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Background: Lynch syndrome (LS) is caused by a germline mutation in one of the

mismatch repair genes (MLH1, MSH2, MSH6, and PMS2) or in the EPCAM gene. The

definition of Lynch syndrome is based on clinical, pathological, and genetic

findings. Therefore, the identification of susceptibility genes is essential for

accurate risk assessment and tailored screening programs in LS monitoring.

Patients andmethods: In this study, LS was diagnosed clinically in a Chinese family

using Amsterdam II criteria. To further explore the molecular characteristics of this

LS family, we performed whole genome sequencing (WGS) to 16 members in this

family and summarized the unique mutational profiles within this family. We also

used Sanger sequencing technology and immunohistochemistry (IHC) to verify

some of the mutations identified in the WGS analysis.

Results: We showed that mutations in mismatch repair (MMR) related genes, as

well as pathways including DNA replication, base excision repair, nucleotide

excision repair, and homologous recombination were enhanced in this family.

Two specific variants, MSH2 (p.S860X) and FSHR (p.I265V) were identified in all five

members with LS phenotypes in this family. The MSH2 (p.S860X) variant is the first

reported variant in a Chinese LS family. This mutation would result in a truncated

protein. Theoretically, these patients might benefit from PD-1 (Programmed death

1) immune checkpoint blockade therapy. The patients who received nivolumab in

combination with docetaxel treatments are currently in good health.

Conclusion: Our findings extend the mutation spectrum of genes associated with LS

in MLH2 and FSHR, which is essential for future screening and genetic diagnosis of LS.
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Introduction

Lynch syndrome (LS) is an autosomal dominant syndrome linked

to a variety of cancers of the colon, endometrium, ovary, and others

(1, 2). LS is mainly caused by germline and epistatic mutations in the

human mismatch repair (MMR) gene (3). Maintaining genomic

stability is a key function of the MMR protein (4). During DNA

replication, repair, and recombination, the MMR system monitors

and corrects errors (5). Several factors contribute to MMR, including

MutS homolog 2 (MSH2), MutL homolog 1 (MLH1), MutS homolog

6 (MSH6), post-meiotic segregation increased 2 (PMS2), and

epithelial cell adhesion molecule (EPCAM). Clinical, pathological,

and genetic findings are used to diagnose LS (6). For clinical

monitoring of carriers and genetic testing of relatives at high risk, it

is therefore important to detect LS-related mutations (7).

LS is typically diagnosed clinically based on Amsterdam or

Bethesda criteria (3). Patients with LS are typically screened for

mutations in the MMR pathway using genetic testing (8). MLH1

and MSH2 mutations are most prevalent in LS (90%), MSH6 (10%),

and PMS2 mutations are less frequency (9, 10).

This study aims to elucidate which variants of the MMR gene

could provide a more accurate risk assessment or predictive test for

existing ‘healthy’members of affected families. Our study investigated

LS due to mutations in a family using whole genome sequencing

(WGS) and Sanger sequencing.
Materials and methods

Patient and ethical statements

In Shenzhen People’s Hospital’s Department of Medical

Oncology, a four-generation Chinese family was diagnosed and

treated for LS. According to the Amsterdam II criteria, clinical

testing reports, and detailed family history, oncologists made the

clinical diagnosis of LS. Informed consent was obtained from all four

generations of Chinese family members participating in this study. In

accordance with the Declaration of Helsinki, the Ethics Committee of

Shenzhen People’s Hospital reviewed and approved our study.
DNA extraction

A QIAamp DNA Blood Midi Kit (Qiagen; Valencia, CA, USA)

was used to extract DNA from participants’ peripheral blood for

whole-genome sequencing and Sanger sequencing.
Whole genome sequencing

Covaris-focused ultrasound (Covaris, MA, USA) was used to

shear DNA and 6 cycles of PCR were used to enrich for fragments

of DNA. Agilent 2100 Bioanalyzer was used to analyze the size

distribution of the library. A 150bp paired-end read was generated

from raw DNA libraries using Illumina Hiseq.
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Data processing

Trimmomatic (version 0.36) was used to discard raw reads

contaminated with adapters and low-quality/unidentified

nucleotides. Quality-controlled reads were compared to the UCSC

(University of California, Santa Cruz) human reference genome

(GRCh37) using BWA software (11). PCR duplicates were removed

and bam files were indexed using Samtools and Picard. In order to

generate the final BAM (the binary version of a SAM file) file, GATK

(The Genome Analysis Toolkit) was used to recalibrate the base

quality (12). GATK was used to identify single nucleotide variants

(SNVs) in the germline, and ANNOVAR (ANNOtate VARiation)

was used to annotate and prioritize those variants (13). SIFT,

PolyPhen2, and MutationTaster were used to assess the

pathogenicity of missense variants. All variants identified in this

study were manually checked using Integrative Genomics Viewer

(IGV version 2.3.86) and only variants in the coding and splice

regions were considered (14). Copy number variants (CNVs) and

structural variants were detected using Control-FREEC and

Breakdancer, respectively (15, 16).
Sanger sequencing

Sanger sequencing was used to validate the candidate variants

identified above.
Immunohistochemistry

The expression of proteins was detected using immunohistochemistry

(17). The DAKO EnVision system was used for immunoperoxidase

staining. MLH1 (Roche, Shanghai, China), MSH2 (Roche,

Shanghai, China), MSH6 (Roche, Shanghai, China), and PMS2

(Roche, Shanghai, China) were used as primary antibodies.

Immunoglobulin G (IgG, Heavy Chain + Light chain) Mouse universal

immunohistochemistry antibody (Roche, Shanghai, China) was used as a

secondary antibody.
Gene ontology biological process
enrichment analysis

Gene Ontology (GO) enrichment analysis was performed using R

“clusterProfiler” package using genes with >=20 mutations as input. A

p.adj of 0.05 was used as cutoff for statistical significance.
Statistical analysis

Statistical analysis was performed with R (version 3.6.3) (18–20).

Results expressed as mean ± SD (Standard Deviations) were analyzed

using the Student’s t.test. Differences were considered significant

when P < 0.05.
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Results

An LS pedigree of four generations

A 53-year-old female with a personal and family history matching

Lynch syndrome phenotype was involved in this study as the proband

(S99 in Figure 1A). At the age of 49, this patient was diagnosed with

endometrial sarcoma (Supplementary Figures 1A–C), ovarian cancer

(Supplementary Figures 1D–F), and colorectal cancer (Supplementary

Figure 1G, H). We further investigated the proband’s 24 relatives within

four generations, as illustrated in Figure 1A. Among these 24 relatives, 1

female ancestor in generation 1 was diagnosed with colorectal cancer; 4

out of 5 ancestors from generation 2 were diagnosed with colorectal

cancer or pancreatic cancer; 5 out of 13 participants in generation 3 were

diagnosed with one or more than one types of the following diseases:

patient 1 (S60) with colorectal polyps; patient 2 (S66) with colorectal

polyps; patient 6 (S63) with colorectal cancer, tubular adenocarcinoma,

and endometrial cancer; patient 13 (S99) with colorectal cancer, ovarian

cancer, and endometrial sarcoma; patient 15 (S102) with colorectal

cancer and ovarian cancer. We further performed whole genome

sequencing to the peripheral blood samples of 16 members from this

family (as shown in Figure 1B and listed in Table 1) and their SNP (single

nucleotide polymorphism) and InDel (Insertion and deletion)

distribution profiles were shown in Supplementary Figure 2.
The mutational profiles of members from
this LS family

To compare the mutational profiles of LS family members with

normal profiles, in this study, we involved mutational profiles from
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1000geneomes (www.internationalgenome.org) as background

control. The mutation frequencies of EPCAM, MSH2, and PMS2

genes were significantly higher in LS family members compared to

those in 1000genome profiles, and the mutation frequency of MLH1

gene was significantly lower in LS family members compared to it in

1000genome profiles (Figure 2A). Regarding MMR related pathways,

pathways involved in DNA replication, base excision repairs,

nucleotide excision repair, and homologous recombination had

significantly higher numbers of mutations in LS family members

compared to these in 1000genome profiles, as shown in Figure 2B.

The key gene mutations across the family were listed in Table 2.

The top 28 genes with high mutation burdens (over 20) were listed in

Figure 3. The top enriched GO BP (biological process) terms of these

genes were listed in Table 3.
Unique mutational features of 5 members
with LS phenotype

To further explore the unique mutational profiles of members

with LS phenotype, we divided these 16 members into two groups, 5

members with LS phenotype (LSD including S60: CP; S66: CP; S63:

CC+TA+EC; S99:CC+OC+ES; S102:CC+OC) and 11 members

without LS phenotype (LSN including S28, S100, S35, S14, S69, S27,

S16, S8, S63, S59, S39, S28), as illustrated in Supplementary Figure 3.

Regarding SNP mutations, the number of different types of mutations

shared in the different numbers of LSD members was listed in

Figure 4A. Specifically, exonic SNP mutations were enriched in

LSD members compared to these in LSN members (red); regarding

InDel mutations, the number of different types of mutations shared in

the different numbers of LSD members was listed in Figure 4B.
B

A

FIGURE 1

A Chinese family tree with LS. (A) An example of a Chinese pedigree with LS. Squares indicate males, circles indicate females. Squares and circles indicate
males and females, respectively. Solid symbols indicate LS members, hollow symbols indicate unaffected individuals. S99 is the proband. CC, Colorectal
Cancer; CP, Colorectal Polyps; PC, Pancreatic Cancer; OC, Ovarian Cancer; TA, Tubular Adenocarcinoma; EC, Endometrial Cancer; ES, Endometrial
Sarcoma. (B) Combined plot representing the mutation status of 16 sequenced samples across 22 chromosomes.
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Specifically, intronic mutations were enriched in LSD members

compared to these in LSN members (red).

Generally, the level of CNVs (Copy Number Variations) in LSD

members was significantly higher than this in LSN members (p <

0.05), as shown in Supplementary Figure 4. Regarding KEGG (Kyoto

Encyclopedia of Genes and Genomes) enrichment analysis, pathways

relating to cellular senescence, hippo signaling pathway, NOD

(Nucleotide oligomerization domain)-like receptor signaling
Frontiers in Oncology 04
pathway, and PD-L1 (Programmed death ligand-1) expression/PD-

1(Programmed death-1) checkpoint pathway in cancer had more

SNP/InDel mutations in LSD members compared to these in LSN

members (Figure 5).

We also summarized missense/stopgain/frameshift mutations

that were shared in more than 3 LSD members, as illustrated in

Figure 6. There were 2 mutations (MSH2.p.860X, FSHR.p.I265V)

shared in all 5 LSD members, 5 mutations (SRMS.p.V457L,
B

A

FIGURE 2

Violin plots representing mutational burdens in LS-related genes and MMR pathways. (A) Comparison of mutation numbers in 5 genes in this LS family
and 1000genomes. (B) Comparison of mutation numbers in genes relating to 6 pathways in this LS family and 1000genomes. A student t.test was
performed for each comparison. (*p < 0.05; **p < 0.01; ***p < 0.001).
TABLE 1 The clinical characteristics of LS patients.

Name Subjects Sex Status Age Age of Onset Tumor Type Treatment MSI IHC Lynch Syndrome

Patient 1 60 male alive 51 47 CP NA NA NA Yes

Patient 2 66 male alive 56 52 CP NA NA NA Yes

Patient 3 28 male alive 66 NA NA NA NA NA No

Patient 4 39 female alive 48 NA NA NA NA NA No

Patient 5 59 female alive 58 NA NA NA NA NA No

Patient 6 63 female alive 58 50 CC, TA, EC S MSI-H Yes

Patient 7 8 female alive 62 NA NA NA NA NA No

Patient 8 16 female alive 61 NA NA NA NA NA No

Patient 9 27 male alive 55 NA NA NA NA NA No

Patient 10 69 female alive 58 NA NA NA NA NA No

Patient 11 14 female alive 53 NA NA NA NA NA No

Patient 12 35 female alive 21 NA NA NA NA NA No

Patient 13 99 female alive 53 49 CC, OC, ES S+CH+IO MSI-H pMMR Yes

Patient 14 100 male alive 33 NA NA NA NA NA No

Patient 15 102 female alive 50 33 CC, OC S+IO MSI-H dMMR Yes

Patient 16 101 male alive 28 NA NA NA NA NA No
CC, Colorectal Cancer; CP, Colorectal Polyps; OC, Ovarian Cancer; TA, Tubular Adenocarcinoma; EC, Endometrial Cancer; ES, Endometrial Sarcoma; IHC- 4, Immunohistochemistry (MLH1,
MSH2, MSH6, and PMS2); S, surgery; CH, chemotherapy; IO, immunotherapy; MSI-H, Microsatellite instability-high; pMMR, MMR proficient; dMMR, MMR deficient.
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SRMS . p .A453T , SRMS .p .P218L , RTN4 . p .D151V and

ASAH2B.p.S2288C) that were shared in 4 LSD members, 2

mutations (PDE4DIP.p.S2288C, BCR.p.S1048fs) that were shared in

3 LSD members.
The validation of the mutations

To validate some of these variants, we performed sanger

sequencing to samples of patient 13 (S99, the proband), and the

result was shown in Figure 7. MSH2 (p.S860X) mutation was verified

in tumor samples from patient 13. We also found higher expression of

MMR related proteins including MLH1, MSH2, MSH6, and PMS2 in

the tumor tissues of patient 13 compared to these in the paraCancer

tissues, as shown in Figure 8.
Therapeutic actions involved in the
treatment of LSD members in this family

The proband (patient 13, S99) was diagnosed with ovarian cancer

and endometrial sarcoma at age 49 and had radical surgery afterward.

The colorectal cancer was accidentally found when scanned at

baseline radiological evaluation before delivering adjuvant

treatment. According to the Amsterdam II criteria, we examined

her gene mutation profiles and found the MSH2 mutation in her
Frontiers in Oncology 05
peripheral blood samples. After that, this patient received six cycles of

nivolumab in combination with docetaxel and cisplatin plus

fluorouracil followed by 8 cycles of single-agent nivolumab. The

patient is currently in good condition.

Two female patients with colorectal cancer as well as germline

MSH2 mutations received endoscopic submucosal dissection. Among

them, one female patient was subsequentially diagnosed with

colorectal cancer, tubular adenocarcinoma, and endometrial cancer

(patient 6, S63), and these tumors were all resected radically; another

female patient, who is the sister of the proband, was diagnosed with

colorectal cancer (resected in 2003) and ovarian cancer (resected in

2018). There was a recurrence of colorectal cancer in patient 6 in early

2022, during which this patient received 8 cycles of pembrolizumab as

chemotherapy treatment.
FIGURE 3

Genes with high mutational burdens in this LS family members.
TABLE 2 Key gene mutation across the family.

Chromosome Position RS Number Reference Alteration Gene Type

1 17087541 rs113982165 GGTGCT G MST1L Frameshift_deletion

4 140811063 rs774201781 TTGCTGCTGCTGC T MAML3 Frameshift_deletion

4 155244401 rs140019361 TTTTG T DCHS2 Frameshift_deletion

13 78272267 rs201380414 T TGG SLAIN1 Frameshift_insertion

7 151945071 rs150073007 G GT KMT2C Stopgain

1 144915561 rs1778111 G A PDE4DIP Stopgain

1 145075683 rs2762779 C T PDE4DIP Stopgain

21 10942756 rs1810540 G A TPTE Stopgain
TABLE 3 Enriched analysis of genes with high mutation burdens.

Enriched analysis P
value

Regulation of non-membrane spanning protein tyrosine kinase activity 0.01

Cell-cell adhesion 0.027

Cell-cell junction assembly 0.027

Cell junction assembly 0.027

Cell junction organization 0.027

Adherens junction organization 0.027

Peptidyl-tyrosine dephosphorylation 0.027

Cell-cell junction organization 0.033

Calcium-dependent cell-cell adhesion via plasma membrane cell
adhesion molecules

0.041

Cell-cell adhesion mediated by cadherin 0.041

Cell adhesion 0.043

Biological adhesion 0.043

Multicellular organismal signaling 0.043
front
iersin.org

https://doi.org/10.3389/fonc.2023.1036356
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


He et al. 10.3389/fonc.2023.1036356
BA

FIGURE 4

Mutational profiles in LSD members (Family members with LS phenotype, n = 5). (A) Details of SNP (Single nucleotide polymorphisms) profiles in 5 LSD
members. (B) Details of InDel (Insertion and Deletion mutations) profiles in 5 LSD members. Enrichment/depletion estimation was performed by
hypergeometric distribution using data from LSN members as background.
FIGURE 5

Comparison of mutation numbers in genes relating to KEGG pathways between LSD members and LSN members.
FIGURE 6

Key mutations in 5 LSD patients. The red rectangle represents that the specific mutation is present in the individual sample.
Frontiers in Oncology frontiersin.org06

https://doi.org/10.3389/fonc.2023.1036356
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


He et al. 10.3389/fonc.2023.1036356
FIGURE 7

Sanger sequencing confirms mutation in MSH2 (p.S860X) in proband patient.
B

C D

E F

G H

A

FIGURE 8

Results of immunohistochemical validation. The expression of (A) MLH1, (C) MSH2, (E) MSH6, and (G) PMS2 in normal tissue, and the expression of
(B) MLH1, (D) MSH2, (F) MSH6, and (H) PMS2 in tumor tissue.
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Discussion

The Lynch syndrome (LS) is an autosomal dominant disorder

linked to a high risk of cancer, especially colorectal cancer (21). LS is

difficult to diagnose due to the following reasons: the diagnosis of LS is

mainly based on clinical criteria; currently, it is hard to obtain family

information; large-scope clinical phenotype information such as

polyposis information is not available (3). As a result, the rate of LS

diagnosis is far behind the actual incidence (9). To achieve a better

therapeutic effect, as well as a good prognosis, early diagnosis is

essential. Large-scale screening programs might be more beneficial for

those who carry the causative mutations, while not so necessary for

those who do not carry them. The identification of mutations that

cause LS in LS families is useful for genetic counseling and

disease management.

MSH2 was first mapped to 2p21 in 1993, and several deleterious

mutations within this gene were identified in LS families (22).

Subsequently, many mutations relating to MMR genes (MLH1,

MSH2, MSH6, and PMS2) were also identified in the LS family.

MSH2 variant c.2635-2A>G is pathogenic because it leads to an

alteration of the typical splice site, resulting in an abnormal form of

the protein product (MSH2) (23). Zajo et al. reported a study of

childhood LS-associated colorectal carcinomatosis caused by a

pathogenic germline mutation in MSH2 (c.1786_1788delAAT

(p.Asn596del)) (24). Cariola et al. reported a rare variant MSH2 c

(c.2635-2A>G) which would affect the splice site consensus sequence

of intron 15 in MSH2, and concluded the potential pathogenic role of

this variant (25). Follicle-stimulating hormone receptor (FSHR),

expressed in vascular endothelial cells of different malignancies, has

recently been investigated as a potential pan-receptor for cancer

therapy (26–28). A missense mutation (p.I265V) leading to an

amino acid switch from isoleucine (amino acid with hydrophobic

side chain) to similar valine (amino acid with hydrophobic side chain)

might not cause a dramatic structural change in FSHR protein. So far,

the relationship between FSHR and LS has not been reported, and it

might need further effort in exploring their connections.

In this study, we performed WGS on 16 members of this LS

family. First, we tried to answer why members of this family tended to

have LS. We found that mutational levels relating to MMR pathways

were enhanced, and mutational levels in pathways such as DNA DNA

replication, base excision repair, nucleotide excision repair and

homologous recombination were also enhanced. Second, we tried to

answer why these 5 LSD members had LS phenotype instead of the

other 11 LSN members. Two mutations (MSH2.p.S860X and

FSHR.p.I265V) were shared among all these 5 LSD members other

than the 11 LSN members. Based on the HNPCC mutation database,

the germline mutation MSH2 (p.S860X) was reported to be found in

the investigated HNPCC patients (29), which was the first report of a

germline variant of MSH2 (p.S860X) in a Chinese population. Sanger

sequencing confirmed that this predisposed individual carried

MSH2 (p.S860X).

We hypothesize that the MSH2 mutation (p.S860X) is the

primary cause of Lynch syndrome in this family and plays a

significant role in its onset. We speculate that the other high-

frequency mutations found may not play a major role in the

development of LS. Further validation is needed for the role played
Frontiers in Oncology 08
by some variants in tumor-associated genes in members of

this family.
Conclusion

In conclusion, our study provides a preliminary exploration of LS

pathogenesis from the perspective of a complete LS family pedigree.

Our results suggest key mutations including MSH2 (p.S860X) and

FSHR (p.I265V), as well as increased mutations in MMR-related

pathways could also contribute to the incidence of LS. The data

presented in the study are deposited in GSA Human database (https://

ngdc.cncb.ac.cn/gsa-human/), accession number HRA003905.
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10. Rossi BM, Palmero EI, López-Kostner F, Sarroca C, Vaccaro CA, Spirandelli F,
et al. A survey of the clinicopathological and molecular characteristics of patients with
suspected lynch syndrome in Latin America. BMC Cancer (2017) 17:623. doi: 10.1186/
s12885-017-3599-4

11. Li H, Durbin R. Fast and accurate short read alignment with burrows-wheeler
transform. Bioinformatics (2009) 25:1754–60. doi: 10.1093/bioinformatics/btp324

12. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A
framework for variation discovery and genotyping using next-generation DNA
sequencing data. Nat Genet (2011) 43:491–8. doi: 10.1038/ng.806

13. Wang K, Li M, Hakonarson H. ANNOVAR: Functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res (2010) 38:e164.
doi: 10.1093/nar/gkq603
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