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Background & Aims: Inherited deleterious mutations in
mismatch repair genes MLHI, MSH2, and MSH6 predispose to
hereditary nonpolyposis colorectal cancer. A major diagnostic
challenge is the difficulty in evaluating the pathogenicity of
missense mutations. Previously we showed that most missense
variants in MSH6 do not impair MMR capability and are asso-
ciated with no or low cancer susceptibility, whereas in MLHI,
functional studies distinguished nontruncating mutations with
severe defects from those not or slightly impaired in protein
expression or function. The present study was undertaken to
evaluate the pathogenicity of inherited missense mutations in
MSH2. Methods: Fifteen mutated MSH2 proteins including
14 amino acid substitutions and one in-frame deletion were
tested for expression/stability, MSH2/MSH6 interaction, and
repair efficiency. The genetic and biochemical data were corre-
lated with the clinical data. Comparative sequence analysis was
performed to assess the value of sequence homology as a tool
for predicting functional results. Results: None of the stud-
ied MSH2 mutations destroyed the protein or abolished MSH2/
MSHG6 interaction, whereas 12 mutations impaired the repair
capability of the protein. Comparative sequence analysis cor-
rectly predicted functional studies for 13 of 14 amino acid

substitutions. Conclusions: Interpretation was pathogenic
for 12, nonpathogenic for 2, and contradictory for 1 mutation.
The pathogenicity could not be distinguished unambiguously
by phenotypic characteristics, although correlation between the
absence of staining for MSH2 and pathogenicity of the mis-
sense mutation was notable. Unlike in MSH6 and MLHI, the
pathogenicity of missense mutations in MSH2 was always asso-
ciated with impaired repair capability of the mutated protein.

D iscovery of an inherited deleterious mutation in a cancer
patient permits predictive gene testing in the family and
enables targeted cancer surveillance. Hereditary nonpolyposis
colorectal cancer (HNPCC) is a dominantly inherited cancer
syndrome characterized by familial accumulation of early onset
colorectal, endometrial, and other extracolonic tumors and
accounts for around 3%-5% of all colorectal cancer cases.!?
HNPCC associates with malfunction of postreplicative mis-
match repair (MMR). Nearly 500 different germline mutations
that are likely to be pathogenic have been reported for MMR
genes, most of which affect MLHI (52%), MSH2 (37%), and
MSHG6 (6%) (for more information, see international HNPCC
mutation database at www.insight-group.org).

The wide variety of clinical phenotypes complicates HNPCC
diagnostics. One reason for varying phenotypes among families,
who carry mutations in different MMR genes, may be the
different functional roles of the 3 proteins MLH1, MSH2 and
MSHG6 in the repair reaction. MSH2 and MSH6 form a het-
erodimer, MutSe, which is involved in the recognition of mis-
paired DNA and activation of the consequent steps in the repair
process, whereas MLH1 most probably is involved in assembly
of the repairosome and excision termination past mismatch.3-5
MSH2 and MLHI1 proteins are irreplaceable in MMR, but
MSHG6 protein has been shown to be functionally redundant
with another protein, MSH3, in recognition of small insertions
and deletions.®” This probably explains why in contrast to
HNPCC families linked to MSH2 and MLH1 mutations, families
associated with MSH6 mutations often lack typical clinical and
molecular characteristics of the syndrome (eg, early age at onset
and high microsatellite instability [MSI| in the tumors).8?
Moreover, the conservation status of the mutated sequence and
the associated biochemical consequences influence cancer sus-
ceptibility and phenotype.1%!! To date, a major challenge in the
clinical management of patients with suspected HNPCC muta-
tions is the frequent occurrence of nontruncating mutations,
which cannot be interpreted as either deleterious or clinically
innocent a priori.

MLH] is the most commonly mutated gene in HNPCC
and about 30% of its mutations are of the missense type
(www.insight-group.org). So far, missense mutations in MLHI
have been included in several functional analyses both in het-
erologous systems and in homologous human MMR systems.
In our recent study on 34 nontruncating mutations in MLHI,
pathogenic mutations could be distinguished clearly from non-
pathogenic ones and the associated biochemical mechanisms
also could be determined.!? We found that pathogenic nontrun-
cating sequence changes in MLHI may interfere with different
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amplification; MMR, mismatch repair; MSI, microsatellite instability;
PCR, polymerase chain reaction; Sf9, Spodoptera frugiperda 9; SIFT,
Sorting Intolerant From Tolerant; TE, total protein extract; WT, wild
type.
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biochemical mechanisms such as expression/stability, subcellu-
lar localization, or repair efficiency, most often involving a
reduced amount of the mutated MLH1 protein.!?!3 Further-
more, impaired repair capability of the mutated MLH1 protein
was shown to correlate tightly with mutation location. The
mutations whose pathogenicity was associated with reduced
protein expression and aberrant nuclear localization were scat-
tered throughout the whole MLHI gene, whereas most muta-
tions deficient in MMR function were located at the adenosine
triphosphate binding/hydrolysis region in amino-terminus.

Much less is known about the functional significance of
missense mutations found in MSH2 and MSH6 in suspected
HNPCC families. In our own functional analyses of 11 missense
mutations in MSH6, most showed no impairment of MMR
capability.1415 The results did not exclude the possibility that
some of the studied mutations, which were functional in the in
vitro MMR assay, still could affect biochemical events preceding
the MMR function in vivo—indeed, some discrepancies in re-
sults obtained with human in vitro and yeast in vivo systems
suggested that this could be the case.15:16

In MSH2, 24% of reported pathogenic mutations are non-
truncating (www.insight-group.org). The number is notable
and seems to be increasing.!”:!® To date, the pathogenicity of
MSH?2 missense mutations has been studied mainly in heterol-
ogous systems, which require that the affected amino-acid res-
idue is evolutionarily conserved to make the functional tests
relevant to human variants.!® 22 Seven mutations were included
in a comprehensive biochemical study, which showed that most
resulted in reduced MSH2/MSH6 molecular switch functions.??
Our present study significantly adds to the interpretations of
missense mutations in HNPCC by investigating the function-
ality of 15 mutated MSH2 proteins in a homologous human
MMR system, in analogy to our previous studies with mutated
MLH1 and MSH6 proteins.

Materials and Methods
MSH?2 Mutations and HNPCC Families

The present study comprised 14 MSH2 missense muta-
tions and 1 in-frame deletion found in 23 HNPCC families that
have been subjected to molecular genetic and clinical stud-
ies.24-30 The studied mutations and clinical characteristics of
the index patients and their families are listed in Table 1. All
human investigations were performed after approval of the
institutional review boards of the collaborating universities or
local ethical committees. Because the HNPCC families included
in the study were found and analyzed by many research groups,
somewhat different methods were used for mutation detection
(Table 1). All mutations were verified by direct sequencing.
Multiplex ligation- dependent probe amplification (MLPA)3! or
multiplex polymerase chain reaction (PCR)3? was applied to
exclude large genomic rearrangements in MLH1 and MSH2 in
17 families. In addition, MSH6 and PMS2 were studied with
MLPA in the Family U01-573 (T33P) and Family 12 (Del745-
746). The mutations are dispersed in different domains of the
MSH2 polypeptide, but mainly are clustered in the amino-
terminal connector domain responsible for interdomain inter-
actions, and in the adenosine triphosphatase domain at the
carboxyl-terminus (Figure 1).3334 The L187P and A272V muta-
tions were found in 2 and the D603N, A636P, and C697F
mutations in 3 separate families. The C333Y, A636P, and
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A834T mutations also have been reported in families that were
not included in the present investigation (www.insight-
group.org). In Family 16, the index patient was shown to carry
2 missense mutations, MSH2 V923E and MSH6 S1188N,
whereas only MSH2 V923E was found in another colorectal
cancer (CRC) patient in the family. Most (17 of 23) families
fulfilled the stringent Amsterdam Criteria I or II3%3¢ and
showed early age at onset (Table 1).

MSI and Immunobistochemical Analyses

For the MSI analysis, the Bethesda panel (BAT-25, BAT-
26,D2S123,D5S346,D175250, or in some cases D18S69)37 was
applied except in 4 families: HNPCC 183 (D2S123, D2S136,
D6S470, D165663, and HBA1), Family A (BAT-26 and Mdf-15),
HNPCC 421 (TP53-Dint, D8S254, NM23, D18S35, D5S346,
TP53-Penta, D2S123, D1S2883, D3S1611, and D7S501), and
HNPCC 152 (D2S123, D16S663, D5S346, HBA1, and D18S35).
Tumors with 2 or more unstable markers were considered to
have a high degree of MSL

The immunohistochemical (IHC) staining was performed
with the following primary antibodies: anti-MLH1 (clone G168-
15; BD Pharmingen, San Diego, CA), anti-MSH2 (clone FE11;
Calbiochem/Oncogene Research Products, San Diego, CA), and
anti-MSH6 (clone 44; Transduction Laboratories, Lexington,
KY). The percentage of tumor cells staining with the antibodies
was recorded for each sample as recommended.3® Tumor stud-
ies were performed on CRCs of the index patients, except in the
families UO1-537 and HNPCC B, in which endometrial cancers
(ECs) were analyzed, and Family A and HNPCC 62, in which
THC was studied on skin tumors (Table 1).

Functional Assays

Site-directed mutagenesis and production of dif-
ferent expression vectors. The MSH2 variants were created
using site-directed mutagenesis as described previously.1415:3
All of the primer sequences and PCR parameters are available
from the authors on request. Two primer pairs, forward-A with
reverse-A and forward-B with reverse-B, were used to create the
mutated sites to the wild-type (WT) MSH2 complementary
DNA (cDNA), which was cloned previously into pFastBacl
plasmid between BamHI and Xhol restriction sites. In the first
PCR, fragment A was created using primer pair forward-A and
reverse-A and fragment B was created using primers forward-B
and reverse-B The nucleotide changes were carried in the prim-
ers reverse-A and forward-B. The correct sizes of the fragments
were verified on agarose gels. The fragments A and B were used
as a template for the second PCR, in which the primers for-
ward-A and reverse-B were used to complete the PCR products.
The second PCR products, which contained the mutations,
were cloned into the original plasmid between the appropriate
restriction sites. Fragments with mutations from amino-termi-
nus until the codon D603 were cloned between BamHI and
Ndel sites and fragments including mutations from the codon
A636 until the end of the cDNA between Ndel and Xhol sites. All
constructs were verified by sequencing (ABIPrism 3100 Genetic
Analyser; Applied Biosystems, Foster City, CA).

The recombinant baculoviruses for protein production in
Spodoptera frugiperda 9 (Sf9) insect cells were generated using the
Bac-to-Bac system according to the manufacturer’s instructions
(Invitrogen, Groningen, the Netherlands). For protein expres-
sion in human cells, the WT and mutated MSH2 cDNAs were
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Table 1. Genetic and Clinical Data of HNPCC Families

GASTROENTEROLOGY Vol. 131, No. 5

Index All affected
patient: age patients?/ Method for b
MSH2 Family at onset, y/ mean age Amsterdam mutation MSI IHC
mutation code tumor site atonset, y  criteria I/l analysis status®  MSH2  MSH6  MLH1 Reference
T33P U01-537 45/EC 2/48 - DS, MLPA High + + + This study
V161D Fam 10 52/CRC 3/53 + DS, MLPA High - NA NA 24
G162R Fam C 56/EC 6/52 + DS High - +/— + 59
G164R HNPCC 39/CRC 7/39 + DS, MLPA NA - NA + 24
420
L173P HNPCC 36/CRC 9/45 + DS, High - NA + 24
183 Multiplex
PCR
L187P HNPCC 41/CRC 5/42 + DS, MLPA High - NA + 24
548
L187P° Family A 42/CRC 11/48 + DS, MLPA High - - + 25
A272V HNPCC 41/CRC 3/40 + DS, MLPA Low + NA + This study
421
A272V U01-348 41/CRC 1/41 - DS, MLPA High + + + 26
C333Y HNPCC 41/CRC 2/41 - DS, NA NA NA NA 24
228 Multiplex
PCR
D603N EN 13 50/EC 2/49 - DS, MLPA High - - + 27
D603N EN 26 46/EC 5/55 + DS Stable - - + 27
D603N HNPCC 38/CRC 1/38 - DS High NA NA NA 28
122
AG36P¢ HNPCC 42/CRC, 2/44 + DS High - * + 29
B 44/EC
AB636P U01-051 43/CRC 1/43 - DS, MLPA High - - + 26,29
AB36P CG0074 36/EC 5/49 + DS High - NA NA 29
CB97Fe HNPCC 27/CRC 5/45 + DS, High - NA + 24,30
62 Multiplex
PCR
C697F HNPCC 33/CRC 3/38 + DS, MLPA High - NA + 24
934
C697F 1260 40/EC 3/49 + DS High - + + 25
Del745- Family 39/CRC 4/42 + DS, MLPA High - - + This study
746 12
E749K HNPCC 29/CRC 7/29 + DS, MLPA High + NA + 24
152
A834T HNPCC 28/CRC 3/39 + DS, High - - + 24
417 Multiplex
PCR
VO23Ef Family 70/CRC 6/58 + DS, MLPA High * - + This study
16

EC, endometrial cancer; DS, direct sequencing; NA, not available.
aAffected patients with HNPCC tumors.

bMSI status and IHC were analyzed on the primary tumor of the index patient. The 3 exceptions are as follows:
°|HC not available from index patient; MSH2 and MSH6 loss detected from sebaceous adenoma of a paternal aunt, a verified mutation carrier.

9Tumor data are from EC of the index patient.

¢|[HC not available from index patient; MSH2 and MSH6 loss detected from sebaceous carcinoma of sister, a verified mutation carrier.
The index person carries 2 mutations, MSH2 V923E and MSH6 S1188N.

cloned from pFastBacl into pDsRed2-N1 expression vector (BD
Biosciences, Palo Alto, CA) between Sacl and Notl restriction
sites, so that the red fluorescent protein was replaced. The WT
MSHG6 ¢DNA was cloned from pFastBacl into pEGFP-N1 ex-
pression vector (BD Biosciences) between BamHI and Notl re-
striction sites, replacing the enhanced green fluorescent protein
gene. The resulting constructs expressing MSH2 (WT or mu-
tated) and MSH6 (WT) are mentioned here as pMSH2-N1 and
PMSH6-N1, respectively.

Production of recombinant proteins in insect and
human cells. The recombinant proteins were produced in Sf9
insect cells using Bac-to-Bac baculovirus expression system (In-
vitrogen) as previously described.!*15-3° The bacmid DNAs con-
taining ¢cDNA inserts encoding WT MSH2 (MSH2-WT), mu-
tated MSH2 (MSH2-T33P, MSH2-V161D, MSH2-G162R, MSH2-
G164R, MSH2-L173P, MSH2-L187P, MSH2-A272V, MSH2-
C333Y, MSH2-D603N, MSH2-A636P, MSH2-C697F, MSH2-
Del745-746, MSH2-E749K, MSH2-A834T, and MSH2-V923E), or
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DNA binding domain, residues 1-124

Connector domain, residues 125-299

Core domain, residues 300 - 488 and 554 - 619
Clamp domain, residues 489-553

ATPase domain, residues 620 - 820

Helix-turn-helix domain, residues 820 - 934
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MSH6 and MSH3 interaction sites, residues 378-625 and 875-934

Figure 1. Human MSH2 protein showing the locations of the stud-
ied alterations and functional domains. The functional domains are pre-
dictions based on crystal structures of prokaryotic MutS proteins33.34
and the MSH2/MSH6 and MSH2/MSHS interaction regions.53

WT MSH6 (MSH6-WT) were used to transfect Sf9 cells. For
protein production, Sf9 cells were co-infected with MSH2 and
MSH6 recombinant baculoviruses because the functional
MutSa-complex requires both proteins and MSH6 has been
shown to be unstable without its cognate partner MSH2.40-42
The total protein extracts (TEs) including the heterodimeric
MutSa were prepared as in previous reports.!415

Production of recombinant MutSa (heterodimer of MSH2
and MSH6) variants in LoVo human colon adenocarcinoma cell
line (MSH2-/-) (American Type Culture Collection, Manassas,
VA) was performed as described** with minor modifications. A
total of 200,000 cells was seeded (in 1 well of a 6-well plate), and
transfected after 24 hours with 2 ug of pMSH2-N1 (WT or
mutant) and 2 ug pMSH6-N1 vectors using 8 pL of Tfx-20
transfection reagent (Promega, Madison, WI). Forty-eight hours
after transfection, the cells were collected by trypsinization and
TEs were produced as described previously.!2

The expression levels and correct sizes of recombinant pro-
teins were examined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and Western blot analyses. The protein com-
plexes were run on 6% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, blotted to nylon membranes, and detected
with anti-MSH2 (MSH2 Ab-2, NA27; Calbiochem, EMD Bio-
sciences Inc, Darmstadt, Germany, 0.4 ug/mL in insect cell and
0.1 wg/mL in human cell expression) and anti-MSH6 (MSH6/
GTBP, clone 44; BD Transduction Laboratories, Lexington, KY;
0.17 wg/mL in insect cell and 0.5 wg/mL in human cell expres-
sion). The naturally expressed B-tubulin protein (clone SH1,
anti-f3-tub; [BD Biosciences, San Diego, CA], 0.5 ug/mL) was
used as control when the expression levels of MutSa variants
produced in LoVo cells were compared.

Combined co-immunoprecipitation and Western
blot analysis. The interactions of MSH2 variants with their
counterpart MSH6-WT were studied with combined co-immu-
noprecipitation and Western blot analysis as previously de-
scribed!*15 with minor modifications. For immunoprecipita-
tion, Sf9 TEs were adjusted to contain similar amounts of
recombinant proteins (40 ug of MutSa-WT, 40 ug of MutSa-
T33P, 120 ug of MutSa-V161D, 120 ug of MutSa-G162R, 120
ug of MutSa-G164R, 120 ug of MutSa-L173P, 120 ug of
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MutSa-L187P, 40 ug of MutSa-A272V, 120 ug of MutSa-
C333Y, 120 ug of MutSa-D603N, 30 ug of MutSa-A636P, 60
ug of MutSa-C697F, 120 ug of MutSa-Del745-746, 40 ug of
MutSa-E749K, 40 ug of MutSa-A834T, and 50 ng of MutSa-
V923E). The protein extracts were rotated overnight on a rotat-
ing wheel with 1 ug of anti-MSHG6 antibody (MSH6/GTBP,
clone 44; BD Transduction Laboratories). A total of 30 uL of
protein A/G agarose beads (SC2003; Santa Cruz Biotechnology,
Santa Cruz, CA) were added and the rotation was continued for
3 hours. The agarose beads, containing the precipitated anti-
body-protein complexes, were collected by centrifugation and
washed 3 times. The precipitated complexes were detected by
Western blot (see previously).

In vitro mismatch repair assay. In vitro MMR assay
followed the previous protocols.'*!5 The repair reaction in-
cluded 100 ng of circular heteroduplex DNA and 75 ug of LoVo
nuclear extract, which lacks the intrinsic MSH2 protein
(MSH27"). The functionality of the mutated MSH2 proteins was
studied by complementing LoVo nuclear extract with the TE
including overexpressed MutSa The total protein amounts
were adjusted to contain equal quantities of recombinant
MutSa (4 pg of MutSa-WT, 4 ug of MutSa-T33P, 12 ug of
MutSa-V161D, 12 pg of MutSa- G162R, 12 ug of MutSa-
G164R, 12 ug of MutSa-L173P, 12 ug of MutSa-L187P, 4 ug of
MutSa-A272V, 12 ug of MutSa-C333Y, 12 ug of MutSa-
D603N, 3 ug of MutSa-A636P, 6 ug of MutSa-C697F, 12 ug of
MutSa-Del745-746, 4 ug of MutSa-E749K, 4 ug of MutSa-
A834T, and S5 ug of MutSa-V923E). The purified MutSa (1 ug)
and the MutSa-WT TE were used as positive controls, and LoVo
nuclear extract as a negative control in the assay. The repair
reaction was performed for 45 minutes, after which the DNA
was extracted, purified, and digested with Bsal and Bg/II restric-
tion enzymes. The Bsal enzyme was used to linearize the DNA.
The repair reaction converts the G - T heteroduplex, not sus-
ceptible to cleavage by the endonuclease BglII, to the A - T
homoduplex, which is cleaved by BglIl. Thus, the repair effi-
ciency can be measured by the cleavage efficiency. The digested
DNA was run on 1% agarose gels and the repair efficiencies were
quantified by comparing the intensities of the uncorrected and
corrected fragments using Image-Pro 4.0 (Media Cybernetics,
Silver Spring, MD). The repair percentages were calculated as an
average = SD of 3 independent experiments and the repair
percentages of the proficient WT controls were used as a refer-
ence level.

Comparative Sequence Analysis

Homologues of human MSH2 were obtained from
GenBank by the Entrez search and retrieval system. Full se-
quences for 240 bacterial and 42 eukaryotic MSH2 homologues
were identified. Partial sequences were not included in the
alignments. If more than one sequence was returned for a
species, the most complete sequence was chosen as a represen-
tative for that species. The following 36 eukaryotic species were
used in the analyses: human (gi18204306), Cercopithecus aethiops
(g152632375), Canis  familiaris  (gi73969550), Bos taurus
(gi75775312), Pongo pygmaeus (giS5733310), Mus musculus
(gi28436763), Rattus norbegicus (gi1103621), Macaca fascicularis
(gi 67972282), Xenopus laevis (gil079288), Pan troglodytes
(g155595712, gi3821282), Danio rerio (gi68441231), Strongylocen-
trotus  purpuratus  (gi72126137),  Cryptococcus — neoformans
(g157223235), Paramecium tetraurelia (gi50057558), Trypanosoma
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brucei (gi71748512), Plasmodium falciparum (gi23509476), Theile-
ria parva (g168352933), Plasmodium chabaudi (70950501), Crypto-
sporidium parvum (gi66361202), Anopheles gambiae (g155236493),
Ustilago maydis (gi71017883), Magnaporthe grisea (g139973949),
Neurospora crassa (g13914053), Aspergillus fumigatus (gi66852271),
Gibberella zeae (gi42552104), Saccharomyces cerevisiae (gi172002),
Drosophila  melanogaster ~ (gi22946491),  Ashbya  gossypii
(g144985261), Dictyostelium discoidenm (gi66819479), Schizosac-
charomyces pombe (gi4151103), Yarrowia lipolytica (gi50554795),
Kluyveromyces  lactis  (gi50310365),  Tetraodon  nigroviridis
(gi47210), Candida albicans (gi68481255), Leishmania major
(gi68128853), and  Debaryomyces  hansenii  (gi56311471,
gi50428111).

Multiple alignments for the sequences were constructed us-
ing ClustalW#* and BioEdit; some poorly conserved regions,
which showed large gaps in the automated alignment, were
aligned visually. The minimum number of nonsynonymous
changes for the alignments was determined using the maxi-
mum parsimony method implemented in the program prot-
pars. Three substitutions per codon are required to state that
absolute conservation of a given amino acid is statistically
significant at a P value of less than .05.454¢ The sequence
alignment of 36 species contains more than 17,000 variants.
This total is well in excess of the necessary 3 substitutions per
site (for MSH2, 3 X 934 amino acids = 2802).

Predictions of tolerability of MSH2 amino-acid substitutions
was performed using the program Sorting Intolerant From
Tolerant (SIFT) (available at: http://blocks.therc.org/sift/SIFT.
html). The assumptions and methodology of SIFT have been
described previously.#” The aligned sequences were entered us-
ing default settings. SIFT classifies all potential amino acid
variants as tolerated or deleterious, based on an algorithm that
calculates normalized probabilities for all possible substitutions
from the alignment. Positions with normalized probabilities
less than .05 are predicted to be deleterious, those greater than
or equal to .05 are predicted to be tolerated.

Results
Tumor Phenotypes

The results of MSI and IHC analyses are shown in Table
1. MSI status was available from 21 mutation carriers from 21
families associated with 13 different mutations. In most of the
studied tumors (19 of 21) the degree of MSI was high, in
HNPCC 421 (A272V) MSI was low, and in EN26 (D603N) the
studied endometrial carcinoma showed stable MSI status. IHC
staining of MSH2 was performed on tumors originating from
verified mutation carriers in 21 families. MSH2 protein was lost
in 17 tumors. In 4 tumors associated with mutations T33P,
A272V, and E749K, MSH2 staining was retained, although MSI
status was high (T33P, A272V, E749K) or low (A272V). In
Family 16 (V923E), CRC from the index patient, who also
carried a mutation in MSH6, showed reduced expression of
MSH2 and loss of MSH6, whereas CRC from another family
member carrying only MSH2 mutation showed loss of MSH2
and heterogeneous MSH6. Overall, the loss or reduced expres-
sion of MSH6 was observed frequently (9 of 12) and always
together with the loss of the MSH2 protein, whereas MLH1 was
reduced in 1 tumor (E749K) and normal in all other (18)
analyzed samples.
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Figure 2. Expression of MutSa variants in LoVo human cells as
detected by Western blot analysis. The results were based on at least 3
independent experiments. All 15 MSH2 variants are expressed at sim-
ilar levels as the WT protein. The naturally expressed B-tubulin is used
as an internal loading control.

Expression of MSH2 Protein Variants in
Insect and Human Cells

Production of the proteins was successful in both Sf9
and LoVo cells. In §f9, production was more efficient than in
human cells, although the expression levels in TEs varied (data
not shown). Our previous study on stability of MLH1 variants'?
suggested that the expression study in human cells is more
sensitive to detect variations in protein quantity than expres-
sion in insect cells. Thus, to determine whether the MSH2
alterations affected the stability of the transcript or the protein,
we transiently expressed the MSH2 variants together with WT
MSH6 (MutSa) in the LoVo cell line, which has a homozygous
deletion in MSH2 gene and thus does not express MSH2 pro-
tein.*® In human cell expression, all the variants showed similar
amounts of MSH2 than WT MSH2 (Figure 2).

Interaction Capability of MSH2 Protein
Variants

The combined co-immunoprecipitation and Western
blot analysis was performed to study the effect of the mutations
on MSH2/MSHS6 interaction. The total extract amounts used in
the immunoprecipitation assays were adjusted to contain equiv-
alent amounts of MSH2, as estimated from sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western blot
analysis. All the mutant proteins were able to interact with
MSHS6 and the interaction efficiency was very similar to that of
MutSa-WT (MSH2-WT/MSH6-WT) (Table 2).

Repair Efficiency of MutSa Protein Variants

We tested the ability of the recombinant MutSa vari-
ants to complement the MMR-defective LoVo extracts in repair-
ing of G - T mispairs in vitro (Figure 3A and B). The LoVo cell
line lacks MSH2 protein, and we have previously shown that Sf9
TEs containing overexpressed MutSa-WT can be used to restore
the MMR proficiency of LoVo cell extracts.*® Because not all the
mutant MutSa protein complexes were expressed in similar
quantities, the TEs used in the assays were adjusted to contain
equivalent amounts of MutSa. Altogether 11 of the analyzed 15
MutSa variants were completely deficient in the in vitro MMR
assay (MutSa-V161D, MutSa-G162R, MutSa-G164R, MutSa-
L173P, MutSa-L187P, MutSa-C333Y, MutSa-D603N, MutSa-
A636P, MutSa-C697F, MutSa-Del745-746, and MutSa-
E749K). They repaired 5%-9% of the added heteroduplex DNA,
approximately in the same efficiency as the negative control
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Table 2. Functionality of the MSH2 Protein Variants Under Study
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Prediction based Assessment of

MSH2 Interaction Expression In vitro on amino-acid pathogenicity based
mutation with MSH6 in LoVo cells MMR alignment SIFT score? on functional assays
T33P Normal Normal Decreased Deleterious 0.02 Pathogenic
V161D Normal Normal Deficient Deleterious 0.00 Pathogenic
G162R Normal Normal Deficient Deleterious 0.00 Pathogenic
G164R Normal Normal Deficient Deleterious 0.02 Pathogenic
L173P Normal Normal Deficient Deleterious 0.00 Pathogenic
L187P Normal Normal Deficient Deleterious 0.00 Pathogenic
A272V Normal Normal Normal Tolerated 0.79 Nonpathogenic
C333Y Normal Normal Deficient Deleterious 0.00 Pathogenic
D603N Normal Normal Deficient Deleterious 0.01 Pathogenic
AG36P Normal Normal Deficient Tolerated 0.20 Pathogenic
C697F Normal Normal Deficient Deleterious 0.00 Pathogenic
Del745746 Normal Normal Deficient NA NA Pathogenic
E749K Normal Normal Deficient Deleterious 0.00 Pathogenic
A834T Normal Normal Normal Tolerated 0.10 Nonpathogenic
VO23E Normal Normal Normal Tolerated 0.89 Nonpathogenic

NA, not available.

aPredictions are based on the SIFT program using alignment as described in the text. SIFT scores represent the probability of the new amino acid
appearing in the alignment. Scores = .05 are generally considered deleterious.

(5.9%), whereas MutSaWT repaired 44.7%. MutSa-T33P
showed a reduced MMR efficiency (23.3%), and 3 variants
(MutSa-A272V, MutSa-A834T, and MutSa-V923E) showed no
reduction in their mismatch repair capability compared with
the wild-type MSH2.

Comparative Sequence Analysis

To assess how well comparative sequence analysis pre-
dicts the results of functional assays, we constructed multiple
sequence alignments of human MSH2 with eukaryotic and
prokaryotic homologues and used the SIFT program to predict
the outcome of all missense variants (in-frame deletion was
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excluded). SIFT classifies each amino acid substitution as tol-
erated or deleterious. Variants were defined as nonpathogenic if
functionality was normal in all assays and as pathogenic if there
was an abnormality in any assay. The T33P variant was classi-
fied as deficient in MMR activity (pathogenic).

By using the alignment of 36 eukaryotic sequences that
included animals, yeast, fungi, and parasites, and a cut-off score
of .05, SIFT correctly predicted the functional results for 13 of
14 variants, for an overall predictive value of 92.9%. The positive
predictive value was 100% (10 of 10 predicted deleterious had
reduced function) and the negative predictive value was 75% (3
of 4 predicted tolerated functioned as WT) (Table 2). Adding
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Figure 3. (A) In vitro MMR efficiency of LoVo nuclear extract complemented with MutSa protein variants. Mock represents heteroduplex only,
with no added nuclear extract or recombinant protein. LoVo nuclear extract lacks intrinsic MSH2 protein (MSH2-) and is used as a negative control.
The upper fragment (3193 bp) represents the unrepaired linearized G ® T heteroduplexes, and the lower bands (1833 and 1360 bp) show the
migration of the repaired and double-digested DNA molecules. (B) Relative repair percentages of heteroduplex DNA calculated as a ratio of
double-digested DNA relative to total DNA added to the reaction. The percentage is an average + SD of 3 independent experiments. Mock: 4.0%
+ 2.6%; LoVo alone: 5.9% =+ 2.8%; MutSa-WT: 44.7% = 9.8%; MutSa-WT-purified: 40.1% =+ 9.0%; MutSa-T33P: 23.3% =+ 9.4%; MutSa-V161D:
7.2% * 1.6%; MutSa-G162R: 5.6% = 1.2%; MutSa-G164R: 5.6% * 1.9%; MutSa-L173P: 6.5% = 1.7%; MutSa-L187P: 6.0% * 2.5%;
MutSa-A272V: 42.9% =+ 5.6%; MutSa-C333Y: 7.0% * 4.5%; MutSa-DB03N: 8.8% = 3.4%; MutSa-AB36P: 7.1% =+ 4.4%; MutSa-C697F: 8.3%
+ 2.8%; MutSa-Del745-746: 7.8% = 5.3%; MutSa-E749K: 8.0% * 4.5%; MutSa-A834T: 48.6% =+ 9.2%; and MutSa-V923E: 45.6% *+ 4.3%.
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plants to the alignment reduced the overall predictive value to
78.6% (11 of 14), and adding the 240 prokaryotes to the align-
ment reduced the overall predictive value to 71.4% (10 of 14). By
using an alignment of only vertebrates with less evolutionary
distance achieved 100% sensitivity, but classified all variants as
deleterious (0% specificity in this small data set).

The only incorrect prediction occurred for variant A636P,
predicted tolerated but found to be deficient in MMR. Chang-
ing the SIFT cut-off score from 0.05 to 0.20 would result in
classifying the variant A636P as deleterious but at the same
time another tolerated variant A834T (score, 0.10) would be
predicted incorrectly as deleterious (Table 2). One variant,
V923E, was predicted correctly as tolerated only by the best
alignment of animals, yeast, fungi, and parasites. This residue is
conserved in mammals. However, it is 10 amino acids from the
C terminus of the protein, in a region where most prokaryotic
and some eukaryotic sequences already have terminated.

Discussion

Deficiency in MMR predisposes to HNPCC, which is
associated primarily with inherited deleterious mutations in the
genes MLH1, MSH2, and MSH6.5° The interpretation of non-
truncating alterations in MMR genes is a tremendous challenge
to cancer diagnostics and genetic counseling, which rely on the
assessment of sequence variants found in cancer patients. The
consequence of a nontruncating mutation can vary from none
to complete dysfunction of the protein. Without reliable segre-
gation data in a family, functional analyses have been the only
way to determine pathogenicity.

In MSH2, the second most frequently mutated gene in
HNPCC, 24% of reported pathogenic mutations and all variants
of unknown significance are nontruncating (www.insight-
group.org). Their functional consequences, however, are stud-
ied scantily and mainly by yeast-based analyses. Given the
known differences in normal functions of MLH1, MSH2, and
MSH6 and the different clinical phenotypes associated with
their mutations, we wanted to supplement the interpretations
of missense mutations in HNPCC by investigating the func-
tionality of mutated MSH2 proteins in the human homologous
MMR system, as we had performed previously with MLH1 and
MSH6 mutated proteins. We tested the MMR capability of 15
nontruncating MSH2 mutations found in HNPCC families.
Moreover, possible deficiencies associated with quantity of the
mutated proteins were studied. Most families fulfilled the in-
ternational diagnostic criteria for HNPCC, showed early age at
cancer onset, and high MSI and loss of MSH2 protein in
tumors. The information of cosegregation of mutations with
disease in the families usually was missing.

Altogether, 11 of the 15 variants (V161D, G162R, G164R,
L173P, L187P, C333Y, D603N, A636P, C697F, Del745-746, and
E749K) showed complete loss of MMR function, T33P showed
a decreased repair efficiency, and 3 mutations (A272V, A834T,
and V923E) repaired similar to the wild-type MSH2. In accor-
dance, L187P, A636P, and C697F already had been studied
previously and interpreted as pathogenic.2551:52 In insect cells,
the expression levels of the mutated proteins varied and were in
some cases lower than the level of expressed MSH2-WT protein
but yet sufficient in quantity to conduct in vitro functional
analyses. As we have shown previously, production of recombi-
nant proteins in SfY insect cells is effective but not as sensitive
as protein expression in human cells to detect decrease in
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protein quantity.!? Because successful production in Sf9 cells
does not necessarily indicate protein stability in human cells,
the variants also were expressed transiently in MSH2-deficient
LoVo cells. Remarkably, all the 15 variants were expressed in
similar amounts as wild-type MSH2, suggesting their stability.
This is in contrast to MLHI missense mutations, whose patho-
genicity often was shown to be associated with reduced protein
expression.'? None of the mutations, not even D603N or
V923E, which were located in the interaction region, interfered
with MSH2/MSHS6 interaction in a co-immunoprecipitation
assay. MSH2 and MSH6 have 2 distinct interaction regions
(codons 378-625 and 875-934 in MSH2) and it has been sug-
gested that the loss of function in one region would not result
in the complete loss of heterodimer interaction.5® Thus, it is
possible that some of the mutations interfered with dimeriza-
tion but because MSH2 and MSH6 were not completely de-
tached they were precipitated together.

Comparative sequence analysis, which was performed to
assess the value of sequence homology as a tool for predicting
functional effects, predicted deleterious and tolerated muta-
tions with an overall predictive value of 93%. We tested several
different sequence alignments, representing different degrees of
evolutionary distance. The alignment that gave the best results
for MSH2 was the same set of sequences that gave the best
results for MLH1 (overall predictive value, 82%) (ie, animals,
yeast, and parasites, but excluding plants and bacteria).!? This
degree of evolutionary distance appears to be the most appro-
priate in the analysis of the MMR system in this kind of small
data set because using an alignment of only vertebrates
achieved 100% sensitivity but classified all the included variants
as deleterious. In the clinical setting, identification of all dele-
terious variants (100% sensitivity) is the ideal to provide appro-
priate risk assessment and HNPCC management. A potential
strategy might be to use comparative sequence analysis as a
screening tool, followed by functional studies to confirm pre-
dictions of deleterious variants. It is likely that the optimal
strategy for interpreting missense mutations will involve mul-
tiple lines of evidence (eg, functional, genetic, and computa-
tional).5* However, we now have shown for 2 MMR genes that
comparative sequence analysis using SIFT provides a powerful
tool to help interpret pathogenicity of mutations.

For one amino acid substitution, the alignment-based pre-
diction and analysis of repair capability gave conflicting results.
By using a SIFT cut-off score of 0.05, the amino acid change,
A636P, was predicted to be tolerated but showed a complete
loss of function in the MMR assay. A636 is a nonconserved
residue adjacent to a conserved region near the important
Walker A domain in the adenosine triphosphate-DNA binding
region. An inflexible adenine to proline substitution may cause
steric hindrance and alter an otherwise conserved region in the
protein. A636P has been reported to be a founder mutation in
Ashkenazi Jews and is associated with HNPCC in several fam-
ilies.295%:5¢ Its pathogenicity also has been shown in a yeast
assay.>! The published data together with our result of loss of
MMR function and with clinical data from the 3 families with
A636P (Table 1) suggest the pathogenicity of the mutation.

The variant V923E acted similar to wild-type protein in the
functional assay. However, only one comparative sequence
alignment correctly predicted (SIFT score, 0.89) the WT in vitro
results, whereas other alignments predicted it to be deleterious.
Predicting the effects of substitutions in the carboxyl end of the
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human MSH2 protein is somewhat difficult because many of
the homologous proteins included in the alignment analysis
lack those last amino acids. In the bacterial system, 53 last
amino acids in the carboxyl end were indeed reported to be
unnecessary for MMR function.?* Moreover, V923 locates in the
same domain in human MSH2 as T905R, which was not shown
to result in reduced MSH2/MSH6 molecular switch functions
in a previous biochemical study.?* The variant V923E, however,
was found in a family fulfilling the diagnostic criteria for
HNPCC with 6 affected members and with typical HNPCC
tumor characteristics (Table 1), suggesting that an unidentified
pathogenic mutation segregates in the family or the limit in
sensitivity of in vitro functional tests. The discrepancy between
the results of our functional analyses and clinical data and that
only one comparative sequence alignment analyses correctly
predicted the WT in vitro results unfortunately leaves interpre-
tation contradictory for V923E.

Overall, according to our functional assays, 12 alterations
should be classified as pathogenic, and 3 alterations, A272V,
AB834T, and V923E, as nonpathogenic (Table 2). The variation
A272V is located in the conserved connector domain in MSH2,
but the codon itself is not absolutely conserved and substitu-
tion of alanine to valine in this codon was predicted correctly
(SIFT score, 0.79) by comparative sequence analysis to be harm-
less. In accordance with MMR proficiency, tumors in mutation
carriers showed MSH2 expression (Table 1). The MSI-positive
phenotypes in the same 2 tumors that express MSH2 are in-
consistent with the functional and computational results of
A272V. One explanation as to why the MSI status was still high
in the 2 tumors would be an unidentified pathogenic mutation.
The third mutation A834T, which was proficient in the MMR
assay, also was predicted to be tolerated by computational
analysis. Moreover, MSH2-A834T previously has been proposed
not to be a causative factor for CRC and was reported to be
found in a healthy control population.!! However, the clinical
phenotype in the Family HNPCC 417, who showed early age at
onset and high MSI and loss of MSH2 in the tumor, was not
consistent with results of functional and computational anal-
yses, which led us to find some possible explanations for that
discrepancy. With new efforts in mutation screening, another
mutation, a deletion of exon 8 in MSH2, was found and shown
to cosegregate with the disease phenotype in the family (E.
Mangold, unpublished data). The typical HNPCC phenotype in
the family thus most probably is associated with that mutation.

MMR deficiency was associated mainly with typical HNPCC
characteristics such as early age at onset, high MSI, and loss of
MSH2 protein in the respective tumors. An endometrial cancer
in the family EN 26 with the mutation D603N showed MSI
stable status. This was inconsistent with MMR deficiency and
loss of MSH2 in that tumor. Moreover, the mutation D603N
was associated with 2 other HNPCC families and MSI high
phenotype in EC and CRC of their index patients, suggesting its
pathogenicity. Only 2 tumors with pathogenic mutations T33P
and E749K showed MSH2 expression, which in the T33P tumor
may be associated with only reduced MMR efficiency detected
in the MMR assay. Unlike T33P, E749K showed complete MMR
deficiency and a remarkably young age at onset (age, 29 y) in the
mutation carrier, suggesting a strong mutator effect of the
mutation. E749K locates in an extremely conserved Walker B
domain in the adenosine triphosphatase region. Supporting
our data, alterations in the amino acid residues corresponding
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to E749 in human beings have been reported to show strong
mutator phenotypes in bacteria’” and yeast.5® Thus, we con-
clude that although MSH2 deficiency is associated mainly with
typical HNPCC characteristics, some pathogenic MSH2 muta-
tions are not necessarily associated with the loss of the respec-
tive protein in a tumor, as assessed by IHC. On the other hand,
our study raises a question: why do most tumors show a loss of
MSH2 in IHC analyses whereas the respective MSH2 variants
seem to be stable in the in vitro expression analyses? An expla-
nation must be associated with differences in protein construc-
tions and abundance in vivo and in vitro. Overall, the correla-
tion between the absence of staining for MSH2 and
pathogenicity of the missense mutation was notable and sug-
gest IHC analysis as a sensitive method in HNPCC diagnostics.

In conclusion, the in vitro MMR assay can clearly distinguish
completely deficient nontruncating alterations in MSH2 from
those proficient or slightly deficient in repair capability. Re-
markably, in contrast to MSH6 and MLHI mutations, a clear
majority of MSH2 missense mutations show a complete elimi-
nation of MMR capability. Our study also shows that compar-
ative sequence analysis is a good predictor of functional data
and that for interpretation of the pathogenicity, it is important
to evaluate the biochemical results together with clinical and
genetic data of the families under study.
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