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ABSTRACT

Background/Aims: Recent studies that reveal the molecular profiles of colorectal carcinomas have demonstrated tumor heterogeneity.
Characterization of colorectal carcinoma-specific genomic alterations is essential for developing more successful and targeted treat-
ment protocols. Moreover, it is vital in elucidating the pathogenesis and mechanisms of resistance against treatment and predicting
prognosis.

Materials and Methods: The study included 73 cases diagnosed with colorectal carcinomas and subjected to molecular analysis by
the next-generation sequencing. The association between the clinicopathologic parameters and pathogenic mutations detected in
32 genes was evaluated.

Results: Pathogenic mutations were determined in a total of 24 genes. The Cell Division Cycle 27 (CDC27), Kirsten rat sarcoma viral
proto-oncogene (KRAS), serine/threonine protein kinase B-raf (BRAF), phosphatase and tensin homolog, breast cancer 2 (BRCA2), and
phosphotidylinositol-4,5-biphosphate 3-kinase (PIK3CA) mutations were determined at higher rates, with the adenomatous polypo-
sis coli mutation determined at a lower rate than in the literature. There were significant positive correlations between CDC27 and
phosphatase and tensin homolog (PTEN), PTEN and BRCA2, and PTEN and adenomatous polyposis coli (APC) concomitant muta-
tions, whereas negative correlations were present between BRAF and KRAS. Statistically significant relationships were present between
KRAS exon 2 and mucinous morphology, PIK3CA and absence of perineural invasion, BRAF and tumor differentiation/localization, MutS
homolog 3 (MSH3) and tumor diameter, and BRCA2 and absence of lymph node metastasis.

Conclusion: |t is necessary to have a comprehensive database of genomic alterations of colorectal carcinomas to interpret mutations
more accurately clinically. There are no studies on the frequency of mutations in colorectal carcinomas in the Turkish population; thus,
follow-up and treatment protocols are organized following the European and American databases and guidelines. A comprehensive
study of the colorectal carcinoma patients’ mutation profile in the Turkish patient cohort by the next-generation sequencing method will
help to provide significant therapeutic, prognostic, and predictive data and design more successful treatment and follow-up strategies.
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INTRODUCTION

Colorectal carcinoma (CRC) is not a homogeneous dis-
ease, and identifying different molecular pathways in its
carcinogenesis has revealed its heterogeneous nature.?
Understanding the molecular basis of colorectal carcino-
genesis is of utmost importance for both the prognosis
and treatment of these tumors." Molecular tests play a
role not only in determining the treatment protocol but
also in understanding the resistance mechanisms against
treatment, predicting the disease prognosis, and clarify-
ing the cancer pathogenesis."” The data on the mutation
profile of CRC and its relationship with clinicopathologic
parameters are insufficient in our country. Therefore,
collecting molecular data from our population is essen-
tial for correlating them with clinical and pathological

data, predicting prognosis, avoiding unnecessary drug
consumption by determining the mutations manifest-
ing drug-specific resistance, determining effective treat-
ment strategies, and improving treatment success and
survival. The next-generation sequencing (NGS) method,
which offers a comprehensive mutation profile, enables
simultaneous analysis of multiple genes and regions
within the genes. Thus, important information related
to the patient’s clinical management can be obtained
in the most economical way regarding time, cost, and
tumor tissue. This study aimed to determine the profile
of somatic mutations identified by the NGS system and
compare them with the clinicopathologic parameters in
CRC patients. Unfortunately, the number of studies in
this field is very limited in the literature. By revealing the
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molecular changes specific to our population, this study
will guide individualized treatment and contribute signifi-
cantly to determining the prognosis.

MATERIALS AND METHODS

The study was approved by the Aydin Adnan Menderes
University Faculty of Medicine Non-Interventional Clinical
Research Ethics Committee, Aydin, Turkey (number:
168/2020, date: 09/08/2022).

Patients

This study included 73 cases diagnosed with adenocar-
cinoma in whom a colorectal panel involving 32 genes
was studied through the NGS system in the Molecular
Pathology Laboratory using the resection materials of
colon and rectum examined in the Medical Pathology
Department of Aydin Adnan Menderes University Faculty
of Medicine between 2018 and 2020. The hematoxylin
and eosin-stained preparations and blocks of the cases
were removed from the archive and reevaluated with a
light microscope (Olympus BX53, Olympus Co., Tokyo,
Japan). In addition, the clinical features of the patients
were obtained from the file records. The patient’'s sex
and age, the tumor localization, differentiation, diam-
eter, pathological stage, lymphovascular and perineural

Main Points

This is the first study conducted in the Turkish population
to investigate the somatic mutation profile determined
by the next-generation sequencing system in patients
with colorectal carcinomas (CRCs) belonging to a specific
region and their associations with the clinicopathologic
parameters.

We report that we detected the cell division cycle 27
(CDC27), Kirsten rat sarcoma viral proto-oncogene (KRAS),
serine/threonine protein kinase B-raf (BRAF), phosphatase
and tensin homolog (PTEN), breast cancer 2 (BRCA2), and
phosphotidylinositol-4,5-biphosphate 3-kinase (PIK3CA)
mutations at a higher rate and the adenomatous polyposis
coli (APC) mutation at a lower rate than in the literature.
We report how the significant positive correlations
between CDC27 and PTEN, PTEN and BRCA2, and PTEN
and APC concomitant mutations and the significant neg-
ative correlation between BRAF and KRAS mutations are
associated with tumor development and progression and
increased resistance or sensitivity against treatments.

We contribute to the literature by reporting the significant
relationships between KRAS exon 2 and mucinous mor-
phology, PIKBCA and absence of perineural invasion, BRAF
and tumor differentiation and localization, MutS homolog
3 (MSH3) and tumor diameter, and BRCA2 and absence of
lymph node metastasis.

Table 1. Gene Content of Colorectal Cancer Panel (DHS-002Z-12)

AKT1 CcbC27 KRAS PIK3CA
APC CDK4 MET PMS2
ATM DCC MLH1 PTEN
BAX EGFR MLH3 RET
BRAF EPCAM MSH2 SMAD2
BRCA1 ERBB2 MSHS3 SMAD4
BRCA2 FBXW7 MSH®6 TGFBR2
CASP8 KIT NRAS TP53

AKT1, V-Akt murine thymoma viral oncogene homolog 1; APC, adenomatous
polyposis coli; ATM, ataxia telangiectasia mutant; BAX, B-cell lymphoma
2-associated X; BRAF, serine/threonine protein kinase B-raf; BRCA1, breast
cancer 1; BRCA2, breast cancer 2; CASP8, caspase 8; CDC27, cell division
cycle 27; CDK4, cyclin-dependent kinase 4; DCC, deleted in colorectal can-
cer; EGFR, epidermal growth factor receptor; EPCAM, epithelial cell adhesion
molecule; ERBB2, erythroblastic oncogene B 2; FBXW7, F-box and WD-40
domain-containing protein 7; KIT, V-Kit Hardy—Zuckerman 4 feline sarcoma
viral oncogene homolog; KRAS, Kirsten rat sarcoma viral proto-oncogene;
MET, mesenchymal-epithelial transition tyrosine kinase; MLH1, MutL homo-
log 1; MLH3, MutL homolog 3; MSH2, MutS homolog 2; MSH3, MutS homolog
3; MSH6, MutS homolog 6; NRAS, neuroblastom RAS viral (V-Ras) oncogene
homolog; PIK3CA, phosphotidylinositol-4,5-biphosphate 3-kinase; PMS2,
postmeiotic segregation increased1 homolog 2; PTEN, phosphatase and ten-
sin homolog; RET, rearranged during transfection; SMAD2, Sma- and Mad-
associated protein 2; SMAD4, Sma- and Mad-associated protein 4; TGFBR2,
transforming growth factor beta receptor 2; TP53, tumor protein 53.

invasion status, lymph node metastasis status, and analy-
sis results of 32 cancer-related genes in the colorectal
panel of the NGS system (Table 1) were recorded.

Next-Generation Sequencing Study Method

The cancer panel’s routine clinical laboratory implementa-
tion consists of isolating genomic and free tumor deoxy-
ribonucleic acid (DNA), target site enrichment in DNAs
of appropriate quality and quantity, establishing study
libraries, and NGS. Then, the study’s quality is determined
by data analysis, and in line with the patient’s clinical his-
tory, the variants’ bioinformatic interpretations are made
through variant analysis.

Deoxyribonucleic Acid Extraction

The pathologist marked the tumor sites, and DNA was
extracted from sections of 10 pm thickness using the
Qiagen formalin-fixed paraffin-embedded DNA tissue
extraction kit, following the manufacturer's instruc-
tions. Deoxyribonucleic acid was quantified using a Qubit
3.0 dsDNA HS assay kit (Life Technologies, San Diego,
California, USA) and Qubit fluorometer. The study con-
tinued with patients from whom 100-150 ng DNA was
obtained.
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Preparing the Next-Generation Sequencing Library and
Sequencing

This step was accomplished on the MiniSEQ NGS plat-
form (MiniSEQ, MNOO0676, Illlumina, Singapore) for the
QlAseq targeted column DNA panel (DHS-002Z-12,
Qiagen, Strasse, Hilden, Germany; Table 1). Formalin-
fixed paraffin-embedded DNA fragments of 100-150
ng were subjected to end repair. Target enrichment was
amplified via polymerase chain reaction (PCR; Labcycler,
Sensoquest GmbH, Gottinger, Germany). Barcoding and
library preparations were then performed. The target-
enriched libraries were then sequenced on MiniSEQ
NGS platforms (MiniSEQ) using a MiniSEQ High-Output
Reagent Cartridge (lllumina, Inc., San Diego, Calif, USA).

Data Analysis

Data analysis and quality control of sequencing results
were performed using the universal commercial software
Qiagen Clinical Insight Analysis. Once data quality was
examined, the variants were imported into the Qiagen
Clinical Insight Interpretation web interface that interprets
the predefined variants' data. The selected variants were
analyzed using bioinformatics tools such as CADD (v1.3),
Clinical trials (Stepford 181112.001), Allele Frequency
Community, JASPAR, EVS (ESP6500SI-V2), Vista
enhancer hg18, hg19, PolyPhen-2, Refseq gene model,
and 1000 genome frequency (phase3vbb) to validate the
diagnosis and evaluate their impact on clinical status and
treatment protocols. Selected variations were identified
using the Qiagen Clinical Insight Browser platforms and
Qiagen reporter. A report consisting of a per-sample sum-
mary of findings was generated for each identified variable,
followed by a direct link to the data source and the Qiagen
Knowledge Base with the recommended treatment listed.
The cutoff value for this panel’'s detection was set at 5%,
and the process of NGS took approximately 7 days.

Statistical Analysis

Statistical analyses were performed with the Statistical
Package for the Social Sciences 22.0 Software Package
(IBM Corp.; Armonk, NY, USA). The differences regarding
frequencies between the groups were evaluated using
chi-square or Fisher's tests (when the values observed in
the cells did not meet the assumptions of the chi-square
test). The result was considered statistically significant
when the P-value was less than .05.

RESULTS
The clinicopathologic features of the 73 patients included
in the study are summarized in Table 2.

Table 2. Clinicopathological Features and Distribution of Patients

Clinicopathologic Features

Sex, n (%)
Female 26 (35.6)
Male 47 (64.4)
Age, years
Age range 32-86

Mean age, mean + SD 62.53 +11.126

Tumor localization, n (%)

Proximal colon 27 (37)

Distal colon 29 (39.7)

Rectum 17 (23.3)
Tumor diameter (cm)

Diameter range 1.5-11.5

Mean diameter 4.5+1.9230
Tumor differentiation, n (%)

Well differentiated 11 (15.1)

Moderately differentiated 46 (63)

Low differentiated 7 (9.6)

Mucinous 9 (12.3)
Pathological stage, n (%)

pT1 1(1.4)

pT2 9(12.3)

pT3 51 (69.9)

pT4 12 (16.4)
Lymphovascular invasion, n (%)

Available 63 (86.3)

Absent 10 (13.7)
Perineural invasion, n (%)

Available 51 (69.9)

Absent 22 (30.1)
Lymph node metastasis, n (%)

Available 39 (53.4)

Absent 34 (46.6)

Mutation Profiles Detected via Next-Generation
Sequencing and Their Relationships

In the NGS system, the variants determined in cancer-
related genes are evaluated in 3 categories according to
the guidelines of Association for Molecular Pathology/
American Society of Clinical Oncology/College of
American Pathologists.® In this study, variants of strong
significance (tier 1A and 1B), categorized as validated
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Figure 1. Distribution of mutations detected in our study.

predictive and prognostic variants with well-defined can-
cer-associated genomic alterations in the database and/
or literature, were included. Mutations were detected in
24 of the CRC panel's 32 genes, and the mutations in our
study are shown in Figure 1.

Twenty-six (78.8%) of the Kirsten rat sarcoma viral
proto-oncogene (KRAS) mutations determined in 33
patients were in exon 2 (20 in codon 12 and 6 in codon
13), 4 (12.1%) in exon 3 (3 in codon 61 and 1 in codon
59), and 3 (9.1%) in exon 4 (2 in codon 146 and 1 in
codon 117). In addition, mutations in KRAS exon 2 were
identified in 7 (77.8%) of 9 tumors with mucinous mor-
phology. Ten (76.9%) of serine/threonine protein kinase
B-raf (BRAF) mutations identified in 13 patients (17.8%)
were BRAF V60OE, and 3 (23.1%) were non-BRAF V600E
mutations.

All of the patients had more than 1 mutation. The
concomitant mutations determined in our study are
presented in Table 3. A statistically significant posi-
tive relationship was identified in cell division cycle 27
(CDC27)-adenomatous polyposis coli (APC), CDC27-
phosphatase and tensin homolog (PTEN), CDC27-breast
cancer 2 (BRCA2), CDC27-MutL homolog 3 (MLH3),
CDC27-MutS homolog 3 (MSH3), APC-PTEN, APC-
MLH3, APC-BRCA2, PTEN-MLH3, PTEN-MSH3, and
PTEN-BRCA2 concomitant mutations (P < .05). None of
the 13 patients with a BRAF mutation had a concurrent
KRAS mutation. A statistically significant negative rela-
tionship was present between BRAF and KRAS muta-
tions (P < .001).

Tp53 = @
SMAD4 ™ @
ATM =™ Y
BRCAL ™ V7
ax ™ *
MSHe = *
EGFR = ™
smap2 ® ™
pcc *
ERBB2 "
NRAS "

FBXw7 = v
MSH2 "

The Relationships Between Mutations and
Clinicopathologic Parameters

A statistically significant positive relationship was pres-
ent between mucinous morphology and KRAS exon 2
mutations (P = .042). Mutations in KRAS exon 3 were
determined in 3 (27.3%) of 11 well-differentiated tumors.
A statistically significant positive association was deter-
mined between KRAS exon 3 mutation and well-differen-
tiated tumors (P =.028). Moreover, statistically significant
positive correlations were present between stage pT2
tumors and the PTEN mutation (P =.048), proximal colon
as the tumor localization and the BRAF V600E mutation
(P < .01), and low differentiated tumors and the BRAF
mutation (P =.025).

In our study, the optimal cutoff value of tumor diameter
determined by receiver operating characteristic analy-
sis was 4.35 cm. The number of patients with a tumor
diameter of more than 4.35 cm was 37 (50.7%), and
the MSH3 mutation was present in 10 of them (27%).
A statistically significant positive correlation was found
between MSH3 mutation and tumor diameter (P < .05).
On the other hand, there were statistically significant
negative correlations between perineural invasion and
phosphotidylinositol-4,5-biphosphate 3-kinase (PIK3CA)
mutation (P = .043) and between lymph node metastasis
and BRCA2 mutation (P =.009).

DISCUSSION

Colorectal carcinoma is a remarkably heterogeneous dis-
ease with diverse clinical and molecular features. With
NGS technology, our knowledge of mutations involved
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Table 3. Concomitant Mutations Detected in the Patients

Concomitant Concomitant

Mutations n (%) Mutations n (%)
CDC27-PTEN 22(30.13)  BRCA1-CDC27 5 (6.8)
APC-CDC27 21 (28.8) BRCA1-TGFBR2 5 (6.8)
APC-PTEN 17 (23.2) CDC27-FBXW?7 5 (6.8)
CDC27-MLH3 13 (17.2) BAX-CDC27 4 (5.5)
CDC27-MSH3 13 (17.2) BRCA1-BRCA2 4 (5.5)
BRCA2-CDC27 11 (15) BRCA1-MLH3 4 (5.5)
MLH3-PTEN 11 (15) BRCA1-MSH3 4 (5.5)
MSH3-PTEN 11 (15) FBXW7-PTEN 4 (5.5)
CDC27-TGFBR2 10 (13.7) CDC27-PIK3CA 3(4.1)
APC-MLH3 9 (12.3) FBXW7-PMS2 3(4.1)
MLH3-MSH3 9 (12.3) FBXW7-TGFBR2 3(4.1)
APC-BRCA?2 8 (11) BAX-BRCA1 2(2.7)
BRCA2-PTEN 8 (11) BRCA1-MSH6 2(2.7)
CDC27-PMS2 8 (11) FBXW7-MSH6 2(2.7)
MSH3-TGFBR2 8 (11) MSH3-SMAD2 2(2.7)
PTEN-TGFBR2 8 (11) MSH6-TGFBR2 2(2.7)
APC-TP53 7(9.6) PIK3CA-PTEN 2(2.7)
APC-TGFBR2 7(9.6) MSH6-TGFBR2 2(2.7)
MLH3-TGFBR2 7(9.6) SMAD2-TGFBR2 2(2.7)
PMS2-PTEN 7(9.6) BRCA1-MSH2 1(1.4)
APC-PMS2 6(8.2) EGFR-ERBB2 1(1.4)
BRCA2-MLH3 6(8.2) BRAF-KRAS 0 (0)

APC, adenomatous polyposis coli; BAX, B-cell lymphoma 2-associated X;
BRAF, serine/threonine protein kinase B-raf; BRCA1, breast cancer 1; BRCA2,
breast cancer 2; CDC27, cell division cycle 27; EGFR, epidermal growth factor
receptor; ERBB2, erythroblastic oncogene B 2; FBXW7, F-box and WD-40
domain-containing protein 7; KRAS, Kirsten rat sarcoma viral proto-onco-
gene; MLH1, MutL homolog 1; MLH3, MutL homolog 3; MSH2, MutS homolog
2; MSH3, MutS homolog 3; MSH6, MutS homolog 6; PIK3CA, phosphotid
ylinositol-4,5-biphosphate 3-kinase; PMS2, postmeiotic segregation
increased1 homolog 2; PTEN, phosphatase and tensin homolog; SMAD2,
Sma- and Mad-associated protein 2; TGFBR2, transforming growth factor
beta receptor 2; TP53, tumor protein 53.

in colorectal carcinogenesis and the genomic profiles of
CRCsiis increasing with each passing day, leading to a bet-
ter understanding of the tumor heterogeneity of CRCs.'
On the other hand, predicting responses to existing treat-
ment options and developing new comprehensive and
individualized treatments are only possible by resolving
the ambiguity in the genomic profiles of tumors.2

Our study compared the somatic mutationsin CRC identi-
fied by the NGS method to the literature data. Compared
to the previous international*' and national''® data,

some mutation rates are observed to have differences at
the regional level (Table 4). At this point, it is imperative
to mention some of the features of the NGS technique
we used to detect somatic mutations in cancers that may
lead to results similar to those in our study.' With increas-
ing sequenced genome area, the likelihood of finding rare
and novel variants that need to be interpreted increases.
When a variant is spotted, it is critical to confirm whether
it represents an actual pathogenic event. Besides, from
a medical point of view, since the pathogenic changes
might be incidentally discovered by the NGS method, it is
also essential to know which findings should be reported
to the clinician. For this reason, guidelines about elucidat-
ing the pathogenicity of newly discovered variants have
been published.” It is necessary to interpret the data
obtained after sequencing and define the actual variants
with clinical information in consideration.™

Various studies have reported the CDC27 mutation rate in
CDCs as over 5%, and this mutation is known to be asso-
ciated with tumor proliferation and progression in CRCs.*
In our study, this somatic mutation was determined with
the highest rate of 46.6%, which suggests regional dif-
ferences. Even though some studies have suggested that
CDC27 promoted metastasis development in CRCs'® and
might be a potential prognostic indicator*'” and a thera-
peutic target,*'®" there is insufficient literature data on
its association with other mutations involved in colorec-
tal carcinogenesis."” CDC27 mutations, which our study
found significantly associated with APC, PTEN, MLHS,
MSHS3, and BRCA2 mutations, seem to play an important
role in CRC carcinogenesis. Considering that CDC27 is
significantly phosphorylated during mitosis based on lim-
ited studies in the literature, PTEN has been suggested
to be a potential phosphatase for CDC27. Furthermore,
since the tumors with mutant PTEN together with CDC27
have been claimed to be less sensitive to treatments tar-
geting the Anaphase Promoting Complex/Cyclosome-cd
c20 Homolog 1 (APC/C-CDH1) complex, it should also
be considered clinically relevant.” It is evident that more
advanced clinical studies are needed to determine at
what stage and how these mutations are associated with
carcinogenesis and to identify their effects on clinical and
pathological features.

The KRAS mutation is highly prevalent in CRCs, with a rate
of approximately 40%. The presence of KRAS mutation
is considered an essential factor in the management of
prognosis and treatment because it is a predictor of poor
prognosis and an indicator of non-response to epidermal
growth factor receptor (EGFR)-targeted treatments5'®
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Table 4. Comparison of Mutations Detected in the Current Study
with International and National Literature

National Literature (%)

International Previous Current

Mutations Literature (%) Studies Study
AKTA1 0.5-1.7 — —
APC 51-81 — 32.9
ATM 7 - 6.8
BAX 21 — 55
BRAF 8-12 2-33.6 17.8
BRCA1 0.3-2.6 — 6.8
BRCA2 0.34-2 — 16.4
CASP8 5.1 — —
cDC27 5 — 46.6
CDK4 0.86 — —
DCC 6 — —
EGFR 0.9-22.4 — 2.7
EPCAM — — —
ERBB2 2.8-8.3 — 1.4
FBXW7 7.3-20 — 6.8
KIT 0.3-2.8 — —
KRAS 30-40 30-49 45.2
MET 0-9.5 - -
MLH1 0.9-77 — —
MLH3 8.6-25 — 17.8
MSH2 0.9-40 - 1.4
MSH3 3.8-59.3 — 17.8
MSH6 0.4-40 — 4.1
NRAS 2.9-8 3.2-17.9 1.4
PIK3CA 12.7-20.8 — 24.7
PMS2 0.6-3.1 — 11
PTEN 0.6-20 — 32.9
RET 0.17-2.7 — —
SMAD2 0-10 — 2.7
SMAD4 2-15 — 8.2
TGFBR2 3.1-72 - 13.7
TP53 6-60 — 11

AKT1, V-Akt murine thymoma viral oncogene homolog 1; APC, adenomatous
polyposis coli; ATM, ataxia telangiectasia mutant; BAX, B-cell lymphoma
2-associated X; BRAF, serine/threonine protein kinase B-raf; BRCA1, breast
cancer 1; BRCA2, breast cancer 2; CASP8, caspase 8; CDC27, cell division
cycle 27; CDK4, cyclin-dependent kinase 4; DCC, deleted in colorectal can-
cer; EGFR, epidermal growth factor receptor; EPCAM, epithelial cell adhesion
molecule; ERBB2, erythroblastic oncogene B 2; FBXW7, F-box and WD-40
domain-containing protein 7; KIT, V-Kit Hardy-Zuckerman 4 feline sarcoma
viral oncogene homolog; KRAS, Kirsten rat sarcoma viral proto-oncogene;
MET, mesenchymal—epithelial transition tyrosine kinase; MLH1, MutL homo-
log 1; MLH3, MutL homolog 3; MSH2, MutS homolog 2; MSH3, MutS homolog
3; MSH6, MutS homolog 6; NRAS, neuroblastom RAS viral (V-Ras) oncogene
homolog; PIK3CA, phosphotidylinositol-4,5-biphosphate 3-kinase; PMS2,
postmeiotic segregation increased1 homolog 2; PTEN, phosphatase and ten-
sin homolog; RET, rearranged during transfection; SMAD2, Sma- and Mad-
associated protein 2; SMAD4, Sma- and Mad-associated protein 4; TGFBR2,
transforming growth factor beta receptor 2; TP53, tumor protein 53.

Our study’'s KRAS mutation rate was 45.2%, which is
higher than the literature average. About 90% of KRAS
mutations occur in exon 2, codons 12 and 13; roughly two-
thirds of these mutations are in codon 12 and one-third
are in codon 13.'%2% |n our study, the KRAS mutations were
most commonly found in exon 2 (78.8%). Approximately
three-fourths of these exon 2 mutations were codon 12,
and one-fourth were codon 13 mutations, similar to the
literature. Li et al*' reported that KRAS mutations in exon 2
codons 12 and 13 were most common in tumors with muci-
nous differentiation. In our study, KRAS exon 2 mutations
were present in all 7 mucinous adenocarcinomas. While 6
of them were in codon 12 and 1 was in codon 13, the rela-
tionship between mucinous morphology and KRAS exon 2
mutations was statistically significant. Despite its increas-
ing clinical importance, the clinicopathologic and molecu-
lar characteristics of CRCs with KRAS exon 3-codon 61
mutation and the prognostic and predictive values of this
mutation are not yet sufficiently known. Various studies
have reported this mutation’s rate as 1.3%-1.7%.%22 In our
study, KRAS exon 3 mutations were found at a higher rate
(5.5%) compared to the literature, and 4.1% of these were
exon 3-codon 61 mutations. We think that the positive
correlation between KRAS exon 3 mutations and well-dif-
ferentiated tumors in our study is valuable in detailing the
relationship between this mutation and clinicopathologic
parameters and will contribute to the literature on this
subject for which there is no sufficient data yet.

The APC gene has been considered a tumor-suppressor
gene in CRCs and is involved in the early stages of carci-
nogenesis. Even though APC is one of CRC's most preva-
lently mutated driver genes, this gene is not included in
prognostic classifications.?® In our study, we found 32.9%
mutations in the APC gene, which is lower than the rate
of mutations reported in the literature (50%-81%).” Most
of our patients were in the advanced stage, and this low
rate may be due to regional determinants. The APC muta-
tion, considered a potential target for carcinogenesis and
targeted treatments in the literature and the prognostic
significance of which was not determined in other stud-
ies, was also not associated with prognostic factors in our
study. Chen et al** reported that the interactions between
MLH3, postmeiotic segregation increased1 homolog 2
(PMS2), and APC gene mutations enhanced tumor devel-
opment and accelerated tumor progression. In our study,
significant positive associations of APC mutations were
present with MLH3, PTEN, CDC27, and BRCAZ2. It should
be considered that APC, one of the genes showing sig-
nificant association with some other mutations, might be
effective through various pathways.
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Phosphatase and tensin homolog (PTEN) mutation, medi-
ated by genetic or epigenetic mechanisms, is detected
in 20%-30% of CRCs, resulting in biallelic inactivation.®
Our study determined the PTEN mutation at a higher rate
(32.9%) than the literature and found a significant corre-
lation between stage pT2 tumors and the PTEN mutation.
In addition, studies have reported that PTEN expression
loss might be associated with the KRAS, BRAF, BRCA2,
and APC mutations but that the mutations of PTEN and
tumor protein 53 (TP53) were mutually exclusive.3252¢ |n
our study, the associations of PTEN with BRCA2 and APC
are of distinctive importance. The nuclear PTEN assists
DNA repair by upregulating Rad51, an essential protein in
repairing DNA double-strand breakages.?® Breast cancer
2 (BRCA2) is involved in the repair of DNA double-strand
breaks through homologous recombination by forming
the BRCA2/Rad51 complex.?” The significant association
determined between the BRCA2 and PTEN mutations
in our study is remarkable when these mechanisms are
considered, because PTEN loss causes homologous
recombination defects, which in turn sensitizes tumor
cells against poly-ADP-ribose polymerase (PARP) inhibi-
tors.2® Similarly, CRCs with BRCA2 mutations are known
to be more sensitive to treatment with PARP inhibitors.®
Tabrizian et al®® reported in a mouse model that PTEN
inactivation alone did not lead to tumor development
even though it increased the proliferation rate in intes-
tinal stem cells; on the other hand, PTEN inactivation
potentiated tumor development from stem cells in the
case of APC deficiency. Similarly, Marsh et al?® reported
that tumor development and progression occurred rap-
idly in PTEN-APC loss. In this context, our study supports
the effect of PTEN-APC mutation association on CRC
carcinogenesis. In their study on using PI3K/mammalian
Target of Rapamycin (mTOR) and mitogen-activated
protein kinase (MEK) inhibitors as therapeutic targets in
CRCs, Raja et al?® showed that PIBK/mTOR inhibition in
CRCs is highly effective only in the presence of combined
APC and PTEN mutations. Based on all these findings,
PTEN may be a promising target for further studies both
as a marker of progression and as an important indicator
that can be utilized in treatment planning and predicting
responses to therapeutics.

The PIK3CA mutation is reported in 12.7%-18.5% of
CRCs and is highest in genomically stable cancers.”
Mucinous morphology in CRCs has been reported to be
associated with the PIKBCA mutation.®° The incidence of
PIK3CA mutation varies according to the anatomical site,
with the highest rate found in cecal cancers (30%), 18%
in non-rectal colon cancers, and 9% in rectal cancers.”®

A significant association between the PIK3CA and KRAS
mutations has also been documented.®® In our study, the
frequency of PIK3CA mutation (24.6%) was higher than
that in the literature, and its association with perineural
invasion, one of the clinicopathologic parameters, was
found to be significant. However, no literature data sup-
port this finding yet.

Serine/threonine protein kinase B-raf (BRAF) muta-
tions are found in 8%-12% of all CRCs, and 90%-96%
of these are BRAF V600E mutations."#'%2 Two molecu-
lar subtypes with different clinicopathologic characteris-
tics, the BRAF V600E and non-V600E BRAF mutations,
have been described in CRCs.®2 In general, both BRAF
and BRAF VB600E mutations have been found more fre-
quently in CRCs of elderly and female patients located
in the proximal colon and with poorly differentiated and
mucinous morphology.'?%! The rates of 17.8% for BRAF
mutations and 13.7% for BRAF V60OE mutations deter-
mined in our study were relatively high compared to
recent meta-analyses. On the other hand, various studies
have reported that CRCs with BRAF mutations were more
common in Caucasians compared to Asian or African-
American individuals.®' The higher rates of BRAF and
BRAF V600E mutations determined in our study suggest
that the mutation rate might be associated with the eth-
nicity factor. This result is of importance for establishing
a data pool for our population located between Europe
and Asia. Furthermore, the association that our study
determined between the BRAF mutation and poorly dif-
ferentiated tumors has been strongly supported by meta-
analysis data.®®

Colorectal carcinoma, which is a heterogeneous disease,
exhibits various molecular alterations.®* The mutations
involved in CRC pathogenesis differ depending on proxi-
mal or distal colon tumor, and molecular analysis is a cor-
nerstone in the treatment and prognosis of CRCs.%® There
are 3 different molecular pathways identified so far in the
pathogenesis of CRC: (i) chromosomal instability (CIN)
(non-hypermutated pathway), (i) microsatellite instability
(MSI) (hypermutated pathway), and (iii) DNA polymerase
proofreading mutations (ultramutant pathway). These
pathways are not mutually exclusive, and some tumors
show features of more than 1 pathway.'? The pathologi-
cal and molecular features of proximal CRC differ signifi-
cantly from distal CRC.%® Considering the relationship of
molecular pathways with tumor localization, while proxi-
mal CRCs tend to be MSI high, distal CRCs are CIN-high
tumors. KRAS, TP53, APC, PIK3CA, F-box and WD-40
domain-containing protein 7 (FBXW-7), Transcription
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factor 7 like 2 (TCF7L2), Sma- and Mad-associated pro-
tein 4 (SMAD4), and neuroblastom RAS viral (V-Ras)
(NRAS) oncogene homolog are the most common
mutations in distal CRCs, APC, Activin receptor type 2A
(ACVR2A), MSH3, MSHS6, transforming growth factor
beta receptor 2 (TGFB-R2), TCF7L2, SLC9A9, and BRAF
VB0O0E in proximal CRCs.”#* The significant association
between the BRAF V600E mutation and tumors located
in the proximal colon was the other finding of our study,
which the literature data have also strongly supported.'s'
This finding reveals that molecular changes occurring in
proximal and distal colon tumors have different clinical
reflections.®® The prognoses of proximal and distal CRC
are significantly different. Proximal colon tumors involve
more aggressive molecular changes and have a poor prog-
nosis. Accordingly, targeted therapies for proximal and
distal CRCs are also different. Distal CRC patients ben-
efit more from adjuvant chemotherapies and individual-
ized treatments. Proximal CRC patients do not respond
well to chemotherapies, but better treatment response
is obtained with immunotherapies.®#%® Recognizing the
pathological and molecular alterations between proximal
and distal CRC is essential to the development of effec-
tive therapies and determining prognosis.

In CRCs, BRAF and KRAS mutations have been recog-
nized as mutually exclusive. The KRAS mutation is a
negative predictor for anti-EGFR treatment, and approxi-
mately 95% of patients with KRAS mutations do not
respond to anti-EGFR treatment. Studies have suggested
that the BRAF mutation has a potential negative pre-
dictive value for anti-EGFR treatment.3" The literature
strongly supported our study's significant negative asso-
ciation between BRAF and KRAS mutations.®® Patients
with a non-BRAF V600E mutation have a better clinical
course and more prolonged survival than those with a
BRAF V600E mutation. These patients need less aggres-
sive chemotherapeutics. For this reason, it is evident that
the NGS method is essential for identifying undetectable
BRAF mutations when the PCR tests established for the
only BRAF V600E mutation are used.®¢

Tumor diameter has been known as one of the parame-
ters with a controversial prognostic value in CRCs. Various
studies have reported that the tumor diameter affected
the overall patient survival.®%® Moreover, some studies
have reported that increased tumor diameter was associ-
ated with clinical parameters such as higher lymph node
metastasis rate and more advanced T stage.®® Besides,
CRCs with a higher rate of faulty mismatch repair (MMR)
mechanisms have been reported to be associated with

larger tumor diameter.*® Since the mutations in the
MSHS3 gene, 1 of the 7 MMR genes in humans, has been
suggested to play a role in tumor progression in CRCs,
studies on this subject have reported that loss of MSH3
expression was associated with lymph node metastasis
and distant metastasis in CRCs.*' Our study revealed a
significant association between the MSH3 mutation, for
the prognostic value of which no consensus has yet been
reached, and tumor diameter in CRCs. Since few stud-
ies have evaluated the clinicopathologic features of the
MSHS3 gene, no literature data support this finding. On the
other hand, our study’s result is suggested to contribute
to the literature regarding the association of the MSH3
gene's mutations’ with poor prognosis.

Even though BRCA2, a tumor-suppressor gene that
controls genome integrity, has a strong association with
breast and ovarian cancers, the results regarding its asso-
ciation with CRC were contradictory.*?> Zhunussova et al*3
reported that the BRCA2 and APC genes were among
the most frequently mutated tumor-suppressor genes.
Pearlman et al,** in their study analyzing genes predis-
posing to early-onset CRCs, showed a high prevalence of
mutations in the BRCA2 gene. In our study, the BRCA2
mutation was found to be one of the mutations with a
higher prevalence compared to the literature, and detect-
ing such molecular alterations, which are not common, is
essential in designing new individual treatment options.
Because it is well known that patients having tumors
with breast cancer 1 (BRCA1)/BRCA2 somatic muta-
tions or loss benefit from PARP inhibitors, patients with
mutations of these 2 tumor-suppressor genes might be
therapeutic targets to be investigated for treatment, as
demonstrated in our study.® Despite the negative asso-
ciation found in our study between BRCA2 mutations
and lymph node metastasis, which is a poor prognostic
indicator, Xie et al* reported a higher rate of mutations in
the BRCA1/2 gene in CRCs with lymph node metastasis.
Grabsch et al*® found no association between BRCA1/2
and lymph node metastasis. We believe that the results
of our study on BRCA2, the relationship of which with
lymph node metastasis has not been agreed upon and the
association with clinicopathologic parameters has not yet
been sufficiently investigated, will make a significant con-
tribution to the literature.

Another point worth mentioning based on the genes
included in our study is the relationship between repair
pathways of DNA double-strand breaks and MSI.
Unfortunately, even though MMR genes such as MLH3,
MSH2, MSH3, and MSH6 were included in our study,
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MSI was not studied. However, determining MSI status
in CRCs and mutations in the genes involved in repairing
DNA double-strand breaks such as BRCA1/2 and uncov-
ering the associations of these pathways with each other
is essential in the context of treatment, because it is sug-
gested that CRCs with MSI intact pathways for repairing
DNA double-chain breaks are more sensitive to chemo-
therapeutics that act by generating double-chain breaks
in DNA. For this reason, further studies are needed to
determine a functional link between MMR mechanisms
and DNA double-strand break reparation pathways and
to suggest that these pathways are interrelated.*®

CONCLUSION

When compared to the literature, the CDC27, KRAS,
BRAF, BRAF, PTEN, PIK3CA, and BRCA2 mutations were
determined at a higher rate and the APC mutation at a
lower rate in the somatic mutation profile identified by
the NGS system in patients with CRC in a specific region
of the Turkish population. Furthermore, the significant
positive correlations between CDC27 and PTEN, PTEN
and BRCA2, and PTEN and APC mutation associations
and the significant negative association between the
BRAF and KRAS mutations were of significant impor-
tance regarding tumor development and progression and
increased resistance or sensitivity against treatments.
Significant relationships determined between KRAS
exon 2 and mucinous morphology, PIK3CA and absence
of perineural invasion, BRAF and tumor differentiation
and localization, MSH3 and tumor diameter, and BRCA2
and absence of lymph node metastasis were findings
that have contributed to the literature. Despite the rela-
tively small number of patients, our study's results may
bring different perspectives for new studies. By revealing
regional and racial somatic mutation differences, it will be
easier to determine new therapeutic and prognostic cri-
teria in CRC patients. As the molecular mechanisms lead-
ing to CRC development, progression, and metastasis are
better elucidated, the importance of biomarkers that may
be associated with disease outcome, metastasis, or treat-
ment resistance will increase.

Ethics Committee Approval: The study was approved by the Aydin
Adnan Menderes University Faculty of Medicine Non-Interventional
Clinical Research Ethics Committee, Aydin, Turkey (number:
168/2020, date: 09/08/2022).

Informed Consent: This is a retrospective study and patient infor-
mation was obtained from laboratory archive records.

Peer-review: Externally peer-reviewed.

Author Contributions: Concept — S.O., IM; Design - S.0, IM;
Supervision - N.K.C., i.H.E, iM.; Resources — S.0O,, N.K.C.; Materials —
S.0., I.H.E.; Data Collection and/or Processing — S.O., iM; Analysis
and/or Interpretation — S.0., .M,; Literature Review — S.0., M., N.K.C;
Writing Manuscript — S.0., N.K.C;; Critical Review — .H.E., M.

Declaration of Interests: The authors have no conflict of interest to
declare.

Funding: This study received no funding.

REFERENCES

1. Al-Sohaily S, Biankin A, Leong R, Kohonen-Corish M, Warusavi-
tarne J. Molecular pathways in colorectal cancer. J Gastroenterol
Hepatol. 2012,27(9):1423-1431. [CrossRef]

2. Miiller MF, Ibrahim AE, Arends MJ. Molecular pathological classifi-
cation of colorectal cancer. Virchows Arch. 2016;469(2):125-134.
[CrossRef]

3. Li MM, Datto M, Duncavage EJ, et al. Standards and guidelines for
the interpretation and reporting of sequence variants in cancer: a
joint consensus recommendation of the association for molecular
pathology, American Society of Clinical Oncology, and College of
American Pathologists. J Mol Diagn. 2017;19(1):4-23. [CrossRef]

4. Qiu L, Wu J, Pan C, et al. Downregulation of CDC27 inhibits the
proliferation of colorectal cancer cells via the accumulation of
p21Cip1/Waf1. Cell Death Dis. 2016;7(1):e2074. [CrossRef]

5. Murugan AK, Grieco M, Tsuchida N. RAS mutations in human can-
cers: roles in precision medicine. Semin Cancer Biol. 2019;59:23-35.
[CrossRef]

6. El Agy F, El Bardai S, El Otmani |, et al. Mutation status and
prognostic value of KRAS and NRAS mutations in Moroccan colon
cancer patients: a first report. PLOS ONE. 2021,16(3):e0248522.
[CrossRef]

7. Cancer Genome Atlas Network. Comprehensive molecular charac-
terization of human colon and rectal cancer. Nature.
2012;487(7407):330-337. [CrossRef]

8. Molinari F, Frattini M. Functions and regulation of the PTEN gene
in colorectal cancer. Front Oncol. 2013;3:326. [CrossRef]

9. Han SW, Kim HP, Shin JY, et al. Targeted sequencing of cancer-
related genes in colorectal cancer using next-generation sequenc-
ing. PLoS One. 2013;8(5):e64271. [CrossRef]

10. Willis O, Choucair K, Alloghbi A, et al. PIK3CA gene aberrancy and
role in targeted therapy of solid malignancies. Cancer Gene Ther.
2020,27(9):634-644. [CrossRef]

11. Afrisdnie VA, Marinca MV, Alexa-Stratulat T, et al. KRAS, NRAS,
BRAF, HER2 and microsatellite instability in metastatic colorectal
cancer - practical implications for the clinician. Radiol Oncol.
2019;53(83):265-274. [CrossRef]

12. Yazici O, Ucar G, Stitclioglu O, et al. Metastatic colorectal cancer
in both sides of Aegean Sea: practice patterns and outcome. Curr
Med Res Opin. 2022;38(4):579-586. [CrossRef]

13. Beypinar I, Demir H, Sakin A, et al. The real-life data of BRAF
mutation on the treatment of colorectal cancer: a TOG study. J Gas-
trointest Cancer. 2021,52(3):932-939. [CrossRef]

14. llyas M. Next-generation sequencing in diagnostic pathology.
Pathobiology. 2017;84(6):292-305. [CrossRef]

15. Yohe S, Thyagarajan B. Review of clinical next-generation
sequencing. Arch Pathol Lab Med. 2017;141(11):1544-1557.
[CrossRef]

1132


https://doi.org/10.1111/j.1440-1746.2012.07200.x
https://doi.org/10.1007/s00428-016-1956-3
https://doi.org/10.1016/j.jmoldx.2016.10.002
https://doi.org/10.1038/cddis.2015.402
https://doi.org/10.1016/j.semcancer.2019.06.007
https://doi.org/10.1371/journal.pone.0248522
https://doi.org/10.1038/nature11252
https://doi.org/10.3389/fonc.2013.00326
https://doi.org/10.1371/journal.pone.0064271
https://doi.org/10.1038/s41417-020-0164-0
https://doi.org/10.2478/raon-2019-0033
https://doi.org/10.1080/03007995.2022.2037848
https://doi.org/10.1007/s12029-020-00514-9
https://doi.org/10.1159/000480089
https://doi.org/10.5858/arpa.2016-0501-RA

Osman et al. Mutation Profile in Colorectal Adenocarcinoma

Turk J Gastroenterol 2023; 34(11): 1124-1133

16. Qiu L, Tan X, Lin J, et al. CDC27 induces metastasis and invasion
in colorectal cancer via the promotion of epithelial-to-mesenchymal
transition. J Cancer. 2017;8(13):2626-2635. [CrossRef]

17. Kazemi-Sefat GE, Keramatipour M, Talebi S, et al. The impor-
tance of CDC27 in cancer: molecular pathology and clinical aspects.
Cancer Cell Int. 2021,21(1):160. [CrossRef]

18. Song MS, Carracedo A, Salmena L, et al. Nuclear PTEN regulates
the APC-CDH1 tumor-suppressive complex in a phosphatase-ind
ependent manner. Cell. 2011;,144(2):187-199. [CrossRef]

19. Yoon HH, Tougeron D, Shi Q, et al. KRAS codon 12 and 13 muta-
tions in relation to disease-free survival in BRAF-wild-type stage Il
colon cancers from an adjuvant chemotherapy trial (NO147 alliance).
Clin Cancer Res. 2014;20(11):3033-3043. [CrossRef]

20. Li W, Qiu T, Zhi W, et al. Colorectal carcinomas with KRAS codon
12 mutation are associated with more advanced tumor stages. BMC
Cancer. 2015;15:340. [CrossRef]

21.Li X, Sun K, Liao X, Gao H, Zhu H, Xu R. Colorectal carcinomas
with mucinous differentiation are associated with high frequent
mutation of KRAS or BRAF mutations, irrespective of quantity of
mucinous component. BMC Cancer. 2020;20(1):400. [CrossRef]

22. Imamura Y, Lochhead P, Yamauchi M, et al. Analyses of clinico-
pathological, molecular, and prognostic associations of KRAS codon
61 and codon 146 mutations in colorectal cancer: cohort study and
literature review. Mol Cancer. 2014;13:135. [CrossRef]

23. SchellMJ, Yang M, Teer JK, et al. A multigene mutation classifica-
tion of 468 colorectal cancers reveals a prognostic role for APC. Nat
Commun. 2016;7:11743. [CrossRef]

24. Chen PC, Kuraguchi M, Velasquez J, et al. Novel roles for MLH3
deficiency and TLE6-like amplification in DNA mismatch repair-
deficient gastrointestinal tumorigenesis and progression. PLoS
Genet. 2008;4(6):e1000092. [CrossRef]

25. Song MS, Salmena L, Pandolfi PP. The functions and regulation
of the PTEN tumour suppressor. Nat Rev Mol Cell Biol. 2012;13(5):283-
296. [CrossRef]

26. Marsh V, Winton DJ, Williams GT, et al. Epithelial PTEN is dispen-
sable for intestinal homeostasis but suppresses adenoma develop-
ment and progression after Apc mutation. Nat Genet. 2008;40(12):
1436-1444. [CrossRef]

27. Wu X, Mondal G, Wang X, et al. Microcephalin regulates BRCA2
and Rad51-associated DNA double-strand break repair. Cancer Res.
2009,69(13):5531-5536. [CrossRef]

28. Tabrizian T, Wang D, Guan F, et al. APC inactivation, but not
obesity, synergizes with Pten deficiency to drive intestinal stem cell-
derived tumorigenesis. Endocr Relat Cancer. 2017,24(6):253-265.
[CrossRef]

29. Raja M, Zverev M, Seipel K, Williams GT, Clarke AR, Shaw PH.
Assessment of the in vivo activity of PISK and MEK inhibitors in
genetically defined models of colorectal cancer. Mol Cancer Ther.
2015;14(10):2175-2186. [CrossRef]

30. PIK CG. 3CA in colorectal cancer. Front Oncol. 2014;4:35.

31. Nakayama |, Hirota T, Shinozaki E. BRAF mutation in colorectal
cancers: from prognostic marker to targetable mutation. Cancers
(Basel). 2020;12(11):3236. [CrossRef]

32. Caputo F, Santini C, Bardasi C, et al. BRAF-mutated colorectal
cancer:clinicaland molecularinsights. Int JMol Sci. 2019,20(21):5369.
[CrossRef]

33. Clancy C, Burke JP, Kalady MF, Coffey JC. BRAF mutation is asso-
ciated with distinct clinicopathological characteristics in colorectal
cancer: a systematic review and meta-analysis. Colorectal Dis.
2013;15(12):.e711-e718. [CrossRef]

34. Baran B, Ozupek NM, Tetik NY, Acar E, Bekcioglu O, Baskin Y.
Difference between left-sided and right-sided colorectal cancer: a
focused review of literature. Gastroenterol Res. 2018;11(4):
264-273.

35. Su MW, Chang CK, Lin CW, et al. Genomic and metabolomic
landscape of right-sided and left-sided colorectal cancer: potential
preventive biomarkers. Cells. 2022;11(3):527. [CrossRef]

36. Jones JC, Renfro LA, Al-Shamsi HO, et al. Non-V600 BRAF muta-
tions define a clinically distinct molecular subtype of metastatic
colorectal cancer. J Clin Oncol. 2017;35(23):2624-2630. [CrossRef]
37.Dai W, Li Y, Meng X, Cai S, Li Q, Cai G. Does tumor size have its
prognostic role in colorectal cancer? Re-evaluating its value in colo-
rectal adenocarcinoma with different macroscopic growth pattern.
Int J Surg. 2017;45:105-112. [CrossRef]

38. Saha S, Shaik M, Johnston G, et al. Tumor size predicts long-term
survival in colon cancer: an analysis of the National Cancer Data
Base. Am J Surg. 2015,;209(3):570-574. [CrossRef]

39. Saha S, Kanaan MN, Shaik M, et al. Tumor size as a prognostic
factor for patients with colon cancer undergoing sentinel lymph
node mapping and conventional surgery. J Clin Oncol. 2013;31(4_
suppl):546. [CrossRef]

40. Liang Y, Cai X, Zheng X, Yin H. Analysis of the clinicopathological
characteristics of Stage I-1ll colorectal cancer patients deficient in
mismatch repair proteins. Onco Targets Ther. 2021,14:2203-2212.
[CrossRef]

41. Laghi L, Bianchi P, Delconte G, et al. MSH3 protein expression
and nodal status in MLH1-deficient colorectal cancers. Clin Cancer
Res. 2012;18(11):3142-3153. [CrossRef]

42. Oh M, McBride A, Yun S, et al. BRCA1 and BRCA2 gene mutations
and colorectal cancer risk: systematic review and meta-analysis.
J Natl Cancer Inst. 2018;110(11):1178-1189. [CrossRef]

483. Zhunussova G, Afonin G, Abdikerim S, et al. Mutation spectrum
of cancer-associated genes in patients with early onset of colorectal
cancer. Front Oncol. 2019;9:673. [CrossRef]

44. Pearlman R, Frankel WL, Swanson B, et al. Prevalence and spec-
trum of germline cancer susceptibility gene mutations among
patients with early-onset colorectal cancer. JAMA Oncol. 2017;3(4):
464-471. [CrossRef]

45. Xie N, Yao Y, Wan L, Zhu T, Liu L, Yuan J. Next-generation
sequencing reveals lymph node metastasis associated genetic
markers in colorectal cancer. Exp Ther Med. 2017;14(1):338-343.
[CrossRef]

46. Grabsch H, Dattani M, Barker L, et al. Expression of DNA
double-strand break repair proteins ATM and BRCA1 predicts sur-
vival in colorectal cancer. Clin Cancer Res. 2006;12(5):1494-1500.
[CrossRef]

1133


https://doi.org/10.7150/jca.19381
https://doi.org/10.1186/s12935-021-01860-9
https://doi.org/10.1016/j.cell.2010.12.020
https://doi.org/10.1158/1078-0432.CCR-13-3140
https://doi.org/10.1186/s12885-015-1345-3
https://doi.org/10.1186/s12885-020-06913-2
https://doi.org/10.1186/1476-4598-13-135
https://doi.org/10.1038/ncomms11743
https://doi.org/10.1371/journal.pgen.1000092
https://doi.org/10.1038/nrm3330
https://doi.org/10.1038/ng.256
https://doi.org/10.1158/0008-5472.CAN-08-4834
https://doi.org/10.1530/ERC-16-0536
https://doi.org/10.1158/1535-7163.MCT-15-0223
https://doi.org/10.3390/cancers12113236
https://doi.org/10.3390/ijms20215369
https://doi.org/10.1111/codi.12427
https://doi.org/10.3390/cells11030527
https://doi.org/10.1200/JCO.2016.71.4394
https://doi.org/10.1016/j.ijsu.2017.07.100
https://doi.org/10.1016/j.amjsurg.2014.12.008
https://doi.org/10.1200/jco.2013.31.4_suppl.546
https://doi.org/10.2147/OTT.S278029
https://doi.org/10.1158/1078-0432.CCR-12-0175
https://doi.org/10.1093/jnci/djy148
https://doi.org/10.3389/fonc.2019.00673
https://doi.org/10.1001/jamaoncol.2016.5194
https://doi.org/10.3892/etm.2017.4464
https://doi.org/10.1158/1078-0432.CCR-05-2105

