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Lynch syndrome is caused by mutations in one of the mismatch-repair system (MMR) genes. A major
difficulty in diagnosis and management of Lynch syndrome is the existence of unclassified genetic
variants (UVs) with unknown clinical significance, especially mutations with new descriptions and
missense-type nucleotide substitutions. We evaluated the pathogenicity of 20 such mutations (6 in
MLH1, 4 in MSH2, and 7 in MSH6) found in Spanish patients suspected of Lynch syndrome. The UVs were
tested for evidence of MMR defect in tumor samples and were evaluated for co-occurrence with
a pathogenic mutation, the cosegregation of the variant with the disease; where sufficient data were
available, in silico resources at the protein level and mRNA analysis were used to assess the putative
effect on the splicing mechanism. To evaluate the frequency of these UVs in the general population,
a caseecontrol study was also performed. Five variants were identified with similar frequencies in both
cases and controls, suggesting a nonpathogenic effect in patients. In contrast, abnormal splicing
mutations were detected in a high proportion of patients [3/20 (15%)]. In this study, we classified 15
of the 20 UVs: six variants with strong evidence of pathogenicity and nine variants that should be
considered neutral variants. Clinical significance of the other five remains unknown. (J Mol Diagn 2013,
15: 380e390; http://dx.doi.org/10.1016/j.jmoldx.2013.02.003)
Supported by the regional government of Castile and León, Spain. L.P.-C.
was supported by a predoctoral FPI fellowship from the regional government
of Castile and León.
Hereditary nonepolyposis colorectal cancer (HNPCC) or
Lynch syndrome is the most frequent autosomal dominant
colorectal cancer susceptibility syndrome caused by muta-
tions inactivating one of the genes of the mismatch-repair
system (MMR), most frequently MLH1 (OMIM 120436,
NM_000249.3) andMSH2 (OMIM 609309; NM_000251.1),
and less often inMSH6 (OMIM 600678; NM_000179.2) and
PMS2 (OMIM 600259; NM_000535).1e4 The phenotype of
tumors from these patients is characterized by widespread
microsatellite instability (MSI) and loss of protein expres-
sion from the affected enzyme, which can be detected by
stigative Pathology

.

immunohistochemical staining (IHC). This syndrome is
characterized by a high risk of early onset of colorectal
cancer and several other, extracolonic malignant tumors,
especially endometrial cancer in women.5

Most of the genetic defects in the human MMR genes
responsible for Lynch syndrome are a result of point
mutations and small insertions and deletions6 that truncate
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Unclassified Variants in MMR Genes
and inactivate MMR genes. Mutations in three of these
MMR genes (MLH1, MSH2, and MSH6) account for the
majority of the patients with Lynch syndrome.7 Nonethe-
less, there are unclassified genetic variants (UVs) with
unknown clinical significance; these are nucleotide substi-
tutions (generally not truncating missense type) whose
clinical interpretation can be difficult when detected in
a family with suspected Lynch syndrome. In the MMR
genes, these mutations account for the most common type of
mutation detected, and missense-type mutations occur in
24% of all unique variants detected in MLH1, 17% in
MSH2, and 27% in MSH6, as estimated from the Mismatch
Repair Genes Variant Database8 (http://www.med.mun.ca/
MMRvariants, last accessed June 30, 2012).

The pathogenicity of a sequence variation is classically
determined based on several different lines of evidence, such
as the cosegregation of the mutation with the cancer pheno-
type and the MSI and IHC status of the tumors of the
mutation carriers,9,10 co-occurrence (in trans) with delete-
rious mutations, the determination of the variant frequency in
unaffected controls, amino acid polarity or size, and evolu-
tionary conservation of the residue. However, the clinical
phenotype of a nontruncating mutation may vary within
different families, and cosegregation data are not always
available. Functional assays have therefore been developed
to clarify the activity of nontruncating MMR gene mutations.

The analysis of a number of missense variants has shown
that, rather than causing changes to a single amino acid as
classically predicted, many variants are instead associated with
defects in RNA splicing; some silent mutations have also been
shown to cause splice defects.11e13 In recent years, this
problem been addressed by a number of investigators.14e19 To
determine whether a change in the sequence may be a cause of
disease or not, pathogenicity can be evaluated based on
numerous criteria and using different approaches. Thus, for
example, Barnetson et al9 applied a qualitative, point-based,
integrative analysis of UVs; of 23 initially unclassified MLH1
orMSH2 missense variants, they classified 11 as benign and 2
as pathogenic. Kansikas et al20 recently proposed a three-step
assessment model.

Nonetheless, classification of some of these described
substitutions indicates conflict between the clinicopatho-
logical data set of the family carriers and contemporaneous
data from either functional assay results or in silico
approaches. We found different interpretations of the same
variant, relative to its pathogenicity, in the MMR Gene
Unclassified Variants Database (http://www.MMRuv.info,
last accessed June 30, 2012).21 Description of more carrier
families is therefore needed to help clarify the role of
a given UV in susceptibility to Lynch syndrome.

In the present study, we performed a structured assessment
of the pathogenicity of all ambiguous variants identified in
our series of colorectal cancer cases, using a set of comple-
mentary approaches: phenotypic features in the families (co-
occurrence with a pathogenic mutation, cosegregation with
the disease, tumor MSI, and DNA mismatch repair protein
The Journal of Molecular Diagnostics - jmd.amjpathol.org
expression analysis), bioinformatics assessment of the func-
tional consequence of the amino acid change, mRNA anal-
ysis, and frequency in a control population (caseecontrol
comparisons). The ability to determine the likelihood that
a given UV contributes to the disease phenotype is likely to
have beneficial consequences for management of the patient.

Patients and Methods

Patients and Mutation Screening

The 159 index cases were from unrelated families referred
for MMR mutation analysis under the Junta de Castilla y
León Cancer Genetic Counseling Program for the years
2007 to 2010. Informed consent was obtained from the
subjects or their parents.

DNA and RNA were purified from peripheral blood
lymphocytes by using QIAamp DNA and RNA blood mini
kits (Qiagen, Iberia SL, Madrid, Spain; Valencia, CA),
respectively. To screen for MLH1, MSH2, or MSH6 point
mutations, we used a method developed in our laboratory,22

with validation for MMR genes as recently described.23

Evaluation of Clinicopathological Features

For each UV under study, detailed information was gathered
on family history, tumor characteristics (IHC, MSI), cose-
gregation of the variant with disease in families, and co-
occurrence with other pathological or UVs.

Somatic BRAF Gene Mutation and Methylation Analysis

MLH1 promoter hypermethylation was tested using
methylation-sensitive multiplex ligation-dependent probe
amplification (MS-MLPA; MRC-Holland, Amsterdam, the
Netherlands). BRAF p.V600E hot-spot mutation (exon 15)
was directly sequenced in both directions in tumor samples
of all patients; this assay is characterized by a sensitivity of
10% to 20%. Primers were BRAF-Ex15-forward 50-TCA-
TAATGCTTGCTCTGATAGGA-30 and BRAF-Ex15-reverse
50-GGCCAAAAATTTAATCAGTGGA-30.

Immunohistochemistry of MLH1, MSH2, and MSH6
Proteins

Tumor immunostaining was analyzed in all patients by
a pathologist at the General Yagüe Hospital, Burgos, Spain.
Tumor cells were judged to be deficient for protein
expression only if they lacked staining in a sample in which
normal tissue and stromal cells were stained. If no immu-
nostaining of normal tissue could be demonstrated, the
results were considered not evaluable. In brief, a BOND-III
stainer system (Leica Biosystems, Barcelona, Spain; Wet-
zlar, Germany) was used with NCL-L-PMS2, PA0610-
MLH1, PA0048-MSH2, and PA0597-MSH6 antibodies
(Leica Biosystems), according to the manufacturer’s
protocol.
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Determining the Frequency of UVs in a Control
Population

A panel of 478 controls (278 men, 200 women) was selected
from the Spanish National DNA bank. These control
subjects had no personal histories of cancer and had diag-
noses unrelated to the variables of interest. The screening
method used was the same as with the case samples, and
MMR gene heteroduplex analysis by capillary array elec-
trophoresis23 was performed.

Protein Effect Prediction Programs

To assess whether the variant amino acids had been evolu-
tionarily conserved across a number of phylogenetically
diverse species, we used the T-Coffee tool (http://tcoffee.vital-
it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi). The alignment of
homologous MLH1, MSH2, and MSH6 proteins was per-
formed using the BLAST tool (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). The following sequences were used for this
purpose: Homo sapiens, Bos taurus, Rattus norvegicus, Mus
musculus, Gallus gallus, Xenopus tropicalis, Danio rerio,
Drosophila melanogaster, and Saccharomyces cerevisiae.
The PolyPhen polymorphism phenotyping tool (http://
genetics.bwh.harvard.edu/pph2/index.shtml, last accessed
June 30, 2012)24 uses information from protein structure
databases and three-dimensional structure databases to
predict the effects on the secondary structure of the protein,
interchain contacts, and functional sites. PolyPhen scores
effects as 1 Z benign, 2 Z possibly damaging, and 3 Z
probably damaging. The bioinformatics tool SIFT (the
name stands for “sorting intolerant from tolerant”; http://
sift.bii.a-star.edu.sg, last accessed June 30, 2012) was
also used. This tool predicts whether an amino acid
substitution affects protein function, based on sequence
homology and the physical properties of the amino acid.25

SIFT can be applied to nonsynonymous polymorphisms,
and the tool provides a binary classification: tolerated versus
not tolerated (and therefore predicted to affect protein
function). The Align-GVGD tool (http://agvgd.iarc.fr, last
accessed June 30, 2012)26 combines biophysical charac-
teristics of amino acids and proteins using multiple
sequence alignments to predict where reversal substitutions
in the genes of interest fall into a spectrum from enriched to
deleterious to neutral. The output from Align-GVGD is an
ordered series of grades ranging from C65 (most likely
deleterious) to C0 (most likely neutral).

Splicing Prediction Programs

Mutant and normal sequences were analyzed using two
bioinformatics tools to identify potential splicing mutations.
Disruption/creation of splice sites was evaluated with
NNSplice (version 0.9; http://www.fruitfly.org/seq_tools/
splice.html, last accessed June 30, 2012).27 Analysis of
putative splicing regulator elements was done with
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ESEfinder (version 3.0; http://rulai.cshl.edu/cgi-bin/tools/
ESE3/esefinder.cgi?processZhome, last accessed June 30,
2012).28 This tool is a web-based resource that facilitates
rapid analysis of exon sequences to identify putative exonic
splicing enhancers (ESEs) responsive to the human SR
proteins SF2/ASF, SC35, SRp40, and SRp55, and to predict
whether exonic mutations disrupt such elements.

RT-PCR

The synthesis of complementary DNA (cDNA) was per-
formed with a high-capacity cDNA reverse transcription kit
(Life TechnologieseApplied Biosystems, Foster City, CA)
using DNase-treated RNA in the presence of random
primers. The nucleotide sequences used to confirm the
splicing alteration of the mutation c.2634G>A (p.E878D)
were MSH2-Ex14-forward 50-CGATGGATTTGGGTTAG-
CAT-30 and MSH2-Ex16-reverse 50-AGGGCAQTTTGTT-
TCACCTTG-30.

Results

Prevalence of UVs in MMR Genes

Mutational screening of MMR genes was performed in
samples from 159 cases of suspected Lynch syndrome. We
identified 20 missense mutations or new intronic or
synonymous alterations that were categorized of uncertain
relevance for causing cancer. These variants are the focus of
the present report.
Clinicopathological features and molecular findings for

the index patients of these variants are presented in Table 1.
Mutation nomenclature is based on GenBank reference
sequence NM_000249.3 (MLH1); NM_000251.1 (MSH2),
and NM_000179.2 (MSH6). Nucleotide numbering reflects
cDNA, with þ1 corresponding to the A of the ATG trans-
lation initiation codon in the reference sequence, according
to Human Genome Variation Society nomenclature for the
description of sequence variants (http://www.hgvs.org/
mutnomen, last accessed June 30, 2012).
The 20 UVs considered here have been described previ-

ously: 9 in MLH1 (45%), 4 in MSH2 (20%), and 7 in MSH6
(35%). We present new descriptions for 11 of these variants
(3 in MLH1, 3 in MSH2, and 5 in MSH6 ) (Table 1); the
remainder appear in the Leiden Open Variation Database
(LOVD 3.0; last accessed June 30, 2012) (LOVD 2.0; http://
www.lovd.nl/2.0, last accessed June 30, 2012). Their path-
ogenicity, however, is still under discussion, because the
data provided by different authors are contradictory. Thus
the return to value in the present study using the system
described here.
Considered by type of mutation, the UVs included in the

present study consist of 6 synonymous or intronic variants
and 14 missense variants (Table 1). The coding variants that
we studied are dispersed across different domains of the
MLH1, MSH2, and MSH6 polypeptides (Figure 1).
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Evaluation of Intronic and Synonymous Variants

Two of the detected UVs are synonymous variants: MLH1
c.2088C>G (p.T696T) andMSH6 c.2400T>C (p.V800V). In
our series, both variants cosegregated with a mutation previ-
ously described as pathological, so the clinicopathological
features obtained from these variants seem to be produced by
the one that is deleterious. Moreover, neither of them seemed
to significantly alter the elements involved in splicing tested by
bioinformatics tools (VA-199 and VA-22 families; Table 1).

All intronic variants (MLH1 c.545þ40C>A, c.306þ5G>A,
andMSH6 c.457þ53insTG) have been analyzed for effects on
splicing machinery, to account for their putative pathogenicity.
MLH1 c.545þ40C>A and MSH6 c.457þ53insTG create
a new enhancer for an SRp protein without relevant implica-
tions in the splicing, because the variants are relatively deeply
intronic (VA-95 and VA-194 families; Table 1). However, the
mutation in MLH1 c.306þ5G>A creates an alternative 50

donor site, causing an in-frame deletion of five nucleotides. The
sequence of the deleted transcript obtained from RT-PCR was
reported previously.23 This mutation appears in three families
(VA-44, VA-67, and VA-167), and here we present the tumor
analysis and the cosegregation results (Table 1).

Evaluation of Missense Variants by Genes

The clinicopathological features shown by individuals
carrying a missense UV mutation were extensively detailed,
to assess whether families express a Lynch syndrome
phenotype. The results obtained from the promoter meth-
ylation study were not relevant and therefore were excluded
from further analysis.

MLH1

Of the 11 families carrying missense variants of unknown
significance, only 3 families fulfilled theAmsterdam criteria for
Lynch syndrome. One is the family with the mutation
c.1820T>A (p.L607H), in this instance, despite the strong
family history, the variant did not cosegregate with the disease.
The second is the family with the c.1865T>A (p.L622H)
variant. The third, in one of the six families carrying the variant
c.1852_1853AA>GC (p.K618A), did not cosegregate with the
disease (family VA-47). The remaining eight families were
positive by Bethesda criteria; tumors from five of these families
were tested and were found to be were microsatellite stable
(MSS).

Of the six different missense variants found in the MLH1
gene, only one mutation, the variant c.1852_1853AA>GC
(p.K618A), was found in more than one unrelated family. In
addition, one tumor from a carrier of the p.K618A variant
(family VA-55) also carried the BRAF p.V600E mutation in
the tumor tissue. This BRAF gene mutation is indicative of
sporadic cancer.

We also assessed control population frequencies. The
c.1217G>A, c.1852_1853AA>GC, and c.2146G>A variants
The Journal of Molecular Diagnostics - jmd.amjpathol.org
were all identified with similar frequencies in both cases and
controls; however, the c.1574G>A and c.1820T>A variants
were not identified in the control population (Table 2).

MSH2

We found three missense variants in the MSH2 gene:
c.2651T>G (p.I884S), c.2634G>A (p.E878D), and
c.1661G>A (p.S554T). The families carrying these variants
met the Amsterdam criteria; the tumor phenotype was unstable
(MSI) and had deficient expression of the MSH2eMSH6
heterodimer. The variants cosegregated with the disease. These
data indicate a possible deleterious role of the variant in the
absence of other pathogenic mutations in the families.

MSH6

As for the missense variants in the MSH6 gene, we note that
two of them, c.2633T>C (p.V878A) and c.431G>T
(p.S144I), have also a pathogenic mutation in the MSH2
gene (the mutation c.431G>T with deletion of exon 7 and
c.2633T>C with MSH2 c.229_230delAG). The tumors
from carriers showed deficient expression of the proteins
MSH2/MSH6, because of the presence of a deleterious
mutation. The other three mutations are new descriptions.
Two of them, c.3425C>T (p.T1142M) and c.4004A>C
(p.E1335A), cosegregated with the disease; in the third
variant, c.98G>C (p.R33P), only the proband was analyzed.
Worthy of note is the early age of cancer onset in the
families carrying the gene MSH6, with a mean age of 38.4
years (range, 27 to 57 years).

Among the variants tested also in the control population,
the c.431G>T and c.2633T>C variants were identified with
similar frequencies in both cases and controls; the remaining
variants tested (c.98G>C, c.3425C>T, and c.4004A>C)
were not identified in the control population (Table 2).

In Silico and in Vitro Analyses of Missense
Substitutions

Bioinformatics evaluation was performed using several
approaches (Table 2). The SIFT analysis predicted that 6/14
(42.85%) of the missense changes would not be tolerated.
The PolyPhen assessment, however, predicted that 2/14
(14.3%) of these changes were likely to be pathogenic, and
Align-GVGD assessment yielded a maximum score for
pathogenicity (C65) for 4/9 (44.4%) nonsynonymous
coding changes tested.

Evaluations from splicing prediction programs were
relevant in two missense mutations for which the proband
cases were tested at mRNA level. The NNSplice program
predicted the elimination of the 50 donor site (original donor
site with value 0.79) of the mutation c.2634G>A in exon 15
ofMSH2. This mutation is a priori a missense type, in which
a glutamic acid residue is substituted by an aspartic acid
residue at position 878 of the protein. RT-PCR analysis
showed splicing alterations caused by the complete deletion
383
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Table 1 Clinicopathologic data for 20 UVs of the MLH1, MSH2, and MSH6 Genes Identified in Colorectal Cancer Cases

Mutation Family (n/N )*
Cosegregation
with disease

Index case Tumor analysis Co-occurrence
with other
pathogenic or
UV mutations

Other cancers in
family (onsety)

Cancer
(onsety) Criteria BRAF MSI IHC

MLH1
c.306þ5G>A VA-44 (5/5) Yes CRC (31) Amst WT MSI-H NE No FDR: colon (50); SDR:

colon (39)
VA-67 (3/3) Yes CRC (59) Amst WT MSI-H MLH1

deficient
No FDR: endo (49), colon

(66/72), SDR: endo (50),
gastric (50)

VA-167 (1/1) Yes CRC (37) Amst NA NA NA No FDR: colon (54); SDR:

colon (56), colon (68)
c.545D40C>A VA-95 (2/2) Yes CRC (42) Amst WT MSS Normal MSH6:

c.4003A>C;
(p.E335A)

FDR: colon (69); SDR:

colon (75); endo (45)

c.1217G>A; p.S406N VA-140 (1/1) NE CRC (39) Beth WT MSS Normal No FDR: colon (65);

gastric (70)
c.1574G>A; p.S505N VA-30 (1/1) NE CRC (52) Beth WT MSS NE No FDR: meln (80), HL (53);

SDR: BC (56)
c.1820T>A; p.L607H VA-152 (1/2) No Polyps (40) Amst NA NA NA No FDR: colon (48),

polyps (39), BC (41);
SDR: BC (45)

c.1865T>A; p.L622H VA-179 (1/1) NE CRC (37) Amst NA NA NA No Not available

c.1852_1853AA>GC;
p.K618A

VA-47 (1/3) No CRC (45) Amst NA NA NA No FDR: colon (48),

polyps (39), BC (41);
SDR: coloNEsoph (42/72),
colon (72), colon (35),
colon (45), BC (37),
BC (43)

VA-55 (1/2) NE CRC (43) Beth V600E MSS MLH1

deficient
No No other cancers in

the family
VA-82 (1/1) NE CRC/CRC

(74/74)
Beth NA NA NA No FDR: coloNThyroid

(81/86); SDR: gastric
(70), colon (70)

VA-108 (1/1) NE CRC (44) Beth NA NA NA No FDR: ovariaNColon

(57/57); SDR: Blad (25),
colon (48)

VA-112 (1/1) NE CRC (39) Beth WT MSS NE No FDR: colon (75)

VA-121 (1/1) NE CRC (48) Beth WT MSS NE No No other cancers in

the family
c.2088C>G; p.T696T VA-199 (1/1) NE Biliary/CRC

(50/52)
Amst NA NA NA MSH2:

c.2470C>T;
(p.Gln824X)

FDR: colon (36), ovarian

(47), colon (40); SDR:
CNS (63), gastric (52),
colon/urethral
(70/80)

c.2146G>A; p.V716M VA-70 (1/1) NE CRC (52) Beth WT MSI-H MLH1 - MLH1 promoter

methylation
No other cancers in

the family
MSH2

c.212-5delT VA-43 (1/1) NE CRC (72) Amst NA NA NA No Not available

c.1661G>A; p.S554T VA-6 (7/46) Yes CRC (47) Amst NA MSI-H MSH2/MSH6

deficient
No FDR: endo/colon/Blad

(42/50/60), colon (45),
endo (45); SDR:
gastric/prostate
(40/64)

c.2634G>A; p.E878D VA-191 (1/1) NE Endo (40) Amst NA MSI-H MSH2/MSH6

deficient
No FDR: endo (30); SDR:

colon/ovariaNColon
(29/39/63), endo (30),
endo/colon (46/51),
endo (30)

c.2651T>G; p.I884S VA-8 (2/2) Yes CRC (20) Amst NA MSI-H MSH2/MSH6

deficient
No FDR: ovarian (45),

endo (45).
MSH6

c.98G>C; p.R33P VA-121 (1/1) NE CRC (30) Beth WT MSS NE No No other cancers in

the family

(table continues)

Pérez-Cabornero et al
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Table 1 (continued )

Mutation Family (n/N )*
Cosegregation
with disease

Index case Tumor analysis Co-occurrence
with other
pathogenic or
UV mutations

Other cancers in
family (onsety)

Cancer
(onsety) Criteria BRAF MSI IHC

c.431G>T; p.S144I VA-4 (8/12) Yes CRC (36) Amst NA MSI-H MSH2/MSH6

deficient
MSH2:

exon7 del
FDR: colon (32),

panc (40); SDR:
colon (35), colon/Blad
(40/40), colon (41),
colon (39)

VA-94 (1/1) NE BC (52) Beth NA NA NA No FDR: small intestine (40),

coloNColon (69/73),
c.457D53insTG VA-194 (1/1) NE CRC (41) Beth NA MSI-H MLH1/MSH6

deficient
No No other cancers in

the family
c.2400T>C; p.V800V VA-22 (7/12) NE CRC/panc

(45/61)
Amst NA MSI-H MSH2/MSH6

deficient
MSH2:

c.229_230delAG
FDR: colon (53); SDR:

colon (75); colon (50);
colon (55); colon (60);
gastric (70)

c.2633T>C; p.V878A same family Yes NA

c.3425C>T; p.T1142M VA-85 (2/2) Yes Polyps (27) Beth NA NA NA No FDR: polyps (61)

c.4004A>C; p.E1335A VA-95 (2/2) Yes CRC (42) Amst WT MSS Normal MLH1:

c.545þ40C>A
FDR: colon (69); SDR:

colon (75); endo (45)

Variants with new descriptions are highlighted in bold.
*Identifier for the family carrying a UV. n, number of affected carriers; N, total number of relatives tested.
yAge at onset (years).
Amst, fulfilled Amsterdam criteria; BC, breast cancer; Beth, fulfilled Bethesda criteria; Blad, bladder; CNS, central nervous system; CRC, colorectal cancer;

del, deletion; endo, endometrial; esoph, esophageal; FDR, first-degree relatives; HL, Hodgkin’s lymphoma; meln, melanoma; MSI, microsatellite instability;
MSI-H, microsatellite instability, high; MSS, microsatellite stability; NA, not available; NE, not evaluable; panc, pancreatic; SDR, second-degree relatives; WT,
wild type.

Unclassified Variants in MMR Genes
of exon 15 of MSH2 (Figure 2). The loss of this exon would
result in a loss of reading frame at the protein level and
a premature stop codon. Also, we evaluated the in silico
effect of the transversion in the MSH2 gene (c.1661G>A;
p.S554T), which affects the last nucleotide of exon 10,
producing a priori a missense mutation. In this case, it was
found that the change of guanine to adenine washes site 50

splice natural (value 0.60), using a new cryptic donor site at
position c.1580 (value 0.56), producing deletion of 81
nucleotides in mRNA. Analysis on the RNA level
confirmed the result predicted by the computer program and
characterized in a previous work.23
Figure 1 Schematic illustration of MLH1 (A), MSH2 (B), and MSH6 (C),
showing the main known functional domains and location of the studied
coding variations. aa, amino acids.
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Discussion

The present data indicate that the prevalence of variants of
unknown effect in MMR genes is high, accounting for 34%
of all mutations detected in our population. This fact
underscores the importance of the study. The characteriza-
tion of the alterations of unknown significance is one of the
important aspects of the present study, and such character-
ization has also been the target of other recent studies.14,17,18

To understand the importance of UVs, we take into account
several variables such as phenotypic features, bioinformatics
prediction, and RNA analysis to evaluate the degree of support
for pathogenicity for all variants listed (Table 2). At the end of
this work, we could distinguish six distinct categories: synon-
ymous, neutral, reclassified, splicing, pathogenic, and UVs.

Although intronic and synonymous variants may suggest
low or absent clinical significance, these should nonetheless
be dissected, to rule out possible effects on splicing.13,19

Here, we have presented new descriptions for five variants
of this type: MLH1 c.545þ40C>A and c.2088C>G, MSH2
c.212-5delT, and MSH6 c.457þ53insTG and c.2400T>C.
The two synonymous variants, MLH1 c.2088C>G and
MSH6 c.2400T>C, co-occur with a pathogenic mutation
(Table 2). The two deep intronic mutations (MLH1
c.545þ40C>A and MSH6 c.457þ53insTG) were detected
in patients who met the Bethesda criteria and had an MSS
tumor; evaluation of the clinicopathological features and
bioinformatics results allowed us to classify these variants
as polymorphisms.
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Table 2 Evaluation for Pathogenicity of MLH1, MSH2, and MSH6 UVs Identified in Colorectal Cancer Cases

Mutation

Caseecontrol study Effect on protein Effect on RNA

Index cases Controls Prediction in silico

Functional
assay (Refs)

Prediction in silico

RNA defect
(Refs)n/N Freq n/N Freq

SIFT
tolerated*

PolyPhen
scorey

Conserved
(T-Coffee)z

Align-
GVGDx

NNSplice
scores{

ESEs
altered
(ESEFinderjj)

MLH1
c.306þ5G>A 3/159 0.019 NA NA NE NE NE NE NT 0/0.94 NA Del 5 bp,

exon 3
c.545D40C>A 1/159 0.006 NA NA NE NE NE NE NT NC SC35(þ) NT

c.1217G>A p.S406N 1/159 0.006 1/266 0.004 Yes 2 Yes C0 NP (29,30,31) NC NC NT

c.1574G>A p.S505N 1/159 0.006 0/524 0 Yes 1 No C45 NT NC NC NT

c.1820t>a p.l607h 1/159 0.006 0/266 0 Yes 2 No C65 NP (29) NC NC None (19)
c.1865T>A p.L622H 1/159 0.006 NA NA No 3 No C65 P (32) NC Sp55(þ)

c.1852_1853AA>GC
p.K618A

6/159 0.038 14/612 0.023 Yes 1 No C65 NP (37,38);
P (34); I (38)

NC NC None (19,36)

c.2088C>G p.T696T 1/159 0.006 NA NA NE NE NE NE NT NC SF2/ASF(þ),

SC35(�)
NT

c.2146G>A p.V716M 1/159 0.006 3/428 0.007 No 2 No C0 NP (34) NC SC35(�) None (13)
MSH2

c.212-5DelT 1/159 0.006 0/425 0 NE NE NE NE NT NC NC NT

c.1661G>A p.S554T 1/159 0.006 NA NA Yes 1 No C55 NT 0/0.54 NA Del 81 bp,

exon 10
c.2634G>A p.E878D 1/159 0.006 NA NA Yes 1 No C35 NT 0.79/0 NA Skip

exon 15
c.2651T>G p.I884S 1/159 0.006 n.a n.a No 3 No C65 NT NC SF2/ASF(þ) NT

MSH6
c.98G>C p.R33P 1/159 0.006 0/350 0 Yes 2 No NA NT NC SF2/ASF(þ),

SF2/ASF
(IgM-BRCA1)
(þ)

NT

c.431G>T p.S144I 2/159 0.013 4/372 0.011 No 2 No NA NP (37,38);
P (34); I (38)

NC SC35(�),

Rp4(þ)
NT

c.457D53insTG 1/159 0.006 NA NA NE NE NE NE NT NC Sp35(þ) NT

c.2400T>C p.V800V 1/159 0.006 NA NA NE NE No NE NT NC NC NT

c.2633T>C p.V878A 1/159 0.006 5/501 0.010 Yes 1 No NA P (38)** NC SF2/ASF

(IgM-BRCA1)
(þ)

NT

c.3425C>T p.T1142M 1/159 0.006 0/347 0 No 3 Yes C65 NT NC Sp55(þ) NT

c.4004A>C p.E1335A 1/159 0.006 0/347 0 No 1 No NA NT NC NC NT

Variants with new descriptions are highlighted in bold.
*For SIFT: Yes, change tolerated; No, change not tolerated
yPolyPhen scoring: 1 Z benign; 2 Z possibly damaging; 3 Z probably damaging.
zYes, conserved; No, not conserved. Conservation across phylogenetically diverse species: H. sapiens, B. taurus, R. norvegicus, M. musculus, G. gallus, X.

tropicalis, Da. rerio, Dr. melanogaster, and S. cerevisiae.
xAlign-GVGD yields an ordered series of grades ranging from C65 (most likely deleterious) to C0 (most likely neutral).
{NNSplice score changes: wild type/mutant.
kESEs altered according to ESEFinder. (þ), creation; (�), elimination.
**Pathogenic due to deficiencies in the protein interaction with ADP.
Del, deletion; ESE, exonic splicing enhancer; Freq, frequency; I, inconclusive; NA, not analyzed; NC, no change; NE, not evaluable; NT, not tested func-

tionally; NP, not pathogenic; P, pathogenic; Refs, references.

Pérez-Cabornero et al
Our evaluation classified MLH1 c.1852_1853AA>GC
and c.2146G>A variants as probably neutral. The variant
c.1852_1853AA>GC affects a tract of three repeated
lysines, located at codons 616 to 618 of the MLH1 protein.
The c.1852_1853AA>GC variant is one of the mutations
that has been described in patients worldwide.41 This variant
has been classified as deleterious and neutral, as is reflected
in the MMR missense database (http://www.MMRuv.info).
In the present study, it has been identified in six unrelated
families, five of which met the Bethesda criteria, with cancer
onset age between 39 and 70 years. The phenotypes of the
386
tumor samples analyzed showed MSS tumors with or
without loss of MLH1 protein expression. Also, in one case,
we detected the BRAF V600E mutation in tumor tissue, thus
excluding the possibility of the tumor being associated with
Lynch syndrome.42 On the other hand, promoter methyla-
tion analysis has limitations as a predictor of mutation
status. Our control population analysis indicated that this
c.1852_1853delAAinsGC variant occurs at a higher
frequency in controls than in patients tested (0.038 versus
0.023). In general, UVs occur at relatively low frequencies,
so this finding would need to be verified with a larger panel
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 2 Altered splicing that produces the complete exclusion of exon
15 of MSH2 c.2634 G>A. A: Exon skipping as predicted by NNSplice; the
primers in MSH2 exons 14 and 16 were used to amplify cDNA from an
individual with the missense change. B: RT-PCR products are shown with
the normal and the deleted transcript; the sequence that supports fusion
between exons 14 and 16 of MSH2 is included.

Unclassified Variants in MMR Genes
of control samples. Functionally, this variant acts in
a similar way to the wild protein, although some functional
studies have shown that the substitution affects the inter-
action between MLH1 and the PMS2 proteins.33,39 On the
other hand, another study, with similar characteristics,
suggests that this involvement is not pathogenic.31,35

Therefore, we have classified this variant as probably
neutral. Recently, a study in a Spanish population, analyzing
the pathogenicity of this variant in a comprehensive manner,
supports our neutral result.43

We have reclassified two variants, MSH6 c.431G>T and
c.2633T>C, that were previously classified as probably
pathogenic in patients with colon and endometrial cancer.44

Our conclusion was based on several criteria. First, the
c.431G>T mutation was observed in tumors with MSI and
was not identified in 399 controls, and it showed loss of MMR
function in a study of yeast (although the result was not
reproduced in human cells in vitro).40,45 For the c.2633T>C
variant, cosegregation with affected individuals has been
described within a family with MSI.46,47 On the other hand, in
a study genotyping 2000 individuals,9 similar frequencies of
substitutions were found in both cases (MSH6 c.431G>T and
c.2633T>C) and controls, leading to the classification as
neutral variants. Additionally, the variant c.2633T>C is listed
in the SNP database (rs2020912, T>C; http://www.ncbi.nlm.
nih.gov/snp, last accessed June 30, 2012) with an allele
frequency of 0.008 in the European population. In the present
study, both mutations co-occur with a clearly pathogenic
mutation in the MSH2 gene. They were also present in our
control population, with a similar frequency to that of cases
for the variant p.S144I, and even slightly higher than that
established in cases (0.006 versus 0.01) for the c.2633T>C
The Journal of Molecular Diagnostics - jmd.amjpathol.org
variant. The presence of a UV in the control population is
more significant than its absence,48 because the fact that a UV
(generally of low prevalence) has not been found in controls
could be an artifact of underestimation. These circumstances
are sufficient to determine that these UVs are not associated
with the disease in our population.

In the present study, a high proportion (15%) of UVs
affected the splicing mechanism. With the present study, we
propose a procedure to detect the effect of changes in the
splicing exons and introns based on bioinformatics analysis
and verification of the effect of altering the splicing mech-
anism by evaluating the mRNA level by RT-PCR. It is
necessary to assess the nature of the altered transcripts
produced in each case (Table 2). Do they alter the reading
frame, and are they likely to be degraded by nonsense-
mediated decay? Or, if not, what changes are caused at
the protein level, which amino acids are excluded or
included in the protein, and what might its functional
importance may be?

With our approach, we detected a high incidence of
splicing mutations in MMR genes, representing 15% (3/20)
of all analyzed UVs. These mutations (c.306þ5G>A in
MLH1 and c.1661G>A and c.2634G>A in MSH2) were
located in highly conserved regions involved in regulating
splicing. The MLH1 c.306þ5G>A mutation creates an
alternative 50 donor site causing an in-frame deletion of five
nucleotides. The predicted effect of the previously reported
MLH1 variant c.306þ5G>A on splicing was confirmed.23,49

MSH2 c.1661G>A is a new variant; its effect is elimination
of the cryptic donor site and subsequent activation of a new
splice site, which is located 81 nucleotides upstream.23 The
MSH2 c.2634G>A mutation produces skipping of exon 15.
This mutation has been described in a German population
(MSH2_00823 in the LOVD database), but functional studies
supporting its pathogenicity are lacking. It should be noted that
two of these mutations are missense type (c.1661G>A,
c.2634G>A). However, we now assume that the probable
deleterious effect of all these variants is located in the region
involved in the definition of the ends of the exons,mainly the 50

donor splice site and the 30 acceptor splice site.
Drawing on our experience, we propose a procedure

based on bioinformatics analysis and verification of the
effect of altering the splicing mechanism by evaluating the
mRNA level by RT-PCR, in diagnostic practice. Such an
approach should be able to detect the effect of changes in
the splicing exons and introns, subject to the availability of
mRNA of patients.

We have classifiedMLH1 c.1865T>A,MSH2 c.2651T>G,
andMSH6 c.3425C>T variants as probably pathogenic. All
three have been classified as C65 substitutions by the
Align-GVGD program,50 for which the criteria are very
strict; almost all variants here occur at an evolutionarily
invariant position. In addition,MLH1 c.1865T>A was found
in a family meeting the Amsterdam criteria in our cohort, but
also in another 12 Spanish families, and Borras et al32

characterized it as a founder mutation. Borras et al32
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concluded that the c.1865T>A variant causes defects in
MLH1 expression and stability. In the present study, the
MSH2 c.2651T>G was found in one family (VA-8) that met
the Amsterdam criteria (index case at age 20 years). The
tumor probands phenotype was unstable and the expression
of MSH2eMSH6 heterodimer was deficient. This variant
cosegregated with the disease and was not found in the
control population. This mutation is described in a French
population study reporting a tumor bearer, although the MSI
is associated with normal IHC expression, arguing that this
missense mutation is likely to affect the functioning of the
protein but not its transcript.49,51 Additionally, this variant
has been analyzed by in silico multivariate analysis, but the
results remain ambiguous.51 The data set indicates a possible
deleterious role of the variant. However, we cannot exclude
the possibility that other undetected mutations may be linked
to the c.2651T>G variant in this family. In this case, func-
tional studies could clarify the involvement of this variant
protein activity.

The MSH6 c.3425C>T affects a highly conserved amino
acid located in the ATP binding domain of the MSH6
protein (Figure 1C); this mutation was detected in a patient
who fulfilled the Bethesda criteria. The index case developed
polyps at the age of 27 years. In addition, his mother (who
developed polyps at age 61) also carried the alteration. No
tumor tissue was available for analysis of MSI. However, it
has been reported that the tumor phenotype, in the patients
who carried variants in MSH6 gene, shows different degrees
of microsatellite instability. This variant was not detected in
the Spanish control population; in silico studies are consis-
tent and indicate a strong pathogenic role of this change at
the level of protein functionality. Because the description of
this variant is new, and because the size of the family studied
is limited, biochemical study of the variant might determine
the effect on function of the protein, and our research group
is therefore preparing the necessary protocols for such
functional analysis.

The remaining UVs, which are of ambiguous clinical
relevance in the present study, are MLH1 c.1217G>A,
c.1574G>A, and c.1820T>A and MSH6 c.98G>C and
c.4004A>C. TheMLH1 c.1217G>A and c.1820T>Avariants
likely have a neutral role, based on the in silico results. Func-
tional studies have not been performed, and the cosegregation
evaluation does not allow confirmation. It has not been possible
to classify the variant MLH1 c.1574G>A, a newly described
variant; it is not located on any important protein domain
(Figure 1A) and it has not been detected in controls.

The family size for the MSH6 UV probands is small. These
variants have been described in only one family each, and so we
can only speculate about its possible functional effect. The
c.4004A>C variant is located in the domain of union with
MSH2. Functional assays to assess the ability of hetero-
dimerization of the mutant protein could be enlightening.

The integrated assessment model used in the present
study is a useful tool for evaluating the pathogenicity of the
variations in MMR genes, especially the new-description
388
mutations. We detected 20 UVs in our series, and only
5 (25%) of these remained unclassified by the method that
we propose here. Determining the role of UVs is relevant,
because decisions about colon and gynecological preven-
tion screening depend on the interpretation of these muta-
tions as pathogenic or neutral. The combination of all these
approaches, along with the study of these variants in a large
number of specific-population control samples, should help
predict whether these variants contribute to the disease
phenotype or merely represent rare polymorphisms. It is
known that inherited predisposition to disease is often
linked to reduced activity of a disease-associated gene
product. Sometimes a change in the nucleotide sequence is
found for which there is not enough information to decide
whether it affects the function of the gene product and, by
consequence, influences the cancer risk. Especially in the
case of genes that strongly affect risk, such noninformative
results can be a source of anxiety to individuals and their
offspring, who cannot use such information from genetic
testing to modify behavior or lifestyle or to make important
clinical decisions that may, in many cases, involve
prophylactic surgery.
We propose that the continuum model is most likely to be

applied where multiple, cancer-promoting mutations have
relatively small, additive effects, either throughwell-established
additive germline predisposition alleles or through a largely
hypothetical situation in which cancer may have acquired
several minidriver somatic mutations, each with weaker effects
than classical tumor suppressors or fully activated oncogenes.52

The present findings suggest that most of the intronic and
synonymous variants are not pathogenic, and that a high
proportion of missense variants disrupt the splicing mech-
anism. This integrated evaluation can be applied in similarly
sized independent series of missense substitutions in these
genes or in other similar genes (eg, BRCA1/2 in breast
cancer). Molecular diagnostics has become an essential
component in clinical decision-making, and better classifi-
cation of tumors by molecular methods can help realize
personalized cancer medicine and prevention.53

Finally, we believe that, in the future, biological and
biochemical functional assays may help clarify the activity
of these variants. Currently, our research group is preparing
protocols and yeast cell cultures to assess the functional
consequences of new-description variants of our population.
To do so, we apply such techniques as double-hybrid
(proteineprotein interaction) localization studies with fluo-
rescent tagging and expression studies of the protein
(mutant versus wild). The establishment of reference labo-
ratories is necessary for such studies.
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