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Germline mutations in mismatch repair genes predis-
pose patients to Lynch Syndrome and the majority of
these mutations have been detected in two key genes,
MLH1 and MSH2. In particular, about a third of the
missense variants identified in MLH1 are of unknown
clinical significance. Using the PeakPicker software
program, we have conducted a proof-of-principle
study to investigate whether missense variants in
MLH1 lead to allelic imbalances. Lymphocyte RNA
extracted from patients harboring known MLH1 vari-
ants was used to quantify the ratio of variant to wild-
type transcript, while patient lymphocyte DNA was
used to establish baseline allelic expression levels.
Our analysis indicated that the missense variants
c.350C>T, c.793C>T, and c.1852_1853AA>GC, as
well as the truncating variant c.1528C>T were all as-
sociated with significantly unbalanced allelic expres-
sion. However, the variants c.55A>T and c.2246T>C
did not demonstrate an allelic imbalance. These re-
sults illustrate a novel and efficient method to inves-
tigate the pathogenicity of unclassified genetic vari-
ants discovered in mismatch repair genes, as well as
genes implicated in other inherited diseases. In addi-
tion, the PeakPicker methodology has the potential
to be applied in the diagnostic setting, which, in
conjunction with results from other assays , will
help increase both the accuracy and efficiency of
genetic testing of colorectal cancer , as well as other
inherited diseases. (J Mol Diagn 2010, 12:757–764; DOI:
10.2353/jmoldx.2010.090240)

Lynch syndrome or hereditary nonpolyposis colorectal
cancer (HNPCC; MIM 120435), which accounts for about
2% of all colorectal cancer cases, is one of the most

common cancer predisposition syndromes. Those af-
fected have about an 80% lifetime risk of developing
colorectal cancer.1 In addition, malignancies of the en-
dometrium, skin, bladder, ovaries, kidney, and small in-
testine are also associated with this syndrome.

Lynch syndrome is an autosomal dominant condition
that is characterized by germline mutations in mismatch
repair (MMR) genes. The MMR system is a postreplica-
tive DNA repair system that recognizes and repairs base-
base mismatches and insertion/deletion loops that occur
during DNA replication and escape the proofreading ac-
tivity of the DNA polymerases. MMR proteins have also
been implicated in signaling DNA damage and apopto-
sis. Germline mutations of the MMR genes MLH1 (MIM
120436), MSH2 (MIM 609309), PMS2 (MIM 600259),
PMS1 (MIM 600258), and MSH6 (MIM 600678) have
hitherto been implicated in Lynch syndrome. However,
about 90% of all known mutations are found in the two MMR
genes MLH1 and MSH2,2 which appear to play essential
and nonredundant functions of the MMR system.

Tumors with defective MMR function are characterized
by expansion/contraction of the microsatellite regions,
leading to microsatellite instability (MSI), a hallmark fea-
ture seen in about 85% of Lynch syndrome tumors.3

Individuals diagnosed at a younger than average age
and/or with familial clustering of colorectal or other Lynch
syndrome-associated cancers are generally referred to
predictive genetic testing programs. Here, MSI testing is
carried out on tumor DNA, which acts as a surrogate
marker of defective MMR function. Typically, immunohis-
tochemistry (IHC) is also performed to assess if MMR
protein expression is lost. Although MSI testing is a ro-
bust assay of MMR activity, it is not a universal indicator
of pathogenicity as it is possible for mutations to affect
other functions of the MMR pathway.4 Similarly, indication
of protein deficiency by IHC does not definitively link the
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genetic alteration to the loss of protein expression. Addi-
tionally, some tumors show equivocal staining patterns
with intermediate levels of expression, which cannot be
clearly distinguished by IHC. Furthermore, methylation of
the MLH1 promoter leads to the MSI phenotype and the
loss of MLH1 expression in about 15% of all sporadic
colorectal cancers.5,6 Thus, to confirm the presence of
Lynch syndrome, the MMR genes of the individuals with
MSI tumors are screened for germline mutations. Similar
to the other MMR genes, diverse sequence variants,
including nonsense, missense, splice site, and frameshift
mutations, have been reported throughout the coding
region of the MLH1 gene. Many of these mutations are
catalogued in the LOVD and MMR Variant Databases
(http://chromium.liacs.nl/LOVD2/colon_cancer/home.php
and http://www.med.mun.ca/MMRvariants, last accessed
April 26, 2010).7 About 24% of mutations detected in
MLH1 are missense substitutions.7 The majority of these
missense variants are of unknown clinical significance,
which are referred to as unclassified genetic variants or
variants of uncertain significance. Given that the diagno-
sis of Lynch syndrome relies primarily on the identifica-
tion of germline defects in the MMR genes,8 detecting
these unclassified genetic variants creates much ambi-
guity in the clinical setting, as the pathogenicity of these
variants cannot be readily ascertained.

On detection of missense variants, several strategies
are used to characterize their pathogenic significance.
These include linkage analysis, association studies, com-
putational prediction tools and functional assays, each
with specific strengths and limitations.8–14 Linkage anal-
yses is often the most straightforward way to determine
the relationship between the disease phenotype and the
segregation of the variant, but is often not feasible due to
smaller family sizes or unavailability of samples from
relevant family members. Computational programs, while
helpful in classifying novel variants in the clinical setting,
are limited in their predictive value unless a panel of such
programs are used.15 However, at present it is important
to use a combination of in silico and experimental strate-
gies until improved models of prediction become avail-
able. We and other groups have attempted to devise in
vitro assays to characterize the pathogenic and func-
tional significance of MLH1 variants. A common ap-
proach is to create these alterations in vitro by site-di-
rected mutagenesis, after which these constructs are
used to assay expression, MMR function or protein sta-
bility.10,12–14,16 However, this approach requires a con-
siderable investment of time and effort and cannot be
routinely performed in a clinical diagnostic service.

Determining unbalanced allelic expression offers an
alternative method of investigating the pathogenic nature
of a variant. Several studies in other genes have demon-
strated that single nucleotide substitutions are capable of
altering the levels of messenger RNA (mRNA) tran-
scripts.17,18,19 Furthermore it has been proposed that
such cis-acting functional variants can affect transcrip-
tion, mRNA processing and mRNA stability.18 We have
conducted a proof-of-principle study to investigate
whether missense variants in MLH1 lead to an allelic
imbalance by measuring levels of transcript present in

lymphocytes of individuals carrying the variants c.55A�T
(p.I19F), c.350C�T (p.T117M), c.793C�T (p.R265C),
c.1528C�T (p.Q510X), c.1852_1853AA�GC (p.K618A),
and c.2246T�C (p.L749P), using the PeakPicker method.

Materials and Methods

Selection of Patients and Families

These probands were referred to the Molecular Genetics
Laboratory as part of the Provincial Cancer Genetics
Program for the assessment of the possible diagnosis of
Lynch syndrome. Predictive genetic testing was offered
to clinically affected and at-risk subjects, with pre- and
post-test genetic counseling as described previously.20

In addition to complete follow-up information, clinical and
histopathological data were collected retrospectively on
all affected patients. Informed consent was obtained from
all subjects and all studies were performed according to
guidelines of the Ethics Committee of the University of
Toronto.

Overview of Diagnostic Strategy and
Identification of MLH1 Variants

The variants chosen for this study were identified in pa-
tients that were screened through the Ontario Predictive
Genetic Testing Program at Mt. Sinai Hospital, Toronto,
Canada based on a series of predetermined referral cri-
teria. This program screens individuals presenting with
either a family history of colorectal cancer, and/or those
who develop tumors at a young age of onset (�50).
Genetic screening is initiated by performing MSI testing
and IHC for the MMR proteins on tumor specimens when
available. This is followed by germline mutation testing on
lymphocyte DNA. Initially, multiplex ligation-dependent
probe amplification is performed to detect large genomic
deletions and duplications in the MMR genes. If such
changes are not detected, germline DNA is screened by
sequencing the MLH1 and MSH2 genes, guided by MSI/
IHC results of patient tumors. Through this program, we
have identified many established and novel germline mu-
tations, as well as several unclassified variants.

Microsatellite Instability and Immunohistochemistry

MSI testing and IHC analysis for MMR proteins were
performed as described previously.21 Matched normal
and tumor DNA were assessed using a panel of five
microsatellite markers as recommended by the National
Cancer Institute.22 These include mononucleotide BAT25
and BAT26 and dinucleotide D2S123, D5S346, and
D17S250 microsatellite markers. Each case was desig-
nated as either microsatellite unstable (MSI-H; �30%
markers unstable), MSI-low (MSI-L; �30% markers un-
stable), or microsatellite stable (MSS; no unstable mark-
ers). IHC analysis of the respective MMR proteins was
performed on formalin-fixed, paraffin-embedded tissues.
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Based on the protein expression status, tumors were
classified as deficient or intact for the MMR proteins.

DNA Extraction and Mutation Detection

Blood samples were obtained from patients and lympho-
cytes were isolated using NH4Cl–Tris. DNA was ex-
tracted from lymphocytes using the Qiagen (Missis-
sauga, ON, Canada) or saturated salt-out method as
described previously.23 DNA from patients, whose tu-
mors showed deficiency for a MMR protein, was sub-
jected to exon by exon sequencing of genomic DNA to
screen for alterations in MLH1 and MSH2 on an ABI 377
DNA Sequencer (Applied Biosystems, Foster City, CA).
Sequence information of the coding region was derived
from RefSeq NM_000249.2 (MLH1), NM_000251.1
(MSH2). PCR conditions and primer sequences are avail-
able on request.

RNA Extraction and cDNA Synthesis

RNA extraction was performed using TRIzol according to
the manufacturer’s protocol (Invitrogen Life Technolo-
gies, Burlington, ON, Canada). The RNA was then treated
with DNaseI for 30 minutes using the RNase-Free DNase
set (Qiagen), which allows for digestion of DNase before
purification using the RNeasy MinElute kit (Qiagen). Re-
verse transcription PCR was performed according to
standard techniques as described before,23 and cDNA
was generated in triplicate from each RNA sample to
minimize variation that may be introduced during the
process of reverse transcription.

PeakPicker Analysis

Primer Design and PCR

Primers were designed to amplify the exonic regions
flanking the variant of interest so as to allow the same pair
of primers to be used for the amplification of both the
genomic DNA (gDNA) and cDNA to ensure unbiased
amplification. PCR products were then visualized on an
ethidium bromide/agarose gel to verify the presence of
product. PCR products were treated with 5 units of
Shrimp Alkaline Phosphatase (USB Corporation, Cleve-
land, OH) and 2 units of Exonuclease I (USB) per 15 �l of
PCR product for 37°C for 1 hour to remove unincorpo-
rated dNTPs and excess amplification primers. The en-
zymes were then deactivated by incubating at 75°C for
15 minutes.

Sequencing and PeakPicker Analysis

High sensitivity sequencing was carried out as de-
scribed before using 0.5 �l of Big Dye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems) with 2 �l of
PCR product, 1.75 �l of 5� sequencing buffer, and
10pmol of sequencing primer in a 10 �l reaction using the
manufacturer’s protocol.24 The products were separated
on an Applied Biosystems 3130XL DNA analyzer. Se-

quencing was carried out with both the forward and
reverse primers whenever possible, unless the variant
was located too close to the primer binding site.

The PeakPicker software was developed by Ge et
al,24,25 for quantitative allele ratio analysis. This software
is publicly available at http://genomequebec.mcgill.ca/
publications/pastinen/, last accessed April 1, 2010. It re-
lies on multiple alignments of sequence traces generated
by high sensitivity sequencing. The reference sequence
(gDNA) is used to select the peaks that represent the
single nucleotide polymorphism or variant, as well as
control peaks. The program then identifies single nucle-
otide polymorphism and control peaks in all sequences,
and analyzes the peaks in parallel. The allelic ratio of the
gDNA samples are set to 1 as no allele specific expres-
sion is expected. However, by concurrently analyzing the
gDNA sample in triplicate, we were able to increase the
accuracy of this normalization. A file with single nucleo-
tide polymorphism allele ratios normalized to gDNA peak
heights is generated as the output of this program. Allelic
ratios were calculated by dividing the peak height of the
variant allele by that of wild-type allele. Three indepen-
dent PCR and sequencing reactions were carried out
from each gDNA and RNA (one reaction from each inde-
pendent cDNA) sample and a two-tailed Student’s t-test
was used to assess statistically significant differences in
allelic expression.

Allele-Specific (Asymmetric) PCR

Allele-specific PCR was carried out determine the vari-
ant allele that was in linkage with the each of the alleles
of the c.655A�G (p.I219V, rs1799977) polymorphism.
Primers were designed to amplify the exonic regions
surrounding the variant and the c.655A�G polymorphism
in the MLH1 gene. Differential amplification of alleles was
achieved by designing two unique reverse primers that
contained either of variant bases at its 3� end. Given the
stringent requirement for complementarity at this loca-
tion, this allowed us to preferentially amplify each of the
two alleles separately. PCR was then carried out as de-
scribed above using a common forward primer, except
that up to twice as much reverse primer was used as
forward primer to ensure successful amplification of the
product. PCR products were then purified with Shrimp Al-
kaline Phosphatase and Exonuclease and sequenced us-
ing the Applied Biosystems 3130XL DNA analyzer.

In Silico Analysis of Effect on Splicing

We used the computational programs NNSPLICE (http://
www.fruitfly.org/seq_tools/splice.html, last accessed April 13,
2010.) and GeneScan 1.0 (http://genes.mit.edu/GENESCAN.
html, last accessed April 13, 2010.) to determine the predicted
effect of the splice sitemutation. Default settingswere used for
all programs.
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Results

In this study we determined the allelic expression of
MLH1 in lymphocytes obtained from individuals carrying
missense variants c.55A�T, c.350C�T, c.793C�T,
c.1852_1853AA�GC, c.2246T�C, and the truncating
variant c.1528C�T in MLH1. Genomic DNA (gDNA) was
used as a reference to establish baseline levels of ex-
pression, and cDNA generated from three independent
reverse transcription reactions was used to measure
mRNA transcript levels. Identical primer pairs were used
to PCR amplify the region surrounding the variant in both
gDNA and cDNA samples, followed by high sensitivity
sequencing of the amplicons. The sequence information
was then analyzed using the PeakPicker program. This
program quantifies peak heights of the polymorphic
bases and uses this information to compute their relative
abundance in the sample (Figure 1). As a component of
this step, this program compares the heights of adjacent
peaks to control for the efficiency of the sequencing
reaction. The ratio of the variant bases is set to 1 in the

gDNA samples and the heights of the peaks are normal-
ized to the values derived from gDNA. The allelic ratio is
computed by dividing the average expression of variant/
wild-type allele in cDNA by the average expression of
variant/wild-type allele for the gDNA samples. In accor-
dance with previously published studies, we set �0.5 as
a threshold value below which allelic ratios were consid-
ered abnormal.26,27 This ratio corresponds to a situation
where twice as much wild-type transcript is present com-
pared to the transcript carrying the variant base in the
patient’s cDNA.

By exonic sequencing, we identified the missense vari-
ant c.55A�T in exon 1 of an individual who developed
endometrial cancer at the age of 47 (case 1). PeakPicker
analysis demonstrated that the allelic ratio of the variant/
wild-type allele was 0.85 (P � 0.564), which was not
found to be statistically significant when assessed using
a two-tailed Student’s t-test. The clinicopathological vari-
ables relating to each case are summarized in Table 1.

Case 2 presented for at-risk testing and is a carrier of
the c. 350C�T variant, which occurs in exon 4. Her father
(the proband) was diagnosed with MSI-H, MLH1 deficient
adenocarcinoma of the colon and was found to carry c.
350C�T. However, his lymphocyte DNA and RNA was
not available for analysis. This variant led to an allelic ratio
of 0.19 (P � 0.015). Case 2 was also heterozygous for the
c.655A�G (p.I219V) polymorphism. We therefore reana-
lyzed this case using a primer set that flanked this poly-
morphism to rule out the possibility that the observed
allele ratio was primer specific. When PeakPicker analy-
sis was carried out using primers that flanked this poly-
morphism in exon 8 of MLH1, the allelic ratio was found to
be 0.07(P � 0.0004), which is in agreement with the
results obtained using primers that flank the variant in
exon 4.

The variant c.793C�T, which occurs in exon 10 was
detected in an individual who developed colorectal can-
cer at age 55(case 3). Given the location of this substi-
tution in the third nucleotide at the beginning of the exon,
it was not possible to use identical primers to amplify the
region surrounding this variant from both gDNA and
cDNA. However, case 3 was heterozygous for the
c.655A�G polymorphism, which enabled us to use prim-
ers flanking this region to assay its allelic ratio. Using
allele-specific PCR we were able to show that c.655A

Case 6
c.2246T>C

Case 5A
c.1852_1853AA>GC

gDNA cDNA

 

 

 

 

 

A B

C D

Figure 1. Representative chromatograms for cases 5A and 6. The left panels
(A and C) indicate genomic DNA (gDNA) and the right panels (B and D)
indicate complementary DNA (cDNA). Case 5A demonstrates decreased
levels of the variant (GC) allele relative to the wild-type (AA) allele, while
case 6 shows no change in the levels of the variant (C) allele relative to the
wild-type (T) allele. Arrows highlight the heterozygous peaks. Both chro-
matograms shown were generated using the respective forward primer.
(Blue: C, Green: A, Red: T, Black: G).

Table 1. Summary of Allelic Ratios and Clinical Characteristics

Case Alteration
Predicted effect

on protein
Normalized
allelic ratio Clinical diagnosis

MLH1 IHC
status

Tumor
MSI status

1 c.55A�T Ile19Phe 0.85 Endometrial cancer at 47 ND ND
2 c.350C�T Thr117Met 0.19*,0.07*† At-risk testing‡ N/A N/A
3 c.793C�T Arg265Cys 0.50*† CRC at 55 Deficient MSI-H
4 c.1528C�T Gln510Ter 0.38* CRC at 42 Deficient MSI-H
5A c.1852_1853AA�GC Lys618Ala 0.05*,0.13*† Small bowel cancer at 34 Intact MSI-H
5B c.1852_1853AA�GC Lys618Ala 0.50* At-risk testing N/A N/A
6 c.2246T�C Leu749Pro 1.02 CRC at 24 Intact MSI-H

IHC, immunohistochemistry; MSI-H, microsatellite instability-high; ND, not determined (no access to tumor sample); CRC, colorectal cancer; N/A,
not applicable.

*Indicates statistically significant values as determined by two-tailed Student’s t-test. †Indicates analysis carried out using primers that flank the
common MLH1 polymorphism c.655A�G. ‡Case 2’s father (the proband) carried the same variant and presented with a MLH1-deficient MSI-H tumor,
but his DNA/RNA was not available for analysis. Cases 5A and 5B are members of the same kindred.
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occurs on the wild-type allele (c.793C, results not
shown). PeakPicker analysis demonstrated that this vari-
ant led to an allelic ratio 0.5 (P � 0.025).

Case 4 was diagnosed with colorectal cancer at the
age of 42. Exonic sequencing indicated that this individ-
ual carries the nonsense mutation c.1528C�T in exon 13
of MLH1. This mutation led to an allelic ratio of 0.38 (P �
0.0023).

The MLH1 variant c.1852_1853AA�GC was the only
genetic alteration discovered in a proband that devel-
oped small bowel cancer at the age of 34 years (Case
5A). This variant represents a two nucleotide substitution
in exon 16 of MLH1. PeakPicker analysis revealed that
the proband’s allelic ratio was reduced to 0.05 (P �
0.0009) (Figure 1, A and B). This proband was also
heterozygous for a common MLH1 polymorphism
c.655A�G (where c.655A occurs on the wild-type allele).
Using primers that flank this polymorphic region the
MLH1 allelic ratio was determined to be 0.13 (P �
0.0004), confirming our previous finding. This proband’s
father (case 5B), who presented for at-risk testing, is also
a carrier of c.1852_1853AA�GC variant. By PeakPicker
analysis case 5B’s MLH1 allelic ratio was demonstrated
to be 0.5 (P � 0.0135). In keeping with the results from
case 5A, this variant appears to be associated with an
allelic imbalance. However, as this individual was not
heterozygous for the c.655A�G polymorphism we were
unable to repeat the analysis as with case 5A.

The c.2246T�C variant was discovered in a pro-
band that developed colorectal cancer at the age of 24
(case 6). This variant occurs in the final exon (19) of
MLH1 and led to an allelic ratio of 1.02 (P � 0.8253,
Figure 1, C and D).

Discussion

The discovery of a predisposing mutation in Lynch syn-
drome families and the concomitant increase in surveil-
lance has been shown to significantly reduce mortali-
ty.28,29 Therefore it is of paramount importance to classify
the pathogenicity associated with unclassified variants to
determine their role in cancer predisposition. PeakPicker
provides a relatively rapid and robust method of differ-
entiating potentially pathogenic variants that lead to un-
balanced allelic expression. Furthermore, no specialized
tools or complex technical skills are required to perform
this analysis, thus this technique has the potential to be
implemented in a diagnostic setting for the routine as-
sessment of unclassified genetic variants.

The c.55A�T variant has been reported in two previ-
ous independent studies; however, no functional studies
have been carried out to-date.30,31 Although PeakPicker
analysis demonstrated that this variant generated an al-
lelic ratio that was less than 1, this value was not found to
be statistically significant. In this study, we considered an
allelic ratio �0.5, combined with statistical significance to
be indicative of altered allelic expression/stability. A pre-
vious study documented that the normal range of allelic
variation in MLH1 is between 0.81 and 1.23,32 which is in
line with our interpretation that this variant is not associ-

ated with altered allelic expression/stability. It is possible
that some genetic variants may only mildly affect mRNA
levels and thus lead to intermediate allelic ratios (1 to
0.5). The accurate interpretation of these variants in the
clinical setting will require that the arbitrary cut off estab-
lished in this study be considered in the light of other
available evidence (ie, MSI/IHC information of the pro-
band’s tumor). In this case, we did not have supplemen-
tary data from MSI and IHC. However, we observed
expression levels comparable to that of wild-type MLH1
protein by in vitro expression assays (Perera, S and
Bapat, B, unpublished data). Thus, taken together these
observations suggest that altered mRNA expression/sta-
bility is unlikely to be the mechanism by which this variant
mediates its pathogenicity, but highlights the utility of
PeakPicker analysis in cases where incomplete clinical
information is present.

Based on phylogenetic, structural and functional evi-
dence, as well as segregation data, the c.350 C�T vari-
ant is considered to be a deleterious mutation.33 This
variant has been shown to affect the efficiency of MMR
function by several studies.34,35 Results from our study
that indicates that this variant is associated with unbal-
anced allelic expression, further supports these findings.
However, by conversion analysis technology this vari-
ant did not show decreased allelic expression.8 While
this may be due to the differences between these two
methodologies, another possibility is that other unique
genetic influences may have led to the different allelic
profiles observed in the two individuals.

The c.793C�T variant has been reported to lead to
reduced MMR efficiency in several assays.34–37 Further-
more, in a previous study using pulse chase assays and
cycloheximide treatments, we were able to show that this
variant decreased the stability of the MLH1 protein.14

This variant has also been associated with abnormal
splicing, with two independent studies demonstrating
that it induced partial skipping of exon 10.33,38 Given its
proximity to the intron–exon border, this highlights the
role of cis-acting elements in flanking sequences in reg-
ulating splicing and defining exons. Our study indicates
that this variant is associated with an allelic imbalance.
Interestingly, conversion analysis also indicated that this
variant decreased the expression of the variant allele.8

Despite the distinctions between the two assays, these
similar findings provide evidence of the sensitivity and
accuracy of the PeakPicker methodology.

Previous functional studies carried out with the
c.1852_1853AA�GC variant have produced conflicting
pieces of evidence regarding its pathogenicity,10 making
it difficult to ascertain if c.1852_1853AA�GC is a patho-
genic or benign variant. In a previous study we demon-
strated that the c.1852_1853AA�GC variant drastically
decreases the stability of the MLH1 protein.14 However,
these assays are time consuming and therefore not prac-
tical to be applied to the clinical setting. Furthermore,
results from in vitro findings do not always mirror the effect
of the variant in vivo. The results of the PeakPicker anal-
ysis demonstrate that this substitution is associated with
decreased expression/stability of the variant allele in the
individual’s lymphocyte RNA. The differential effect we
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see in these two family members could be attributed to
unique genetic background or environmental exposures
that might have influenced the levels of MLH1 transcribed
or the stability of this transcript. However, it is not possi-
ble to rule out if the unbalanced allelic expression profile
we observed is the result of a hitherto undiscovered
mutation that lies in regulatory regions or deep within
intronic regions that is in linkage with the variant allele.

The c.2246T�C variant lies within the c-terminal ho-
mology domain that is thought to be important in stabi-
lizing the interaction between MLH1 and PMS2,39 and
while this variant has been previously reported, no func-
tional studies have been done to date.40–42 Previous
studies carried out in our laboratory have demonstrated
that another missense variant affecting the same nucle-
otide, MLH1 c.2246 T�A, did not affect protein expres-
sion or stability but showed decreased efficiency of het-
erodimerizing with PMS2.14 Given our finding that this
variant is not associated with an allelic imbalance, it is
likely that this variant affects heterodimerization of MLH1
rather than its expression or stability.

Truncating mutations are the most common type of
mutation identified in both the MLH1 and the MSH2
genes.43 Truncating mutations lead to transcripts with
premature termination codons that are generally de-
graded by nonsense mediated RNA decay, which func-
tions to eliminate truncated proteins that may have dele-
terious effects.44 However, depending the location of the
termination codon, truncating mutations may or may not
lead to decreased mRNA levels. The finding that the
truncating mutation, c.1528 C�T is associated with di-
minished allelic expression/stability, confirms PeakPick-
er’s sensitivity and its versatility in recognizing the effects
of diverse types of genetic alterations.

A limitation of the PeakPicker strategy is that it is diffi-
cult to assay variants that occur close to exon boundaries
or those that occur in relatively small (�80 bp) exons.
Furthermore, heterozygosity of the variant allele is re-
quired to carry out this analysis. However, these issues
can be circumvented if the individual carrying the unclas-
sified variant is heterozygous for a known, common poly-
morphism such as c.655A�G. This polymorphism is suit-
able for PeakPicker analysis as it has the highest level of
heterozygosity among exonic MLH1 polymorphisms,32

and occurs within exon 9 of MLH1 away from intron/exon
boundaries. In this situation, primers flanking the poly-
morphic region can be used to confirm the effect of the
uncharacterized variant. This is more cost efficient than
designing unique primers surrounding each exon, and
can be adopted when a patient population shows a high
frequency of a common single nucleotide polymorphism.
Alternatively, in the case of short exonic regions, it may
also be possible to use primers with linker sequences so
that useful sequence information is not lost in the process
of sequencing. A short linker sequence was added on to
the primers flanking c.350C�T, which enabled us to as-
say this variant, which occurs in a relatively short exon.
Importantly, PeakPicker cannot be used as a stand-alone
test, as there may be several variants that do not lead to
allelic imbalances but may possibly affect other func-
tions. Thus, this analysis should be used in conjunction

with a panel of assays that will help determine the puta-
tive effect of genetic variants on expression and/or func-
tion. Additionally, this should be combined with other
relevant clinical and family history information indicating
tumor MMR deficiency status to obtain a more accurate
understanding of a variant’s pathogenicity.

Another strength of the PeakPicker strategy is that it
will aid in discovering mutations in individuals who were
classified to be mutation-negative using conventional di-
agnostic techniques. A major problem that arises in the
detection of mutations is the possible masking of alter-
ations in one allele by the normal sequence present on
the other allele. Techniques such as conversion technol-
ogy and methods based on single nucleotide primer
extension are able to analyze the maternal and paternal
alleles separately and have been applied to the detection
of MMR alterations.8,26,32 However, conversion technol-
ogy is cumbersome and cannot be readily implemented
in the diagnostic setting. Using an allelic expression as-
say based on single nucleotide primer extension, Ren-
konen and colleagues26 were able to identify the MLH1
R100X nonsense mutation in a mutation-negative family.
PeakPicker, which is very similar in principle to single
nucleotide primer extension assays, offers a very efficient
method of detecting hitherto unidentified genetic changes
by measuring imbalances in allelic expression. Impor-
tantly, PeakPicker analysis and the benefits it offers can
be extended to the study of other genes implicated in
inherited cancers, as well as other diseases. BRCA1 and
BRCA2 are examples of two such genes that can ben-
efit from this type of analysis as the Breast cancer
Information Core (BIC) database lists about 1500 vari-
ants, mostly missense substitutions of unknown clinical
significance.45

Unclassified variants in MLH1 have been shown to
alter protein expression, stability, and turnover.10,14 How-
ever, not much attention has been paid to the role of
unclassified variants in leading to allelic imbalances, de-
spite its potential to be a noteworthy cause of MMR
deficiency. Allelic imbalances could arise due to genetic
alterations that affect the efficiency of transcription, alter
transcript expression, or affect mRNA stability, and this
study provides initial evidence that a subset of unclassi-
fied missense variants in MLH1 affect these processes.
Similarly, a previous study showed that a missense vari-
ant in RB1 was able to significantly impair the allelic
balance in a pedigree with retinoblastoma.19 Another
mechanism by which unclassified variants may poten-
tially contribute to altered mRNA levels is through abnor-
mal splicing. Several missense variants in MLH1, includ-
ing the c.793C�T variant that result in splicing
abnormalities have been shown to be associated with
RNA defects.46 However, the splicing prediction tool,
NNSPLICE and the gene prediction program, GeneScan
did not predict that these variants would lead to splicing
abnormalities. Furthermore, these variants may also af-
fect splicing by altering exonic splice enhancer/silencer
sites that aid in exon definition. Overall, while the extent of
the effect may depend on the missense alteration in
question and its mechanism of action, measuring allelic
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imbalances offers another important clue regarding the
pathogenicity of unclassified variants.

In summary, we demonstrate that the publicly available
software tool, PeakPicker was able to identify MLH1 vari-
ants that led to unbalanced allelic expression in a time
and cost efficient manner, making it amenable to imple-
mentation in the diagnostic setting. Information on allelic
ratio in conjunction with other assays will help increase
confidence in ascertaining the pathogenicity of a variant,
especially if limited clinical data are present. This tech-
nique essentially generates a snapshot of the gene ex-
pression profile present in the individual’s cells. There-
fore, unlike in vitro assessment strategies this assay takes
into consideration the unique environmental or genetic
influences that may be specific to the individual. The
PeakPicker strategy will also open avenues to further
analyze apparently mutation-negative cases. Moreover,
this strategy can be used to help classify genetic alter-
ations identified in several hereditary diseases, allowing
for the improved accuracy and efficiency of predictive
genetic testing programs.
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