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Abstract

The incidence of early-onset colorectal cancer (CRC), which affects people under
50, is increasing for unknown reasons. Additionally, no underlying genetic cause is
found in 20%-30% of patients suspected of having familial CRC syndrome. Whole
exome sequencing (WES) has generated evidence for new genes associated with
CRC susceptibility, but many patients remain undiagnosed. This study applied WES
in five early-onset CRC patients from three unrelated families to identify novel
genetic variants that could be linked to rapid disease development. Furthermore, the
candidate variants were validated using Sanger sequencing. Two heterozygote varia-
tions, ¢.1077-2A>G and c.199G>A, were found in the MSH2 and the MLH1 genes,
respectively. Sanger sequencing analysis confirmed that these (likely) pathogenic
mutations segregated in all the affected families' members. In addition, we identified
a rare heterozygote variant (c.175C>T) with suspected pathogenic potential in the
MAP3K1 gene; formally the variant is of uncertain significance (VUS). Our findings
support the hypothesis that CRC onset may be oligogenic and molecularly heteroge-
neous. Larger and more robust studies are needed to understand the genetic basis of
early-onset CRC development, combined with novel functional analyses and omics

approaches.
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1 | INTRODUCTION

Colorectal cancer (CRC) is one of the most common cancers world-
wide, and its incidence was estimated to be around 1.9 million new
cases in 2020.1 The highest incidence rates of CRC are observed in
developed countries, particularly North America, Europe, and Oceania,
where rates exceed 40 per 100,000 population. By contrast, the low-
est incidence rates are observed in Africa and South-Central Asia,
where rates are less than 10 per 100,000 population.?

Evidence shows the incidence of CRC is 14.6 per 100,000 males
and 11.1 per 100,000 females per year in Iran.® Approximately 20%-
30% of CRC cases have a heritable component. This is either a patho-
genic variant in CRC-susceptibility genes such as mismatch repair
(MMR) genes in Lynch syndrome (LS), APC, MUTYH, and NTHL1 in ade-
nomatous polyposis syndromes, or a positive family history with an
unknown genetic cause.*”” These patients might carry rare variants
that are dominantly inherited or with low-moderate penetrance that
act synergistically.® The lack of a genetic diagnosis is a global problem
in familial and early onset CRC (EOCRC; cases with an age of onset
<50 years) and has led to studies using larger gene panels to explain
the genetic causes. Overall, variable genes have been examined, but
often a monogenic cause has been identified in up to 22% of the
patients analyzed, and the highest diagnostic yield was in younger
patients.>®? |dentifying underlying genetic causes in early-onset and/or
familial CRC patients facilitates proper clinical management of the
patient and their families and surveillance of affected and unaffected
carriers. Given the broad spectrum of potential causative variants in
these patients, multi-gene panels or whole exome sequencing (WES)
testing is recommended.2? Here, we used WES of three unrelated fam-
ilies diagnosed with CRC at a young age. We searched for novel or rare
pathogenic variants that could explain the premature occurrence of
CRC. In addition, to analyze the pathogenic potential of one of the can-

didate variants, we performed in silico protein structure modeling.

2 | MATERIALS AND METHODS

21 | Study patients and clinical evaluation

Figure 1A and Table 1 show the families' pedigrees and patient charac-
teristics. We obtained blood samples from the available family members
(affected and healthy) and reviewed the subjects' medical records. The
selected patients were all diagnosed with CRC before/at 40. No previ-
ous mismatch repair (MMR) analysis was conducted for the index per-
son or a relative. The study protocol was approved by the ethics
committee at the Research Center for Gastroenterology and Liver Dis-

eases (RCGLD), and the study participants gave informed consent.

2.2 | Whole exome sequencing data analysis

A total of 300 ng DNA (based on Qubit quantification) was used for
library preparation. The MGIEasy FS DNA Library Prep Set was used

for fragmentation, end repair, adaptor ligation, and enrichment of
DNA fragments, and the MGIEasy Exome Capture V5 Probe Set was
used for exome capture. Before sequencing, circular DNA was formed
using the Circularization Kit of MGIEasy FS DNA Library Prep Set,
after which we constructed DNA nanoballs (DNBs) using a high-
throughput Sequencing Set (FCL PE150). All quality control was per-
formed using the Qubit 4.0 Fluorometer (Invitrogen) and an Agilent
4200 Bioanalyzer (Agilent Technologies). The library was sequenced
on the MGI DNBSEQ-G400 with 100x mean target coverage.
Bioinformatics analysis was performed using the MegaBOLT bio-
informatics analysis accelerator (MegaBOLT v2.2.2.0). In detail, fastq
files were first trimmed for adaptors (“AAGTCGGAGGCCAAGCGG
TCTTAGGAAGACAA” and “AAGTCGGATCGTAGCCATGTCGTTCTG
TGAGCCAAGGAGTTG”), and low-quality reads were filtered out. The
minimap2!° tool was used to align the reads against the human
genome (hg19). Variant identification followed GATK Best
Practices,! including marking duplicates, performing base quality
score recalibration (BQSR), and calling variants using HaplotypeCaller
with known variant sites from the dbSNP (v151)'2 and the 1000

Genomes Project.’®

2.3 | Mutation filtering and annotation

To identify cancer-related variants, only 724 cancer-related genes
were selected.’® Functional annotation was performed using
ANNOVAR,*® and population frequency was analyzed using gnomAD
(v2.1.1).* The clinical interpretation was assessed by ClinVar
(accessed November 07, 2021)*” and HGMD,® and pathogenic pre-
diction scores were obtained using CADD (v1.6)*’ and REVEL.%°
Potentially pathogenic variants were then defined as falling into one
of two categories: (1) pathogenic/likely pathogenic (P/LP) in ClinVar
or (2) having an allele frequency of <1% and a CADD score >20
(CADD20).

24 |
analysis

Mutation validation and co-segregation

The mutations identified by WES in the MSH2, MLH1, and MAP3K1
genes were confirmed in the probands of each family. Moreover, the
mutations were segregated with CRC in each family member with
CRC manifestation and none of the healthy individuals, except the
MAP3K1 variant. The primers were designed by the Primer3 software
(v0.4.0; 29). Sequences of the primers used in this study are listed in
Table 2. Conventional polymerase chain reaction (PCR) was per-
formed using Tag DNA Polymerase Master Mix (Ampligon, Odense,
Denmark). PCR was performed at 94°C for 4 min, followed by
32 cycles at 94°C for 30 s, 65°C for MSH2 and MAP3K1, 54°C for
MLH1 for 30s, and 72°C for 30s. A final extension step was per-
formed for 5 min at 72°C. The PCR products were assayed using the
3130x| genetic analyzer (Applied Biosystems). We used Sequencing
Analysis v5.2 (Applied Biosystems) and FinchTV v1.5.0 (Geospiza Inc.)
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FIGURE 1 MSH2 (c.1077-2A>G), MAP3K1 (c.175C>T), and MLH1 (c.199G>A) variants co-segregating in the FAM1, FAM2, and FAM3

families. (A) The FAM1, FAM2, and FAMS3 pedigrees and co-segregation of the three identified variants. (B) Electropherograms showing the
variant and wild-type alleles for the three identified variants. Filled squares indicate those affected by CRC. The arrow indicates the proband.
(+/—), mutation carrier; (+/+), wild type; AO, age of onset; CRC, colorectal cancer; EC, endometrium cancer; GC, gastric cancer.

to determine the PCR product sequences and validate the candidate 3 | RESULTS
mutations.
3.1 | Clinical data
2.5 | Pathogenic potential prediction for the We enrolled three Iranian families (FAM1, FAM2, and FAM3) with

MAP3K1 ¢.175 C>T variant

Since MAP3K1 ¢.175 C>T (rs749840532) has yet to be established to
have clinical significance in ClinVar (https://www.ncbi.nlm.nih.gov/
snp/rs749840532), we used several methods such as the VarSome
platform and the AlphaFlod database for protein structure prediction
and protein functional domain assessment to predict its pathogenic
potential.

CRC. In FAM1, two brothers with CRC (ll-4 and 1I-5), born from a con-
sanguineous marriage between first cousins (I-1 and I-2), were 40 and
42, respectively. Their medical history revealed that II-4 and 1I-5 had
undergone partial colon resection for CRC in the cecum diagnosed at
38 and 40 years, respectively. The other family members did not
report any history of CRC. In another family (FAM2), CRC was diag-
nosed at the age of 30 in the proband (llI-1), who was born from a
consanguineous marriage between first cousins (ll-1 and 1I-2).
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A total colectomy was performed for cancer of the descending
colon in the proband and his first cousin (Ill-3) at 30 and 36 years,
respectively. In FAM3, the proband (II-8) was a 30-year-old man from
an inbred family who was subjected to a partial colectomy due to
CRC. The affected individuals existed in two generations; the pro-
band's brother (II-4) and his father (I-2) passed away due to CRC at
35 and 55, respectively.

3.2 | Pathogenic variant identification and
validation
321 | MSH2:c.1077-2A>G

Genetic sequence analysis detected a heterozygote splice acceptor
variation at ¢.1077-2A>G (NM_000251, rs267607943) in the MSH2
gene in FAM1 (II-4 and II-5). The c.1077-2A>G in hereditary nonpoly-
posis colorectal neoplasms has been previously reported as likely
pathogenic in ClinVar. The variant was not listed in the gnomAD and
the Iranome in-house databases and was predicted to be deleterious
by SIFT, probably damaging by PolyPhen, and disease-causing using
Mutation Taster prediction tools (Table 3). The genetic counselor's
recommendations for the affected individuals (II-4 and 1I-5), under the
National Comprehensive Cancer Network guidelines for LS and
specifically for MSH2-LS, were a high-quality colonoscopy every
1-2 years (English version available at: https://www?2.tri-kobe.org/

nccn/guideline/colorectal/english/genetics_colon.pdf). Genetic testing

TABLE 1 Patient characteristics.
Characteristics Value
Families 3 (5 patients)
Patient characteristics
Male 5 patients

Female -
Age of onset (years) 34.6 (range 29-40)

Phenotype per patient

CRC 5
Pattern of inheritance

Dominant 1

Recessive 2

TABLE 2 Primer sequences.

Primer Sequence (5'-3')
MSH2 (F) TGTACAGACGGGGTTTCTCC
MSH2 (R) CGGTTAAGATCTGGGAATCG
MAP3K1 (F) AGCCCGCGAGAGAAAATGGC
MAP3K1 (R) CACCGCCACAGGCTGGAAG
MLH1 (F) GCCAGTTTAGATGCAAAATCC
MLH1 (R) ACACATCCCCTGAACAGTGC

Overview of three variants identified by WES and in silico pathogenicity analysis.

TABLE 3

Mutation
taster

Protein

Variant

type

SIFT

CADD REVEL PolyPhen
35

gnomAD

change

HGMD HGVS

ClinVar

GENE
MSH2

o0
£
(%)
=]
]
¥
)
[%2)
@
Q
L2
[a)

Deleterious

Probably damaging

Splicing No data

Splice acceptor

¢.1077-2A>G

NM_005921:c.175C>T

Colorectal cancer, NM_000251:

Likely_pathogenic

non-polyposis

Deleterious

0.22

28.1

31

0.0002915
No data

Missense

NA

MAP3K1
MLH1

Disease-causing

Possibly damaging

Arg59Trp

NM_000249:c.199G>A

Probably damaging  Deleterious  Disease-causing

0.988

Gly67Arg

Missense

Colorectal cancer,

Pathogenic

non-polyposis

Abbreviations: CADD, combined annotation dependent depletion; ClinVar, clinical significance of the variation; gnomAD, the Genome Aggregation Database; HGMD, the human gene mutation database; HGVS,

the human genome variation society; MutationTaster, a free web-based application to evaluate DNA sequence variants for their disease-causing potential; NA, not available; PolyPhen, polymorphism

phenotyping; REVEL, rare exome variant ensemble learner; SIFT, sorting intolerant from tolerant; predicting amino acid changes that affect protein function.
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for the likely pathogenic variant c.1077-2A>G in the MSH2 gene was
recommended for the | and IlI-degree relatives of the proband.

3.22 | MAP3K1:c.175C>T

A rare heterozygote variant at c¢.175C>T (NM_005921, Arg59Trp,
rs749840532) in the MAP3K1 gene was identified in 1lI-1 and IlI-3 of
FAM2. The mutation is predicted to be deleterious by SIFT, possibly
damaging by PolyPhen, and disease-causing using the Mutation Taster
prediction tools. An association between the ¢.175C>T variation and

(A) Sequenceof 6WHB *  Chain s )

GPGTHYGTQQ IPPAYKDLAE PWIQVFGMEL VGC
LEFSRNWN VREMALRRLS HDVSGALLLA NGESTGN

SGG SSGSSPSGGA TSGSSQTSIS GDVVEACCSV

CRC has yet to be reported in clinical databases such as OMIM and
ClinVar (Table 3). In addition, we validated the MAP3K1 mutation sta-
tus of formalin-fixed paraffin-embedded (FFPE) tissue samples for

patient IlI-1 with the c.175C>T heterozygote mutation.

3.23 | MLH1:c.199G>A

We detected a heterozygote variant at c.199G>A (NM_000249,
Gly67Arg, rs63750206) in the MLH1 gene in the proband (II-8) of
FAMS3. No frequency for this variant was reported in the genomeAD-

(B) Sequence of AF-Q13233-F1 #  Chain @

'MAAAAGNRAS SSGFPGARAT SPEAGGGGGA LKA
SSAPARA AGLLREAGSG GRERADWRRR OLRKVRS

VEL f)QLPEQPLFL AASPPASSTS PSPEPADAAG

& ) = )
® ®
A Q

X
R

(C)
Wi o
Arg59Trp
b T

(D)
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SNV.txt
Tksgw
MAP3K1 : —— —
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@ MISSENSE, n=1
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FIGURE 2 Three-dimensional structure from PDB (A: representative) and AlphaFold (B: predicted) for the MAP3K1 gene. (C) AlphaFold
prediction of the position of variant (Arg59Trp) in MAP3K1 protein. (D) The core functional domain is local at the tail of MAP3K1, and the blue

pin shows the mentioned variant (R59W).

25UB0 1] SUOWILIOD BRI 8]0l ddke aU) Ad PaURAC 8.2 SoILE YO ‘35N J0 S[NI J0j ATeJgITUIIUO A3 1A UO (SUONIPUOO-PUE-SLLIBILICO"AB| W ATRIGIPUIUO//STTIU) SUOIIPUOD) PUE SWLS | 8U) 295 *[G202/80/90] U0 AIGIT8UIIUO AB|1 ‘('oul BANGe T) agnapeay A GTZZT ZW B/Z00T OT/10p/Woo" 8| AeJq1[pulluo;/Sny WWoI popeo|umoq ‘6 ‘€207 ‘05980TVZ



FATEMI eT AL

genome East Asian and Iranome in-house databases. Moreover, this
variant is predicted to be deleterious by SIFT, probably damaging by
PolyPhen, and disease-causing using the Mutation Taster prediction
tools. In addition, the c.199G>A, Gly67Arg in hereditary nonpolyposis
colorectal neoplasms has previously been reported as pathogenic in
ClinVar (Table 3). The | and ll-degree relatives of the proband were
recommended genetic counseling and testing for the pathogenic vari-
ant ¢.199G>A in the MLH1 gene, like MSH2.

Further, genetic analysis of members of the three families showed
segregation of the mutations with disease status (Figure 1B). These
observations suggest that NM_000251 (MSH2): c.1077-2A>G,
NM_005921 (MAP3K1): c.175C>T, and NM_000249 (MLH1):
¢.199G>A mutations could be the possible causal factor of EOCRC in
these families.

3.3 | Structural modeling of the c.175C>T variant
of MAP3K1

The varsome.com website performs ACMG classification based on
several prediction tools, variant frequency data, and clinical data. For
the c.175C>T variant (rs749840532), the prediction is “Likely
Benign.” However, only one experimental structure is available for
MAP3K1 in the PDB database (Access: 6WHB). However, this variant
(NP_005912: p. Arg59Trp) is not present in the core domain structure
of 6WHB (the amino acid of the 6WHB structure starts from 539 and
extends to 888) (Figure 2A). We used the predicted structure from
AlphaFold (Figure 2B) and found that the variant (Arg59Trp) was dis-
tant from the core domain (Figure 2C). The core functional domain is
local at the tail of MAP3K1, and the variant (R59W) is not in a func-
tional domain (Figure 2D).

4 | DISCUSSION

As CRC rarely develops before age 40, genetic predisposition is sus-
pected. The most common familial CRC syndrome is LS, which is
genetically heterogeneous autosomal dominant and is characterized
by early onset of CRC and neoplasia in other organs.?* This study con-
ducted a gene panel analysis of 724 cancer-related genes in patients
(n = 5) with EOCRC from three different families.

We identified three high-risk pathogenic variants in MSH2,
MAP3K1, and MLH1. The likely pathogenic MSH2 variant
(NM_000251: ¢.1077-2A>G), and the pathogenic MLH1 variant
(NM_000249: c.199G>A, p. Gly67Arg), had previously been identified,;
however, we report these variants as possible causative agents of
EOCRC in the Iranian population for the first time.

The MSH2 gene causes LS (MIM #120435). The incidence of LS is
estimated to be 1/226 in the general population,?? and approximately
40% of cases are caused by germline mutations in MSH2.2% The MSH2
variant correlates with the second highest risk of CRC and is only
slightly lower than that of MLH1. Among individuals over 75, 46.6%
of women and 51.4% of men are affected by this variation.?*

Bogomilova et al. used next-generation sequencing to identify a
splice site mutation in MSH2 (c.1386+1G>A) in subjects with very
early onset CRC.2° In another study,?® a novel pathogenic MSH2
mutation (c.1552C>T; p.Q518X) was detected in a 33-year-old
Tunisian patient with CRC. The MLH1 variant correlates with the high-
est risk of developing CRC,?” with rates ranging from 0% (age 30) to
48.3% (age 75) in females and from 4.5% (age 30) to 57.1% (age 75) in
males.?* Hesson et al. showed two MLH1 5'UTR variants (c.-28A>G
and c.-7C>T) associated with EOCRC.2® Another study identified a
heterozygous novel mutation (c.206delG) in the MLH1 gene in an
extended family with LS. The proband of this study was a 40-year-old
male with early onset CRC.2 Furthermore, in one cohort study, MLH1
was reported as the most frequently mutated gene in early-onset spo-
radic CRC patients.%® As a result of this study, four pathogenic varia-
tions were identified in MLH1: c.C793T (p.R265C), c.C1029A
(p.Y343X), c.C793T (p.R265C), and c.C1029A (p.Y343X).5°

Mitogen-activated protein kinase (MAP3K1/MEKK1) can induce
anti-apoptotic signaling. As a result of caspase cleavage, a 91-kDa
fragment generated by MAP3K1 induces apoptosis, suggesting that
MAP3K1 acts as a molecular switch to regulate apoptosis.>! Due to
its dual roles in cell survival and apoptosis, the significant number of
MAP3K1 mutations in various types of cancer, including CRC, remains
poorly understood.?? This study classified the identified variation of
MAP3K1 (NM_005921: c.175C>T) into the CADD20up group. In addi-
tion, various prediction tools predict this variant to be deleterious,
possibly damaging, and disease-causing. After further reviewing the
pathogenic potential of variant MAP3K1 (NM_005921: exoni:
c.175C>T, NP_005912: p. Arg59Trp), we suggest reclassifying the
variant as “likely pathogenic” rather than a “variant of uncertain sig-
nificance” (VUS). The reason for this reclassification is that the CADD
prediction score is 28.1, suggesting a moderate level of pathogenic
potential, while the REVEL score is 0.22, indicating a weaker level of
pathogenic potential. Given these discrepant results, further studies
are warranted to clarify the role of this variant in the development of
CRC. Furthermore, the incomplete co-segregation result for FAM2
suggests that the c.175C>T variant does not lead to the CRC pheno-
type in other carriers. However, most individuals in generation Il (ll-2
and his brothers) show digestive problems, including rectal bleeding,
severe constipation, and even fissure surgery. Reduced penetrance
likely underlies this issue. Reduced penetrance results from the modu-
lation of differential allele expression, copy number variation, or the
effect of additional genetic variants in cis or trans. Age and/or sex
influence the penetrance of some pathogenic genotypes. Other fac-
tors may also affect penetrance, such as unlinked modifier genes, epi-
genetic changes, and environmental factors.3® The clinical importance
of the MAP3K1 variant in CRC is currently debated; however, it can
become an influential factor in CRC. Moreover, we analyzed beyond
the 724 genes but found no pathogenic or likely pathogenic mutations
in other known cancer-related genes. Therefore, we speculate that
this family likely carried other polygenic factors, but the MAPK3K1
¢.175C>T mutation played a major role. Su et al. conducted a compre-
hensive analysis of the genomic profile and polygenic risk score (PRS)

in Taiwanese patients with CRC. The study found a significant
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difference in driver gene mutation rates between Taiwanese individ-
uals and those of white ethnicity.3* MAP3K1 mutation found in the
Iranian population was not found in Taiwanese patients with CRC. To
date, there have been limited genome-wide association studies on
CRC in Iran, and the analysis of PRS may be insufficient for our study.

A VUS with a high potential of being reclassified to likely patho-
genic is the MSH2 variant, c.2168C>T, p. (Ser723Phe). The variant has
already been detected in a family®> but was considered to be a VUS.
Meanwhile, a suggested functional effect®~? combined with the co-
segregation results in two individuals with early onset CRC*® indicates
that MSH2 ¢.2168C>T interrupts normal MMR functions and is con-
sidered likely pathogenic.

Further, more extensive studies are needed to elucidate the
genetic background of hereditary and/or early-onset CRC and identify
novel cancer genes. Therefore, coordinated efforts must be made to
obtain robust results in the era of Open Data Science, particularly for
rare and molecularly heterogeneous cases within the CRC spectrum.
Additionally, it is hoped that functional data, such as CRISPR assays or
in vitro organoid models, will complement data interpretation, increas-
ing the functional screening throughput of candidate genes and pro-
viding invaluable data to validate novel susceptibility loci for CRC.

Identifying novel susceptibility variants associated with early-
onset familial CRC may be possible by sequencing these patients. This
study identified only two known likely pathogenic and pathogenic var-
iants, MSH2 ¢.1077-2A>G and MLH1 c.199G>A. In the remaining fam-
ily, the most promising candidates are MAP3K1 c.175C>T, although
this does not fully co-segregate with the family phenotypes. Early
development of this disease may be caused by multiple and variable
rare, moderately-penetrant variants, illustrating that CRC susceptibil-
ity is oligogenic and heterogeneous. Further, more extensive, and
appropriately powered studies are needed to clarify the underlying
genetic causes. For example, gene prioritization algorithms could be
refined using complementary approaches such as interconnected

omics sources and high-throughput functional studies.
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