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Abstract
Background: Inherited susceptibility accounts for nearly one-third of colorectal
cancer (CRC) predispositions and has an 80%-100% lifetime risk of this disease.
However, there are few data about germlinemutations of hereditary CRC-related
genes in Chinese patients with CRC. This study aimed to assess the prevalence
of gene mutations related to cancer susceptibility among Chinese patients with
CRC, differences between Chinese and Western patients, and the phenotype-
genotype correlation.
Methods: We retrospectively collected tumor samples from 526 patients with
CRC under 70 years old who underwent hereditary CRC genetic testing. A series
of bioinformatic analyses, as well as statistical comparisons, were performed.
Results:We found that 77 patients (14.6%) harbored functional variants of the 12
genes. The mutation frequencies of the top 5 mutated genes were 6.5% for MutL
homolog 1 (MLH1), 5.1% for MutS homolog 2 (MSH2), 1.0% for MSH6, 0.8% for
PMS1 homolog 2 (PMS2), and 0.8% for APC regulator of theWNT signaling path-
way (APC). Our data showedmuch higher rates ofmutations ofMSH6 and PMS2
genes among all mismatch repair (MMR) genes as compared with those inWest-
ern populations. Mutations inMLH1,MSH2, andMSH6were found to be mutu-
ally exclusive. Patients withMLH1 orMSH2mutations had higher frequencies of
personal history of cancer (MLH1: 20.6% vs. 8.7%;MSH2: 25.9% vs. 8.6%) and fam-
ily history of cancer than those without these mutations (MLH1: 73.5% vs. 48.4%;
MSH2: 70.4% vs. 48.9%), and the lesions were more prone to occur on the right
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side of the colon than on the left side (MLH1: 73.5% vs. 29.3%; MSH2: 56.0% vs.
31.0%). The proportion of stage I/II disease was higher in patients with MLH1
mutations than in those withoutMLH1mutations (70.6% vs. 50.7%), and the rate
of polypswas higher in patientswithAPCmutations than in thosewithwild-type
APC (75.0% vs. 17.4%).
Conclusion: These results provide a full-scale landscape of hereditary suscep-
tibility over 12 related genes in CRC patients and suggest that a comprehensive
multi-gene panel testing for hereditary CRC predisposition could be a helpful
analysis in clinical practice.
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1 BACKGROUND

Colorectal cancer (CRC) is a common cancer worldwide.
As of 2018, CRC was the second leading cause of cancer
death affecting women (9.5%) and the third affecting men
(10.9%) [1]. The etiology of CRC is both genetic and envi-
ronmental. Accordingly, inherited susceptibility accounts
for nearly one-third of CRC predispositions [2,3], play-
ing a crucial role in CRC risk [4,5]. In developed coun-
tries, the average lifetime risk of CRC is approximately
2%–5% [6]. However, the lifetime risk of CRC increases
up to 20% when the patient has a familial history of CRC
and reaches 80%–100% in patients with hereditary CRC
syndromes [4,7,8]. The hereditary risk factors of CRC are
becoming a hot research topic globally.
Generally, hereditary CRC syndromes are divided into

three subgroups: polyposis syndromes, nonpolyposis syn-
dromes, and other syndromes related to CRC [9,10]. The
main type of polyposis syndrome is familial adenoma-
tous polyposis (FAP), which is an autosomal-dominant
CRC syndrome that is characterized by the formation
of hundreds to thousands of adenomatous colorectal
polyps in early adolescence. Attenuated familial adeno-
matous polyposis (AFAP) is a less-severe form of the dis-
ease showing fewer polyps. Other polyposis syndromes
have also been defined, such as mutY DNA glycosylase
(MUTYH)-associated polypos is (MAP). AboveCRChered-
itary syndromes are caused by corresponding mutations
[APC regulator of the WNT signaling pathway (APC) in
FAP/AFAPandMUTYH inMAP].Anothermain subgroup
is Lynch syndrome (LS), which is also called hereditary
non-polyposis colorectal cancer (HNPCC). It is a com-
mon form of inherited CRC and accounts for 2.0%–5.5%
of the overall CRC burden [4,11,12]. LS is an autosomal-
dominant inherited disease that increases the risk of many
types of cancer, such as endometrial cancer, urinary tract

cancer, gastric cancer, and especially CRC [13,14]. LS is
related to mismatch repair (MMR) genes [MutL homolog
1 (MLH1), MutS homolog 2 (MSH2), MSH6, and PMS1
homolog 2 (PMS2)] and large deletions of 3′ end of epithe-
lial cell adhesion molecule (EPCAM). Our gene testing
panel also included PMS1 and MLH3, but we found no
solid evidence to prove that germline mutations of PMS1
and MLH3 could cause a predisposition to LS [15–17].
Therefore, we removed these two genes from our anal-
ysis to avoid potential disputes. The third subgroup is
comprised of juvenile polyposis syndrome (JPS), Peutz-
Jeghers syndrome (PJS), phosphatase and tensin homolog
(PTEN)-hamartoma tumor syndrome (PHTS) [18], and
oligodontia-colorectal cancer syndrome (ODCRCS) [19],
and is related to specific genes [bone morphogenetic
protein receptor type 1A (BMPR1A) and SMAD family
member 4 (SMAD4) in JPS, serine/threonine kinase 11
(STK11) in PJS, PTEN in PHTS, and axin 2 (AXIN2) in
ODCRCS]. Previous studies have evaluated the prevalence
of hereditary CRC syndromes mainly in Western coun-
tries, which were confined to several populations with
specific syndromes, such as LS or MAP, and sequenced
using a gene testing panel with limited genes for heredi-
tary CRC [20–22]. Because these studies either emphasized
restrictive CRC syndromes or lacked sufficient number
of samples, a larger cohort for the prevalence assessment
of inherited cancer susceptibility among CRC patients is
needed.
Moreover, limited data, focusing on only MMR genes,

have been published about germline hereditary suscep-
tibility in Chinese CRC patients [23]. In our present
research, we collected tumor samples from CRC patients
diagnosed at the Sun Yat-sen University Cancer Center
(SYSUCC;Guangzhou,Guangdong, China),whowere rec-
ommended to undergo a hereditary CRC 14-gene screen-
ing. These 14 genes are associated with the syndromes and
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phenotypes of both nonpolyposis syndrome (LS) and some
of the polyposis syndromes mentioned above. The cur-
rent study mainly aimed to assess the prevalence of gene
mutations related to cancer susceptibility among Chinese
patients with CRC, to find the differences between Chi-
nese and Western patients, and to explore the phenotype-
genotype correlation. This comprehensive germline muta-
tion assessment of Chinese patients with CRCmay provide
evidence support for clinical practice, facilitate primary
prevention, and increase the health benefits of patients and
their families.

2 MATERIALS ANDMETHODS

2.1 Patient selection

All patients had undergone hereditary CRC genetic testing
at SYSUCC between October 2014 and August 2016 were
eligible for enrollment. They had been referred for genetic
counseling when themselves or their family members had
some high-risk features for CRC [e.g., young age at diag-
nosis, personal/family history of cancer or polyps, tumor
microsatellite instability (MSI), andMMRdeficiency]. Sev-
eral studies recommended universal LS screening to CRC
patients up to 70 years of age [24,25], which is cost-
effective. Therefore, we selected patients under 70 years
old in the analysis. This study was approved by the Ethics
Committee of SYSUCC. All patients signed informed con-
sent during genetic consulting to allow the use of their data
in clinical research.

2.2 Genetic testing

Ethylenediaminetetraacetic acid (EDTA)-anticoagulated
peripheral blood samples were collected after diagnosis
and before treatment. Genetic testing, which included 14
genes (namely,MLH1,MLH3,MSH2,MSH6, PMS1, PMS2,
APC, AXIN2, STK11, EPCAM, PTEN, SMAD4, MUTYH,
andBMPR1A) was carried out at theMolecular Diagnostics
Department of SYSUCC using the Illumina HiSeq 2000
(Illumina, San Diego, CA, USA; target sequence capture
and next-generation sequencing). Variants were classified
per the Ambry five-tier variant classification protocol
[pathogenic mutation; variant, likely pathogenic; variant
of unknown significance (VUS); variant, likely benign;
and benign], which is based on guidelines published by
the American College of Medical Genetics and Genomics,
the Association for Molecular Pathology, and the Interna-
tional Agency for Research on Cancer [26,27]. VUS was
classified if evidence was insufficient to support either
a pathogenic or a benign interpretation. Samples from

individuals who carried pathogenic or likely pathogenic
alterations were further used for germline analysis.

2.3 Grouping

The young and old groups were categorized by the cut-
off age of 50 years, which was recommended as the opti-
mal age to initiate colonoscopy screening [28], and then
divided into subgroups bases on genetic testing results. For
the mutation group, the patients were included if at least
one of the tested genes weremutated. Patients without any
mutations were categorized into the non-mutation group.

2.4 Data collection

Clinical data were retrieved from the medical record
archive of SYSUCC. We collected the following informa-
tion about the patients: age, gender, smoking and drink-
ing history (excluding occasional smoking and drinking
in social engagements), family history, pathological grade,
TNM stage (the 7th edition of the American Joint Com-
mittee on Cancer TNM staging system), overall survival
[OS, defined as the duration from the completion of first
treatment (e.g., chemotherapy, chemoradiotherapy, and
surgery) till the last follow-up by October 18, 2018], tumor
location (ascertained by an intraoperative probe), MMR
protein expression [determined using immunohistochem-
istry (IHC)], genetic testing results, and so on.
To determine differences in the distributions of MMR

genes between different ethnicities, we also collected
datasets from previous studies.

2.5 Statistical analysis

Statistical analyses were carried out using the R program-
ming language (version R 3.5.1, https://www.R-project.
org). The Chi-square (χ2) test and Fisher’s exact test were
used to compare differences in categorical parameters
between different groups. All P values were two-sided, and
P values of < 0.05 were considered statistically significant.
A genemutation profile was presented using the Complex-
Heatmap [29] R package, and the mutation fraction was
plotted using the ‘ggplot2’ R package.
Gene mutation exclusive analysis was performed using

the “maftools” package [30]. The “somaticInteractions()”
function of the package can detect mutually exclusive
or co-occurring sets of genes, which performs pairwise
Fisher’s exact test to detect significant pairs of genes to cal-
culate P values. The “oncostrip()” function can depict the
distribution of the mutually exclusive genes in the cohort.

https://www.R-project.org
https://www.R-project.org
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3 RESULTS

3.1 Demographic and
clinicopathological characteristics

A total of 526 patients with pathologically confirmed CRC
who underwent genetic testing were included. Of the 526
patients, 313 (59.5%) weremen, and 261 (49.6%) were under
50 years old (Table 1). The median age at first CRC diagno-
sis was 50 years, ranging from 15 to 70 years. One hundred
twenty-three (23.4%) patients had a smoking history, 42
(8.0%) had a drinking history, and 190 (36.1%) had a family
history of cancer. Thirty-one (5.9%) patients had personal
history of LS-related cancers. Highly/moderately differen-
tiated adenocarcinoma accounted for 338 (64.3%) patients.
The proportions of patients at stage I/II (n = 269, 51.1%)
and at III/IV (n = 248, 47.1%) were almost equivalent. The
majority (n= 352, 66.9%) of patients had the primary tumor
on the left side of the colon (the splenic flexure, descend-
ing colon, sigmoid, and rectum), and 167 (31.7%) on the
right side (the cecum, ascending colon, hepatic flexure,
and transverse colon). As of October 18, 2018, 488 (92.8%)
patients were alive. Only 140 (26.6%) patients had deficient
MMR status.
We divided the cohort into two groups by the age 50

to explore the clinical differences between old and young
patients [28]. The sample sizes of patients in the two groups
were nearly equal (261 vs. 265). As shown in Table 1,
the two groups had significant differences in most clini-
cal characteristics. The old group had significantly higher
frequencies of smoking (P = 0.020) and drinking his-
tory (P = 0.009), personal history of LS-related cancer
(P < 0.001), left-side primary cancer (P < 0.001), and well-
differentiated cancer (P = 0.014) than the young group.
No significant differences were found in family history,
polyps, TNM stage, OS, and MMR status.
Then,we assessed the differences betweenmutation car-

riers and non-carriers (Table 2). The median age of muta-
tion carriers was 50 years (range, 15 to 70 years), and that of
non-carriers was 45 years (range, 19 to 66 years). We found
that patients with mutations had significantly higher fre-
quencies of personal history of cancer (P < 0.001), fam-
ily history of cancer (P < 0.001), polyps (P = 0.006),
low TNM stage (P = 0.035), and right-side primary can-
cer (P < 0.001) than patients with no detected gene
mutations.
For 417 patients with complete MMR IHC staining

results, we calculated the sensitivity of IHC by pairing lost
proteins and related genes. Six patterns of MMR IHC were
identified: MLH1 loss alone or with PMS2 loss (pattern 1,
n = 71), MSH2 loss alone or with MSH6 loss (pattern 2,
n = 43), PMS2 loss alone (pattern 3, n = 14), MSH6 loss

alone (pattern 4, n= 3), loss of all four MMR proteins (pat-
tern 5, n= 0), and unpaired loss (i.e.,MSH2/PMS2 or three
MMR genes; pattern 6, n= 9). For patterns 1 to 4, the sensi-
tivity and specificity of MSI testing were as follows: 75.0%
and 87.9% for pattern 1, 86.9% and 94.2% for pattern 2, 75.0%
and 97.3% for pattern 3, 33.3% and 99.5% for pattern 4.

3.2 Mutational profiles of patients with
CRC under 70 years

Out of the 526 patients, 77 (14.6%) had at least one muta-
tion in one of the 12 genes listed in Figure 1A, cover-
ing seven diseases related to hereditary CRC. In total, 77
mutations were identified in 77 patients consisting exclu-
sively of pathogenic mutations and likely pathogenic vari-
ants. Among the 526 patients, MLH1 was the most fre-
quently mutated (n= 34, 6.5%), followed byMSH2 (n= 27,
5.1%), MSH6 (n = 5, 1.0%), and PMS2 (n = 4, 0.8%). These
four genes are commonly associated with LS. Mutations in
EPCAM, PTEN, BMPR1A, and SMAD4 were not detected
in our cohort. Apart fromLS-related genes,APCmutations
were detected in 4 (0.8%) patients, and all mutations were
associated with non-Lynch diseases accounted for 1.4% of
all patients. Interestingly, no individuals with two or more
mutations or likely pathogenic variants were found in our
cohort. In addition, frameshift and nonsense mutations
were the most common alterations (both with a frequency
of 37.3%), followed bymissensemutations (13.0%), splicing
mutations (6.5%), and deletion mutations (5.2%). Among
all 12 genes, only the MLH1 gene covered five mutational
types.
A total of 262VUSswere detected in 191 (36.3%) of the 526

patients (Supplementary Figure S1). The genes with high
VUS frequencies were MUTYH (n = 50), MSH6 (n = 41),
and MLH1 (n = 32). Among all 262 VUSs, 115 (43.9%)
occurred in one of the MMR genes associated with LS. Six-
teen patients with deficient MMR carried VUS in MMR
genes that corresponded to their abnormal MMR protein
levels, suggesting that these mutations may display poten-
tial pathogenicity (Supplementary Table S1).
The top five mutated genes in the old group wereMLH1,

MSH2, MSH6, PMS2, and AXIN2, while in the young
group, the order was MLH1, MSH2, PMS2, MSH6, and
APC; notably, the frequency of APC mutations was much
higher in the young group than in the old group (1.5% vs.
0%, Figure 1B and 1C). Nonsense mutation was the most
common mutation in the young group (40.4%), whereas
frameshift mutation was the most common mutation in
the old group (43.3%). Nevertheless, there was no sig-
nificant difference in the distribution of mutation types
between the two groups (P= 0.247, Figure 2A). The young
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TABLE 1 Clinical characteristics of the 526 CRC Chinese patients who underwent hereditary genetic testing

Characteristic
Whole cohort
[cases (%)]

Young group
[cases (%)]

Old group
[cases (%)] P-value

Total 526 261 265
Age � � � �

< 50 years 261 (49.6) NA� NA� �

≥50 years 265 (50.4) NA� NA� �

Gender � � � 0.033
Male 313 (59.5) 143 (54.8) 170 (64.2) �

Female 213 (40.5) 118 (45.2) 95 (35.8) �

Smoking history � � � 0.020
Yes 123 (23.4) 49 (18.8) 74 (27.9) �

No 325 (61.8) 170 (65.1) 155 (58.5) �

Unknown 78 (14.8) 42 (16.1) 36 (13.6) �

Drinking history � � � 0.009
Yes 42 (8.0) 12 (4.6) 30 (11.3) �

No 403 (76.6) 205 (78.5) 198 (74.7) �

Unknown 81 (15.4) 44 (16.9) 37 (14.0) �

Family history of cancer � � � 0.103
CRC 78 (14.8) 41 (15.7) 37 (14.0) �

non-CRC cancer 82 (15.6) 37 (14.2) 45 (17.0) �

CRC and non-CRC cancer 30 (5.7) 9 (3.4) 21 (7.9) �

No/unknown history 336 (63.9) 174 (66.7) 162 (61.1) �

Personal history of cancer � � � <0.001
Multiple CRC 23 (4.4) 7 (2.7) 16 (6.0) �

Endometrial cancer 6 (1.1) 0 (0) 6 (2.3) �

Ovarian cancer 2 (0.4) 2 (0.8) 0 (0) �

Other cancer 19 (3.6) 2 (0.8) 17 (6.4) �

No/unknown history 476 (90.5) 250 (95.8) 226 (85.3) �

Colorectal polyps � � � 0.140
Present 94 (17.9) 40 (15.3) 54 (20.4) �

Absent/unknown 432 (82.1) 221 (84.7) 211 (79.6) �

Tumor differentiation � � � 0.014
High/moderate 338 (64.3) 154 (59.0) 184 (69.4) �

Poor 188 (35.7) 107 (41.0) 81 (30.6) �

TNM stage � � � 0.053
I/II 269(51.1) 122 (46.7) 147 (55.5) �

III/IV 248(47.1) 134 (51.3) 114 (43.0) �

Unknown 9 (1.7) 5 (1.9) 4 (1.5) �

Primary tumor location � � � <0.001
Left side of the colon 352 (66.9) 161 (61.7) 191 (72.1) �

Right side of the colon 167 (31.8) 100 (38.3) 67 (25.3) �

Both sides of the colon 7 (1.3) 0 (0) 7 (2.6) �

Survival status � � � 0.720
Survival 488 (92.8) 242 (92.7) 246 (92.8) �

Dead 33 (6.3) 15 (5.7) 18 (6.8) �

Missing 5 (1.0) 4 (1.5) 1 (0.4) �

(Continues)
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TABLE 1 (Continued)

Characteristic
Whole cohort
[cases (%)]

Young group
[cases (%)]

Old group
[cases (%)] P-value

MMR status � � � 0.148
Proficient 281 (53.4) 129 (49.4) 152 (57.4) �

Deficient 140 (26.6) 75 (28.7) 65 (24.5) �

Unknown 105 (20.0) 57 (21.8) 48 (18.1) �

Abbreviations: CRC, colorectal cancer; NA, not applicable; MMR, mismatch repair.

group had a higher gene mutation rate than the old group
(18.0% vs. 11.3%, P = 0.036, Figure 2B).

3.3 Comparison of mutation frequency
between the present Chinese cohort and
Western cohorts

To compare the mutation prevalence between Chinese
and Western cohorts, we collected mutation data of 3411
patients from six published studies [31–36] (Supplemen-
tary Table S2), which were all diagnosed with inherited
or family-related colorectal cancers. With the mutation
statuses of four genes (MLH1, MSH2, MSH6, and PMS2)
available in all six datasets, we performed a comparison
of MMR gene mutation distributions (two-tailed Fisher’s
exact test) between our study subjects and those from pub-
lished studies. As shown in Figure 3, the mutation frac-
tions of the four genes were largely different between our
study subjects and those reported by Bonadona et al. [31],
Møller et al. [33], Moreira et al. [34], and Sjursen et al.
[35] (all P < 0.01). In contrast to the majority of West-
ern cohorts, patients with MSH6 and PMS2 mutations,
which play less important roles in the hereditary risks of
LS, accounted for a higher proportion (38.5%) in our Chi-
nese dataset.

3.4 Associations between molecular
features and clinicopathological
characteristics

Correlation analyses were performed to explore the asso-
ciations between mutated genes and clinicopathological
features of the 526 patients, in which some clinicopatho-
logical features (personal history of cancer, family history
of cancer, and TNM stage) were reclassified into two cat-
egories (Figure 4). Among all patients, those with MLH1
or MSH2 mutations had higher frequencies of personal
history of cancer (MLH1: 20.6% vs. 8.7%; MSH2: 25.9% vs.
8.6%), family history of cancer (MLH1: 73.5% vs. 48.4%;
MSH2: 70.4% vs. 48.9%), and right side primary cancer
(MLH1: 73.5% vs. 29.3%; MSH2: 56.0% vs. 31.0%) than

patients without these gene mutations. The proportion of
stage I/II disease was higher in patients withMLH1muta-
tions than in those without MLH1 mutations (70.6% vs.
50.7%), and the rate of polyps was higher in patients with
APCmutations than in thosewithwild-typeAPC (75.0% vs.
17.4%). Detailed reclassified data are provided in Supple-
mentary Table S3. In addition, we explored the prognostic
values of the mutations, but none of them had a signifi-
cant ability to predict OS (Supplementary Figure S2). By
the way, we only kept MLH1 and MSH2 in further anal-
yses, excluding other genes, because patients with corre-
sponding mutations were too low to support the survival
analysis.

3.5 Gene exclusive analysis

Many disease-causing genes in cancer showed strong
exclusiveness or co-occurrences in theirmutation patterns.
We analyzed the distribution of these mutations in the 77
patients who had at least one mutation in one of the 12
genes. A set of genes, includingMLH1, MSH2, andMSH6,
were found to be mutually exclusive in CRC (P< 0.01, Fig-
ure 5A). No patients harbored coincident mutations in this
set of genes. This set of genes as a groupwas also confirmed
to bemutually exclusive inmutation profiles (P< 0.01, Fig-
ure 5B).

4 DISCUSSION

Studies on hereditary CRC in China are limited. The
present study provides a comprehensive description of the
hereditary genetic risks of CRC among Chinese patients.
In the current study, the proportion of hereditary CRC
in CRC patients under 70 years old was 14.6% (77 of
526). Patients with MLH1 or MSH2 mutations had higher
frequencies of personal/family history of cancer and right
side primary cancer than patients without these gene
mutations. Different from Western patients, Chinese
patients had a higher rate of MSH6 and PMS2 mutations
(38.5%). Mutations in MLH1, MSH2, and MSH6 were
found to be mutually exclusive.
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TABLE 2 Demographic and clinicopathological characteristics between mutation carriers and non-carriers

Characteristic�

Mutation
non-carriers
[cases (%)]

Mutation carriers
[cases (%)] P-value

Total 449 77 �

Age group � � 0.036
< 50 years 214 (47.7) 47 (61.0) �

≥50 years 235 (52.3) 30 (39.0) �

Gender � � 0.617
Male 265 (59.0) 48 (62.3) �

Female 184 (41.0) 29 (37.7) �

Smoking history � � 0.542
Yes 104 (23.2) 19 (24.7) �

No 282 (62.8) 43 (55.8) �

Unknown 63 (14.0) 15 (19.5) �

Drinking history � � 0.641
Yes 35 (7.8) 7 (9.1) �

No 347 (77.3) 56 (72.7) �

Unknown 67 (14.9) 14 (18.2) �

Personal history of cancer � � <0.001
Multiple CRC 15 (3.3) 8 (10.4) �

Endometrial cancer 1 (0.2) 5 (6.5) �

Ovarian cancer 1 (0.2) 1 (1.3) �

Other cancer 17 (3.8) 2 (2.6) �

No/unknown history 415 (92.4) 61 (79.2) �

Family history of cancer � � <0.001
CRC 51 (11.4) 27 (35.1) �

Non-CRC cancer 77 (17.1) 5 (6.5) �

CRC and non-CRC
cancer

24 (5.3) 6 (7.8) �

No/unknown history 297 (66.1) 39 (50.6) �

Colorectal polyps � � 0.006
Present 71 (15.8) 23 (29.9) �

Absent/unknown 378 (84.2) 54 (70.1) �

Tumor differentiation � � 0.122
High/moderate 295 (65.7) 43 (55.8) �

Poor 154 (34.3) 34 (44.2) �

TNM stage � � 0.035
I/II 220 (49.0) 49 (63.6) �

III/IV 220 (49.0) 28 (36.4) �

Unknown 9 (2.0) 0 (0) �

Primary tumor location � � <0.001
Left side of the colon 321 (71.5) 31 (40.3) �

Right side of the colon 123 (27.4) 44 (57.1) �

Both sides of the colon 5 (1.1) 2 (2.6) �

Survival status � � 0.070
Survival 413 (92.0) 75 (97.4) �

Dead 32 (7.1) 1 (1.3) �

Missing 4 (0.9) 1 (1.3) �

Abbreviations: CRC, colorectal cancer.
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F IGURE 1 Repertoire of germline genetic alterations of col-
orectal cancer in the present cohort andmutation profiles in different
age groups. A. Eight hereditary genes were mutated in 77 of the 526
patients. Stacked bar charts (right) indicate the mutation types for
each gene. B. Young group (age < 50 years, n = 261): Seven heredi-
tary genes were mutated in 47 patients. C. Old group (age ≥ 50 years,
n = 265): Five hereditary genes were mutated in 30 patients. Stacked
bar charts (right) indicate the mutation types for each gene. Abbre-
viations: MLH1, MutL homolog 1; MSH2, MutS homolog 2; MSH6,
MutS homolog 6; PMS2, PMS1 homolog 2; APC, APC regulator of
WNT signaling pathway; AXIN2, axin 2; MUTYH, mutY DNA gly-
cosylase; STK11, serine/threonine kinase 11

F IGURE 2 Comparison of mutation types. Bar plots show
mutation type fraction (A) and mutation rate (B) in the young and
old groups.

Themutation landscape in our cohort represented a par-
ticular pattern in which all patients harbored sole muta-
tion. The mutation rate of non-MMR genes was 1.3% (7
out of 526), which displays the advantage of comprehen-
sive multi-gene panel over the confined panel in detecting
CRC hereditary gene mutations. More potential patients
and their families harboring germline mutations would be
found and consequently seek professional counseling by
genetic experts to reduce future cancer risks. Patients in
the young group had a significantly higher frequency of
genemutations than those in the old group (18.0% vs. 11.3%,
P < 0.05), which is consistent with clinical observations.
These data indicate the necessity to perform genetic test-
ing in young patients to identify hereditary risks.
The molecular genetic background of many inherited

CRC syndromes has been clarified [5,7,8]. LS is a well-
described hereditary cancer syndrome caused by germline
mutations in DNAMMR genes (MLH1,MSH2,MSH6, and
PMS2) or by a deletion in the EPCAM gene, which reg-
ulates methylation of the MSH2 promoter [14,37,38]. We
found that 13.3% of patients in the current study harbored
LS-associated gene mutations.
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F IGURE 3 MMR gene mutation distributions compared with prior studies. Fisher’s exact test was used to compare mutation frequencies
of mismatch repair genes from this study with those from previous studies

F IGURE 4 Associations between molecular features and clinicopathological characteristics. The analysis for associations between gene
mutations and clinicopathological characteristics of CRC patients performed using the Wald chi-square (χ2) test. All clinical features were
reclassified into two categories. In the dot plot, a red dot indicates a significant association between two variables. The bigger the dot is, the
more significant the association is

The MMR gene mutation frequency between Chinese
and Western patients was not in complete accordance.
Our data presented that Chinese patients showed a much
higher proportion of mutations ofMSH6 and PMS2 genes

thanWestern patients. On one hand, this discrepancy may
be attributed to racial differences. On the other hand, this
phenomenon indicates the importance of the database
for annotation of gene mutations that contribute to
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F IGURE 5 Mutual exclusive analysis of the selected genes. A. Mutual exclusive analysis of hereditary CRC genes. The numbers in square
brackets following genes indicate the number of patients with corresponding mutant gene. B. Mutation exclusiveness distribution of MLH1,
MSH2, andMSH6

corresponding CRC syndrome. With the development and
enrichment of a gene mutation database, we may detect
MSH6 and PMS2 mutations which were not detectable
when western studies were published (before 2017). More
panel testing data are required to improve the detection
rate of pathogenic and likely pathogenic mutations.
Of note, several patients in our cohort did not show

related clinical phenotypes for a specific syndrome, but
the corresponding mutations were detected. For instance,

2 of 5 FAP/MAP patients lacked the phenotype of diffuse
colorectal polyposis, which implies that the presence of
polyps is not a perfect indicator for hereditary susceptibil-
ity [20]. MMR gene mutations accounted for a large pro-
portion (90.9%) of all gene mutations. Some mutation car-
riers did not meet strict criteria for assessing hereditary
CRC risks (e.g., Amsterdam criteria or Bethesda guide-
lines), suggesting that such history and phenotypic charac-
teristics may have limited utility in identifying hereditary
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mutation carriers. In this circumstance, panel-based test-
ing may be particularly more useful than syndrome-based
testing as they could detect more patients with potential
cancer risks. A recent study also suggested that a thresh-
old should be discussed at which systematic gene panel
testing would be more efficient irrespective of phenotype
[32]. Considering cost-effectiveness, the loose standard of
gene panel testing should be encouraged with decreasing
sequencing costs for CRC patients.
In our cohort, APC mutations were highly associated

with the polyp history, and MLH1 and MSH2 mutations
were highly associated with a personal/family history of
cancer. These findings were consistent with clinical obser-
vations and previous studies [39,40]. Patients with MLH1
mutations were prone to be within the early TNM stage. A
previous study observed better clinical outcome in patients
withMLH1- orMSH2-negative CRC at stage II or III com-
pared withMLH1- orMSH2-positive patients [41], suggest-
ing thatMLH1/MSH2mutations may provide useful prog-
nostic information for the management of stage II and III
CRC patients.
The alterations of mutually exclusive genes that affect

the same pathway tend not to co-occur in the same
patients. MLH1 is the most important susceptibility gene
for LS. The role ofMLH1 in MMR has often been described
as that of a "molecular matchmaker", which involves cou-
pling mismatch recognition with downstream steps of
MMR. hMutSa, the predominant mismatch-binding fac-
tor in humans, consists of two proteins,MSH2 andMSH6.
MSH2 is the second most frequently detected MMR gene.
MSH6 and MSH2 work through forming heterodimers,
and MSH6 appears to be the subunit responsible for mis-
match recognition in hMutSa complex [42]. MLH1 and
MSH2 belong to the same pathway, the “mismatch path-
way”. No patient had mutations of these three genes
simultaneously, suggesting that pathogenic mutation of
only one of them could be enough to promote CRC
tumorigenesis.
As reported, IHC testing has approximately only 62%–

78% sensitivity for identifying tumors with germline muta-
tions [43]. In the present study, IHC sensitivities were high
enough for identifyingMLH1,MSH2, andPMS1mutations,
but extremely low for MSH6 mutations. The low sensitiv-
ity forMSH6mutation identification may be explained by
the majority of MSH6 mutations being VUSs, which may
have possible pathogenicity [44].
Themajor strength of the present study includes the use

of a large, consecutive cohort of Chinese patients along
with detailed clinicopathological data. These data were
used to perform an in-depth and comprehensive exami-
nation of their associations with the corresponding gene
mutation profile. The use of a clinical laboratory with

extensive experience in gene panel testing and professional
interpretation of germline cancer susceptibility gene vari-
ants allowed for comprehensive and rapid analysis.
We also recognized the limitations in the present study.

The major limitation was the clinic-based cohort with
some high-risk features recruited from a large academic
center, which may limit the generalization to population-
based patients. Point mutations of PTEN, BMPR1A, and
SMAD4 as well as truncated mutations in EPCAM were
not found in our study. One possible reason is the sam-
ple size limitation of our cohort. The other reason may
be the low mutation rates of these genes in the Chinese
population. In addition, although our gene panel was com-
prised of the majority of high-penetrance cancer suscepti-
bility genes (i.e.,MMRgenes,APC,MUTYH, STK11, PTEN,
BMPR1A, and SMAD4) adopted by the majority of com-
mercially available multigene panels, other emerging can-
cer susceptibility genes [such as DNA polymerase delta
1, catalytic subunit/ DNA polymerase epsilon, catalytic
subunit (POLD1/POLE) [45–47], BRF1 RNA polymerase
III transcription initiation factor subunit (BRF1) [48], and
FANCD2 and FANCI associated nuclease 1 (FAN1) [49]]
also show a promising future in the area of CRC suscep-
tibility.
In conclusion, the present study used a multigene panel

testing to display the comprehensive molecular landscape
of hereditary CRC susceptibility in the Chinese population
and the genotype-phenotype association within hereditary
syndromes. Our results also suggest the necessity of multi-
gene panel testing in CRC patients with or without high
risks for identifying patients, as well as their relatives, with
CRC susceptibility genemutations for further supervision.
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