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ABSTRACT

In order to assess whether variations affecting DNA mismatch repair (MMR)
genes are pathogenic and hence predisposing to Lynch syndrome (LS). a three step
assessment model has been proposed. Where LS is suspected based on family history, STEP1
is dedicated to the identification of the causative MMR gene and the variation within it.
Thereafter, in STEP2 of the assessment model, the effect of the variation on the function of the
protein is assessed in an in vitro MMR and in silico assays. Where LS cannot be confirmed or
ruled out in STEP2, the more specific biochemical laboratory assays such as analyzing the
effect of the variation on expression, localization and interaction of the protein are required in
STEP3. Here. we verified the proposed three step assessment model and its ability to
distinguish pathogenic MMR variations from variants of uncertain significance (VUS) by
utilizing the clinical as well as the laboratory and in silico data of 37 MLHI, 26 MSH2 and 11
MSH6 variations. The proposed model was shown to be appropriate and proceed logically in
assessing the pathogenicity of MMR variations. In fact, for MMR deficient MSH2 and MLHI
information concerning the variant pathogenicity. However, the importance of STEP3 is seen

in the assessment of MMR proficient variations showing discrepant in silico results as their

pathogenicity cannot be confirmed or ruled out after STEP2, MSH6 variations may be -~

applicable to the model if appropriate selection in terms of ruling out MLHI and MSH2
variations and MLHI promoter hypermethylation is ensured prior to the completion of STEP2.
In conclusion, taking into consideration the susceptibility gene the three step model can be
utilized in an appropriate and efficient manner to determine the pathogenicity of MMR gene

variations.
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INTRODUCTION

Lynch syndrome (LS, often referred to as hereditary non-polyposis colorectal
cancer syndrome; HNPCC; MIM# 120435) is highly associated with autosomal dominant
inheritance of mutations in genes fundamental to the DNA mismatch repair (MMR)

mechanism. The most frequently affected genes include MLHI (MIM# 120436, RefSeq

NM_000249.3), MSH2 (MIM# 609309, RefSeq NM_000251.1), MSH6 (MIM# 600678

RefSeq NM_000179.2), and PMS2 (MIM# 600259, RefSeq NM_000535) whose germline

variations are reported in the [OVD database (http://www.insight-group.org/:

http://www.lovd.nl/). Although, the majority of mutations affecting MMR genes are

truncating, a significant proportion of mutations result in a single amino acid substitution or

alterations are often referred to as variants of uncertain significance (VUS) [Goldgar et al.,

2008] due to the uncharacterized effect of the variation on the function of the polypeptide.

LS associated tumors generally occur in the colon, nevertheless a variety of

The mean age of cancer onset in LS is significantly lower than that of sporadic colorectal

cancer (CRC) [Lynch and de la Chapelle, 1999] based on the fact that in LS, an individual

has already inherited susceptibility through a mutated allele and only needs a second hit in a

Z

diagnosis of LS greatly relies on the Amsterdam criteria (AC) [Vasen et al., 1991, 1999] or

the revised Bethesda guidelines [Umar et al., 2004], which take into account the age of cancer
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onset, the number and segregation of affected individuals in a family, and the level of MSI.

J
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other sources for classification of VUS for clinical purposes. More specifically, data derived
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MLHI, MSH2 and MSH6 Variations and Clinical Data

This study comprises 37 MLHI (NM_000249.3) [Raevaara et al., 2005; Christensen et
al., 2009], 26 MSH2 (NM_000251.1) [Kariola et al., 2003; Ollila et al., 2006, 2008;
Christensen et al., 2009] and 11 MSH6 (NM_000179.2) [Kariola et al., 2002, 2003, 2004]

variations. The family history and the data of mutation, MSI and IHC analysis were mainly

collected through an international LS collaboration. Because the 74 VUS included in the

study were found by many research groups, different methods were used for mutation

detection. The alterations are distributed over most of the known functional domains of the

respective proteins as seen in the schematic representations presented in the results section.

MLH] variations tend to cluster either at the amino terminal or carboxyl terminal of the

protein, whereas MSH2 and MSHG6 variations are dispersed throughout the length of the

proteins, with preferential location in functional domain clusters seen particularly in the

mutagenesis and co-expressed with their native heterodimerization partners in Spodoptera

frugiperda (Sf9) insect cells for protein production [Nystrom-Lahti et al., 2002], .,

from families not fulfilling AC but presenting LS tumors at an abnormally low age, or with
an excessive amount of LS cancers occurring within the family. In fact, of the 37 MLH1
variations, at least 27 are associated with a mean age of onset below 50 years even though the

ACI are only fulfilled by families associated with 17_of the variations. Nineteen out of 26

MSH? variations are associated with a mean age of onset under 50 years and approximately

-

N
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Functional analyses

The 74 MMR gene VUS included in the verification study were functionally

characterized in our previous studies [Kariola et al., 2002, 2003, 2004; Raevaara et al., 2005;

Ollila et al., 2008; Christensen et al., 2009]. Studies were typically mandated by clinical

questions and ambiguities tracking the variation, tumor pathology data, or in some cases

database information. Functional assessment of each variation was evaluated in comparison

to the performance of the corresponding wild type (wt) protein and functionally deficient

negative controls. Assay results were composed of a minimum of three independent

experiments and even a slight decrease in functionality compared to the corresponding result

of WT protein indicated pathogenicity.

The applied in vitro MMR assay [Nystrom-Lahti et al., 2002] uses a homologous

human MMR system to study the ability of the variant protein to repair a G-T mispair. The

standard deviation of the repair efficiency of the deficient variant protein remained below that

of the WT protein. In order to assess the effect of the variation on protein expression, MSH2

and MSH6 variant proteins were expressed in Sf9 insect cells [Kariola et al., 2002], where as

MLHI1 proteins were expressed in 293T human cells. Thereafter, the expression levels of the

VUS proteins were compared with that of WT protein by western blot analysis [Raevaara et

al., 2003]. Results from interaction studies are based on coimmunoprecipitation and

subsequent western blot analysis of the variant protein with its native heterodimerization

partner [Kariola et al., 2002; Raevaara et al., 2003]. To study whether the MLH] variations

affect the subcellular localization, VUS cDNAs were fused with the fluorescent protein

John Wiley & Sons, Inc.
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EGFP cDNA and transiently expressed in 293T cells [Raevaara et al., 2005]. The variants

acting like WT MLH1 were classified as normal in the localization study.

In silico analysis by SIFT and MAPP-MMR

In silico methods take a computational approach to identify highly conserved areas of a

gene through a multiple sequence alignment analysis across numerous species and thereafter,

deduce possible functional defects of a variation. Several prediction algorithms are available

for in silico analyses. Here, the sorting intolerant from tolerant (SIFT) [Ng and Henikoff,

2001; http://sift.jcvi.org/] and the multivariate analysis of protein polymorphism (MAPP-

MMR) [Stone and Sidow, 2005; Chao et al., 2008; http://mendel.standofrd.edu/SidowLab/]

programs were chosen for in silico assessment of the 74 VUS due to their high sensitivity and

specificity [Tavtigian et al., 2008b]. The results from previously done SIFT analyses for

MLHI and MSH2 VUS [Raevaara et al., 2005; Ollila et al., 2006, 2008; Christensen et al.,

2009] were complemented with results of MSH6 VUS obtained from the LOVD database

MSH? variations_but was not available for MSH6 variations. Neither of the programs can be

applied to in frame deletions.

Verification of the three step model

In order to assess the pathogenicity of VUS, a three step model proposed by Couch et

al. [2008] was applied (Figure 1). The model acknowledges the importance of appropriate

VUS identification by emphasizing the use of family history, MSI and IHC data to ultimately

identify the VUS by genetic testing analysis in STEP1. Upon the identification of a VUS,

STEP2 consists of in vitro MMR and in silico analyses. MMR deficiency demonstrated by

John Wiley & Sons, Inc.
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STEP2 confirms LS, whereas in the case of MMR proficient variations, a panel of biochemical

assays is recommended in STEP3.

The 74 MMR VUS included in this study are found in families suspected to have LS
and hence compose an appropriate and realistic panel of variations for the verification of the
three step assessment model. Each variation is taken through the model and the assays

constituting each of the steps. Results indicating pathogenicity are distinguished from ones

indicating no effect of the variation. Discrepancies between individual tumor data (IHC, and =~

MSI) as well as between results from different in silico programs are marked.

STEPI1 of the model proposed by Couch et al. [2008] is represented by the family history

unstable Bethesda panel markers [Umar et al., 2004] were considered to have a high degree
of MSI and the lack or reduction of the MMR protein in IHC was considered to indicate
protein deficiency.

Upon the identification of a VUS, STEP2 of the assessment model [Couch et al., 2008]

suggests to combine the results of a functional in vitro MMR assay with those of an in silico
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methods even in the absence of such indication by the in vitro MMR assay. Where
were required. Non-pathogenic VUS were distinguished by fully completed STEP2 assays
with no indication of pathogenicity.

STEP3 of the assessment model [Couch et al., 2008] is composed of a set of laboratory

experiments taken to further clarify the pathogenicity of the variations, where previous steps
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stability, protein interaction and subcellular localization. STEP3 assays study specific

fragments of the repair process complementing the in vitro MMR assay, which was

performed in nuclear extracts and optimized to reveal even the slightest repair and thus, not

able to discover problems in subcellular localization or mild problems in protein stability or

interactions. Here, the STEP3 assays differ slightly between the three genes but have been

localization was considered to be an indication of pathogenicity. Consequently, a single

indication of pathogenicity in STEP3, although measuring different aspects of the protein

function than the MMR assay, was deemed sufficient to confirm variant pathogenicity.

three steps_in it, results and interpretations after STEP2 and STEP3 were compared._Finally,
STEP1 data was considered together with these comparisons to further verify the indications

of pathogenicity and to form a consensus for each step of the model.

RESULTS

Verification of the three step model with MLH]I variations

Our results show that, if strong evidence from the family history, MSI and IHC results

give an indication of LS and an MLH] variation has been detected in STEP1, STEP2 is often
sufficient to confirm the pathogenicity of the variation. As seen in Table 1. when STEP2

results unanimously indicate pathogenicity (11/37), the expression and localization analyses

John Wiley & Sons, Inc.
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of STEP3 serve to confirm the results and are hence descriptive but not essential for

assessment. This is also apparent when MMR proficiency is unanimously indicated by all
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Verification of the three step model with MSH?2 variations
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The verification of the three step model with the MSH2 variations demonstrates that STEP2 is

sufficient to assess the pathogenicity of 21/26 MSH2 VUS. The confirming role of STEP3 is

one in silico result. None of the pathogenicities indicated by only one in silico result is

confirmed by STEP3.,

Verification of the three step model with MSH6 variations

variations originate from suspected LS families with MSI-H tumor phenotypes. Only one of
the 11 MSH6 variations (p.E1193K) reliably indicates pathogenicity with the three step
MMR deficiency (STEP2, in silico results not available), and by reduced MSH2 interaction
capability (STEP3). Reduced expression of MSH6-p.G566R (STEP3) suggests pathogenicity,
which is supported by assays measuring its ability to stimulate ATPase activity [Kariola et
al., 2002; Cyr and Heinen, 2008]. Nevertheless, MSH6-p.G566R does not appear pathogenic

in STEP2.

No indication of pathogenicity is detectable for three MSH6 variations (p.R128L,

p.K728T, p.G881delinsKS

[Kariola et al., 2004], suggesting that these four VUS are non-pathogenic. Moreover, as seen

with 8 MSH2 VUS, an additional MMR gene variation, a non-pathogenic MSH2-p.1145M

appears to be no indication of MSH6-p.S1441 pathogenicity, however, the in silico results
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were not obtainable. MSH6-p.P1087T and MSH6-p.P1087R on the other hand, are predicted

to _be deleterious by SIFT analysis although the MMR in vitro and STEP3 analyses do not

detect defects in protein function.

Even though the 11 MSH6 variations do not compose an ideal data set for the
verification of the three step model in assessing VUS pathogenicity, the importance of the
interpretation of tumor IHC data prior to the identification of the VUS taken for further
assessment is highlighted. Where the loss of MLHI1 is detected by IHC, MLHI promotor

hypermethylation analysis should be carried out prior to MSH6 mutation analysis. The

yet descriptive but often not necessary for the assessment of VUS pathogenicity. The
verification of the model is indicated in terms of the amount of steps required for
pathogenicity assessment of each VUS. Figure 2 demonstrates the collected results of each
required assessment step for each gene and its variations. STEP3 of the assessment model
across the variations of all three genes serves to confirm differences between the results of
variant pathogenicity indicated by STEP2. STEP3 of the three step model confirms the
pathogenicity of 36 variations of which 31 is indicated by a reduction in expression. Where

STEP3 is required, expression analysis should be the assay of choice as only 4 variations

John Wiley & Sons, Inc.
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indicate pathogenicity in STEP3 by localization or interaction analyses and not by the

expression analysis.

DISCUSSION

Based on the application of 74 MMR gene variations and clinical data, the three step

on the comprehensive use of the patient’s family history, MSI and IHC data. The absence of
an MMR protein in IHC gives a good but not_an absolute indication of the causative gene
responsible for the MSI phenotype and subsequent tumorigenesis as indicated by the
variations included in this study. Pathogenic MSH2 mutations are shown to be highly
associated with the lack of protein expression in IHC analyses [Mangold et al., 2005; Ollila et

al., 2008], which is also frequently characterized by the absence of MSH6, the

in predicting pathogenic MSH6 mutations has been said to be as high as 90% [Hendriks et al.,
2004]. However, IHC results demonstrating the lack of MLH1 expression may be misleading
as MLHI1 expression is often lost due to the hypermethylation of its promoter region [Kane et
al.,, 1997]. In addition, the presence of a protein cannot be implied to indicate its

functionality as pathogenicity can be caused by functional problems not affecting the stability

The application of the 74 variants to the three step assessment model suggests that

pathogenicity is reliably indicated by the STEP2 in vitro MMR assay as supported by other

‘ functional assays in STEP3_ (49/74, Figure 2). Nonetheless, when no indication of
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pathogenicity is seen in the in vitro MMR assay the importance of computational methods

become apparent. /n silico methods have been shown to have a high predictive value (88.1%)

when four different methods are in agreement [Chan et al., 2007] and alignments are

manually revised [Tavtigian et al., 2008a]. As the model proposed by Couch et al. [2008]

considers the in vitro MMR and in silico assay results in a single step, we combined results

from two in silico approaches previously shown to be appropriate for MMR gene variations

[Ollila et al., 2006; Chao et al., 2008; Tavtigian et al., 2008b], with those obtained from the in

vitro MMR assay in order to verify the model and the necessity of STEP3. A total of 28/63

MLH1 and MSH?2 variations are indicated as pathogenic by both in silico methods and in 24

most cases where discrepancies between SIFT and MAPP-MMR results are seen, the in vitro

variations. Of these , only 3 MLHI yariations were confirmed to be pathogenic by STEP3 .- [ Deleted: amino terminal

assays. Overall, STEP3 of the assessment model is not required in cases where it does not

HVeldll, STEFS O tIC dSSCSSIHICIIL MOdCl 15 1O Tequilcd 111 cases WHELC 1L dOCs ot R

the in vitro MMR assay alone or by both in silico analyses, hence STEP2 suffices for the
characterization of most MLHI (27/37) and MSH2 (21/26) variations. The 11 MSH6
variations applied to verify the model present with atypical family background and should
hence be assessed with scrutiny. Regardless of the limited selection of MSH6 variations the
applicability of the three step model to the assessment of MSH6 variations is not ruled out —

merely more attention to STEP1 is called for in order to eliminate phenotypes caused by other

carriers is more likely to be linked to the MLHI promoter hypermethylation than MSH6

John Wiley & Sons, Inc.

\
\

-

p { Deleted: contradictory to those

-

\

-

Page 16 of 32

{ Deleted: are }

Deleted: when discrepancies between
SIFT and MAPP-MMR analyses arise.

obtained in the in vitro MMR assay

Deleted: does

Deleted: one

{ Deleted: 13 variations

o J JC . )

‘[ Deleted: shown

Deleted: Furthermore, 24/28 variations
shown to be pathogenic by both SIFT and
MAPP-MMR analyses could be
confirmed by STEP3 assays, where as the
remaining four variations were also
MMR deficient in the in vitro MMR
assay.

{ Deleted: caught }

Deleted: For example, MLH1
expression is lost its promoter
hypermethylation should be assayed
before the more challenging and time
consuming other functional assays
determining the pathogenicity of an
MSH6 VUS as in the case of 3/11 of the
MSH6 VUS presented here




Page 17 of 32

©CoO~NOUTA,WNPE

Human Mutation

variations found in the families and thus, if MLHI expression is lost in the tumor, its

promoter hypermethylation should be assayed before the more challenging and time

consuming functional assays.
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codon highly linked to the aberrant splicing and subsequent skipping of exon 17

E633 E663del) [Kohonen-Corish et al., 1996; Nystrom-Lahti et al., 1999]. Interestingly =~

MLH1-p.R659Q itself does not appear to be pathogenic, suchs as other VUS (p.R659P) in the -~

same codon, Skipping of exon 17 (MLHI-p.E633_E663del) is, however, shown to cause \//

According to our verification, the three step assessment model is a logical and
useful tool for the assessment of the pathogenicity of MMR variations as demonstrated with

the 74 VUS and their clinical, laboratory and computational data. When both the in vitro

sufficient to assess the pathogenicity of most MLHI and MSH?2 variations. Furthermore,
STEP2 also suffices to indicate non-pathogenicity to the same extent as STEP3 and is hence
also important in guiding the reassessment of the cause of LS susceptibility in a family.

Although, the results of this work are not yet sufficient to allow application of this specific

approach in the clinical setting, they are promising and thus encourage the use of the model

for a comprehensive validation study against a set of VUS that have been defined as clearly
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FIGURE LEGENDS

known functional domains, locations of the studied variations and the amount of steps
required for their assessment of pathogenicity. Each required step of the three step assessment
model is represented with a circle. STEP1 is divided to indicate the accordance of the family
history with the Amsterdam criteria I/Il (lower half: Black, AC fulfilled; White, AC not

variant protein in vitro MMR activity (lower half: Black, deficient; White, proficient) and in
silico results (upper half: Black, pathogenic effect predicted by SIFT and MAPP-MMR;
White, neutral effect predicted by SIFT and MAPP-MMR; Gray, discordant or only one
result, either pathogenic or nonpathogenic available; Diagonal line, data not available). STEP3
assay results are combined to assess VUS pathogenicity (Black, results indicating
pathogenicity; White, results indicating non-pathogenicity; Gray, STEP inconclusive;
Diagonal line, data not available.),
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FIGURE 1. A three step decision tree proposed to facilitate the functional assessment of VUS.
(Modified from Couch et al. [2008])
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FIGURE 2. Schematic illustration of (A) MLH1 (B) MSH2 and (C) MSH6 showing the known functional
domains, locations of the studied variations and the amount of steps required for their assessment
of pathogenicity. Each required step of the three step assessment model is represented with a
circle. STEP1 is divided to indicate the accordance of the family history with the Amsterdam criteria
I/IT (lower half: Black, AC fulfilled; White, AC not fulfilled; Gray, AC fulfilled by some families;
Diagonal line, data not available) and the MSI and IHC results of the tumor (upper half: Black, MSI-
H and/or reduced protein expression (IHC); White, no MSI-H and no problems in protein expression
(IHC); Gray, contradicting data between several families; Diagonal line, data not available). STEP2
is divided to indicate variant protein in vitro MMR activity (lower half: Black, deficient; White,
proficient) and in silico results (upper half: Black, pathogenic effect predicted by SIFT and MAPP-
MMR; White, neutral effect predicted by SIFT and MAPP-MMR; Gray, discordant or only one result,
either pathogenic or nonpathogenic available; Diagonal line, data not available). STEP3 assay
results are combined to assess VUS pathogenicity (Black, results indicating pathogenicity; White,

John Wiley & Sons, Inc.



Page 27 of 32 Human Mutation

results indicating non-pathogenicity; Gray, STEP inconclusive; Diagonal line, data not available.)
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TABLE 1. Verification Data of MLH1 Variations
STEP 1 MLH1 (NM_000249.3) STEP 2 STEP 3
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b Z|%5|6|9|5
IHC VUS b7 8 sl E|E
)] = [} NI ES)
< |2 |lw|N|<g
o | o ¥ | 9| x Iz
55 NUCLEOTIDE AMINO ACID 2 A=
2| = CHANGE® CHANGE w|Qo|z
c.83C>T p.P28L
c.85G>T p.A29ST
c.133_141delinsTGTTTT | p.T45_I47delinsCF
c.189C>A p.D63E
c.199G>A 5.G67R
c.211_213del p.E71del
c.229T>C p.C77R
c.238T>G p.F80V
c.250A>G p.K84E
c.277A>G p.S93G
¢.320T>G p.M07R
cA464T>G p.L155R
c.554T>G p.V185G
C.637G>A p.V213M
c.655A>G p.1219V
¢.739T>C p.S247P
c.986A>C p.H329P
.988_990del b el
c.1327A>C p.K443Q
c.1379A>C p.E460A7
c1649T>C p.L550P
c.1734_1896del p.P578_E632del
c1766C>A p.A589D
c.1834_1836del p.V612del
c.1846_1848del p.K! del
¢.1852 _1853AA>GC p.K618AT
c.1853A>C p.K618T
.1897_1989del p.E633_E663del
c.1937A>G p.Y646C
c.1943C>T p.P648L
c.1942C>T p.P648S
c1961C>T p.P654L
c.1976G>C p.R659P
c.1976G>A p.R659Q7
c.2041G>A p.AGB1T
©.2059C>T b.R687TW
c.2146G>A p.V716M

@Black, ACI fulfilled; White, ACI not fulfilled; Gray, ACI fulfilled in some families; A diagonal line, data not
available.

PBiack, resuits indicating pathogenicity; White, resuits indicating non-pathogenicity; Gray, discrepancies
between individual tumor data (MSI & IHC); A diagonal line, data not available.

°Nucleotide numbering reflects cDNA with +1 corresponding to the A of the ATG translation initiation
codon in the reference sequence, according to journal guidelines (www.hgvs.org/mutnomen).

9Black, results indicating pathogenicity; White, results indicating non-pathogenicity; A diagonal line, data
not available.

®Black, deleterious by SIFT and MAPP-MMR; White, neutral by SIFT and MAPP-MMR; Gray, deleterious
by SIFT or MAPP-MMR only; A diagonal line, data not available; Vertically divided field indicates the
availability of one result only.

fFamilies with additional MMR gene mutations: p.A29S, MLH1:c.-27C>A; p.E460A, MSH2:deletion of
exon 8, MSH2:p.M663fs; p.K618A, MLH1:c.1976G>A (p.R659Q), p.R659Q, MLH1:c.1852_1853AA>GC
(p.K618A).
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1
2
2 TABLE 1. Verification Data of MLH1 Variations
5
6 STEP 1 MLHI (NM_000249.3) STEP 2 STEP 3
7 =
< 2 Z K
g IHC" VUS zls| 8| S
10 5 | & 2181 2| 5 6
<1 2| =2 N
11 <= |5 2 ) 5| &
12 Z|Z| E| NUCLEOTDE | AMmNoacy (2|2 ) & | 3 | &
13 S| %] 2 CHANGE CHANGE & =12 &
14 | — | I I
15 ¢.83C>T p.P28L
16 ¢.85G>T p.A29S'
17 c.133_141delinsTGTTTT | 1. T45_I47delinsCF
18 ¢.189C>A p.D63E
19 ¢.199G>A p.G67R
c.211_213del p.E71del
20 ¢229T>C p.C77R
21 c.238T>G p.FSOV
22 c250A>G p.KS4E
23 c.277A>G p.S93G
24 ¢.320T>G p.I107R
25 c.464T>G p.L155R
26 ¢.554T>G p.V185G
27 c.637G>A p-VZISM
28 ¢.655A>G p.I219V
29 ¢.739T>C p.S247P
30 ¢.936A>C p.H329P
31 .988_990del p.I330del
32 TR TN
33 Z 1649T>C p‘E460A
. p.L550P
34 ¢.1734_1896del p.P578_E632del
35 c.1766C>A p.A589D
36 c.1834_1836del p.V612del
37 ¢.1846_1843del p.K616del
38 c.1852_1853AA>GC p.K618A'
39 C.1853A>C p.K618T
40 ¢.1897_1989del p-E633_E663del
41 ¢.1937A>G p.Y646C
42 .1943C>T p.P64SL
43 .1942C>T p.P648S
44 ¢.1961C>T p.P654L
¢.1976G>C p.R659P
45 c.1976G>A p.R659Q"
46 c2041G>A p.AG81T
47 ¢2059C>T p.R68TW
jg C2146G>A p.V716M
50 *Black, ACI fulfilled; White, ACI not fulfilled; Gray, ACI fulfilled in some families; A diagonal line, data not available.
51 " Black, results indicating pathogenicity; White, results indicating non-pathogenicity; Gray, discrepancies between individual
52 tumor data (MSI & THC); A diagonal line, data not available.
53 ¢ Nucleotide numbering reflects cDNA with +1 corresponding to the A of the ATG translation initiation codon in the
54 reference sequence, according to journal guidelines (www.hgvs.org/mutnomen).
55 4 Black, results indicating pathogenicity; White, results indicating non-pathogenicity; A diagonal line, data not available.
¢ Black, deleterious by SIFT and MAPP-MMR; White, neutral by SIFT and MAPP-MMR; Gray, deleterious by SIFT or
56 MAPP-MMR only; A diagonal line, data not available; Vertically divided field indicates the availability of one result only.
57 " Families with additional MMR gene mutations: p.A29S, MLHI:c.-27C>A; p.E460A, MSH2:deletion of exon 8,
58 MSH2:p.met663fs; p.K618A, MLH:c.1976G>A (p.R659Q), p.R659Q, MLH1:c.1852_1853AA>GC (p.K618A).
59
60
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TABLE 2. Verification Data of MSH2 Variations

STEP 1 MSH2 (NM_000251.1) STEP 2 | STEP 3
T
he} T,
° =z Z
b > | ¢ Oo| O
. |o| e vUs S|138|5|F
O|n Ol Il &,:’
x| <o ||l
-~ || © o @ 5
L|Z| 5| NUCLEOTIDE | AMINOACD | S | 2| & | E
Jlu|o 4
=|2|=| CHANGE® CHANGE = w iz
c.97A>C p.T33P
c.131C>T p.T44M
c.134C>T p.A45V
c.380A>G p.N127Sf
c.435T>G p.1145Mf
c.482T>A p.vV161D
c.484G>A p.G162R
c.490G>A p.G164R
c.518T>C p.L173P
c.560T>C p.L187P
c.560T>G p.L187R
c.815C>T p.A272V
| I c.965G>A p.G322D
c.998G>A p.C333Y
c.1555T>C p.F519L
c.1807G>A p.D603N
c.1906G>C p.A636P
L~ 1L~ 1¢.2021G>C p.GE74A
c.2062A>G p.M688V!
c.2090G>T p.C697F
c.2164G>A p.V722If
c.2235_2240del p.1745_1746del
C.2245G>A p.E749K
c.2500G>A p.A834T"
C.2657A>G p.E886G!
C.2768T>A p.V923Ef

@Black, ACII fulfilled; White, ACII not fulfilled; Gray, ACII fulfilled in some families; A diagonal line,
data not available.

PBlack, results indicating pathogenicity; White, results indicating non-pathogenicity; Gray,
discrepancies between individual tumor data (MSI & IHC); A diagonal line, data not available.
°Nucleotide numbering reflects cDNA with +1 corresponding to the A of the ATG translation initiation
cedon in the reference sequence, according to journal guidelines (www.hgvs.org/mutnomen).
dBlack, results indicating pathogenicity; White, results indicating non-pathogenicity; A diagonal line,
data not available.

¢Black, deleterious by SIFT and MAPP-MMR; White, neutral by SIFT and MAPP-MMR; Gray,
deleterious by SIFT or MAPP-MMR only; A diagonal line, data not available.

f Families with additional MMR gene mutations: p.N127S, MSH2:c.982G>C, MSH2:c.1264G>T,
MLH1:c.1877del, MLH1:c.IVS15_5T>C, MLH1:c.395T>C; p.I1145M, MSH6:c.3284G>A (p.R1095H),
MSH6:c.4061T>A (p.L1354Q); p.G322D, MSH2:¢c.1552C>T, MLH1:¢c.350C>T; p.M688V,
MLH1:c.350C>T, MSH6:¢c.4016C>T; p.V722l, MLH1:c.1039 -8 T>A; p.A834T, MSH2:deletion of exon 8;
p.E886G, MSH6: n/a; p.V923E, MSH6:c.3563G>A
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TABLE 2. Verification Data of MSH2 Variations

STEP 1 MSH2 (NM_000251.1) STEP 2 STEP 3
T 5 |z
i HC VUS g é é E
2| EIEE
T | £ | E | NUCLEOTIDE | AMINO ACID § z | &8
S| %] 2 CHANGE® CHANGE =1 &
c.97A>C p. T33P R
c.131C>T p.T44M
c.134C>T p.A45V
¢.380A>G p.N127S"
¢.435T>G p.J145M’
c482T>A p.V161D
C.484G>A p.G162R
c.490G>A p.G164R
¢.518T>C p.L173P
¢.560T>C p.L187P
¢.560T>G p.L187R
c.815C>T p.A272V
c.965G>A p.G322D"
c.998G>A p.C333Y
¢.1555T>C p.F519L
c.1807G>A p-D603N
¢.1906G>C p.A636P
€2021G>C p.G674A
¢.2062A>G p.M688V'
¢.2090G>T p.C697F
¢.2164G>A p.V722If
€.2235_2240del p.I745_1746del
C.2245G>A p.E749K
¢.2500G>A p.A834T"
¢.2657A>G p.E886G'
c.2768T>A p.V923E'

* Black, ACII fulfilled; White, ACII not fulfilled; Gray, ACII fulfilled in some families; A diagonal line, data not available.

® Black, results indicating pathogenicity; White, results indicating non-pathogenicity; Gray, discrepancies between individual
tumor data (MSI & IHC); A diagonal line, data not available.

¢ Nucleotide numbering reflects cDNA with +1 corresponding to the A of the ATG translation initiation codon in the
reference sequence, according to journal guidelines (www.hgvs.org/mutnomen).

4 Black, results indicating pathogenicity; White, results indicating non-pathogenicity; A diagonal line, data not available.

¢ Black, deleterious by SIFT and MAPP-MMR; White, neutral by SIFT and MAPP-MMR; Gray, deleterious by SIFT or
MAPP-MMR only; A diagonal line, data not available

! Families with additional MMR gene mutations: p.N127S, MSH2:c.982G>C, MSH2:c.1264G>T, MLH]I:c.1877del,
MLHI:cIVS15_5T>C, MLHI:c.395T>C; p.J145M, MSH6:c.3284G>A (p.R1095H), MSH6:c.4061T>A (p.L1354Q);
p.G322D, MSH2:c.1552C>T, MLHI:c.350C>T; p.M688V, MLHI:.c.350C>T, MSH6:¢.4016C>T; p.V722I,
MLH1:c.1039_8T>A; p.A834T, MSH2:deletion of exon 8; p.E886G, MSHG6: n/a; p.VI23E, MSH6: c.3563G>A
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Human Mutation

TABLE 3. Verification Data of MSH6 Variations

STEP 1 MSH6 (NM_000179.2) STEP 2 | STEP 3
- = |72
b > | ¢ ol O
o| 9| @&
.| e VUS S13|al|E
QL 212132
BEEIE (2|56
515 |% | NucLEOTIDE | AMINOACID | S | 2| % | E
=|3|=| CHANGE® CHANGE | = wl <

c.383G>T p.R128Lf

c.431G>T p.S1441

c.1696G>A p.G566R

c.1868C>T p.P623LT

c.2183A>C p.K728TT

c.2641delinsAAAA [ p.G881delinsKS'

c.3259C>A p.P1087T

c.3260C>G p.P1087R

C.3284G>A p.R1095H0
c.3577G>A p.E1193K H

c.4061T>A p.L1354Q0

aBIack, ACII fulfilled; White, ACII not fulfilled; Gray, ACII fulfilled in some families; A diagonal line,
data not available.
PBlack, results indicating pathogenicity; White, results indicating non-pathogenicity; Gray,
discrepancies between individual tumor data (MSI & IHC); A diagonal line, data not available.
°Nucleotide numbering reflects cDNA with +1 corresponding to the A of the ATG translation initiation
codon in the reference sequence, according to journal guidelines (www.hgvs.org/mutnomen).
9Black, results indicating pathogenicity; White, results indicating non-pathogenicity; A diagonal line,
data not available
®Black, deleterious by SIFT and MAPP-MMR; White, neutral by SIFT and MAPP-MMR; Gray,
deleterious by SIFT or MAPP-MMR only; A diagonal line, data not available; Vertically divided field
indicates the availability of one result only.

MLH1 promoter hypermethylation found in tumors.
9Families with additional MMR gene mutations: p.R1095H, MSH2:¢c.435T>G (p.|145M); p.L1354Q,
MSH2:c.435T>G (p.I1145M)
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1

2

2 TABLE 3. Verification Data of MSH6 Variations

5

6 STEP 1 MSH6 (NM_000179.2) STEP 2 STEP 3

7 =

8 THC" VUS *lo1%]|8

] ; AREERE:

10 v lE 2131212

11 “1Z2lzlale x| 3| 2| =

12 5 % % NUCLEOTIPE AMINO ACID = Z & E

13 S| 2|E CHANGE CHANGE = 4|z

14 R ¢.383G>T p.R128L

15 CA31G>T p.S1441

16 ¢.1696G>A p.G566R -

17 C.1868C>T p.P623L"

18 ¢.2183A>C p.K728T!

19 c.2641delinsAAAA p.G881delinsKS'

20 ¢.3259C>A p.P1087T

21 ¢.3260C>G p.P1087R

22 ¢.3284G>A p.R1095H2

23 ¢3577G>A p.E1193K H

24 c.4061T>A p.L1354Q2 |/

gg ZBlack, ACII ﬁflfil‘led'3 White, ACH r}ot fulﬁ}led; Gray, .A(?II fulfilled in some fa}n}ilies; A dia.gonal 1in§, data not ayailgble.

27 Black, results indicating pathogemclty; White, results.mdlcatmg non-pathogenicity; Gray, discrepancies between individual
tumor data (MSI & IHC); A diagonal line, data not available.

28 ¢ Nucleotide numbering reflects cDNA with +1 corresponding to the A of the ATG translation initiation codon in the

29 reference sequence, according to journal guidelines (www.hgvs.org/mutnomen).

30 4 Black, results indicating pathogenicity; White, results indicating non-pathogenicity; A diagonal line, data not available.

31 ¢ Black, deleterious by SIFT and MAPP-MMR; White, neutral by SIFT and MAPP-MMR; Gray, deleterious by SIFT or

32 MAPP-MMR only; A diagonal line, data not available; Vertically divided field indicates the availability of one result only.

33 "MLHI promoter hypermethylation found in tumors

34 ¢ Families with additional MMR gene mutations: p.R1095H, MSH2:c.435T>G (p.1145M); p.L1354Q, MSH2:c.435T>G
(p.1145M)
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