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Germline Variants in MLH1, MSH2, and MSH6 in Korean Patients with Lynch Syndrome
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Background: The phenotypic and genetic spectrum of Lynch syndrome (LS) seems to differ according to ethnicity. The aim of this study was to
investigate the clinical, pathological, and genetic features of LS in a large sample of Korean patients.

Methods: We enrolled a total of 232 patients who fulfilled the revised Bethesda criteria (81%, 232/286) from 286 individuals who underwent
genetic screening for LS (MLHI, MSH2, and MSH6 sequencing) in the Samsung Medical Center in Korea from 2004 to 2015. Histopathologic find-
ings, microsatellite instability data, and clinical information were collected.

Results: We identified 61 different pathogenic or likely pathogenic variants (39 in MLHI, 20 in MSH2, and 2 in MSH6), including 4 novel variants,
in 101 unrelated Korean patients (101/232, 44%). When multiple tumor manifestations in a single patient were individually considered, there
were 285 cancers recorded from 232 cases. A diverse spectrum of tumors, including colorectal cancer, endometrial cancer, stomach cancer, and
ovary cancer, was observed. Patients with genetic alterations were more closely associated with a family history of cancers, double primary can-
cers, and the development of secondary neoplasms than patients without genetic alterations (P <0.0001, P=0.0052, and P=0.0010, respectively).
Conclusions: We report the distribution of pathogenic variants in MLHI, MSH2, and MSH6, as well as the tumor spectrum, in a large sample of
Korean patients with LS. Genetic testing could be an effective stratification strategy for surveillance of LS. This study sheds light on the genetic
features of Asian patients with LS.
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Lynch syndrome (LS) (MIM# 120435) is caused by a genetic al-
teration that disrupts the mismatch repair (MMR) pathway. The
disease is characterized by an increased risk of colorectal cancer
(CRC) and endometrial cancer (EC), as well as cancers of the stom-
ach, small intestine, hepatobiliary tract, bladder, brain, and skin
[1-4]. The diagnosis of LS can be made when the clinical informa-
tion meets the Amsterdam Criteria or the less stringent Bethesda
Guideline, or when a genetic alteration is identified in one of the
MMR genes [1-3].

The phenotypic and genetic spectrum of LS seems to differ ac-
cording to ethnicity [5-16]. Data from different ethnic groups con-
tribute to the understanding of the genetic and clinical differences

in LS among populations. A recent study based on the data from

elSSN 2093-6338


http://crossmark.crossref.org/dialog/?doi=10.3343/lmo.2018.8.4.156&domain=pdf&date_stamp=2018-09-28

BHAZI Q|: Genetics of Lynch Syndrome in Koreans

MO

the International Society of Gastrointestinal Hereditary Tumors
(InSiGHT) reported that variant distribution in MMR genes varies
widely between different races [5]. Currently, little genetic data on
LS have been reported from Asian patients [8, 15, 17, 18].

Over the past decade, the incidence of CRC has continuously
increased in Korea [19, 20]. Although environmental factors and
somatic alterations may contribute to carcinogenesis, the incidence
change of LS might also be a probable explanation for the trend.
According to some reports, LS remains considerably under-diag-
nosed to date [21, 22]. Furthermore, changes in clinico-pathologi-
cal features in Korean patients with LS have been reported over
the past two decades (1990-2004 vs. 2005-2014) [23]. Currently,
little data are available regarding Korean patients with genetic
variants in MMR genes. The frequency and spectrum of patho-
genic variants in Korean patients with LS have not been updated
since 2004 [15].

This is a major update of a previous study [15]. The previous
study provided genetic data on 166 patients registered between
the years of 1995 and 2004 [15]. The current study describes the
clinical, pathological, and genetic features of 286 Korean patients
diagnosed during 2004-2015. The aims of this study were to in-
vestigate the clinical, pathological, and genetic features of LS in

Korea.

MATERIALS AND METHODS

1, Study patients

Genetic screening for LS was performed on a group of 286 indi-
viduals from 2004 to 2015. A total of 232 patients fulfilled the re-
vised Bethesda criteria (81%, 232/2806). The patients were referred
by their treating oncologists or by genetics professionals in the
Cancer Genetics Clinic of the Samsung Medical Center in Korea.
Cancer cases were not preselected based on the results of micro-
satellite instability (MSD) or immunohistochemistry (IHC). Clinico-
pathological data, including age at diagnosis, total tumor history
(including double primary cancers and recurrent cancers), last fol-
low-up, sex, family history, and pathologic data were collected. If
a second malignant neoplasm (SMN) was identified within 2 months
from diagnosis of the first tumor, it was considered a synchronous
tumor. In regard to the tumor spectrum, multiple tumor manifes-
tations in a single patient were individually considered. This study

was approved by the Institutional Review Board of the Samsung
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Medical Center in Korea (2015-11-076). Written informed consent

was obtained from the patients for genetic testing.

2. Microsatellite instability analyses and
immunohistochemistry

The results of MSI and THC assessments were available for only
187 patients (187/232, 81%) and 166 patients (166/232, 72%), re-
spectively. Both tests were performed using paraffin-embedded
tissues. For MSI analyses, five reference markers (BAT25, BAT26,
D5S346, D175250, D2S123) were used on both tumor and normal
DNA. MSI status was determined by multiplex PCR analysis (ABI
PRISM 310 Genetic analyzer, Applied Biosystems, Foster City, CA,
USA) and DNA sequencing. Amplified PCR products were run on
an ABI Prism 3130 Genetic Analyzer (Applied Biosystems). Allelic
sizes were estimated by Genemapper 4.1 (Applied Biosystems).
MSI-high tumor was defined when instability was observed in 2
or more of these five markers, MSI-low was defined as instability
in one of the markers, and MSS was defined as instability in none
of the markers.

To evaluate MMR protein expression, monoclonal antibodies
were used as follows: MLHI (clone G168-15, 1:200; BD Pharmin-
gen, San Diego, CA, USA), MSH2 (clone FE11, 1:400; Calbiochem,
La Jolla, CA, USA), and MSHG (clone 44, 1:400; BD Transduction
Laboratories, San Diego, CA, USA). IHC was performed using a
Ventana Bench Mark XT auto-immunostainer (Ventana Medical
Systems, Tucson, AZ) after incubation with monoclonal antibod-
ies at 37°C for 30 minutes, followed by standard signal amplifica-
tion and counterstaining with hematoxylin for 4 minutes. Slides were
mounted and examined using light microscopy. Loss of expression
of MSH2, MSH6, and MLHI1 protein was demonstrated by less

than 5 percent of nuclear staining in the tumor.

3. Germline variant analyses

All 232 patients who fulfilled the revised Bethesda criteria were
evaluated to identify germline pathogenic variants in MLH1 (MIM
#120436), MSH2 (MIM #609309), and/or MSHG (MIM #600678).
Genomic DNA was extracted from EDTA-anticoagulated whole
blood using the Wizard® Genomic DNA Purification Kit according
to the manufacturer’s instructions (Promega, Madison, WI, USA).
Entire coding exons and intron-exon junctions were amplified by
PCR using primer pairs designed with Primer3 software. The prim-

ers are available upon request. Direct sequencing was conducted
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using a BigDye Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems, Foster City, CA, USA) and an ABI Prism 3100
Genetic Analyzer (Applied Biosystems).

Variant numbers were designated on A of the ATG start codon
as +1 in the MLHI (NM_000249.2), MSH2 (NM_000251.1), and
MSHG6 (NM_000179.2). In accordance with the American College
of Medical Genetics and Genomics (ACMG) guidelines, we se-
lected pathogenic variants and likely pathogenic variants [24]. The
criteria were applied as follows: PVS1 (nonsense variants, splicing
variants, or frameshift variants with and/or without functional
data), PS3 (well-established functional evidence, including splic-
ing/transcript expression, MMR activity, sub-cellular localization,
subunit interaction, protein expression, or stability data from the
curated data in InSiGHT, available at http://insight-group.org/vari-
ants/database/, accessed on January, 2018), PM2 (allele frequency
less than 0.01 or absent from the databases, including the 1000 Ge-
nomes Project (1000GP, available at http://browser.1000genomes.
org/index.html), Exome Sequencing Project (ESP, available at http:
//evs.gswashington.edu/EVS/), Exome Aggregation Consortium
(ExAC available at http://exac.broadinstitute.org/), or Korean Ref-
erence Genome Database (KRGDB, available at http://15299.75.168/
KRGDB/), PP1 (co-segregation data from the curated data in In-
SiGHT), PP3 (evidence supporting “deleterious” or “damaging”
effects was higher than 3 using the in silico tools: functional ef-
fects of missense variants were predicted by sorting intolerant
from tolerant [SIFT], polymorphism phenotyping-2 [PolyPhen],
LRT, FATHMM, MutationTaster, MutationAssessor, and Genomic
Evolutionary Rate Profiling [GERP] score), PP5 (a “disease-causing
mutation” in the human gene mutation database [HGMD profes-
sional, updated on March, 2017], a “pathogenic” mutation in Clin-
Var (available at http:/www.ncbi.nlm.nih.gov/clinvar/accessed on
January, 2018), a “class 4 or class 5 in InSiGHT and/or Leiden
Open Variation Database [LOVD v3.0 Build 19 available at http:/
www.lovd.nl/3.0/homel, or variants reported from previous stud-
ies) [18, 24-31]. The status of pathogenic variants was evaluated
based on data from InSiGHT, LOVD, HGMD, ClinVar databases,

and previous studies.

4, Statistical analyses
Fisher’s exact test (or Chi-squared test) and Mann-Whitney U
test were used to compare the categorical data and continuous

data, respectively. Statistical significance was analyzed with Med-
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Calc version 11.5.1.0 (Mariakerke, Belgium) and the R statistical
environment version 2.2.3 (http://www.r-project.org/). P values

less than 0.05 were considered statistically significant.

RESULTS

1. Clinical characteristics of the study patients

The median age of initial cancer diagnosis was 43 years (range
16-82) (Table 1). There were 285 cancers recorded from 232 cases.
A diverse spectrum of tumors was observed: CRC (76%, 217/285),
EC (9%, 27/285), stomach cancer (5%, 13/285), ovary cancer (2%,
7/285), bladder cancer (1%, 4/285), small intestinal cancer (1%,

Table 1. Baseline characteristics of the study patients

Characteristics Number/total number (%)
No. of patients 232
Male: Female 116:82

Age at onset of first cancer, median (range) 43 (16-82) year

First tumor manifestations

Colonic 211/232 (91)

Extracolonic 21/232 (9)
Total tumor history

Colonic 174/232 (75)

Extracolonic* 15/232 (6)

Both 43[232(19)
Double primary cancer manifestations 14/232 (6)
Family history of cancers*

Colonic 69/164 (42)

Extracolonic 37/164 (23)

Both 58/164 (35)
Secondary tumor occurrence 37/232 (16)
Immunohistochemistry”

MLH1 loss 92/168 (55)

MSH?2 loss 47/168 (28)

MSH6 loss 53/168 (32)
Microsatellite instability*

High 162/187 (87)

Stable 25/187 (13)

For the tumor spectrum, multiple tumor manifestations in a single patient were
individually considered.

*Endometrial cancer (N=27), stomach cancer (N=13), ovary cancer (N=7), blad-
der cancer (N=4), small intestinal cancer (N=4), cervical cancer (N=3), breast
cancer (N=3), glioblastoma (N=2), lung cancer (N=2), esophageal cancer (N=1),
pheochromocytoma (N=1), and skin cancer (N=1); "The tumor spectrum of fam-
ily members from 164 cases was as follows: CRC (N=240), stomach cancer (N=28),
hepatobiliary cancer (N=22), EC (N=18), lung cancer (N=10), pancreatic cancer
(N=7), urinary cancer (N=5), ovary cancer (N=5), breast cancer (N=4), skin can-
cer (N=2), hematologic cancer (N=2), thyroid cancer (N=2), cervical cancer (N=2),
brain cancer (N=1), prostate cancer (N=1), small intestinal cancer (N=1), and
pharyngeal cancer (N=1); fImmunohistochemistry and the microsatellite instabil-
ity assessments were described as the number/total number available.
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4/285), cervical cancer (1%, 3/285), breast cancer (1%, 3/285), glio-
blastoma (1%, 2/285), lung cancer (1%, 2/285), esophageal cancer
(less than 1%, 1/285), pheochromocytoma (less than 1%, 1/285),
and skin cancer (less than 1%, 1/285). A summary of baseline char-
acteristics is described in Table 1. A family history of cancers was
evident in 71% (164/232) of cases (Table 1). There were 351 can-
cers recorded from family members from 164 cases: CRC (68%,
240/351), stomach cancer (8%, 28/351), hepatobiliary cancer (6%,
22/351), EC (5% 18/351), lung cancer (3%, 10/351), pancreatic can-
cer (2%, 7/35D), urinary cancer (1%, 5/35D), ovary cancer (1%, 5/350),
breast cancer (1%, 4/351), skin cancer (1%, 2/351), hematologic
cancer (1%, 2/351), thyroid cancer (1%, 2/351), cervical cancer (1%,
2/351), brain cancer (less than 1%, 1/351), prostate cancer (less
than 1%, 1/351), small intestinal cancer (less than 1%, /351), and

pharyngeal cancer (less than 1%, 1/350).

2. Detection rate and spectrum of pathogenic or likely
pathogenic variants

A total of 101 patients were found to have pathogenic or likely
pathogenic germline variants, corresponding to an overall detec-
tion rate of 101/232, or 44% (Tables 2, 3). Overall, we identified 61
different variants (39 in MLH1, 20 in MSHZ2, and 2 in MSHG6). These
include 30 frameshift insertions/deletions (indels), 13 nonsense
variants, 10 splicing variants, and 8 missense variants (Table 2).
Results of the comprehensive i silico analyses of missense vari-
ants are described in Table 4.

Four of these pathogenic or likely pathogenic variants were novel,
2 in MLHT and 2 in MSH2 (Table 2). These included 1 frameshift
variant (c.1782_1783delAC in MSH2), 1 splicing variant (c.884+
2dupT in MLHD), and 2 nonsense variants (¢.849T >A in MLHI,
€.256G>T in MSH2) (Table 2). None of the novel variants were
found in control databases, including in WES data from 622 healthy
Korean individuals, nor in the 1000GP, ESP6500, and ExAC (Table 2).

Eighteen recurrent pathogenic or likely pathogenic variants were
identified: 12 in MLHT and 6 in MSH2 (Table 2). Six of them [c.1758
dupC (n=15), c.67G>T (n=4), c1918C>T (n=3), ¢.303_304dupTG
(n=3) in MLH1 and c942+3A>T (n=7) and c.1024delinsAA (n=3)
in MSH?2) have been found in at least three unrelated patients (Ta-
ble 2).

3. Genotype-phenotype correlation study

The number of patients with variants in MSHG was small, there-
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Table 3. Detection rate and distribution of the genetic alterations in mismatch repair genes according to ethnicity

References
PMS2

MSH6

20/113 (18%)

MSH2

No. of patients with genetic alterations
67/113 (59%)

MLH1

19/113 (17%)

Detection of genetic
alterations (%)

Criteria

Genetic test

Ethnicity

[14]
(13]

NA
NA

NA
18/36 (50.0)

Genetic diagnosis of LS

Sequencing, MLPA

Israeli

NA

9/18 (50%)

9/18 (50%)

=20)

Amsterdam I-II (n

Heteroduplex & SSCP, Sequencing, MLPA

Hungarian

=16)

Pedigree suggestive of LS (n

(1
(1ol

NA

NA

NA
NA

NA

|
18]

This study

0
NA
NA

28/47
124/281

25.5)

49.0)

117
31/44

28.8)
26.8)

Clinical suspicion for LS

Sequencing, MLPA

Brazilian
Dutch

47)184
281/574

=4))

Suspected for LS: Amsterdam criteria (n

DGGE, SSCP, Sequencing,

DHPLC, Sequencing, Southern blot, MLPA  Amsterdam criteria

German

Revised Bethesda guideline, Amsterdam criteria

Sequencing, MLPA

Cypriot

17/59
44]164

Singapore Polyposis Registry
Korean Hereditary Tumor Registry
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>
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v o
(%)
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S o
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Revised Bethesda guideline

Sequencing

Korean

Abbreviations: MLPA, multiplex ligation-dependent probe amplification; LS, Lynch syndrome; SSCP, single strand conformation polymorphism; DGGE, denaturing gradient gel electrophoresis; DHPLC, denaturing high perfor-

mance liquid chromatography; NA, not applicable.

www.labmedonline.org 161



MO

BHAZI Q|: Genetics of Lynch Syndrome in Koreans

= = ¥ 9 — ®
o QS ¥ 9
(&) w0 0w W <
=
% oo oo
=
=

Mutation
Assessor

<

S
',,:QJ
Sh|looooao
5
=

E looaooo
—

o~

<

v

S oo oono
=

&

E |lcaar-aoao
w

ESP6500 EXAC KRGDB
A A A
A A A
A A A
A A A
A A A

1000GP
A
A
A
A
A

Table 4. Allele frequency data and in silico analyses of pathogenic or likely pathogenic missense variants

N —
=] ©
. |5 @ 5
S | ¥ > g}
S |5 ® &
© | © © ©
[2) [
5T o xS
wl o =& 2 v =
S|y oo a [5)
|85 &=2¢4
gﬁ—‘ﬁ'“@_w
Tl b © = €
S| L g = = 2
sl 2= s
S 5 8 g o
wl— o O
SIAAARR
s =< oo
Z o | P g S
Sl v 32
LIl o o =
S|l o g Y U
8N
S |3
[
o | =

162 www.labmedonline.org

593
5.85
6.08

A
A
A

rs63750217
1563750206
163750961

p.Ala681Thr

€2041G>A

p.Gly67Arg
p.Cys697Arg

c.199G>A
¢.2089T>C

MSH2

Abbreviations: NT, nucleotide; AA, amino acid; 1000GP, 1000 Genomes Project; ESP, Exome Sequencing Project; EXAC, Exome Aggregation Consortium; KRGDB, Korean Reference Genome Database; SIFT, sorting intolerant from
tolerant; PolyPhen, polymorphism phenotyping-2; GERP, Genomic Evolutionary Rate Profiling; A, Absent; D, damaging (in PolyPhen)/deleterious (in SIFT, LRT, and FATHMM)/disease-causing (in MutationTaster); P, possibly or

probably damaging (in PolyPhen); H, high (functional); M, medium (functional); N, neutral (nonfunctional); L, low(nonfunctional); T, tolerated (in SIFT and FATHMM).

fore the comparisons were done in patients with and without ge-
netic alterations in MLHI and MSHZ2. The extracolonic tumors,
including EC, were more prevalent in patients without genetic al-
terations compared to patients with genetic alterations, although
the most frequent cancer type was CRC in both groups (6% vs.
12%, P=0.0109) (Table 5). The patients with genetic alterations
had a higher incidence of family history of cancers than patients
without genetic alterations (87% vs. 58%, P<0.0001) (Table 5).
Furthermore, the patients with genetic alterations were more as-
sociated with double primary cancers and development of SMNs
than patients without genetic alterations (8% vs. 5%, P=0.0052 for
double primary cancers and 24% vs. 10%, P=0.0010 for SMNs)
(Table 5).

DISCUSSION

Our study presents the clinical, pathological, and genetic fea-
tures of LS in a large sample of Korean patients. The incidence of
pathogenic variants (44%) during 2004-2015 has increased con-
siderably, compared to the results from the previous study using
data registered between the years of 1995 and 2004 (27%) [15]. This
suggests that the increase in the genetic diagnosis of LS might be
associated with the continued efforts of LS surveillance in Korea.
The detection rate of genetic alterations in patients with LS from
Korea was lower than in patients from Hungary (50%) and Ger-
many (49%), while it was higher than in patients from Brazil (39%),
Holland (26%), and Singapore (29%). Although the criteria for ge-
netic screening and testing methods were different among the
previous studies, this suggests that there are ethnic differences in
the genetic features underlying LS [8, 10-14].

In this retrospective study, 81% of patients fulfilled the revised
Bethesda guidelines. The sensitivity of the revised Bethesda guide-
lines has been reported to be 82% [32, 33]. Application of the clin-
ical criteria might be impossible in cases in which patients do not
know their family history of cancers. Furthermore, pathogenic
variants may be identified in patients without a family history of
cancers; for instance, in cases with a de novo variant. Considering
these situations, the detection rate by genetic testing might be an
underestimate, because we evaluated patients who fulfilled the
revised Bethesda guidelines.

In clinical practice, MSI would be used to investigate the proba-

bility of having LS and THC would be used to select genes that are
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Table 5. Comparisons of the clinicopathologic and molecular characteristics according to the status of the pathogenic variants

Positive for genetic alterations (N=99)

P value

MLH1 alterations (N=67)

Negative for genetic

Characteristics MLH1 MSH2 alterations *Positive (N=99) o e
(N=67) (N=32) (N=131) vs. Negative (N=131) " N=32)
Age at onset, median (range) 43 (24-72) 42 (30-81) 43 (16-82) 0.6110 08413
Male: Female, Number 36:31 18:14 70:60 0.8620 1.0000
Tumor spectrum 0.0109 0.0840
Colonic 46/67 (69%) 23/32 (72%) 103/130 (79%)
Extracolonic 4167 (6%) 2/32 (6%) 16/130 (12%)
Both 19/67 (28%) 8/32 (24%) 11/130 (8%)
Family history of cancers 61/67 (91%) 26/32 (74%) 76/130 (58%) <0.0001 0.1071
Double primary cancers 7167 (10%) 1/32 (3%) 6/130 (5%) 0.0052 0.1320
Secondary malignancy 15/67 (22%) 9/32 (24%) 13/130 (10%) 0.0010 0.7524
Immunohistochemistry”
MLH1 loss 44/48 (92%) 1/26 (4%) 47/92 (51%) <0.0001 <0.0001
MSH2 loss 0/48 (0%) 24/26 (92%) 23/92 (25%) 0.2096 <0.0001
MSH6 loss 2/48 (49%) 23/26 (88%) 26/92 (28%) 0.4982 <0.0001
Microsatellite instability* 0.0028 0.5534
High 57/61 (93%) 28/30 (93%) 79/99 (80%)
Stable 4161 (79%) 2/30 (7%) 20/99 (20%)
Type of variants NA NA 0.1179
Frameshift variants 35/67 (52%) 15/32 (38%)
Missense variants 11/67 (16%) 1/32 (3%)
Nonsense variants 11/67 (16%) 9/32 (22%)
Splicing variants 10/67 (15%) 8/32 (19%)

Abbreviation: NA, not applicable.

*Positive for genetic alterations vs. negative for genetic alterations; ‘Immunohistochemistry and the microsatellite instability assessments were described as the numbertotal

number available.

likely to have relevant variants. The sensitivity of IHC and MSI for
the prediction of pathogenic variants in MMR genes has been re-
ported to be 92% and 93%, respectively [34]. The exclusive use of
MSI or IHC is not sufficient to diagnose LS. Therefore, we did not
preselect patients based on the results of MSI or THC in this study.
We demonstrated that the concordance between THC and patho-
genic variants was 94%, while that between MSI and pathogenic
variants was 80%. This suggests that the study subjects were con-
siderably appropriate for investigating the genetic spectrum of pa-
tients with LS.

We considerably extended the genetic features, as well as the
tumor spectrum of LS, by using a large number of Korean patients.
Two recurrent pathogenic variants (c.1758dupC in MLH1 and
c942+3A>T in MSH?2) that were reported as founder mutations
in Korea [15] and Newfoundland [16] accounted for 22% (22/102)
of patients with pathogenic variants in this study. In this consecu-
tive series, the gene distribution in Korean patients showed a pre-

dominantly high incidence of pathogenic variants in MLH1. This

https://doi.org/10.3343/lm0.2018.8.4.156

distribution is similar to the previous study of Korean patients,
while it is different from the data on Israeli, Brazilian, or German
patients, in which MSH2 alterations were more common than
MLHT alterations [8, 10-15]. In addition, truncation variants, in-
cluding frameshift variants, were the most frequently observed in
both MLHT and MSHZ2. This finding is in agreement with the re-
sults from the previous study [15]. However, the proportion of
missense variants decreased compared to that from the Korean
patients registered between the years of 1995 and 2004 (12% vs.
34%) [15]. This could be explained by the possibility that some
missense variants were excluded by the stringent ACMG guide-
lines for the interpretation of pathogenicity.

In terms of the LS-related tumor spectrum, the current study
shows that the distribution of cancers in Korean patients was sim-
ilar to that previously reported in Caucasian populations [4]. Fur-
thermore, we extended the LS-related tumor spectrum to include
thyroid cancer, brain cancer, lung cancer, esophageal cancer, and

cervical cancer from the MMR gene variant carriers who fulfilled
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MO

BHAZI Q|: Genetics of Lynch Syndrome in Koreans

the revised Bethesda Guideline. These cancers have been recently
reported to be associated with LS in rare cases and are not com-
mon in the tumor spectrum in LS [4].

We showed that patients with genetic alterations were more
closely associated with a positive family history of cancers and
development of SMNs than non-carriers. This suggests that there
is higher lifetime cancer risk in patients with genetic alterations
than in non-carriers. The current study contributes to the recogni-
tion that the testing of genetic variants could be a significant indi-
cator for the surveillance of SMNs, as well as a diagnostic test for LS.

This study has some limitations that may influence the detec-
tion rate of pathogenic variants. First, some important alterations,
including large deletion/duplication, deep intronic variants, and
promoter variants, were not considered. Second, we could not
comprehensively cover genes belonging to the MMR pathway, in-
cluding PMS2. To date, the sequencing of PMS2 is limited to a
few clinical laboratories, because the high sequence homology of
the gene is a technical challenge. Third, this study was not de-
signed to identify MLH1 promoter methylation and somatic alter-
ations. Another important limitation is that we could not perform
functional experiments in 4 novel variants, although comprehen-
sive in silico analyses and filtering using population frequency
data were done.

In summary, we considerably extended the genetic features, as
well as the clinicopathological features, of LS using a large sample
of Korean patients. We identified 61 different pathogenic or likely
pathogenic variants (39 in MLH1, 20 in MSH2, and 2 in MSHO),
including 4 novel variants, in 101 unrelated Korean patients. Fur-
thermore, we found that there were significant differences in the
tumor spectrum, family history of cancers, occurrence of SMNS,
and MSI status between patients with pathogenic variants and
non-carriers. This study sheds light on the genotype-phenotype
correlation and genetic features of Asian patients with LS and will
provide guidance for genetic counseling for patients with LS. Fur-
ther studies are warranted to stratify the surveillance program for

LS depending on MMR gene variants.
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