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ABSTRACT

Background Identifying genetic disease-susceptible
individuals through population screening is considered
as a promising approach for disease prevention. DNA
mismatch repair (MMR) genes including MLH1, MSH2,
MSH6 and PMS2 play essential roles in maintaining
microsatellite stability through DNA mismatch repair, and
pathogenic variation in MMR genes causes microsatellite
instability and is the genetic predisposition for cancer as
represented by the Lynch syndrome. While the prevalence
and spectrum of MMR variation has been extensively
studied in cancer, it remains largely elusive in the general
population. Lack of the knowledge prevents effective
prevention for MMR variation—caused cancer. In the
current study, we addressed the issue by using the
Chinese population as a model.

Methods We performed extensive data mining to
collect MMR variant data from 18 844 ethnic Chinese
individuals and comprehensive analyses for the collected
MMR variants to determine its prevalence, spectrum and
features of the MMR data in the Chinese population.
Results We identified 17687 distinct MMR variants.
We observed substantial differences of MMR variation
between the general Chinese population and Chinese
patients with cancer, identified highly Chinese-specific
MMR variation through comparing MMR data between
Chinese and non-Chinese populations, predicted the
enrichment of deleterious variants in the unclassified
Chinese-specific MMR variants, determined MMR
pathogenic prevalence of 0.18% in the general Chinese
population and determined that MMR variation in the
general Chinese population is evolutionarily neutral.
Conclusion Our study provides a comprehensive view
of MMR variation in the general Chinese population, a
resource for biological study of human MMR variation,
and a reference for MMR-related cancer applications.

INTRODUCTION

Cancer prevention is one of the ultimate goals in
medicine.! Populational screening for cancer-causing
genetic predisposition has been proposed as a prom-
ising approach to reach the goal as it allows compre-
hensive identification of the predisposition carriers
for early prevention before cancer development.”*
The rapid progress of DNA sequencing technology is
making populational screening for cancer prevention
closer to reach the reality.*”” However, the scientific
base of population screening needs to be well estab-
lished.*'* One of the issues relating to the coming

paradigm switching is the basic knowledge for cancer
predisposition in the general population.

DNA mismatch repair (MMR) genes including
MLH1, MSH2, MSH6 and PMS2 play essential
roles in maintaining microsatellite stability through
repairing DNA mismatch errors.'’ Pathogenic vari-
ants in MMR genes damage their normal function,
resulting in microsatellite instability and increased
risk for developing multiple types of cancer as best
represented by the Lynch syndrome (LS), the cancer
caused by MMR disorder affecting the gastrointes-
tinal system.'”* Since the relationship between
MMR variation and cancer was revealed, MMR vari-
ation has been extensively characterised in patients
with cancer. The resulting MMR variation data are
widely used to guide clinical diagnosis and treatment.
Most of the MMR variation data currently available
were derived from cancer samples, however, the
information reflects mainly the status of MMR vari-
ation in patients with cancer. Knowledge of MMR
variation in the general population without cancer
is essential in order to prevent cancer development
in the population. Referring the variation data from
patients with cancer to the general population can be
largely erratic, as MMR variation such as the spec-
trum, frequency and penetrance could be substan-
tially different between patients with cancer and
the general population.” '® Furthermore, the issue
of ethnic-specific MMR variation further increases
the complexity as the current MMR variation data
were predominantly derived from the Caucasian
populations.'”

In the present study, we addressed MMR vari-
ation in the general population by using the ethnic
Chinese population as a model, for which MMR
variation has not been systematically characterised so
far. We mined MMR variant data from 18 844 ethnic
Chinese individuals, determined the prevalence and
spectrum, and characterised the features of the vari-
ants including ethnic specificity, deleteriousness and
evolution selection. Data generated from our study
establish a scientific foundation for the use of popu-
lation screening to prevent MMR-related cancer, a
resource to study human MMR variation and a refer-
ence for MMR-related clinical applications.

MATERIALS AND METHODS

Samples and variant data collection

Genomic sequence data from 18 844 ethnic Chinese
individuals were used in the study. These included
the whole genome sequences from 10588 Chinese
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individuals by the ChinaMAP project (https://creativecommons.
org/licenses/by/4.0/),” the whole genome sequences from 2657
Singapore ethnic Chinese by the Singapore SG10K project,'®
the whole genome sequences from 597 Chinese by the Chinese
Academy of Sciences Precision Medicine Initiative project,'’ the
whole genome sequences from 90 Chinese by the Han Chinese
study,?® the whole exome sequences from 610 normal Chinese
control by the Chinese breast cancer study?' and the MMR-
targeted sequences from 4302 Macau Chinese by our own study
(approved by the University of Macau Institutional Review
Board, BESRE17-APP014-FHS) (table 1A).

Data analysis

The quality of sequence data was checked by FastQC and
duplicates were removed by Trimmatic. Sequencing reads
were mapped to human genome reference sequences (hgl9)
by Burrows-Wheeler Aligner.”* Sequencing bias was marked by
Base Quality Score Recalibration and sorted by Picard. Vari-
ants were called using GATK 4.1 following GATK best prac-
tices protocol,” annotated and classified by ANNOVAR.*
Mutalyzer name checker and position converter tool were
used for cDNA position and coding change with the following
reference sequences: Genome: NC_000003.11 (MLH1),
NC _000002.11 (MSH2 and MSH6), NC_000007.13 (PMS2);
cDNA: NM 000249.3 (MLH1), NM _000251.2 (MSH2),
NM_000179.2 (MSH6), NM_000535.5 (PMS2); protein:
NP_000240.1 (MLH1), NP_000242.1 (MSH2), NP_000170.1
(MSH6), NP_000526.2 (PMS2). The following databases were
used for comparative analyses: gnomAD (http://gnomad.broa-
dinstitute.org/),” ExAC (http://exac.broadinstitute.org/)*® and
database of 1000 Genomes Project (https://www.internationalge-
nome.org)”” were used for comparing with non-Chinese general
population; ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/),?®
InSiGHT (https://www.insight-group.org/variants/databases/),”
COGR (http://opengenetics.ca/)*’ and UMD (http://www.umd.
be)*! were used for comparing with non-Chinese cancer cohort;
dbSNP150 (https://www.ncbi.nlm.nih.gov/snp/)** and the data-
bases listed above were used for novelty determination. The
variants reported in any of the databases mentioned above were
classified as known variants; the variants not reported were
classified as novel variants. Power calculation was performed
following procedures.*?

Deleterious impact of variants on protein structural stability
Ramachandran Plot Molecular Dynamic Simulation (RPMDS)
method was used following the procedures described in
detail.** Briefly, the N terminus of MLH1 crystal structure
(PDB:4P7A, 2.30 A, residues 1-340) was used as the template.
Altered amino acid residues caused by missense variants were
incorporated into the wild-type MLHT1 structure to generate
mutant structures by using the Chimera software.”> Molecular
dynamics simulation composed of five different programs of
RMSD (root—mealn—squalre—devialtion),36 RMSF (root-mean-
square-fluctuations),’” Rg (radius of gyration),*® SASA (solvent
accessible surface area)® and NH bond (hydrogen bond)*
were applied to measure the structural changes of equilibrium
state, flexibility, shape, hydrogen bond, surface accessibility
and structural expansion caused by the variants. Ramachan-
dran plot was used to qualify and quantify the changes. By
comparing the data from known pathogenic and benign vari-
ants, the variants with deleterious impact on protein structure
stability were identified.

Evolutionary analysis

Variants from the Singapore SG10K project were used for the
analysis. Ka/Ks ratio was calculated by using dNdSloc model in
the dNdScv R package.*' ** Tajima’s D,* the normalised Fay and
Wu’s H test,* the DH test and the E test* were performed by
using the Readms package of DH software.

RESULTS

MMR variants identified in the general Chinese population

A total of 18844 ethnic Chinese individuals were included in
this study, including 11885 (61.8%) mainland Chinese, 4302
(23.6%) Macau Chinese and 2657 (14.6%) Singapore Chinese
(table 1A, figure 1A, online supplemental table S1). Online
supplemental figure S1 outlines the analytical process. From the
sequence data, we identified 17687 distinct variants in MMR
genes of MLH1, MSH2, MSH6 and PMS2, of which 1166 (6.6%)
were located in coding regions and 16 521 (93.4%) were located
in non-coding regions (table 1, online supplemental tables S2,
S3). Of the 1166 coding variants, 210 were in MLH1, 248 in
MSH2, 493 in MSH6 and 215 in PMS2 (table 1B); 57.4% were
singleton, 27.0% with 2-5 carriers, 6.1% with 6-10 carriers,
5.8% with 11-50 carriers, 0.4% with 51-100 carriers and 3.3%
with >100 carriers (figure 1B, online supplemental table S2);
of the 13 variation types, missense variant had the highest rate
(50.3%), 24.1% remained as unclassified variants (table 1B)
and 45.2% as novel variants (table 1C). Ts/Tv ratio was 3.53.
G>A had the highest frequency of 18.8% (table 1D). Multiple
variation hotspots were identified in MMR genes: 300" to
500™ residues in MLH1, 400" to 600™ residues in MSH2, and
several hotspots in different functional domains in MSH6 and
PMS2 (figure 2). Of the 16521 non-coding variants, 3416 were
in MLH1, 8629 in MSH2, 2052 in MSH6 and 2424 in PMS2;
90.4% (14 941) were located in intron (table 1E), 69.8% (11
528) were not present in dbSNP, 62.9% (10 392) were singleton
(online supplemental table S3) and 52.2% were within repetitive
sequences (online supplemental table S4). Ts/Tv ratio was 3.38,
lower than the 3.53 in the coding variants. C>T had the highest
frequency of 20.7% (table 1D).

MMR variation between general population and cancer
cohort

We compared the MMR coding variants between the general
Chinese population and the Chinese patients with cancer gener-
ated by our previous study (online supplemental table S5)."” We
observed low overlapping rates between the two datasets: only
16 variants in MLH1, 18 in MSH2, 12 in MSHG6 variants and
23 in PMS2 variants were shared in between (figure 1C, online
supplemental table S6). We also searched the 1166 coding vari-
ants in ClinVar and InSiGHT databases. Of the 225 coding vari-
ants matched in the databases, colorectal cancer had the highest
(142 variants) and LS was the second highest (100 variants)
(online supplemental table S7), indicating that the coding vari-
ants were more oncogenic in colorectal tissue.'”

MMR variation between Chinese and non-Chinese
populations

We compared MMR data between the Chinese and non-Chinese
populations. We first compared the data of general populations
using the gnomAD, ExAC and 1000 Genome databases after
removing the variants derived from ethnic Chinese in these data-
bases. We observed that only 42.1% (491) of the 1166 coding
variants and 1.9% (319) of the 16 582 non-coding variants were
shared between the general Chinese and non-Chinese populations
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Table 1 Summary of mismatch repair (MMR) variants identified in the general Chinese population
A. MMR variants identified

Variants identified
Data source Cases MLH1 MSH2 MSH6 PMS2 Total

ChinaMAP study’ 10588 3065 6586 2140 2222 14013
Singapore 10k study'® 2657 1006 3012 715 855 5588
597 Han individuals' 597 18 57 31 59 165
90 Han individuals®® 90 154 547 89 169 959
Normal control®' 610 145 701 169 176 1191
Macau individuals 4302 143 239 0 0 382
Total 18844 4531 11142 3144 3481 22298

B. Types of coding variants

Type MLH1 (%) MSH2 (%) MSH6 (%) PMS2 (%) Total (%)
Missense 117 (10.0) 131 (11.2) 214 (18.4) 124 (10.6) 586 (50.3)
Synonymous SNV 44 (3.8) 48 (4.1) 85(7.3) 54 (4.6) 231 (19.8)
Splice site 3(0.3) 6 (0.5) 18 (1.5) 11(0.9) 38(3.3)
Stopgain 0(0.0) 1(0.1) 3(0.3) 4(0.3) 8(0.7)
Frameshift insertion 0(0.0) 1(0.1) 3(0.3) 2(0.2) 6(0.5)
Frameshift deletion 0(0.0) 3(0.3) 0(0.0) 1(0.1) 4(0.3)
Splice acceptor 0(0.0) 0(0.0) 0(0.0) 4(0.3) 4(0.3)
Nonframeshift insertion 0(0.0) 0(0.0) 2(0.2) 0(0.0) 2(0.2)
Nonsense 0(0.0) 2(0.2) 0(0.0) 0(0.0) 2(0.2)
Splice donor 0(0.0) 1(0.1) 0(0.0) 1(0.1) 2(0.2)
Nonframeshift deletion 0(0.0) 0(0.0) 1(0.1) 0(0.0) 1(0.1)
Stoploss 0(0.0) 0(0.0) 1(0.1) 0(0.0) 1(0.1)
Unclassifiable 46 (3.9) 55 (4.7) 166 (14.2) 14(1.2) 281 (24.1)
Total 210 (18.0) 248 (21.3) 493 (42.3) 215 (18.4) 1166 (100.0)
C. Novel variants
Item MLH1 (%) MSH2 (%) MSHE (%) PMS2 (%) Total (%)
Coding variants Total 210 248 493 215 1166
Novel 102 (8.7) 90 (7.7) 261 (22.4) 74 (6.3) 527 (45.2)
Non-coding variants Total 3416 8629 2052 2424 16521
Novel 2471 (14.5) 5867 (35.5) 1433 (8.7) 1690 (10.2) 11528 (69.8)
Total 2573 (15.1) 5957 (33.7) 1694 (9.6) 1764 (10.0) 12055 (68.2)
D. Ts/Tv ratios
Mutation type Change Coding (%) Non-coding (%) Total (%)
Transition T 182 (16.9) 3068 (20.7) 3250 (20.4)
G>A 202 (18.8) 2545 (17.2) 2747 (17.3)
A>G 172 (16.0) 2171 (14.7) 2343 (14.7)
T>C 131 (12.2) 1526 (10.3) 1657 (10.4)
Transversion A>C 38(3.5) 523 (3.5) 561 (3.5)
A>T 31(2.9) 492 (3.3) 523 (3.3)
C>A 49 (4.6) 615 (4.2) 664 (4.2)
C>G 92 (8.6) 1165 (7.9) 1257 (7.9)
G>C 57 (5.3) 818 (5.5) 875 (5.5)
G>T 61(5.7) 855 (5.8) 916 (5.8)
T>A 26 (2.4) 478 (3.2) 504 (3.2)
T>G 35(3.3) 561 (3.8) 596 (3.8)
Ts/Tv* 3.53 3.38 3.39
E. Location of non-coding variants
Non-coding variants MLH1 (%) MSH2 (%) MSH6 (%) PMS2 (%) Total (%)
Intron 3351 (20.3) 7328 (44.4) 1904 (11.5) 2424 (14.7) 14941 (90.4)
UTR3 63 (0.4) 867 (5.2) 0(0.0) 52 (0. ) 982 (5. )
UTR5 2(0.0) 0(0.0) 148 (0.9) 4(0.1 316 (1.9
Downstream 0(0.0) 282 (1.7) 0(0.0) (0 0) 282 (1. )
Total 3416 (20.7) 8629 (52.2) 2052 (12.4) 2424 (14.7) 16521 (100.0)

*Ts/Tv ratio was calculated by 2xTs/Tv.
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Mismatch repair (MMR) variants in ethnic Chinese population. (A) Sources of Chinese MMR variation data from mainland China, Macau and

Singapore. (B) Distribution frequency of MMR variation. (C) Comparison of MMR variation between general Chinese population and patients with cancer. (a)

Overall overlapping; (b) individual MMR gene overlapping.

(table 2A,B). Next, we compared the Chinese population with
the non-Chinese cancer data from the ClinVar, InSiGHT, COGR
and UMD databases after removing the variants derived from
ethnic Chinese in these databases. We observed that only 47.4%
(553) coding variants and 1.1% (181) non-coding variants in the
Chinese population were shared with MMR variants derived
from non-Chinese patients with cancer. The shared variants
had the highest overlapping rate in ClinVar for both coding
(624, 53.5%) and non-coding (176, 1.1%) variants, followed
by InSiGHT database for coding (200, 17.2%) and non-coding
(119, 0.79%) variants (table 2A,B). In total, 63% (735) of Chinese
coding variants and 4.1% (688) of Chinese non-coding variants
were shared with non-Chinese populations. Of the 37% (431)
of coding variants present in Chinese only, 34.3% (148) were
nonsynonymous variants and 2.6% (11) were loss-of-function
variants (4 stopgain, 3 frameshift insertion, 2 frameshift deletion
and 2no frameshift insertion) (online supplemental table S2).
The differences between the Chinese and non-Chinese popula-
tion imply that MMR variation is highly ethnic-specific.

Pathogenic variants in the Chinese population

Using ClinVar as the reference, 898 of the 1166 (77.0%) coding
variants matched in ClinVar were classified into different clinical
classes including 24 (2.0%) as Pathogenic and Likely pathogenic,
507 (43.5%) as Variants of Unknown Significance (VUS), 282
(24.2%) as Benign and Likely benign, 83 (7.3%) as Conflicting
classification and 268 (23.0%) as Unclassified (table 3A). There
were 33 carriers for the 24 Pathogenic/Likely pathogenic vari-
ants in the 18 844 general Chinese individuals included in the
study; 26 (78.8%) carriers were in MSH6 and PMS2 (table 3B).
This resulted in the prevalence of 0.18% for MMR pathogenic

variants in the tested general Chinese population, including
0.005% in MLH1, 0.032% in MSH2, 0.053% in MSH6 and
0.085% in PMS2 (p<0.005). Power calculation showed that
screening 18 844 individuals at a prevalence of 0.18% provides
a 97.8% probability of detecting all pathogenic variants in the
studied population. The 0.18% prevalence implies the presence
of 2.52million MMR pathogenic variant carriers estimated in
the 1.4 billion Chinese population. We performed the same anal-
ysis for the MMR data in the gnomAD database, and observed
a 0.11% prevalence of MMR pathogenic variants in the general
non-Chinese population, composed of 0.020% in MLHI,
0.015% in MSH2, 0.024% in MSH6 and 0.052% in PMS2.
Therefore, the general Chinese population had a higher prev-
alence than general non-Chinese populations in MSH2, MSH6
and PMS2 but lower prevalence in MLH1. In the Chinese popu-
lation, the pathogenic variants ¢.3226C>T (MSH6), c.825A>G
(PMS2) and ¢.82G>A (MSH2) had 5, 4 and 3 carriers, respec-
tively, suggesting that they may be the potential founder muta-
tions. We further collected cancer distribution information from
the ClinVar database for the identified Pathogenic and Likely
pathogenic variants. Similar to the distribution of MMR non-
pathogenic variants, the 24 Pathogenic/Likely pathogenic vari-
ants had the highest frequency in colorectal cancer (table 3C).

Ethnic-specific pathogenic variants

Of the 1166 coding variants, 507 (43.5%) were classified as
VUS and 268 (23.0%) remained as Unclassified (table 3A). The
presence of 66.5% as functional unknown variants raises the
question if these unclassified variants had any biological signifi-
cance. We tested this possibility by measuring the impact of the
unclassified variants on MLH1 protein structure stability using
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Figure 2 Location and frequency of coding variants in the coding region of each mismatch repair gene. The map was constructed by using the

ProteinPaint program.*®

the structure-based RPMDS method.** By referring to the cut-
off values from wild-type, known benign and known pathogenic
variants to differentiate deleterious and non-deleterious variants,
we tested the Unclassified variants (online supplemental table
S8). We selected the Unclassified variants for the test under the
following conditions: (1) the variants must be within the known
MLH1 structure as the RPMDS method relies on the known
protein structure in its analysis. Of the 756 amino acid resi-
dues in MLH1, the known structure (PDB:4P7A) covers 340

a (1-340). (2) The variant must be missense as the RPMDS is
designed for missense variant analysis. Under these conditions,
we identified 16 Unclassified MLH1 variants for the analysis. We
identified six variants as deleterious that significantly disturbed
MLHI1 structure (online supplemental table S9). For example,

K241T had deleterious effects as it destabilised the two alpha
helixes formed between residues 234 and 340 in MLH1 (online
supplemental figure S2). The results indicate that the Unclas-
sified variants were enriched with Chinese-specific deleterious
variants.

Evolutionary analysis of Chinese MMR variation

We performed evolutionary analysis for MMR variation in the
Chinese population. We calculated Ka/Ks ratio for each MMR
gene with 0.83 in MLH1, 0.92 in MSH2, 1.07 in MSH6 and 1.17
in PMS2 (figure 3A). We observed that A/S ratios were all close
to 2.5 (2.08 in MLH1, 2.29 in MSH2, 2.80 in MSH6 and 2.73 in
PMS2). We validated the results by using multiple tests of Tajima
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Table 2 Comparison of mismatch repair variants between Chinese and non-Chinese populations

A. Coding variants

Chinese

MLH1 (210) MSH2 (248) MSH6 (493) PMS2 (215) Total (1166)
Non-Chinese* Totalt Reported (%) Total Reported (%) Total Reported (%) Total Reported (%) Total Reported (%)
General population
gnomAD 1286 92 (43.8) 1685 109 (44.0) 2044 185 (37.5) 1531 121 (56.3) 6546 507 (43.5)
EXAC 949 72 (34.3) 1007 87 (35.1) 1378 136 (27.6) 916 98 (45.6) 4250 393 (33.7)
1000 genomes 720 1(0.5) 1852 10 (12.9) 429 112.2) 193 6(2.8) 3194 28 (2.4)
Subtotalt 2258 84 (40.0) 2549 109 (44.0) 2646 181 (36.7) 1732 117 (54.4) 6927 491 (42.1)
Caner cohort
Clinvar 2382 114 (54.3) 2961 142 (57.3) 3465 220 (44.6) 1791 148 (68.8) 10599 624 (53.5)
InSiGHT 1375 51 (24.3) 1352 42 (16.9) 506 55(11.2) 414 52 (24.2) 3647 200 (17.2)
COGR 120 11 (5.2) 122 13(5.2) 109 15 (3.0) 44 7(33) 395 46 (3.9)
UMD 97 0(0.0) 246 18(7.3) 51 2(0.4) 0 0(0.0) 394 20(1.7)
Subtotalt 3644 104 (49.5) 4312 121 (48.8) 4061 200 (40.6) 2165 128 (59.5) 10538 553 (47.4)
Totalt 5852 129 (61.4) 7383 168 (67.7) 6184 271 (55.0) 3983 167 (77.7) 23402 735 (63.0)
B. Non-coding variants

Chinese

MLH1 (3416) MSH2 (8629) MSH6 (2052) PMS2 (2424) Total (16 521)
Non-Chinese Total Reported (%) Total Reported (%) Total Reported (%) Total Reported (%) Total Reported (%)
General population
gnomAD 1286 65 (1.9) 1685 81 (09) 2044 36(1.7) 1531 58 (2.4) 6546 240 (1.4)
EXAC 949 46 (1.3) 1007 51 (0.6) 1378 26 (1.3) 916 5(0.2) 4250 128 (0.8)
1000 genomes 720 18(0.5) 1852 282 (3.3) 429 43 (2.1) 193 28(1.2) 3194 371 (2.2)
Subtotalt 2258 81 (2.4) 2549 80 (0.9) 2646 76 3.7) 1732 82 (3.4) 6927 319 (1.9)
Cancer cohort
Clinvar 2382 55 (1.6) 2961 63 (0.7) 3465 39(1.9) 1791 19 (0.8) 10599 176 (1.1)
InSiGHT 1375 33(1.0) 1352 45(0.5) 506 19 (0.9) 414 22 (0.9) 3647 119 (0.7)
COGR 120 4(0.1) 122 7(0.1) 109 4(0.2) 44 3(0.1) 395 18 (0.1)
UMD 97 0(0.0) 246 0(0.0) 51 0(0.0) 0 0(0.0) 394 0(0.0)
Subtotalt 3644 51(1.5) 4312 67 (0.8) 4061 38(1.8) 2165 25(1.0) 10538 181 (1.1)
Totalt 5852 95 (2.8) 7383 397 (4.6) 6184 99 (4.8) 3983 97 (4.0) 23402 688 (4.1)

The bold values refer to the sum in each and combined populations.

*254 MMR variants derived from ethnic Chinese in these databases were excluded for the comparison.

tDistinct variants in non-Chinese databases after combination.
#Distinct variants after combination of all variants in each column.

D, Fay & Wu H, DH and Zeng E (figure 3B), and concluded
that MMR genes in the Chinese population were evolutionarily
neutral.

DISCUSSION

Several conclusions can be made from our current study:

1. Modest prevalence of MMR variation in the general popu-
lation. Of the 1166 MMR coding variants identified in the
general Chinese population, we identified 24 Pathogenic/
Likely pathogenic variants with 33 carriers. Based on the
data, we determined the 0.18% prevalence of MMR path-
ogenic variation in the 18844 ethnic Chinese individuals,
highlighting the presence of 2.52 million MMR pathogenic
variant carriers in the 1.4 billion Chinese population. It is im-
portant to note that a group of autosomal dominant cancer
predisposition mutations has much higher prevalence in the
general population than these in many non-cancer hereditary
diseases, such as spinocerebellar ataxia (SCA), in which there
are only a few carriers per 100000 individuals.*® For exam-
ple, the prevalence of pathogenic mutation in BRCA1/BRCA2
(BRCA) is 0.26% in Japanese (1 in 384),*” 0.38% in Chinese
(1 in 265),* 0.38% in Mexicans (1 in 265),* 0.39% in

Malaysians (1 in 556),°° 0.53% in US population (1 in 189)""
and 2.17% in the Ashkenazi Jewish (1 in 46).* The 0.18%
prevalence in the Chinese population is the combination
of four MMR genes of MLH1, MSH2, MSH6 and PMS2.
With 1 in every 556 Chinese individuals an MMR patho-
genic variant carrier, it indicates the serious threat of MMR-
related cancer risk for the public health and the importance
of preventing MMR-related cancer in the general Chinese
population. However, the 0.18% prevalence is lower than
the 0.38% prevalence for BRCA pathogenic variation in the
general Chinese population.*® Although MMR and BRCA
are the two groups of cancer predisposition genes with the
most significant clinical value over other cancer predisposi-
tion genes,’® priority will be given to BRCA screening first
if only one choice can be made when planning a population
screening for cancer prevention. Alternatively, MMR and
BRCA can be combined as one panel for the screening with
the expected outcome of identifying twice more of BRCA
pathogenic variant carriers over MMR carriers.

Different spectra of MMR variation between the general
population and patients with cancer. This is reflected by the
low overlapping of MMR variants between the two cohorts,
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Table 3 Clinical classification of coding variants

A. Classification

Genes (%)

Class MLH1 MSH2 MSH6 PMS2 Total
Pathogenic 0(0.0) 3(1.2) 2(0.4) 8(3.7) 13(1.1)
Likely pathogenic 1(0.5) 1(0.4) 4(0.8) 5(2.3) 11(0.9)
VUsS 113 (53.8) 118 (47.6) 193 (39.1) 83(38.6) 507 (43.5)
Likely benign 48 (22.9) 50 (20.2) 89 (18.1) 53 (24.7) 240 (20.6)
Benign 7(3.3) 11(4.4) 8(1.6) 17 (7.9 42 (3.6)
Conflicting 8(3.8) 22 (8.9) 24 (4.9) 31(14.4) 85(7.3)
Unclassified 33(15.7) 43(17.3) 173 (35.1) 19 (8.8) 268 (23.0)
Total 210 (100.0) 248 (100.0) 493 (100.0) 215 (100.0) 1166 (100.0)
B. List of Pathogenic/Likely pathogenic variants
Base change Amino acid change* Variation type Variant class Carrier Carrier rate (%)t
MLH1
¢.1984A>G p.Thr662Ala Nonsynonymous Likely pathogenic 1 0.005
MSH2 0.032
c.28C>T p.GIn10Ter Nonsense Pathogenic 1
c.82G>A p.Glu28Llys Nonsynonymous Likely pathogenic 3
€.645+1G>A - Splice donor Pathogenic 1
¢.1457_1460delATGA p-Asn486fs Frameshift deletion Pathogenic 1
MSH6 0.053
c.1807A>T p.Lys603Ter Stopgain Likely pathogenic 1
c.1838T>A p.Leu613Ter Stopgain Pathogenic 1
€.2095G>T p.Glu699Ter Stopgain Likely pathogenic 1
€.2906A>G p.Tyr969Cys Missense Likely pathogenic 1
€.3226C>T p.Arg1076Cys Missense Likely pathogenic 5
€.3253dupC p.Thr1085fs Frameshift insertion Pathogenic 1
PMS2 0.085
c1A>G p-Met1Val Missense Likely pathogenic 1
c2T>A p-Met1lys Missense Pathogenic 1
¢.164-1G>C - Splice acceptor Likely pathogenic 1
c.673G>T p.Glu225Ter Stopgain Pathogenic 1
c.825A>G p.GIn275= Synonymous Likely pathogenic 4
€.903+2T>C = Splice donor Likely pathogenic 1
c.993C>A p.Cys331Ter Stopgain Pathogenic 1
¢.1240dupT p.Aspd14fs Frameshift insertion Pathogenic 1
c.1687C>T p-Arg563Ter Stopgain Pathogenic 1
c.1731dupT p.Arg578fs Frameshift insertion Pathogenic 1
€.1864_1865delAT p-Met622Glufs*5 Frameshift deletion Pathogenic 1
c.1959T>A p.Cys653Ter Stopgain Pathogenic 1
€.2276-2A>C - Splice acceptor Likely pathogenic 1
C. Distribution of Pathogenic/Likely pathogenic variants

Genes (%) Total (%)
Item MLH1 MSH2 MSH6 PMS2
Colon and rectal cancer 0(0.0) 1(7.1) 3(21.4) 7 (50.0) 11 (78.6)
LS/HNPCC 0(0.0) 2(143) 2(14.3) 1(7.1) 5(35.7)
Breast cancer 0(0.0) 0(0.0) 0(0.0) 3(21.4) 3(21.4)
Endometrial cancer 0(0.0) 0(0.0) 2(14.3) 2(14.3) 4 (28.6)
Suspected LS 0(0.0) 1(7.1) 0(0.0) 2(14.3) 3(21.4)
Ovarian cancer 0(0.0) 0(0.0) 1(7.1) 1(7.1) 2(143)
Gastric cancer 0(0.0) 0(0.0) 1(7.1) 0(0.0) 1(7.1)
Glioblastoma 0(0.0) 0(0.0) 1(7.1) 0(0.0) 1(7.1)
Brain cancer 0(0.0) 0(0.0) 0(0.0) 1(7.1) 1(7.1)
Duodenal cancer 0(0.0) 0(0.0) 0(0.0) 1(7.1) 1(7.1)
Total 0(0.0) 3(21.4) 3(21.4) 8(57.1) 14 (100.0)

*Variants marked '~ were predicted by InterVar.
t

HNPCC, hereditary nonpolyposis colorectal cancer; LS, Lynch syndrome; VUS, variants of unknown significance.

658

Zhang L, et al. ] Med Genet 2022;59:652—661. doi:10.1136/jmedgenet-2021-107886



Cancer genetics

A

All genes . MMR genes
S MLH1 ——
§— N MSH2 ——
5] MSHE ——
PMS2 ——
=g
8 B
o — -
©
%] w
® [
c c
[5] Qo
[=)] o
5 o 5 8
5 S 52
o o 2=
[ [S
=] >
(= =
)] )
Ny -
= [=
o
5 N
o— b | o—
[ I I I I | I [ I I I
0 2000 4000 6000 8000 10000 0.0 0.5 1.0 1.5 2.0
Ka/Ks KarlKs
B
ltem MLH1 MSH2 MSH6 PMS2 mergeGene
AS* [44,45] 25/12 39117 56/20 4115 161/64
Singleton 24 28 44 31 127
d (pairwise distance) [46] 0.277 0.376 1.113 1.988 3.753
n (sample size) 2657 2657 2657 2657 2657
Tajima D (p-value) [46]  -2.271 (0) -2.399 (0) -2.288 (0) -1.780 (0.003) -2.366 (0)
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*A: the number of asynonymous variants; S: the number of synonymous variants

Figure 3  Evolutionary analysis of mismatch repair (MMR) gene variation in the general Chinese population. (A) Ka/Ks ratio of MMR variation in the
Chinese population. Most of the genes in the genomes were neutral (left part, Ka/Ks ratio<1), of which MLH1 had 0.83, MSH2 had 0.92, MSH6 had 1.07
and PMS2 had 1.17 (right part). (B) MMR neutral tests. The A/S ratios for each MMR gene variation were tested by methods of Tajima D, Fay & Wu H, DH
and Zeng £ tests, confirming that each MMR gene variation was evolutionarily neutral.

and most of the pathogenic variants in the general popula-
tion were in MSH6 and PMS2 but in patients with cancer
were in MLH1 and MSH2. This implies that the MMR varia-
tion data derived from patients with cancer cannot be direct-
ly applied as the standard reference to judge MMR variation
in the general population, as the former reflects the MMR
pathogenic variation enriched in the cancer cohort whereas
the latter reflects the genetic variation distributed in the gen-
eral population.

3. Highly ethnic-specific MMR variation in the general pop-
ulation. This is reflected by the presence of 68.2% of nov-
el MMR variants in the Chinese population (table 1C). A
similar situation in BRCA variation was also present in the
general Chinese population*® and may also exist in other eth-
nic populations. This feature reminds the limitation of the
MMR data currently available as they were mostly derived
from the Caucasian populations, and highlights the need to
collect variation information in cancer predisposition genes
from different ethnic populations.

4. The challenge of classifying ethnic-specific MMR variants.
Over 66% of Chinese MMR variants remain unclassified. It
is difficult to classify the ethnic-specific variants and identify
the potential ethnic-specific pathogenic variants due to the
lack of clinical evidence, resources, expertise and references
available in existing MMR databases. Substantial efforts need
to be made to improve the situation.

5. Human MMR system is not under obvious evolution selec-
tion. Our study demonstrated that MMR genes in the Chinese
population were neutral without obvious positive or negative
selection. This is in contrast to the situation in human BRCA1,
in which strong positive selection is present.’* It is interesting
to indicate that evolution selection can act differentially in dif-
ferent DNA damage repair genes/pathways for better fitness.

6. Potential value of MMR non-coding variants. Of the 17687
variants identified in MMR genes, 16521 (93.4%) were in
non-coding regions mostly in introns, and 12055 (68.2%)
were not present in dbSNP. Their rich presence highlights the
highly variable nature in MMR non-coding regions and fur-
ther exploring their potential clinical relevance is warranted.

Certain limitations are present in our study, such as lack of sex
and age information in the variation data as these were not avail-
able in the original data sources. For the variants detected only in
single individuals, possibility exists that certain "singleton" MMR
variants could be generated by sequencing errors instead of true
genetic variants. In addition, the actual prevalence of MMR
pathogenic variants could be higher than observed as genomic
data used in our study were mainly collected by short sequences
from the next-generation sequencing platform, which is sensitive
in detecting single-base and small indel variants but lacks power
to detect large structural variations. Further functional test of
the rich MMR variants will help to identify the driver variants
contributing to the oncogenic process.*
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CONCLUSION

In summary, our study provides a populational view for MMR
variation in an ethnic human population, a scientific basis in
planning population screening for MMR-related cancer preven-
tion, and a reference resource for biological study of human

MMR variation and MMR-related clinical applications.
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