring for an autosomal
dominant disorder. The possibility exists that a popula-
tion of her oocytes contains a duplicated region on
chromosome 17 with PMP22 duplication (and perhaps
even a population containing a deleted chromosome
without PMP22!). This phenomenon is known as
gonadal mosaicism, and the risk for gonadal mosa-
icism is typically derived from empiric experience with
families such as this one. It is likely to be low. Hence,
<10% is the best answer and the information a genetic
counselor would use in talking with the mother.
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5. The correct answer is A.

The family history provided is strongly suggestive
of a sex-linked disorder. CMTX is associated with
mutations in the Connexin 32 (GJB1) gene on the X
chromosome. It would be important to confirm with
the clinician the absence of any male-to-male trans-
mission in the pedigree. If identified, this would sug-
gest the likelihood of autosomal dominant transmission
with a serendipitous distribution affecting only males.
When a large number of male-only CMT cases are
observed in a family, the statistical likelihood of auto-
somal dominant transmission becomes very small.

References

1. Bird TD (2010) Charcot-Marie-Tooth hereditary neuropathy
overview (last revised, 09/14/2010), Gene Reviews; http:/
www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=gene&part
=cmt. Accessed 30 Sept 2010

2. Nicholson GD (2006) The dominantly inherited motor and
sensory neuropathies: clinical and molecular advances.
Muscle Nerve 33:587-597

10.

. Szigeti K, Lupski J (2009) Charcot-Marie-Tooth disease.

Eur J Hum Genet 17:703-710

. www.mrc-holland.com - further information on MLPA

including specific information relevant to CMT1 testing.
Accessed 31 July 2010

. Committee on Ethics (American Academy of Pediatrics)

(2001) Ethical issues with genetic testing in pediatrics.
Pediatrics 107:1451-1455; (reaffirmed 2005, 2009)

. Szigeti K, Nelis E, Lupski JR (2006) Molecular diagnostics

of Charcot-Marie-Tooth disease and related peripheral neu-
ropathies. Neuromolecular Med 8:243-254

. Saifi GM, Szigeti K, Snipes GJ et al (2003) Molecular

mechanisms, diagnosis, and rational approaches to manage-
ment of and therapy for Charcot-Marie-Tooth disease and
related peripheral neuropathies. J Investig Med 51:261-283

. Pareyson D, Scaioli V, Laura M (2006) Clinical and electro-

physiological aspects Charcot-Marie-Tooth disease. Neuro-
molecular Med 8:3-22

. Klein CJ, Dyck PJ (2005) Genetic testing in inherited

peripheral neuropathies. J Peripher Nerv Syst 10:77-84
Hastings PJ, Lupski JR, Rosenberg SM et al (2009)
Mechanisms of change in gene copy number. Nat Rev Genet
10:551-564



Hearing Loss

Iris Schrijver

Clinical Background

A 1-year-old girl with profound congenital hearing
loss presented to the pediatric genetics clinic because
her parents wanted to know why their child was deaf.
They were also contemplating another pregnancy and
sought to learn about the risk of having a second child
with hearing loss. The patient’s mother had northern
European ancestry, whereas the father was of Ashkenazi
Jewish extraction.

The patient was born at 40 weeks, after an unevent-
ful pregnancy. The delivery was without complications,
birth weight was normal at 3.5 kg, and her appear-
ance was not dysmorphic. However, while still in the
hospital, she failed her newborn hearing screen by oto-
acoustic emission testing. She received a follow-up
hearing test, in which her auditory brainstem response
was measured, a few weeks later. This test confirmed
that she had bilateral, profound sensorineural hear-
ing loss. Upon review, there was no history of envi-
ronmental risk factors for congenital hearing loss.
These include positive TORCH (toxoplasma, other
or syphilis, rubella, cytomegalovirus, and herpes sim-
plex virus) titers during gestation, asphyxia at birth,
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complications that warrant admission to a neonatal
intensive care unit, craniofacial anomalies, hyperbili-
rubinemia, neonatal infection, and the use of ototoxic
medications. There also was no history of hearing loss
in the family, except for the maternal grandmother
whose hearing loss only became noticeable after age
80. The physical examination was appropriate for age
and interpreted as completely normal with exception
of the hearing loss. There were no physical features
that would suggest that the hearing loss was part of a
clinical syndrome. An ophthalmology evaluation was
performed because ocular abnormalities can be identi-
fied in up to half of children with severe to profound
hearing loss [1], but it was normal.

Question 1: What is the most likely pattern of
inheritance?

Question 2: Can molecular testing be helpful, given
that it is already known that the child is deaf and man-
agement can be initiated?

Reason for Molecular Testing

There are many valid reasons for molecular diagnostic
testing in both children and adults with hearing loss.
Whereas hearing loss can be caused by environmental
factors, genetic defects, or a combination of both, in
western nations at least 50% of prelingual hearing loss is
estimated to have a genetic etiology. The cause remains
obscure in approximately 25%, but most of these cases
are assumed to have a genetic basis as well. Thus,
genetic causes account for the largest proportion of
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prelingual hearing loss [2]. Of the estimated minimum
of 50% of cases with inherited hearing loss, ~70% are
non-syndromic and ~80% are autosomal recessive [3].

Molecular diagnostic testing can be helpful because
an etiology cannot be otherwise established in the
majority of individuals with genetic hearing loss. In
those patients, extra-auditory features associated with
a syndrome are not identified, imaging studies are neg-
ative or inconclusive, and the hearing loss phenotype is
not unique to a certain etiology. Molecular analysis
can also be beneficial for the diagnosis of syndromic
hearing loss, especially prior to the emergence of addi-
tional syndromic features (examples are Jervell and
Lange-Nielsen syndrome or Pendred syndrome). In
addition, it can identify mitochondrial mutations,
which increase the risk of iatrogenic hearing loss when
aminoglycosides are administered. Molecular testing
is essentially non-invasive and may reduce the need for
more extensive and costly evaluations, which some-
times require sedation or general anaesthesia of infants
and children. Finally, molecular analyses can contrib-
ute to an accurate and early diagnosis, which supports
optimal cognitive and social development. Upon iden-
tification of a genotype that can explain the hearing
loss, the associated knowledge of the pattern of inheri-
tance enables accurate genetic counseling.

Question 3: Which molecular genetic test would you
order?

Mutations in the GJB2 gene (OMIM number
*121011) on chromosome 13g11-12 are the most com-
mon cause of sporadic and recessive non-syndromic
sensorineural hearing loss (SNHL). Mutations have
been identified in populations all over the world, and
account for approximately half the cases in the USA
and several other geographic areas [4]. Autosomal reces-
sive non-syndromic SNHL at this locus (DFNB1) is
prelingual, ranging from mild to profound, and most
often not progressive. DFNB1 contains two genes,
GJB2 and GJB6 (OMIM number *604418), which
respectively encode the gap junction proteins connexin
26 (Cx 26) and connexin 30 (Cx 30). These two genes
share a sequence identity of 77% [5].

Test Ordered

The clinical geneticist ordered direct DNA sequencing
of the GJB2 gene.

Laboratory Test Performed

The laboratory-developed assay was designed to detect
a wide range of mutations in the GJB2 gene. This gene
consists of 681 basepairs, which are translated into a
protein with 226 amino acids. Mutations and sequence
variants in GJB2 are associated with both syndromic
and nonsyndromic SNHL. They are dispersed through-
out the coding region of the gene, which is encompassed
in the second exon. Exon 1 is contained in the 5’-UTR
(untranslated region). The GJB2 sequencing assay
includes isolation of DNA, generation of an 830 bp
amplicon via the polymerase chain reaction (PCR), an
amplification check on a 2% agarose gel, and direct
DNA sequencing with four individual fluorescent
sequencing primers that cover the entire sequence in
both the forward and reverse directions. The sequences
have sufficient overlap to obtain an electropherogram
with adequate signal strength and an excellent signal
to noise ratio for the coding region (exon 2) and its
splice sites with intronic flanking sequences. Sequence
analysis is facilitated by Mutation Surveyor, a sequence
analysis software program.

Results with Interpretation Guideline

Figure 5.1 displays the results of one of the reverse
sequence tracings generated in the course of the GJB2
sequencing assay. The signal strength of this assay was
good and technical issues were not reported. The
beginning of the coding exon (exon 2) is indicated by
the directional arrow and the sequence must be read in
reverse. The coding region of this gene can be viewed
on Genatlas: http://genatlas.org/. On this website,
select “Gene database,” type “GJB2” into the “Symbol
name” field, and select “See the exons” on the next
web-page. The exon will be displayed in bold and the
initiating methionine codon, as well as the termination
codon, are shown in red. Published GJB2 mutations
and polymorphisms are listed on the Connexin-
deafness homepage (http://davinci.crg.es/deafness/).
All sequence variants are compared to those listed on
the website and to the current literature in order to
determine clinical significance.

Question 4: Which change is present at the black arrow
in this sequence tracing?
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GGAGATGGGGAAGTAGTGATCGTAGCACACGTTCTTGCAGCCTGGCTGCGGGGGGTGGCAAACAAATCCGGCCGGTTCTTCT

CCCCCCCTTCCTTTGCACCCCCACCAAGAATCTTATGGCAAAAAAGGAAAAGAACGGGAAGCCAAATTTTTCCATGGTGGGGGA

Exon 2
TGGTTGGTCCCCCCCCCCAGGATCGTCTGCAGCGTGCCCCAATCCATICTTCTACTCTGGGCGGTTTGCTCTGGAAAAGACGAA

WAV WA AR AN A A WA AMA AN AN AN AN A A

Fig. 5.1 Partial electropherogram of the GJB2 sequencing test performed

Question 5: How can you explain the apparently clean
sequence toward the end of the exon (red arrow)?

Result Interpretation

The impression of the sequence is that of a frameshift
mutation. At 35 nucleotides from the start of the exon,
the signal appears to decrease and a double sequence
is present at most nucleotide positions. When the
normal sequence is written down first, the comple-
mentary second signal can be recorded below it. Thus,
it becomes readily apparent that, in the forward direc-
tion, one guanine is missing out of the normal string
of six. This mutation represents the ¢.35delG muta-
tion. It is the most prevalent GJB2 mutation in
Caucasians. In the USA, its carrier frequency is
approximately 2.5% but actual frequencies depend
on ethnic origin [6, 7]. According to guidelines of
the HGVS (Human Genome Variation Society,
http://lwww.hgvs.org/), the nomenclature at the pro-
tein level is p.Gly12fs for the short description and
p.Gly12ValfsX2 for the complete description of this
frameshift mutation.

Near the red arrow (Fig. 5.1), the double sequence
signal seems to end. This phenomenon is caused
by a frameshift mutation on the other allele, which

eliminates the appearance of the mixed sequence.
From this nucleotide position in the electropherogram
onward, both alleles have a single nucleotide deletion.
The effect on the sequence tracing is a correction of
the frameshift pattern. This is a consequence of the
mixture of both of the patient’s alleles in the test tube.
In the body, however, each frameshift mutation results
in an independent premature stop codon and the defect
at the protein level is not corrected.

Question 6: Which change is present at the red arrow
in this sequence tracing, and what is its correct HGVS
nomenclature?

Comparing the normal and mutant sequences, a
deletion of a thymine at nucleotide position 167 can be
identified. This frameshift mutation, ¢.167delT, has a
carrier frequency of approximately 4% in Ashkenazi
Jews [8]. According to guidelines of the HGVS, the
amino acid change associated with this mutation
should be described as p.Leu56fs (short form) or
p.Leu56ArgfsX26 (long form).

Further Testing

The hearing loss in this patient can be explained
by the compound heterozygosity for two premature
termination mutations. Therefore, further molecular
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testing is not clinically warranted. The mutations
identified are compatible with the ethnicities of the
parents and they were counseled that they have a risk
of 25% for a child with hearing loss, with each preg-
nancy. They were also told that, even though both
these mutations are considered severe and are pre-
dicted to result in severe to profound SNHL, there is
inter- as well as intra-familial variability with GJB2-
related phenotypes. Therefore, an exact prediction of
the level of hearing loss cannot be made. The patient
was referred for consideration of cochlear implant
surgery.

Background and Molecular Pathology

Hearing loss is one of the most common birth defects
that affects child development, education, medical
needs, and social life [9]. It is present in 6-8% of the
population overall [10]. Universal newborn screening
has revealed that, in the USA, approximately 1 in 300
children are born with hearing loss and 1 in 1,000 are
deaf at birth. Before becoming adults, an additional 1
in 1,000 develop profound hearing loss [11, 12]. Once
the hearing loss has been diagnosed, early intervention
with hearing aides and/or cochlear implant can drasti-
cally improve the ability to communicate and contrib-
ute to the quality of life.

Genetic hearing loss is autosomal recessive in
approximately 80% of cases, dominant in 10-20%,
and X-linked in 1-2% [13, 14]. The exact frequency
of mitochondrial deafness has yet to be determined.
Most prelingual hereditary hearing loss is transmit-
ted as an autosomal recessive trait, whereas auto-
somal dominant inheritance is more commonly
identified with postlingual onset [15]. Syndromic
hearing loss is associated with complex phenotypes
that affect other organs, as well. In contrast, non-
syndromic hearing loss is isolated. It also is the
most common type, present in up to 80% of all indi-
viduals with congenital hearing impairment [13].
Most often sensorineural, it can be categorized as
DFNA (autosomal dominant), DFNB (autosomal
recessive), DFN (X-linked), and mitochondrial
hearing loss.

The genetics of hearing loss are intricate and it is
estimated that several hundred genes are required
for the physiologic process of hearing [16]. The
GJB2 gene at the DFNBL1 locus encodes Cx 26, a

13g12 Deletion
l#“
Centromeric_:_: Telomeric
3 5 3 5
GJB2 GJB6

Fig. 5.2 The orientation of the DFNB1 locus with the position
of the large deletions involving GJB6

Gap Junction protein of the Beta group with a
molecular mass of 26 kD. The characterization of
this gene and the subsequent identification of more
than 100 sequence changes highlighted the impor-
tance of cochlear gap junctions, which enable trans-
portation of ions between cells. Individual mutations
within GJB2 are responsible for recessive and domi-
nant, as well as syndromic and non-syndromic hear-
ing loss. Two frameshift mutations, c.35delG and
c.167delT, are, respectively, the most commonly
observed sequence changes in Caucasians and
Ashkenazi Jews. However, GJB2 mutations have
been reported in many populations and are the most
commonly recognized cause of sporadic and auto-
somal recessive non-syndromic SNHL. Sequence
changes reported in GJB2 are primarily mutation
types which can be detected by direct DNA sequenc-
ing, and include nonsense, missense, splicing, and
frameshift mutations.

The DFNB1 locus also contains the GJB6 gene
(which encodes Cx 30). It is located ~35 kb telomeric
from the GJB2 gene (Fig. 5.2). In contrast to GJB2,
however, large deletions, primarily del(GJB6-
D13S1830), are the most common mutation type in
and around this gene. Such deletions are relatively
uncommon in the USA; among individuals heterozygous
for a mutation in the GJB2 gene, the del(GJB6-
D13S1830) accounted for no more than 2.8% of muta-
tions, and homozygous GJB6 deletions are exceedingly
rare [17]. GJB6 is implicated in non-syndromic SNHL
when homozygous for deletions, or when a deletion is
heterozygous and on the opposite allele of a GJB2
mutation [18]. Although it was originally thought that
mutations in these two genes cause hearing loss
through a digenic mechanism of inheritance, it is now
clear that deletions in GJB6 cause allele-specific loss
of GJB2 expression on that same allele [19, 20]. It is
therefore likely that the deletions eliminate a regula-
tory element for GJB2.
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Multiple Choice Questions

1. From the list below, identify the most frequent
pathogenic sequence change in the GJB2 gene that
is associated with non-syndromic hearing loss:
A.c.35delG
B.c.79G>A
C.c.167delT
D. c.235delC
E.c.223C>T

2. Which type of sequence change is most likely
pathogenic?

A. Frameshift mutation
B. In-frame deletion
C. Missense mutation
D. Nonsense mutation
E.Aand D

3. Select the correct statement regarding mutations in
the GJB6 gene:

A. Mutations in the GJB6 gene are more common
than those in GJB2

B. Non-syndromic SNHL can be caused by heterozy-
gosity for a point mutation in GJB2 combined
with heterozygosity for a deletion in GJB6

C. The GJB6 gene is a pseudogene located next to
the GJB2 gene

D. The most common GJB6 mutations are point
mutations

E. The most common mutations in the GJB6 gene
are associated with syndromic hearing loss

4. A woman with normal hearing seeks genetic coun-
seling. She has a sister with non-syndromic auto-
somal recessive SNHL, who is homozygous for
¢.35delG. What is the client’s risk of being a carrier?
Al
B.1lin2
C.lin4
D.2in3
E. Impossible to determine without information

about ethnicity

5. A deaf patient with the autosomal recessive Pendred
syndrome carries two mutations in the SLC26A4
gene. One allele carries a missense mutation in exon
4, the other allele carries a deletion of exon 5. What
will the sequencing electropherograms demonstrate?
A. A heterozygous nucleotide change in exon 4 and

a mixed sequence pattern in exon 5
B. A heterozygous nucleotide change in exon 4 and
no sequence of exon 5

C. A heterozygous nucleotide change in exon 4 and
the normal sequence of exon 5

D. A homozygous sequence pattern in exon 4 and a
mixed sequence (frameshift pattern) in exon 5

E. A mixed sequence (frameshift) pattern through-
out exon 4 and the normal sequence of exon 5

Answers to Multiple Choice Questions

1. The correct answer is A.

¢.35delG is the most common mutation in the GJB2
gene overall. ¢.79G > A is a clinically benign polymor-
phism. ¢.167delT is the most common mutation in
Ashkenazi Jewish individuals. ¢.235delC is the most
commonly identified pathogenic variant in Asian pop-
ulations, with a carrier frequency of approximately
1%. ¢.223C>T is a GJB2 mutation associated with
dominant inheritance and syndromic, instead of non-
syndromic, hearing loss.

2. The correct answer is E.

Both a frameshift mutation and a nonsense muta-
tion result in premature termination of the protein.
These mutations are typically pathogenic. In-frame
deletions leave the reading frame intact and may have
small effects on the protein made. It is often challeng-
ing to determine the pathogenicity of missense muta-
tions. Segregation with the phenotype, studies of
population frequency, conservation across species,
amino acid change and location within the protein, as
well as functional studies can help elucidate the likeli-
hood of a pathogenic effect.

3. The correct answer is B.

Mutations in the GJB2 gene are much more com-
mon than those in GJB6. The GJB6 gene is not a
pseudogene, and the most common GJB6 mutations
are large deletions that remove part of the GJB6 gene.
The GJB2 gene is left intact. These deletions are asso-
ciated with non-syndromic hearing loss when homozy-
gous, or when heterozygous in the presence of a
heterozygous GJB2 mutation on the opposite allele.

4. The correct answer is D.

According to Mendelian inheritance, an individual
can be affected (AA), unaffected (aa), or a carrier (Aa
or aA). Given that this client has normal hearing, we
know that she is unaffected. Her risk of being a carrier,
therefore, is two out of three.
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5. The correct answer is C.

This individual is compound heterozygous for
two mutations in the SLC26A4 gene, which encodes
the pendrin protein. These mutations will result in a
heterozygous nucleotide change in exon 4, with two
different nucleotide signals visible at the nucleotide
that is affected with the point mutation. A complete
exon deletion will prevent amplification of the deleted
exon if the primers were not able to anneal because
the primer sequences on that allele were deleted. As
a consequence, the amplification will include only the
unaffected allele, which will demonstrate the normal
sequence of exon 5. Sequence analysis alone will
typically not identify whole exon deletions. Methods
such a MLPA (Multiplex Ligation-dependent Probe
Amplification) are able to detect such changes.
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Polycystic Kidney Disease

Ying-Cai Tan, Jon Blumenfeld, and Hanna Rennert

Clinical Background

A 42-year-old woman presented for additional evalua-
tion of autosomal dominant polycystic kidney disease
(ADPKD). She was initially diagnosed with ADPKD
at age 36 after developing fever and flank pain. At that
time, ultrasonography showed bilateral renal cysts,
and liver and ovarian cysts. The serum creatinine level
was normal. Hypertension was diagnosed at the age of
32 years and has since been controlled by treatment
with an angiotensin converting enzyme inhibitor.
There have been multiple, uncomplicated urinary tract
infections, but no history of kidney stones or abdomi-
nal wall hernia. Episodes of abdominal and flank dis-
comfort were treated successfully with non-narcotic
medications. She was not screened for intracranial
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aneurysm. There have been no pregnancies, by choice,
and there was no history of oral contraceptive drug
use. Although the patient was unaware of a family
history of ADPKD, her mother underwent unilateral
nephrectomy during childhood for an unknown indica-
tion. The patient had three siblings; both sisters had
negative screening renal ultrasonography after age 40
and her 36-year-old brother had not been evaluated.
There was a three pack-year history of tobacco use that
ceased at age 26.

Her physical examination was significant for blood
pressure 124/84 mmHg, heart rate 70 beats/min, a 2/6
systolic murmur, and palpable kidneys and liver. The
serum creatinine was 0.74 mg/dL and 24-hour urine
creatinine clearance was 103 mL/min; complete blood
count, liver function tests, and urinalysis were normal.

Magnetic resonance imaging of the abdomen
showed innumerable cysts in the liver and in both kid-
neys (Fig. 6.1). Right and left kidney lengths were 19
and 22.3 cm, respectively. Total kidney volume was
1,925 mL, total cyst volume was 1,289 mL, and cyst
fraction (total cyst volume/total kidney volume) was
67%. Liver volume was 1,431 mL, liver cyst volume
was 174 mL, and cyst fraction was 12.2%. There were
no cysts in the pancreas or spleen.

Reason for Molecular Testing

The patient requested PKD gene analysis to improve
her understanding of her disease and to potentially
inform the process of future kidney donor selection
from a family member.
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Fig. 6.1 Magnetic resonance image of the abdomen in the
patient with ADPKD. The massively enlarged kidneys, each
with innumerable cysts of varying sizes, represent the typical
ADPKD phenotype. Polycystic liver disease, also present in this
patient, is highly prevalent in ADPKD

Test Ordered

Initially the clinician ordered mutation analysis of the
PKD genes from a commercial reference laboratory
that had exclusive license for the PKD1 and PKD2 gene
patents in the USA. The test involved direct sequencing
of the entire coding regions of both PKD1 and PKD2.
However, due to the unusual result of a homozygous
nonsense mutation (c.8095C>T; p.GIn2699Stop) for
this autosomal dominant disease, the clinician reques-
ted re-analysis of the patient’s DNA for PKD1 and
PKD2 mutations, as part of a prospective study con-
ducted by The Rogosin Institute of patients with auto-
somal dominant polycystic kidney disease. These tests
were performed in a diagnostic molecular pathology
laboratory on a research basis, using a mutation screen-
ing approach coupled with sequencing.

Question 1: In which clinical situations is ADPKD
genetic testing useful?

Laboratory Test Performed

Initial testing by the commercial reference labora-
tory included mutation analysis of the entire coding
sequence of PKD1 and PKD2 genes by sequencing

analysis, using peripheral blood lymphocyte DNA.
Repeat mutation analysis was performed by hetero-
duplex analysis, using a novel mismatch-specific
DNA endonuclease (SURVEYOR™ nuclease that
cleaves both strands of heteroduplex DNA at the 3'
side of any mismatch site, including all substitutions
and insertions and deletions up to 12 bp in length)
and the Transgenomic WAVE® Nucleic Acid High
Sensitivity Fragment Analysis System (Transgenomic,
Inc. Omaha, NE). This was followed by sequencing
of variant gene segments [1]. Specifically, the dupli-
cated region of PKD1 (exons 1-33) was first ampli-
fied with the GeneAmp High Fidelity PCR System
(Applied Biosystems, Foster City, CA) as five distinct
long-range PCR fragments (exon 1, exons 2-12, exons
13-15, exons 15-21, and exons 22-33), using PCR
primers anchored in the single-copy DNA or mis-
matched with homologue genes (HG), which are more
than 98% identical to PKD1 sequence, thus exclusively
amplifying PKD1 sequences. Subsequently, dilutions
of PKD1 long-range PCR products or the single-copy
areas of PKD1 (exons 34-46) and the entire PKD2
gene (exons 1-15), including splice junctions and
5- (PKD1 only) and 3'-untranslated regions of the
genes, were amplified in a second set of reactions,
using primers positioned approximately 80-100 bp
from the intron—-exon boundaries to allow optimal
detection of splice site variants, generating PCR
fragments of approximately 250-550 bp. Due to the
numerous polymorphisms in PKD1, and to minimize
allele dropout due to primer mismatch, primers were
positioned in regions for which no polymorphisms
were reported. Both PKD genes were amplified in
separate PCR reactions, using similar PCR conditions
and a touchdown PCR amplification with a hot-start
protocol. Following PCR amplification, all PCR prod-
ucts were denatured and slowly reannealed to form
heteroduplexes, followed by SURVEYOR® nucle-
ase digestion and WAVE® HS analysis according to
the manufacturer’s instructions. PCR samples dem-
onstrating digestion products were sequenced on an
automated ABI 3100 Genetic Analyzer.

Question 2: What are the main advantages and limita-
tions of complete gene sequencing compared to muta-
tion scanning methods?

Question 3: What is a major concern when designing
primers for molecular testing of highly polymorphic
and duplicated genes?
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Fig. 6.2 Genetic Analysis of a
PKD1 exon 22 by

SURVEYOR WAVE
HS-Sequencing. Surveyor

digested PCR products of

exon 22 were separated on

the WAVE HS system using

the non-denaturing sizing
application. (a) Digested

50bp

100bp

150bp 200bp 250bp  300bp

Digested
Undigested

patient samples, an uncut

control and a size marker of

50 bp; the stars indicate the

specific digested peaks. b
(b) Sequencing results from

the SURVEYOR nuclease-

positive samples; the arrow
indicates the location of the

C>T heterozygous change.

(c) The reading frame of the
mutated allele; the bold dot c
indicates a stop codon

Leu lle

Results with Interpretation Guideline

Genetictestingusing SURVEYOR-WAVE-Sequencing
analysis demonstrated two unexpected peaks
(Fig. 6.2a), compared to a normal control sample (not
shown), on the SURVEYOR chromatogram. These
peaks correspond to digested 270 bp PCR products
into approximately 130 and 140 bp fragments, respec-
tively, supporting the presence of a heterozygous muta-
tion in this patient, which was confirmed by sequencing
(Fig. 6.2b). Analyzing the reading frame of the mutated
allele confirms the presence of the previously reported
nonsensemutation, PKD1¢.8095C > T (p.GIn2699Stop)
(reference sequence: PKD1: NM_000296.2). The con-
cordance between SURVEYOR-WAVE analysis and
sequencing results obtained in the repeated testing ver-
ifies that this is, however, a heterozygous nonsense
mutation.

Question 4: How do you explain the discrepant results
between the initial sequencing analysis and the subse-
guent mutation screening and sequencing methods?

Result Interpretation

ADPKD is caused by a heterozygous mutation in
either the PKD1 or the PKD2 gene. Homozygosity
of PKD1 or PKD2 mutations in PKD orthologous
mouse models results in an embryonic lethal phenotype

AV

Ala
Exon 22 of PKD1, ¢.8095C>T (p.GIn2699Stop)

Leu '] Glu

[2, 3]. Therefore, it is unlikely that our patient has a
homozygous germline mutation. Although hypomor-
phic alleles have been reported, the associated pheno-
type tends to differ from typical ADPKD [4]. Additional
DNA testing confirmed the presence of a heterozygous
nonsense mutation in PKD1 exon 22, which causes trun-
cation of polycystin 1, the gene product of PKD1. This
result correlated well with the patient’s phenotype.

Further Testing

Recommended future testing of this patient includes
total kidney volume measurements by magnetic reso-
nance imaging, which reportedly provides prognostic
information regarding the risk of progression of chronic
kidney disease [5]. Genetic testing can be offered to
family members with negative or equivocal renal ultra-
sonography screens, in whom a diagnosis of ADPKD
is uncertain. The role of genetic testing may expand
significantly in the future for early identification of
affected individuals, particularly if effective or preven-
tive therapies are developed [6].

Other Considerations

The diagnosis of ADPKD requires an age-specific cystic
renal phenotype together with a 50% risk of inheritance
determined by a positive family history [7]. These criteria
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were initially defined in patients with PKD1 mutations,
based on the detection of renal cysts by ultrasonography
[8, 9]. The diagnostic sensitivity is ~90% between ages
15-30 years and approaches 100% for older patients.
By contrast, in patients with PKD2 mutations who are
younger than 30 years, renal ultrasonographic criteria
have a sensitivity of only approximately 67% [10]. Renal
CT scans and magnetic resonance imaging techniques
are more sensitive than ultrasonography. However, the
diagnostic performance characteristics of these methods
have not been defined for ADPKD. This often poses a
management issue, especially when considering poten-
tial kidney donors who are at risk for ADPKD. In these
individuals, the merits and limitations of PKD genetic
testing should be considered [9, 11].

Background and Molecular Pathology

ADPKD is the most common inherited kidney disease
inthe USA occurring in approximately 1:1,000 individ-
uals worldwide [12]. It is characterized by an abnor-
mal proliferation of renal tubular epithelial cells, which
manifests as cysts that increase gradually in size and
number, leading to massive kidney enlargement and
progressive decline of renal function. About one-half
of all ADPKD patients reach end-stage renal disease
(ESRD) by the sixth decade, accounting for ~5% of all
individuals requiring dialysis or kidney transplanta-
tion. Extra-renal manifestations of ADPKD, which are
a major cause of morbidity, include polycystic liver
disease and vascular aneurysms [13].

ADPKD is a genetically heterogeneous dominant
disease caused by mutations in two genes: PKD1 (MIM#
601313) located on chromosome 16p13.3 [14], which
accounts for 85% of cases and PKD2 (MIM# 173910)
located on chromosome 4921 [15], which accounts for
the remaining 15% of cases. PKD1 consists of 46 exons
spanning ~52 kb of genomic DNA, encoding a 4,033
amino acid protein [16, 17]. The 5’-end (exons 1-33) of
the gene is duplicated in at least six homologous genes
that show 97-99% homology with PKD1 and signifi-
cantly complicate genetic testing [16]. PKD2 has 15
exons, with a 5.3-kb transcript encoding a 968 amino
acid protein [18]. PKD1 and PKD2 genes encode poly-
cystin 1 (PC1) and polycystin 2 (PC2), respectively.
These transmembrane proteins localize to epithelial
cilia and interact to produce cation-permeable currents
that may be important in mechanoreception [19].

One pathogenic mechanism that has been demon-
strated in ADPKD is the “two-hit” phenomenon, in
which a germline mutation combines with a somatic
mutation within the renal cells to inactivate both PKD
genes [20], leading to loss of function and promoting
cell proliferation and apoptosis, cyst formation, and
chronic kidney disease [21]. Individuals with muta-
tions in PKD1 have a more severe clinical phenotype,
progressing to ESRD on average 20 years earlier than
PKD2 patients. However, the ADPKD phenotype is
characterized by considerable intrafamilial and inter-
familial variability, which has been attributed to vari-
ous mechanisms, including allelic heterogeneity,
modifying genes that are as yet unidentified, and locus
heterogeneity [22].

Genetic testing is useful for diagnosis and progno-
sis of ADPKD, particularly in asymptomatic individu-
als or those without a family history [9]. However, the
PKD genes are highly polymorphic. More than 290
mutations have been described in PKD1 and more than
90 in PKD2 (Human Gene Mutation Database, HGMD,
http://www.hgmd.cf.ac.uk/ac/index.php), the majority
of which are private mutations located throughout both
genes. Currently, definite pathogenic mutations (non-
sense, truncation and canonical splice defects) are
identified in only approximately 60% of the cases.
Comprehensive analyses using computational analysis
tools identified a large number of variants of uncertain
significance that may account for the disease in an
additional 22—-37% of ADPKD patients [23].

Multiple Choice Questions

1. ADPKD disease severity has been primarily attrib-
uted to which of the following genetic variations?
A. Allelic variations
B. Locus heterogeneity
C. Hypomorphic alleles
D. Modifier genes
E. Structural variations

2. A 28-year-old man with a paternal family history
of ADPKD is being evaluated as a potential living-
related kidney donor. Renal ultrasonography of his
kidneys was negative. His father was diagnosed
with bilateral enlarged kidneys with innumerable
cysts, and with liver cysts at age 51 years. His
paternal grandmother was diagnosed with ADPKD
in her 40s and received a deceased donor kidney
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transplant at age 70 years. ADPKD mutation studies

in the father were negative. To exclude ADPKD in

the proband, you would recommend to:

A. Perform linkage analysis studies

B. Reevaluate the family for ADPKD because no
mutation has been identified

C. Recommend using the proband as a donor since
he screened negative by ultrasonography

D. Screen the proband for ADPKD mutations

E. Use a more sensitive renal imaging method such
asMRIlor CT

3. You refer the family above (question 2) for genetic
testing. What are the chances that this family
carries a mutation in PKD1?

A. 25%
B. 50%
C.70%
D. 85%
E. 100%

4. Approximately 5% of the patients with ADPKD
have large gene rearrangements that are missed by
direct sequencing or mutation screening strategies.
The most common method currently used for iden-
tifying dosage changes is:

A. Comparative Genomic Hybridization (CGH)
arrays

B. Fluoresce In-Situ Hybridization (FISH)

C. Multiplex Ligation-dependent Probe Amplifica-
tion (MLPA)

D. Protein Truncation Testing (PTT)

E. Southern blot

5. The contiguous gene syndrome in which both
ADPKD and tuberous sclerosis are clinically mani-
fested is typically due to:

A. Chromosomal deletions involving both PKD1
and TSC2 on 16p13.3

B. Chromosomal duplication of 16p13.3 region

C. De novo mutations in PKD1 and TSC2

D. Germline mutations in PKD1 and TSC2

E. Translocations involving chromosome 16

Answers to Questions Embedded
in the Text

Question 1: In which clinical situations is ADPKD
genetic testing useful?

Genetic testing for ADPKD is useful in young
patients in whom renal ultrasonography or other

imaging modalities may not be conclusive or when the
family history is negative or unknown. Also, genetic
testing is potentially useful during pre-transplant eval-
uation of prospective kidney donors who are at risk for
ADPKD by family history.

Question 2: What are the main advantages and limita-
tions of complete gene sequencing compared to muta-
tion scanning methods?

Direct sequencing is still considered the method of
choice for mutation detection in many laboratories,
because conventional screening methods cannot
detect homozygous changes and may not detect all
sequence variations. However, due to its limited ana-
lytical sensitivity of ~15-20%, sequencing may not
detect low-signal heterozygous changes attributed to
DNA species present at low levels in the reaction,
potentially yielding erroneous results. This is a sig-
nificant concern in acquired genetic diseases such as
leukemias, when small populations of malignant cells
may be circulating.

Question 3: What is a major concern when designing
primers for molecular testing of highly polymorphic
and duplicated genes?

A major concern in PCR primer design is that sin-
gle nucleotide polymorphisms (SNPs) in primer bind-
ing regions may affect the amplification efficiency of
the PCR. Therefore, it is recommended that PCR
primers be designed using specific software that
masks known areas with sequence variation to assure
unique PCR amplification of the gene regions to be
analyzed.

Question 4: How do you explain the discrepant results
between the initial sequencing analysis and the subse-
guent mutation screening and sequencing methods?

The false homozygosity for the nonsense mutation
detected by sequencing was probably caused by allele
drop-out during PCR amplification. Allele drop-out or
pseudo-homozygosity has been well documented and
is likely due to the presence of a SNP in the primer
binding region of one of the two alleles resulting in
lower, or complete lack of, amplification of one allele.
If the allele that can be amplified carries a mutation,
the genotype may appear homozygous [24]. By con-
trast, enzyme-based screening methods are considered
very sensitive (down to 1-5%) for detection of muta-
tions in an impure population of DNA [25].
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Answers to Multiple Choice Questions

1. The correct answer is B.

The main distinction between populations of
patients with PKD1 versus PKD2 mutations is that the
latter is associated with a milder phenotype, including
a later age at diagnosis, decreased prevalence of hyper-
tension, and later onset of ESRD. This distinction may
not be evident for the individual patient because of the
significant clinical heterogeneity of ADPKD.

2. The correct answer is A.

Linkage analysis is used to follow the segregation
of chromosomal markers flanking the disease gene(s)
in family members in whom the clinical status (affected
or unaffected) is known. Using this approach, it is
almost always possible to determine if the at-risk sub-
ject is an obligate carrier without the need to know the
pathogenic mutation. However, this approach requires
several affected and unaffected family members.

3. The correct answer is D.

PKD1 mutations are more common than PKD2
mutations, accounting for approximately 85% of the
cases.

4. The correct answer is C.

MLPA is currently the method of choice for identi-
fication of gross rearrangements (insertions and dele-
tions) in most genes. FISH and array-CGH are currently
lacking the resolution required for identifying small
dosage changes in DNA.

5. The correct answer is A.

Concurrent manifestations of ADPKD and tuberous
sclerosis occur in the contiguous gene syndrome
involving a chromosomal deletion of both PKD1 and
TSC2, which are located in close proximity on chro-
mosome 16p13.3. Patients with this syndrome may
present during infancy with rapid progression to ESRD.
The absence of a family history of ADPKD in these
patients is common as their parents are somatic mosa-
ics, or the disease is caused by a de hovo mutation.
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Fragile X Syndrome

Ruth A. Heim

Clinical Background

Linda Jones was a healthy, 35-year-old lawyer who
was pregnant for the second time. Her first child was a
healthy, now 10-year-old girl. At Linda’s initial prena-
tal visit she discussed fragile X testing with her physi-
cian, having read about it in a popular magazine.
Although Linda’s first child did not have fragile X syn-
drome and there was no history of mental retardation or
autism-spectrum disorders in her family, she requested
carrier screening for fragile X syndrome.

Reason for Molecular Testing

Fragile X syndrome is the most common inherited cause
of mental retardation in males and females and the lead-
ing known single gene cause of autism. Linda’s reason
for fragile X carrier screening was parental anxiety.

Test Ordered

Fragile X expansion mutation analysis was ordered.
Most cases of fragile X syndrome are caused by expan-
sion of an unstable trinucleotide repeat sequence (CGG)
located in the 5'-untranslated region of the FMR1 gene
on the X chromosome. Affected individuals with a full

R.A. Heim

Genzyme Genetics, 3400 Computer Drive,
Westborough, MA 01581, USA

e-mail: ruth.neim@genzymegenetics.com
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mutation have an expansion with more than 200 repeats.
This expansion is methylated by the cell and causes the
gene to be inactivated. Individuals who are carriers of
fragile X syndrome have a gene with 55-200 repeats;
this repeat size range is referred to as the premutation
range. An FMR1 gene with a trinucleotide repeat size
in the premutation range is unstable and, therefore, may
expand to a full mutation as the X chromosome is
passed on to the next generation. Carriers are at risk of
having a child with fragile X syndrome. In rare cases an
individual is a carrier of fragile X syndrome if there is
a loss of an active FMR1 gene because of a point muta-
tion, translocation, or deletion.

Individuals with repeats in the intermediate range of
45-54, or repeats in the normal range of <45, are not
considered to be carriers of fragile X syndrome. Both
intermediate and premutation alleles can be unstably
transmitted from parent to child. However, only pre-
mutation alleles are known to expand to full mutations
in a single generation. An intermediate allele typically
may change by only a few repeats in each generation
and can eventually reach a premutation size. The major-
ity of expansions occur during transmission through a
carrier woman, and the risk of expansion to a full muta-
tion increases as the size of the premutation increases.

Question 1. Is this an appropriately ordered test?

Laboratory Test Performed
The number of CGG repeats in Linda’s FMR1 genes was

determined by amplification of the repeat region using
the polymerase chain reaction (PCR), size fractionation
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of the PCR product by capillary gel electrophoresis,
and fluorescence detection. The methylation status of
her FMR1 genes was determined by restriction enzyme
digestion of extracted DNA using methylation sensitive
enzymes and Southern blot analysis.

Question 2: After PCR analysis, how many repeat
length results are expected?

Question 3: What are the limitations and advantages
of PCR and Southern blot analyses?

Results with Interpretation Guideline

PCR analysis identified 33 CGG repeats, which is in
the normal size range. By Southern blot analysis Linda
had one unmethylated allele in the normal size range
(Fig. 7.1, lane 5). For Southern blot analysis, DNA was
digested simultaneously with the restriction enzymes
EcoRI and the methylation sensitive Eagl. Eagl restric-
tion sites are digested only when they are unmethylated.
InFig. 7.1, the normal methylated (inactive) sequences
are seen as larger bands of approximately 5.2 kb, and
the normal unmethylated (active) sequences are seen
as smaller bands of approximately 2.8 kb.

Question 4. Are the PCR and Southern results consistent?

Result Interpretation

The results indicated that only one FMR1 gene was
present. This was unexpected, based on Linda’s female
sex and phenotype. The laboratory director questioned
the accuracy of the result and initiated an internal
investigation.

Question 5. What steps can be taken by the laboratory
to investigate this apparent discrepancy?

After an internal investigation confirming that only
one FMR1 gene was present in the sample provided,
the laboratory contacted the ordering physician, offer-
ing to test a new sample and recommending cytoge-
netic analysis. The physician sent a new sample from
Linda for fragile X testing, which yielded identical
results. Subsequently, the ordering physician called to
say that, while Linda’s karyotype was normal, by FISH
analysis she had a small deletion on one X chromo-
some that encompassed the FMRL1 region.

Fig. 7.1 Lane 1: Molecular size marker, Lane 2: Control
(female with premutation), Lane 3: Control (female with full
mutation), Lane 4: Male with normal result, Lane 5: Linda’s
result, Lane 6: Linda’s fetus’ result, Lane 7: Female with inter-
mediate result, Lane 8: Female with normal result, Lane 9: Male
with full mutation result

Question 6. Is Linda a carrier of fragile X syndrome?

The interpretation of these results is that Linda is
indeed a carrier of fragile X syndrome. There is a 50%
chance (for each pregnancy) that the X chromosome
with the deletion would be inherited by the next gen-
eration. No FMR1 gene product would be made from
the deleted gene. Based on Linda’s fragile X status,
Linda’s physician sent an amniotic fluid sample for
prenatal fragile X testing.

Question 7: Is amniotic fluid an appropriate specimen
type for prenatal fragile X testing?

Question 8: Is any additional testing required to inter-
pret a prenatal fragile X test result?

PCR analysis of the fetal sample demonstrated one
CGG repeat of 33 and one of 110 (Fig. 7.2). No mater-
nal cell contamination was present. Together with the
fetal Southern blot result (Fig. 7.1, lane 6) this was
consistent with a female fetus having inherited Linda’s



7 Fragile X Syndrome

45

140 280

420 560 700

5400
3600
1800

1l 1 | 1

] L L__a_ — i

0.1

Fig. 7.2 In this electropherogram, the larger peak on the left
corresponds to 33 CGG repeats, and the smaller peak on the
right corresponds to 110 CGG repeats. The difference in peak

normal allele of 33 CGG repeats, and having inherited
a premutation allele of 110 CGG repeats, presumably
from the father. The fetus being female was consis-
tent with results of cytogenetic testing (normal female
fetus, 46, XX). The fetus, therefore, was predicted not
to be affected with classic fragile X syndrome.

Question 8: Should these results alleviate Linda’s
parental anxiety?

Further Testing

No further molecular testing was indicated for this
patient.

Other Considerations

Genetic counseling was recommended to discuss the
implications of these results. Linda’s deletion carrier
status implied that any future pregnancies were at risk
for fragile X syndrome. Linda’s first child was at risk
of carrying a premutation. Other members of her and
her husband’s family were at risk of carrying a fragile
X deletion mutation or a premutation, respectively.
Consultation with a medical specialist was recom-
mended to learn more about the medical implications
of Linda’s fetus’ and her husband’s premutation carrier
status.

Background and Molecular Pathology

Classic symptoms of fragile X syndrome include cog-
nitive and behavioral problems, facial dysmorphism,
connective tissue anomalies, epilepsy, and macro-
orchidism (reviewed in [1]). Fragile X syndrome is the

height is the result of the analysis software flattening larger
peaks on the instrument

most common single-gene cause of autism-spectrum
disorders. Female carriers of premutations (but not full
mutations) are at risk of premature ovarian failure.
Male premutation carriers, and more rarely, female
premutation carriers, are at risk of an age-dependent,
late-onset, progressive neurodegenerative disorder:
fragile X-associated tremor/ataxia syndrome (FXTAS).
Features of FXTAS include progressive cerebellar gait
ataxia and intention tremor, cognitive changes, and
psychiatric symptoms, including anxiety and depres-
sion [1]. Among affected males, earlier ages at onset of
tremor or ataxia are correlated with larger premutation
repeat sizes. In children, premutation carrier status
may be associated with learning difficulties [1].

Fragile X syndrome is caused by transcriptional
silencing of the FMR1 gene, but the pathogenesis of
the disease is not fully understood. Silencing can be
caused by expansions and deletions of the CGG repeat
sequence in the 5'-untranslated region of the FMR1
gene, as well as by point mutations. Expansions are
thought to account for at least 95% of mutations, but
because routine clinical assays typically monitor only
expansions, the relative frequency of the different
mutation types is not yet known [2]. The risk of expan-
sion to a full mutation increases as the size of the pre-
mutation increases, and is virtually certain if the repeat
is larger than 100 [3].

Many psychiatric and neurological symptoms of
fragile X syndrome may be the result of excessive
activity of mGIuR5, a metabotropic glutamate recep-
tor. mGIuR5 was shown to contribute significantly
to the pathogenesis of the disease in mice [4], and a
reduction of mGIuR5 signaling in mice was shown to
reverse some of the symptoms associated with the
syndrome [5]. These findings have therapeutic impli-
cations for fragile X syndrome and autism. Several
clinical trials are currently in progress to assess the
safety and tolerance of mGIuR5 antagonists (e.g., [6]).
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Multiple Choice Questions

1. Which of the following does NOT cause fragile X
syndrome?
A. A deletion of the FMR1 gene
B. A methylated allele of 365 CGG repeats in the
FMR1 gene
C. A methylated full expansion in the 5’-untrans-
lated region of the FMR1 gene
D. A point mutation in the FMR1 gene
E. An unmethylated allele of 185 CGG repeats in
the 5'-untranslated region of the FMR1 gene
2. Which individual is at risk for FXTAS?
A. A female with 54 CGG repeats
B. A female with 374 CGG repeats
C. A male with 54 CGG repeats
D. A male with 156 CGG repeats
E. A male with 450 CGG repeats
3. Which of the following is true of Southern blot
analysis of the FMR1 gene?
A. Analysis is not labor-intensive
B. A small amount of DNA is required
C. Full expansion mutations are typically not detected
D. Mosaic full mutations can typically be detected
E. The number of CGG repeats can be accurately
determined
4. Which of the following is NOT true of PCR analy-
sis of the FMR1 gene?
A. Analysis is faster than Southern blot analysis
B. A small amount of DNA sample is required
C. Females with two CGG repeats of the same size
in the normal range would have the same result
as females with one CGG repeat and an unde-
tectable full mutation
D. The number of CGG repeats can be accurately
determined
E. The upper limit of size detection is typically in
the full mutation range
5. Which of the following is NOT an appropriate clini-
cal indication for fragile X testing?
A. Carrier testing because of a family history of
autism
B. Carrier testing because of a family history of
Turner syndrome
C. Diagnostic testing because of developmental delay
D. Diagnostic testing because of late-onset ataxia
E. Diagnostic testing because of premature ovarian
failure

Answers to Questions Embedded
in the Text

Question 1. Is this an appropriately ordered test?
Parental anxiety alone has not been considered to
be a sufficient basis from which to give informed con-
sent for testing. Therefore, Linda’s physician referred
her to a genetic counselor to learn more about the
genetics of fragile X syndrome. The counselor dis-
cussed the risks and benefits of being tested, in terms
of Linda’s own potential genetic results as well as the
associated potential risks to her fetus, and also dis-
cussed the limitations of testing. After counseling,
Linda continued to request testing. Population screen-
ing for fragile X syndrome was not recommended by
the American College of Medical Genetics in 2005 [7],
in part because of the complex implications of a posi-
tive test result. However, offering fragile X carrier
screening to pregnant women or women considering
pregnancy has become more prevalent [8, 9], and an
increasing number of molecular diagnostic laborato-
ries routinely provide fragile X carrier screening [10].

Question 2: After PCR analysis, how many repeat
length results are expected?

Linda had a previous healthy child and did not have
any features of Turner syndrome. Therefore, she was
expected to have two X chromosomes. Because one
FMR1 gene is expected to be located on each X chro-
mosome, two repeat sizes were expected. In practice,
Linda could have two repeats of the same size or two
different repeat sizes. She could also have more than
two repeat sizes, although this is much less likely.
Possible explanations for having more than two repeat
sizes would include the presence of more than two X
chromosomes, somatic mosaicism for the CGG repeat,
a structural rearrangement of the X chromosome
involving the FMRL1 gene, low-level chromosome
mosaicism, or sample contamination. When more than
two repeat sizes are identified, a laboratory would typi-
cally request a new sample for testing and/or recom-
mend cytogenetic analysis.

Question 3: What are the limitations and advantages
of PCR and Southern blot analyses?

The number of CGG repeats can be accurately
determined by PCR analysis: the number is some-
what more accurate in the lower repeat ranges, and
the upper limit of size detection by PCR is typically in
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the premutation range. Accuracy and detection limits
vary and should be validated by the laboratory. PCR
analysis is faster than Southern analysis and requires
a minimal amount of sample. Southern blot analysis
permits identification of large premutations and full
mutations as well as determination of the methyla-
tion status of the gene. Southern analysis is slower,
more labor-intensive, and requires much more DNA
than PCR analysis. Fragile X testing has been con-
sidered to be most accurate and reliable when both
approaches are used in the laboratory. For a female
with a full mutation undetectable by PCR analysis,
the PCR result looks the same as for a female with
two normal alleles of the same size. Southern blot
analysis is essential for correct interpretation of this
result. Similarly, there is a very small risk of missing
a mosaic full mutation if fragile X screening is per-
formed solely by PCR analysis.

Analytical limitations: Rare point mutations would
be missed by both PCR and Southern analyses. Large
deletions encompassing the whole FMR1 gene could
be missed by PCR analysis but are likely to be seen by
Southern analysis. Genetic variants that interfere with
an amplification primer could prevent amplification of
the FMR1 repeat region, causing allele drop-out and
preventing analysis of that allele by PCR (e.g., [11]).
Other sources of false positive or false negative results
include blood transfusions, bone marrow transplanta-
tion, or laboratory error. The risk of laboratory error
can be minimized by the use of assay controls, effec-
tive quality control systems, and independent confir-
mation of positive results.

Question 4. Are the PCR and Southern results
consistent?

The results are consistent with each other, but are
not consistent with Linda’s sex or phenotype. These
results would typically be seen in males who have one
FMRL1 gene on their single X chromosome.

Question 5. What steps can be taken by the laboratory
to investigate this apparent discrepancy?

Laboratories typically establish investigation proto-
cols to address this type of apparent discrepancy. Some
of the ways a laboratory can perform an investigation
include: (1) Re-examining the original blood tubes to
confirm that the client’s label is correct and includes two
unique identifiers (for example, name and date of birth),
and that the client’s label matches the laboratory’s label.

(2) Re-extracting DNA from all blood tubes received, to
address the possibility that DNA had been extracted
from a tube belonging to a different individual. (3)
Obtaining and testing a new sample, to address the pos-
sibility that the sample received belonged to a different
individual but was labeled with the patient’s name
before receipt by the laboratory. (4) Reviewing all docu-
mentation to address the possibility of a transcription
error. When investigating a possible discrepancy it is as
important to assess pre- and post-analytical processes as
it is to assess analytical processes.

Question 6. Is Linda a carrier of fragile X syndrome?
Yes. Whether the mutation is a deletion or a methy-
lated expansion, the gene product is absent [12].

Question 7: Is amniotic fluid an appropriate specimen
type for prenatal fragile X testing?

Yes. The methylation status of the FMR1 gene as
well as the number of CGG repeats can be accurately
and reliably determined using DNA from amniotic
fluid. Sufficient DNA for PCR analysis can typically
be obtained from amniocytes. However, cultured
amniocytes are typically required to obtain sufficient
DNA for Southern blot analysis. Culturing cells may
add weeks to the testing protocol. The number of CGG
repeats can also be accurately and reliably determined
using DNA from chorionic villus sampling (CVS).
However, methylation may not be complete in placen-
tal (CVS) tissue at 10-12 weeks gestation and may not
reflect methylation status after birth. It can be difficult
to distinguish large unmethylated premutations and
small methylated full mutations in a CVS sample [8].

Question 8: Is any additional testing required to inter-
pret a prenatal fragile X test result?

Maternal cell contamination studies are required to
interpret a fetal result [13]. Knowledge of the fetal sex
can be helpful when interpreting results, but is not
typically required by laboratories. In Linda’s case, in
addition to the fragile X carrier test, her physician had
ordered a fetal karyotype because of advanced mater-
nal age.

Question 9: Should these results alleviate Linda’s
parental anxiety?

Linda is no longer anxious about whether her fetus
has fragile X syndrome, but as a parent she has new
questions to consider, among them: What are the impli-
cations for her new daughter of being a premutation
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carrier? What is her first child’s fragile X status?
Should she test her 10-year-old now or should Linda
wait until her daughter is old enough to choose testing
herself? How will Linda talk to her family about these
results?

Answers to Multiple Choice Questions

a b~ owN P

. The correct answer is E.
. The correct answer is D.
. The correct answer is D.
. The correct answer is E.
. The correct answer is B.
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Malignant Hyperthermia

Raju K. Pillai and Jeffrey A. Kant

Clinical Background

A 17-year-old Caucasian female was admitted for a
minor surgical procedure under general anesthesia.
Fifteen minutes into the procedure, the patient experi-
enced an acute hypermetabolic episode manifested by
hyperthermia (41.6°C), tachycardia (heart rate 250),
and increasing end-tidal carbon dioxide (ETCO,
65 mmHg). The procedure was terminated. A provi-
sional diagnosis of malignant hyperthermia (MH) was
made, and the patient was treated with a loading bolus
of 2.5 mg/kg intravenous dantrolene, an antidote to
MH-triggering agents. Subsequent bolus doses of
1 mg/kg were administered intravenously until the
signs of acute MH abated and the ETCO, normalized.
The patient had an unconfirmed family history of a
similar episode in a maternal uncle.

Question 1: What is your differential diagnosis?
The differential diagnosis of conditions manifest-
ing with clinical features similar to MH includes,
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but is not limited to, hypoventilation, sepsis, hypoxic
encephalopathy, meningitis, intracranial bleed, thyro-
toxicosis, pheochromocytoma, brain injury, neuroleptic
malignant syndrome, serotonin syndrome, contrast-
induced neurotoxicity, anticholinergic syndrome,
cocaine toxicity, amphetamine toxicity, sympathomi-
metic toxicity, drug/alcohol withdrawal, lethal catato-
nia, salicylate toxicity, heatstroke, absorption of CO,
during laparoscopy, and extrapyramidal syndrome.

Reason for Molecular Testing

A sample was submitted for genetic testing to evalu-
ate possible malignant hyperthermia susceptibility
(MHS).

Test Ordered

The test ordered was RYR1 gene-targeted sequence
analysis.

Question 2: Is this an appropriately ordered test?

Genetic linkage studies estimate that more than
50% of MHS cases are associated with the RYR1 gene
on the long arm of chromosome 19 (19913.1) [1, 2].
Susceptibility to MH has also been associated with
five other loci — the DHP receptor on 17q11.2-g24
(MHS2), the alpha-2/gamma subunit of the DHP
receptor on 7qg21-9g22 (MHS3), a locus on 3ql13.2
(MHS4), the alpha-1 subunit of the DHP receptor
(MHSS5), and a locus on 5p (MHSS).
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Laboratory Test Performed

Genomic DNA from this individual was used for
PCR amplification of 18 exons (2, 6, 9, 11, 12, 14,
15, 16, 17, 39, 40, 44, 45, 46, 95, 100, 101, and 102)
in the three regions of the RYR1 gene which, at the
time of assay, had known disease-causing muta-
tions, defined according to criteria of the European
Malignant Hyperthermia Group (EMHG) [3]. The
regions analyzed included the full coding sequence
of each exon as well as exon-intron boundaries, and
varying amounts of adjacent intron sequence, not less
than 25 nucleotides and as much as >200 nucleotides.
Direct sequence analysis of RYR1 PCR amplifica-
tion products was performed in forward and reverse
directions with an automated fluorescence dideoxy
sequencing method using dye-terminator nucleotide
labels (Sanger analysis). The data were analyzed by
at least two independent observers, using both a soft-
ware analysis program (Mutation Surveyor, v3.24) as
well as visual inspection.

Question 3: What are the limitations and advantages
of this approach?

The assay does not detect potential disease-causing
nucleotide changes in unsequenced exons of the RYR1
gene, the RYR1 gene promoter, deep intronic or
extended 3'-untranslated regions of this gene, or in
other genes that may cause malignant hyperthermia.
Sequencing also will not detect larger scale partial
(e.g., whole exon) or full gene deletion mutations.

Results with Interpretation Guideline

During data analysis, the reviewer examines sequence
data on paper printouts or on a computer monitor to
verify the presence of (a) minimal or no background
signal and (b) clearcut peaks and strong signals for
each of the four dideoxynucleotides. Satisfactory
sequence should be observed over the full length of
the region of interest sequenced. Areas within the
sequence which demonstrate “broad” signal peaks of
one dideoxynucleotide color are thought to represent
“dye blobs”; the normal sequence can typically be
“read” below the dye blob. Heterozygous nucleotide
substitutions will typically result in a “non-call”
(“N™) by base-calling software used with primary
sequence tracings. Such a non-call results from the

overlap of different signals from two nucleotides.
Occasionally, base-calling software will not make
this call although a heterozygous change is obvious
from visual inspection. However, in the laboratory
where our patient was tested, the experience is that
Mutation Surveyor will almost always detect such
changes even if missed by the other base-calling
software.

Sequence variants (heterozygous or homozygous)
are compared with known databases (e.g., dbSNP,
locus-specific databases; see reference [4]) and labora-
tory experience to make a preliminary judgment
whether they are likely to be benign polymorphisms,
pathogenic mutations, or variants of uncertain signifi-
cance (VUS). One potentially pathogenic sequence
change was identified, and confirmed in the opposite
direction in this patient’s sample (Fig. 8.1). A straight-
forward interpretation of this result might Dbe:
“A  heterozygous previously unreported DNA
sequence variant of unknown significance (c.6343G >
A, p.Glu2115Lys) was identified in exon 39 of the
RYR1 gene.” This is a category 3 variant according to
American College of Medical Genetics (ACMG) crite-
ria. Formally, missense variants of any type that have
not been previously reported are classified as category
3 nucleotide sequence variations according to recom-
mended ACMG criteria [4], i.e., “may or may not
cause disease.” Category 3 variants are sometimes
referred to as variants of uncertain significance (VUS),
and conservative interpretation is recommended.
Additional approaches to further evaluate such changes
for possible pathogenicity are discussed under “Other
considerations.”

In addition, comparison to the reference sequence
revealed three individual nucleotide sequence changes
of varying frequency in control populations that were
also identified bidirectionally and interpreted as benign
polymorphisms. These included:

1. Heterozygous ¢.1668A>G (p.Ser556Ser), exon 15,
rs2288888

2. Heterozygous ¢.1672+29C > G, intron 15,
rs2288889

3. Heterozygous ¢.14646+113C>T, intron 101,
rs7254175

Note: an “rs” number, sometimes known as a reference

SNP ID, is a cataloging number assigned by dbSNP to

uniquely identify a particular reported nucleotide

change, often accompanied by population frequency

data.
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Fig. 8.1 Exon 39: region of
concern. The forward (top)
and reverse (bottom)
sequencing reactions

are shown. Note the
heterozygous variant (A/G in
forward and T/C in reverse)
at the identical nucleotide
position. Although visually
obvious, the sequence
base-calling software does
not indicate a “non-call” at
either position. Mutation
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Result Interpretation

Question 4: Is this sequence change pathogenic?

VUS are, not surprisingly, likely to be frustrating
for both clinician and patient, and it is important in pre-
test counseling and acquisition of informed consent
that the patient and/or family understand the possibility
that such a result may be obtained. For this reason, the
clinician may wish to involve a genetic counselor or
medical geneticist in the pre-test evaluation and in
post-test disclosure meetings with the patient.

In the case of MH, a “gold standard” functional
assay for MHS, the caffeine-halothane contracture test
(CHCT) is available to independently assess MHS
status. Because the CHCT involves travel to a biopsy
center, invasive direct muscle biopsy, and a cost that is
10-15 times as high as genetic analysis, it is not
uncommon for patients to first pursue genetic testing.

Taking into account such factors, a more extended
interpretation for this patient might read as follows:

“Whereas this nucleotide change leads to a
non-conservative amino substitution which also
demonstrates evolutionary conservation across a
range of species from human to zebrafish, it is pre-
dicted to likely not affect protein function using

two research-based calculation models, SIFT and
Polyphen. Moreover, the substitution score using a
BLOSUM 62 matrix is neither negative nor positive.
Hence, it should still be regarded as of uncertain sig-
nificance. Of interest, a single example of substitu-
tion to asparagine has also been demonstrated at this
position in one other pedigree evaluated for MHS in
our laboratory but not in over 100 controls. Genetic
testing to assess segregation of the p.Glu2115Lys
variant in MHS-affected (if any) or unaffected rela-
tives might be of value. More definitive functional
contracture testing to assess MHS status as well as
the possible pathogenic significance of this variant
should be considered if clinically warranted.”

Further Testing

Further genetic testing of other affected members in a
family may help to understand the significance of
previously unreported sequence variants. In the case of
MHS, it is the exception for samples submitted for
analysis to come from such pedigrees. Failure to co-
segregate suggests that the suspect VUS is not likely to
cause disease, although co-segregation data must be
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interpreted with caution because variants which are
not disease-associated have a one in two probability of
“chance” passage to the next generation.

MHS can typically be identified in patients using the
CHCT which involves a muscle biopsy followed by
in vitro testing at a series of different caffeine and halot-
hane concentrations. All diagnostic centers in North
America follow the protocol for in vitro testing pub-
lished by the North American Malignant Hyperthermia
Group [5]; a slightly different protocol using halothane
only is performed in European centers. The halothane
and caffeine contracture tests are done in triplicate. An
abnormal response in any muscle strip is considered
diagnostic for MHS. An abnormal muscle contracture
response is defined as one of the following:

(a) Halothane contracture test: 0.2-0.7 g contracture
after exposure to 3% halothane for as long as
10 min

(b) Caffeine contracture test: >0.2 g contracture at
2 mM caffeine, or a >7% increase in tension com-
pared with maximal tension generated at 32 mM
caffeine

Contracture testing has a high sensitivity (>95%), thus
negative results generally rule out a diagnosis of MHS
[6]. A few individuals with known causative MH muta-
tions have a negative CHCT, and anesthetic management
should consider the clinical features that prompted test-
ing as well as genetic testing results. False positive results
have been reported in up to 22% of patients [7].

Other Considerations

As widespread DNA sequencing becomes available,
even to the point of whole genome sequencing, inter-
pretation of VUS will constitute a significant challenge
for laboratorians [8]. The first question to be addressed
is whether the variant, in fact, has been previously
reported as a polymorphism or a pathogenic mutation.
The largest repository of single nucleotide polymor-
phisms is dbSNP (http://www.ncbi.nlm.nih.gov/proj-
ects/SNP/), which is hosted by the National Center of
Biotechnology Information. The HapMap project is a
multi-country effort to identify and catalog genetic
similarities and differences in human beings (http://
hapmap.ncbi.nlm.nih.gov/). In the initial phase of the
HapMap project, genetic data are being gathered from
four populations with African, Asian, and European
ancestry, and the data will be available in dbSNP.

These two databases are very helpful to assess whether
a variant has been previously reported and, when avail-
able, its frequency in other ethnic groups.

Many Internet databases have been constructed to
catalog known mutations affecting specific genes. The
Cardiff Human Gene Mutation Database (www.hgmd.
cf.ac.uk) and Online Mendelian Inheritance in Man
(OMIM) (www.ncbi.nlm.nih.gov) are central muta-
tion databases. Locus-specific databases such as the
European Malignant Hyperthermia Group (EMHG)
database on RYR1 mutations concentrate on specific
genes or diseases. The EMHG database currently lists
30 causative RYR1 mutations (and 74 non-pathogenic
variants) as of June 2010 (http://www.emhg.org/nc/
genetics/mutations-in-ryrl/). The listing of variants as
mutations in such databases and their subsequent with-
drawal upon further study is not unheard of, so evalu-
ation of the supporting data and interpretative caution
is prudent.

In general, it is desirable to demonstrate a “disease-
causing” variant in two or more independent families,
and segregation data add further credibility.

Variants that have not been documented in the
literature can also be assessed using a range of phy-
logenetic, biophysical, and structural techniques. If
an amino acid residue in a peptide sequence is con-
served among a wide range of evolutionarily diverse
species, it is more likely to be functionally important.
The NCBI Homologene tool (www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=homologene) can be used to
examine sequence alignments of the same gene from
different species. The BLOSUM (Blocks of Amino
Acid Substitution Matrix) matrices are based on local
alignments of amino acid sequences. A log-odds score
is calculated for each of the possible substitutions of
the standard 20 amino acids and provides an estimate
of their substitution probabilities.

The significance of a variant depends on the protein
domain and its role in protein function. Differences in
biophysical properties of substituting amino acids can
be assessed by the Grantham score, which is derived
from volume, polarity, and side chain composition of
the amino acid [9]. Grantham variation (GV) is a quan-
titative measure of the observed range of variation at a
position in a multiple sequence protein alignment, and
Grantham Deviation (GD) is a quantitat