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Abstract: Majority of colorectal cancer (CRC) patients are presented with advanced disease at diagnosis, particularly in 
cases of proximal CRCs.  Little is known about the relationship between the genetic landscape and the anatomical location of 
the tumour; as well as the prognostication in CRC patients. The objectives of this study were to determine the somatic single 
nucleotide variants (SNV) and the cellular pathways between the proximal and distal CRCs. Whole exome sequencing was 
performed on the Ion Proton platform on 10 pairs of normal and CRC samples. The sequencing results were analysed using 
the Torrent Suite Software and the variants were annotated using ANNOVAR; followed by validation with Sanger sequenc-
ing. APC is the most frequently altered gene in both proximal and distal CRCs. KRAS and ATM genes were particularly al-
tered in the proximal CRCs with a frequency of 60% and 40%, respectively. On the other hand, TP53 mutations did not show 
any CRC anatomical predominance. There were five recurrent novel variants in proximal CRCs and no recurrent variants 
identified in distal CRC. Wnt signalling pathway was the most frequently altered pathway in both proximal and distal CRCs 
whereas TGF-β and PI3K signalling pathways were predominantly altered in the proximal CRCs. We found that proximal 
CRCs presented with more variants and different altered pathways as compared to distal CRCs. However, further study in a 
larger series of samples coupled with functional studies will be required to confirm the identified variants and determine their 
roles in the pathogenesis of proximal and distal CRCs. 

Keywords: Colorectal; proximal; distal; whole-exome sequencing; insertion; deletion

Received: 12th August 2019  
Accepted: 13th September 2019    
Publish Online: 30th September 2019                                          

*Correspondence: Nurul-Syakima Ab Mutalib, UKM 
Medical Molecular Biology Institute (UMBI), Universiti 
Kebangsaan Malaysia, 56000, Kuala Lumpur, Malaysia; 
syakima@ppukm.ukm.edu.my. Rahman Jamal, UKM 
Medical Molecular Biology Institute (UMBI), Universiti 
Kebangsaan Malaysia, 56000, Kuala Lumpur, Malaysia; 
rahmanj@ppukm.ukm.edu.my.

 
Citation: Mohd Yunos R-I, Ab Mutalib N-S, Khor SS, et al. Whole exome sequencing identifies genomic alterations in 
proximal and distal colorectal cancer. Prog Microb Mol Biol, 2019; 1(1): a0000036   

Introduction

Colorectal cancer (CRC) is the third most commonly di-
agnosed cancer worldwide[1] and is ranked as the second 
most common cancer in Malaysia[2]. According to the Na-
tional Cancer Registry Report, CRC is the most common 
cancer among men and the third most common among 
women in Malaysia[3]. In the year 2018, it was estimated 
that there were 1.8 million cases and 881,000 deaths from 
CRC worldwide[1]. 

Anatomically, CRCs are classified into three subsets 
named, proximal, distal and rectum. Proximal CRC is lo-
cated on the right side of the colon, which includes ce-

cum, ascending colon, hepatic flexure, transverse colon 
and splenic flexure; while distal CRC is located on the 
left side of the colon, including sigmoid and descend-
ing colon[4]. It is postulated that both the proximal and 
distal CRCs are anatomically different and arose from 
different biological pathways, suggesting different mo-
lecular mechanisms involved[5]. Biological differences 
between the normal proximal and distal colon suggest 
that the carcinogenesis in these locations may be medi-
ated via different molecular pathways[6,7]. This may have 
profound prognostic and therapeutic implications. For 
instance, it has been reported that the gene expression 
profile between adenocarcinoma of the proximal and 
distal CRC is different, and therefore, the information 
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should be taken into consideration when investigating 
new predictive and prognostic biomarkers[8]. Among 
the molecular characteristics that distinguish between 
proximal and distal CRCs is the low frequency of TP53 
and KRAS gene mutations, lower c-MYC expression and 
DNA mismatch repair (MMR) deficiency in proximal 
CRC. Distal CRC, on the other hand, shows a higher fre-
quency of TP53 and KRAS gene mutations and c-MYC 
expression[9].

Several large cohort studies in the last 20 years have dem-
onstrated that the proximal and distal CRCs differed in 
their susceptibility to screening tests, the stage at which 
they were diagnosed, patient characteristics, pathology 
and prognosis[10,11]. A few studies have discovered that 
the distribution of distal and proximal CRCs varies ac-
cording to ethnicity[12]. Individuals with African ancestry 
are more likely to develop proximal CRCs rather than 
distal CRCs[13,14], whereas Asians and Pacific Islanders 
are more prone to distal colon and rectal cancers[13]. A 
study by Goh and colleagues (2005) supported this fact, 
whereby 77% of CRC cases in Malaysia were diagnosed 
as distal CRCs[15]. However, despite the different distri-
butions, the actual causative molecular events that lead 
to the different prognosis between proximal and distal 
CRCs remains poorly understood.

Next-generation sequencing technologies have revolu-
tionized cancer research and management, particularly 
in diagnostic and treatment strategies[16,17]. Using whole-
exome sequencing approach, we examined the exomes 
of Malaysian patients diagnosed with proximal and dis-
tal CRCs in order to identify the differences and the dis-
tinct signatures based on their anatomical distribution. 
We hope that this can contribute to better management 
and treatment of CRC patients in the future.

Materials and Methods

Clinical material

A total of ten paired colorectal carcinoma and their cor-
responding adjacent normal tissues (five proximal and 
five distal), were collected from patients at Universiti 
Kebangsaan Malaysia Medical Centre, Kuala Lumpur. 
The written informed consents were provided by patients 
to participate in the study. This study was approved by 
the UKM Research Ethics Committee (Reference no: 
UKM 1.5.3.5/244/UMBI-004-2012). The tissues were 
subjected to cryosectioning; followed by haematoxylin 
and eosin (H&E) staining. Our pathologist confirmed 
the presence of at least 80% of cancer cells in the tu-
mour specimens and less than 20% necrosis in paired 
unaffected colorectal tissue adjacent to the tumour site. 
The DNA extraction was performed using the QIAamp 
DNA mini kit (QIAGEN, Valencia, CA) according to 
the manufacturer’s protocol. Quality and quantity of the 
extracted DNA were assessed using Qubit Fluorometer 
(Invitrogen, Carlsbad, CA, USA), NanoDrop 2000 spec-
trophotometer (NanoDrop Technologies, Wilmington, 
DE); as well as agarose gel electrophoresis. To confirm 
the identity of each tumour and normal paired samples, 

genotyping was performed by multiplex PCR based on 
microsatellite polymorphisms using Coriell Identity Map-
ping Kit (Coriell Institute, New Jersey, USA). 

Exome capture, library construction and next-generation 
sequencing

One microgram (1 μg) of genomic DNA from each pair of 
tumour and normal sample was mechanically sheared by 
ultrasonic fragmentation using the Covaris® System to 
achieve fragments of about 50–500 bp. The fragmentation 
profile was assessed by the Bioanalyzer High Sensitivity 
DNA Analysis Kit (Agilent Technologies, Carlsbad, CA, 
USA). The fragmented DNA was used to construct a frag-
ment library using the Ion Plus Fragment Library Kit (Life 
Technologies, Guilford, CT) according to the manufactur-
er’s instructions for ligation, end repair, purification, size 
selection and final amplification prior to exome capture. 
For multiplexing the samples, adapters with short stretch-
es of index sequences from Ion Xpress™ Barcode Adapt-
ers 1–16 kit was used and thus allowing the sequencing of 
two samples in a single Ion PI™ chip run. Five hundred 
nanograms (500 ng) of the amplified, size-selected library 
(~285 bp) from each sample was subjected to exome cap-
ture procedure using the Ion TargetSeq™ Exome kit (Life 
Technologies, Guilford, CT) according to manufacturer’s 
protocol. Exomes were captured using ~2 million Target-
Seq™ capture probes with biotinylated oligos that range 
from ~50 bases to ~120 bases. The captured DNA frag-
ments were isolated using streptavidin-coated Dynabeads 
paramagnetic beads and they were amplified and purified. 
Finally, the samples were quantitated and qualitatively 
assessed on the Bioanalyzer High Sensitivity DNA chip 
(Agilent Technologies, Carlsbad, CA, USA). The puri-
fied, 10 pM of exome-enriched libraries were used for 
template preparation on Ion PI™ Ion Sphere™ Particles 
(ISPs) for sequencing on an Ion PI™ Chip using Ion Pro-
ton sequencer (Life Technologies, Guilford, CT).

Bioinformatics analyses

The data was processed using the Torrent Suite software 
v4.2.1. The Torrent Suite software automated the genera-
tion of sequence reads, trimming of adapter sequences, 
removal of poor quality reads; as well as sequence align-
ment to the hg19 human genome reference. Variants were 
called using the Torrent Variant Caller plugin, configured 
for somatic mutation detection with low stringency set-
ting. Variant filtering and calculation of transition to trans-
version ratio (Ti/Tv) were performed using SnpSift tool 
in SnpEff (Version 4.0, 2014-11)[18]. The variants were 
then subjected to annotation using ANNOVAR, Version 
2013May09[19]. Gene-based annotation was performed 
against RefSeq Gene[20], UCSC Known Gene[21] and EN-
SEMBL Gene[22]. The variants were further annotated 
against the conserved region (phastConsElements46way)
[23], alternative allele frequency in all subjects in the Na-
tional Heart Lung and Blood Institute Exome Sequenc-
ing Project (NHLBI-ESP) project with 6500 exomes 
(esp6500si_all)[24], alternative allele frequency data in 
1000 Genomes Project (1000g2014oct_all) (The 1000 
Genomes Project Consortium, 2015), the Exome Ag-
gregation Consortium (ExAC 01)[25], dbSNP version 138 
(snp138)[26], CLINVAR (clinvar_20140929)[27] and COS-

Whole exome sequencing...       



3

MIC version 70 (cosmic70)[28]. Protein impact prediction 
was also performed on ANNOVAR (Version 2013May09) 
using command ljb26_all[19] which include SIFT[29] and 
PolyPhen2[30]. In order to identify potentially druggable 
variants, the drug-gene interaction database, DGIdb 2.0 
was utilized to annotate the variants against drugs genes 
interaction dataset (http://dgidb.genome.wustl.edu/)[31].

Variants prioritization

Variants exclusion criteria included those with base quality 
less than Q30, not resulting in amino acid changes, iden-
tified in unannotated genes (unknown), called in both tu-
mour and normal exomes, representing probable mapping 
ambiguities, and have minimal allele frequency (MAF) of 
more than 5% in the 1000 Genomes Project[32], ExAC and 
ESP6500 database[25]. A variant in a tumour was considered 
to be a novel true candidate somatic mutation if the cor-
responding normal sample has at least 10 reads covering 
this position, zero variant reads and has not been reported 
in dbSNP138[26] or the 1000 Genomes data set (October 
2014)[32]. For the resulting candidate of somatic mutations, 
the alignment of each sample was manually examined to 
check for sequencing artefacts and alignment errors using 
the Integrated Genomic Viewer (IGV)[33,34]. We were then 
assessed for potential protein impact prediction of each ge-
netic variant identified in both proximal and distal cohorts 
based on variant prediction algorithms, SIFT[29,35] and Poly-
Phen2[30].

Statistical Analysis

We utilized the Fisher’s exact test to define significance 
values in a number of protein-altering mutations and num-
ber of affected pathways between proximal and distal 
CRC using the 2 × 2 contingency tables and the GraphPad 
QuickCalcs Online Calculator for Scientists (http://www.
graphpad.com/quickcalcs/index.cfm). All p values are two-
sided and statistical significance is denoted by p < 0.05.

Gene pathway analysis

Altered genes identified in both proximal and distal cohorts 
were pooled and run through the Ingenuity Pathway Analy-
sis (IPA) (Qiagen, Valencia, CA) software at the same time 
to identify the affected canonical pathways.

Variant confirmation

Variants were validated using the Sanger sequencing meth-
od on tumour and normal samples. Primers corresponding 
to the selected locations were designed using IDT-DNA 
Primer Quest (Coralville, IA).  PCR products were gener-
ated and cycle sequencing was performed using the Big 
Dye Terminator V3.1 reagent (Life Technologies, Guilford, 
CT). The cycle sequencing products were then processed 
using ethanol precipitation and sequencing was carried out 
using the ABI 3130xl capillary electrophoresis (Life Tech-
nologies, Guilford, CT). The results were analysed using 
the Basic Local Alignment System Tool (BLAST)[36] and 
Sequence Scanner (Applied Biosystem, Foster City, CA).

Results

Clinicopathological characteristic of patients

The characteristics of all ten patients were listed in Table 
1. With regards to cancer stage, 20% (n=2) of the pa-
tients were of Dukes’ A, 40% (n=4) were Dukes’ B and 
the remaining 40% (n=4) were Dukes’ C. The average 
age of patients was approximately 69 years old (range 
58–75 years). The samples comprised of three well-
differentiated adenocarcinomas, three moderate differ-
entiated adenocarcinomas and four poorly differentiated 
adenocarcinomas. From these ten samples, four patients 
were positives for lymph nodes metastasis and six were 
negative.

Exome sequencing analysis and coverage

The capture regions covered by Ion TargetSeq was 
about 37.3 Mb and we managed to obtain an average 
of 39.6 million reads.  Average coverage of about 70X 
for each sample was obtained and the coverage of the 
target region at 20X was more than 85%. This was com-
paratively higher than what was obtained by a study 
on pancreatic cancer[37] and a study on colon and rectal 
cancers[38].  On average, the number of variants detected 
at Q30 for each sample was 35, 713 (32, 804 - 37,487 
variants) (Table 2). To assess the quality of variants, 
the ratio of the number of transitions to the number of 
transversions was determined. The expected Ti/Tv ratio 
for exome target regions is 2.8[39]. However, the target 
regions of exome capture kits often covered more than 
just exons.  For SNPs resided in these target regions, Ti/
Tv ratios between 2.0 and 3.0 were observed[40].  The 
target regions of Ion TargetSeq kit covered both exonic 
and non-exonic regions, such as 3’ UTR and 5’ UTR, 
therefore, we obtained an average Ti/Tv ratio of 2.7.

Upon variants prioritizations, we obtained a total of 
4,835 and 4,177 variants in proximal and distal CRC, 
respectively. Among all the variants found in proximal 
CRC, 539 were protein-altering variants in 508 genes 
located in the conserved regions. On the other hand, 
the distal CRCs had 245 protein-altering mutations in 
180 genes located in the conserved regions. The proxi-
mal CRC showed significantly more protein-altering 
variants as compared to distal CRC (p-value = 0.0001) 
(Table 3).

Based on mutation rates, we stratified the cases into two 
groups: hypermutated (>30 per 106 bases) and non-hy-
permutated (<20 per 106 bases). The average mutation 
rate for proximal and distal CRC is 22 per 106 bases and 
26 per 106 bases respectively (median mutation rate in 
both proximal and distal is 15 per 106 bases). One case 
of each proximal (sample R4T, 72 per 106 bases) and 
distal (sample L2T, 58 per 106 bases) were classified as 
hypermutated. We then analysed the MMR gene muta-
tions (MSH2, MSH3, MSH6 and MLH1) in all samples. 
Interestingly, we identified at least one somatic missense 
mutation in MMR gene presence in sample R4T (MSH2 
g.47656969C>T) and L2T (EPCAM g.47604176C>T), 
that possibly explain the hypermutation status of the 
samples. On the other hand, none of the rest of the sam-
ples was having a mutation in MMR genes.

Mohd Yunos R-I et al.
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Table 3. Number of protein altering mutation and number of affected pathway

Proximal 
CRC Distal CRC P Value

Number of Protein 
Altering Mutations 539 245 0.0001

Number of Affected 
Pathways 5 3 0.66

Profile of mutated CRC-related genes and altered pathways

We profiled mutated genes in our set of discovery patients 
based on thirty-three (33) genes that have been reported in 
the tumorigenesis of CRCs, which is a compilation from ten 
publications[41–50]. We plotted each altered gene which was 
detected in our patients in Figure 1A. Altered genes were 
defined as any gene that has at least one or more protein-
altering mutations. Fifteen (15) out of the 33 CRC-related 
genes were altered in proximal cancers (29 mutations) 
and five CRC-related genes were altered in distal cancers 
(eight mutations) as listed in Table 4. We discovered that 
some of the nucleotide changes may lead to multiple pro-
tein amino acid changes. This is corresponding to different 
transcript isoforms. To explore the affected pathways and 

the differences between the two subsites of CRC, we fo-
cused on major pathways involved in CRC tumorigen-
esis[42,43,46–50]. 

This approach was adapted from Ashktorab et al.[51]. An 
affected pathway is defined when at least one or more 
genes are altered in any pathway (Figure 1B). We ob-
served that 90% (n=9) of the CRC patients shared an 
affected Wnt signalling pathway with five genes being 
altered (12 mutations). RTK-RAS and TP53 signalling 
pathways were also found to be altered in both proxi-
mal and distal CRCs with six mutations in both path-
ways. We also discovered that the TGF-Beta signalling 
(four mutations) and PI3K signalling (two mutations) 
pathways were exclusively altered in proximal CRCs. 
Overall, there were more altered pathways in proximal 
as compared to distal CRCs. However, the number of 
different affected pathways between these two groups 
were not significant (p=0.66) (Table 3). Since this is dis-
covery research, the lack of significance could be due to 
our small sample size. Analysis using Ingenuity Path-
way Analysis (IPA) software identified the Wnt signal-
ling and growth factor signalling pathways as the most 
commonly affected (Figure 3). 

Figure 1. Altered genes and pathway implicated in ten CRC patients (five patients of each proximal and distal CRCs). (A) The genes associated with existing treatment option or 

novel targeted therapies currently being investigated in clinical trials. (B) Major signalling pathways altered in CRCs. 

Whole exome sequencing...       
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Table 4. Novel and known mutations in CRC-related genes in proximal and distal CRCs.

Sample 
ID

Gene Start End Ref Alt Protein 
Change

Exonic Func-
tion

dbSNP ID COSMIC ID Known 
/ Novel

R1T APC 112175255 112175255 G T E1304X

E1322X

Stop gain NA COSM18702 Known

TP53 7578550 7578550 G A S88F

S127F

Nonsynonymous NA COSM216414

COSM3378368

COSM44226 
COSM216412

COSM216413 
COSM1637542

Known

R2T TP53 7577022 7577022 G A R174X

R267X

R306X

Stop gain rs121913344 COSM3388168 
COSM10663

COSM1640820 
COSM99947

Known

KRAS 25398284 25398284 C T G12D Nonsynonymous rs121913529 COSM521

COSM1135366

Known

KRAS 25398284 25398284 C T G12D Nonsynonymous rs121913529 COSM521 
COSM1135366

Known

ACVR2A 148683686 148683686 A - K327fs

K435fs

Frameshift 
deletion

NA COSM252949 Known

APC 112175639 112175639 C T R1432X

R1450X

Stop gain rs121913332 COSM13127 Known

R3T ATM 108141828 108141828 A G Y959C Nonsynonymous NA NA Novel

CTNNB1 41266136 41266136 T C S45P Nonsynonymous rs121913407 COSM5663 Known

CTNNB1 41277302 41277302 A G R591G Nonsynonymous NA NA Novel

IGF2-AS 2167618 2167618 A C T150P Nonsynonymous NA NA Novel

KRAS 25380283 25380283 C T A59T Nonsynonymous rs121913528 COSM546 
COSM1562187

Known

R4T ACVR1B 52387841 52387841 C T R489C

R437C

R530C

Nonsynonymous NA NA Novel

ACVR1B 52379132 52379132 G A R379Q

R327Q

R420Q

Nonsynonymous NA NA Novel

Mohd Yunos R-I et al.
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R4T ACVR2A 148683718 148683718 G A W337X

W445X

Stop gain NA NA Novel

ERBB2 37879658 37879658 G A R678

R648Q

R663Q

Nonsynonymous NA COSM436498 Known

ERBB2 37864598 37864598 G A V84M

V54M

V69M

Nonsynonymous rs376524324 NA Known

ERBB3 56495023 56495023 G A R1127H Nonsynonymous rs2271188 COSM1363018 
COSM1363017

Known

ERBB3 56478854 56478854 G A V104M Nonsynonymous NA COSM172423 
COSM20710

COSM1152549

Known

FBXW7 153249456 153249456 C T R323Q

R361Q

R441Q

Nonsynonymous NA COSM1052092 
COSM1052093

COSM1052091 
COSM1052094

Known

LRP5 68201247 68201247 G A R733H

R1314H

Nonsynonymous NA NA Novel

PTEN 89720812 89720812 A - T321fs Frameshift 
deletion

NA COSM5823 Known

TCF7L2 114925436 114925436 G A R482Q

R505Q

R499Q

Nonsynonymous NA NA Known

TP53 7577138 7577138 C T R135Q

R108Q

R228Q

R267Q

Nonsynonymous NA COSM43923 
COSM3691863

COSM1290766

COSM3691864

Known

TP53 7578458 7578458 G A R26C

R119C

R158C

Nonsynonymous NA COSM1750371 
COSM984954

COSM984957 
COSM3932746

COSM984958

COSM984956

COSM43848

Known

R5T APC 112176559 112176559 TT GC 5214_5215GC

5268_5269GC

5268_5269GC

Nonframeshift

Substitution

NA NA Novel

ATM 108106477 108106477 G T G138X Stop gain NA NA Novel

SMAD4 48573529 48573536 GAG-
CAATT

- 38_40del Frameshift 
deletion

NA NA Novel

L1T APC 112162896 112162896 T G Y482X

Y500X

Stop gain NA NA Novel

L2T APC 112175212 112175216 AAAAG - 1289_1291del

1307_1309del

Frameshift 
deletion

NA COSM18764 Known

ERBB3 56478854 56478854 G C V104L Nonsynonymous NA COSM160824 Known

Whole exome sequencing...       
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L3T TP53 7577121 7577121 G A R141C

R114C

R234C

R273C

Nonsynonymous rs121913343 COSM3355991

COSM10659

COSM1645518

COSM99933

Known

L4T APC 112175322 112175322 C G S1326X

S1344X

Stop gain NA NA Novel

FBXW7 153249385 153249385 G A R347C

R385C

R465C

Nonsynonymous NA COSM1154293 
COSM170727

COSM170726

COSM170725

COSM22932

Known

L5T CTNNB1 41266071 41266100 GT-
CACTG-
GCAG-
CAA-

- 23_33del Nonframeshift

Deletion

NA NA Novel

TP53 7578263 7578263 G A R64X

R37X

R157X

R196X

Stop gain NA COSM1640847 
COSM99667

COSM99666 
COSM99668

COSM3378446 
COSM99665

COSM10705

Known

Figure 2. Diagram illustrating the number of patients with alteration in the CRC-associated genes.

 PROXIMAL                DISTAL

Mohd Yunos R-I et al.
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Most frequently altered genes in proximal and distal CRCs

We discovered that the APC gene (six mutations) was 
the most frequently mutated gene with a frequency of 
60% (n=3) in both proximal and distal CRCs. The second 
most frequently mutated gene in both proximal and distal 
CRC was TP53 gene (six mutations) with the frequency 
of 40% (n=2). This suggested that APC and TP53 did not 
have predominance for either side of the colon. Interest-
ingly, we found that the KRAS gene (three mutations) 
and ATM gene (two mutations) were uniquely altered in 
proximal CRCs with the frequency of 60% and 40% re-
spectively (Figure 2). Among all of the frequently altered 
genes in this set of analysis, we identified three novel mu-
tations in APC gene, namely, a non-frameshift substitu-
tion (APC g.112176559TT>GC) in tumour R5T, stop-gain 
(APC g.112162896T>G) in tumour L1T, stop-gain (APC g. 
112175322C>G) in tumour L4T and two novel mutations 
in ATM gene of tumour R3T (ATM g.108141828A>G) and 
R5T (ATM g.108106477G>T) (Table 5). Sanger sequenc-
ing successfully confirmed each of the 17 somatic muta-
tions we had detected in these four genes.

Recurrent variants and mutated genes

In this discovery set of ten Malaysian CRC patients, five 
genes with one mutation were demonstrated in at least 
two individuals of proximal CRC patients. On the other 
hand, there is no recurrent mutation identified in individu-
als of distal CRCs (Table 6). Detailed analysis revealed 
that the minimum reads covering the mutated allele were 
35 reads with a minimum of 1% of the total reads con-
taining the alternate base. This was found in the variant 
presented in C9orf50 gene. The variant in the KRAS gene 
(KRAS g.25398284C>T) had the highest variant coverage 
with 121 reads and 52 reads (63%) contained the variant 
in sample R2T. The same variant was detected in sample 
R5T with 96 reads and 48 of the reads (50%) contained the 
alternate base.

Figure 3. The most commonly mutated canonical pathway. The key mutated genes detected in proximal CRC are highlighted in pink while mutated genes detected in distal 

CRCs are highlighted in blue.

Whole exome sequencing...       

Actionable alterations in proximal and distal CRC

We looked at the drug-gene interaction by annotating 
against the Drug Gene Interaction Database (DGIdb) and 
identified ten genes implicated in CRC tumorigenesis that 
are clinically relevant, including targets of new and exist-
ing therapies and genes. Twenty-one (21) variants in ten 
genes and eight variants in three genes were identified 
in proximal and distal CRCs, respectively. Notably, 80% 
(8/10) of CRC patients harboured at least one actionable 
alteration (range one to seven alterations) that has been 
linked to a clinical treatment option or is currently being 
investigated in clinical trials for novel targeted therapies. 
For example, in the present study, 5FU-based chemother-
apy is considered to target patients with wild type TP53, 
which includes patients R2, R3, R5, L1, L2 and L4 (Figure 
1A).

Validation against TCGA Data

We performed external validation using somatic mutation 
data from 618 patients (consisting of proximal and distal 
CRC patients) in the TCGA data set[38]. We successfully 
validate that ZNF337 and c9orf50 genes, both are recur-
rently mutated genes identified from our discovery data 
set, were exclusively mutated in proximal patients in 
TCGA patients. While GPR6 gene was found to be less 
frequently mutated in TCGA patients (about 5%), we 
discovered that two out of five patients in our proximal 
patients (40%) harboured one known GPR6 mutations 
(GPR6 g. 110301081G>A).  We performed a comparison 
between mutation frequency in proximal versus distal CRC 
of TCGA patients. Subsequently, we profiled our patients 
based on the significantly mutated genes from the TCGA 
data set. We discovered that at least eight genes were found 
to be predominantly mutated in proximal CRC (p=0.0032) 
(Table 7).
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TP53/
Chr17

R1T 7578550 7578550 G A S127F 
S88F

Nonsynonymous NA COSM216414 Known

R1T 7577022 7577022 G A R174X 
R147X 
R306X 
R267X

Stop gain rs121913344 Known

R4T 7577138 7577138 C T R135Q 
G323A 
R108Q 
R267Q 
R228Q

Nonsynonymous NA COSM43923 Known

R4T 7578458 7578458 G A R26C 
R158C 
R119C

Nonsynonymous NA Known

L3T 7577121 7577121 G A R141C 
R273C 
R234C

Nonsynonymous rs121913343 Known

L5T 7578263 7578263 G A R64X 
R37X 
R196X 
R157X

Stop gain NA Known

KRAS/
Chr 12

R1T 25398284 25398284 C T G12D Non synony-
mous

rs121913529 COSM521 Known

R2T 25398284 25398284 C T G12D Non synony-
mous

rs121913529 COSM521 Known

R3T 25380283 25380283 C T A59T Non synony-
mous

rs121913528 COSM546 Known

ATM/
Chr11

R3T 108141828 108141828 A G Y959C Nonsynonymous NA NA Novel

R5T 108106477 108106477 G T G138X Stop gain NA NA Novel

NA = Not Available

Mohd Yunos R-I et al.

Table 6. Recurrent variants and mutated genes in proximal CRC

Sample ID Gene/ Chr Start End Ref Alt Protein Change Exonic Function dbSNP ID COSMIC ID Known / Novel

R2T, R5T C9orf50/ Chr9 132377900 132377900 C - R248fs Frameshift Dele-
tion

NA NA Novel

R1T, R4T GPR6/ Chr6 110301081 110301081 G A A256T, A271T Nonsynonymous NA COSM3429854

COSM3429853

Known

R1T, R2T KRAS/ Chr12 25398284 25398284 C T G12D Nonsynonymous rs121913529 COSM521

COSM1135366

Known

R3T, R4T ZNF337/ 
Chr20

25657029 25657029 G A R299X Stop gain NA NA Novel

R3T, R4T ZNF783/ Chr7 148963763 148963763 G A R121H Nonsynonymous NA NA Novel

NA = Not Available

Gene/
Chr

Sample 
ID

Start End Ref Alt Protein 
Change

Exonic Func-
tion

dbSNP ID COSMIC ID Known / Novel

APC/
Chr5

R1T 112175255 112175255 G T R1432X 
R1450X

Stop gain NA COSM18702 Known

R2T 112175639 112175639 C T 5214_5215GC 
5268_5269GC

Stop gain rs121913332 COSM13127 Known

R5T 112176559 112176560 TT GC E1304X 
E1322X

Nonframeshift

substitution

NA NA Novel

L1T 112162896 112162896 T G Y482X 
Y500X

Stop gain NA NA Novel

L2T 112175212 112175216 AAAAG - 1289_1291del 
1307_1309del

Frameshift

Deletion

NA COSM18764 Known

L4T 112175322 112175322 C G S1326X 
S1344X

Stop gain NA NA Novel

Table 5. Novel and known mutations in most frequently mutated genes in proximal and distal
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Discussion

CRC is a heterogeneous disease with the genetic landscape 
and clinical outcomes depend on the anatomic location of 
cancer. Many efforts have been made to unveil the genetic 
alterations and molecular features of colorectal cancer[38,51].  
Studies show that these alterations would determine the 
prognosis and response to treatment[8,52,53]. Nevertheless, 
how the anatomical location could have an impact on the 
molecular features and more importantly, the prognosis, is 
unknown. 

In this study, we analyzed somatic alterations between 
proximal and distal CRC in Malaysian patients. It has pro-
vided an insight into the identification of known and novel 
somatic mutations that suggest a relationship between the 
genomic alterations, cellular pathways, actionable genes 
and anatomical location of the tumour. Overall, we discov-
ered that proximal CRCs exhibited a higher number of so-
matic mutations and altered pathways as opposed to distal 
CRCs.  Proximal CRCs has been proven to have increased 
mutational burden, with higher rates of microsatellite in-
stability as compared to distal colon and rectal cancers[54]. 
These results may account for the poor prognosis of proxi-
mal CRC patients.

Based on CRC TCGA data published in 2012 (accessed 
through cBioPortal), 16.1% of distal CRC and 47.1% 
proximal CRC were microsatellite instable (MSI), while 
83.2% of distal and 52.7% of proximal CRC were micro-
satellite stable (MSS)[55]. Even though generally, MSI CRC 
accounted for approximately 15% of sporadic CRCs, the 
frequency of MSI was higher in proximal CRCs[55]. MSI 
cancers were shown to have eight times more somatic non-
synonymous variants than MSS cancers[56]. However, we 
are unable to perform MSI determination status due to the 
lack of tissue for staining. 

The Wnt signalling and EGFR pathways are among the 
commonly affected pathways in CRC tumorigenesis[57,58]. 
To identify possible pathway differences in proximal and 
distal, we performed pathway analysis using IPA. We dis-
covered that the most enriched pathways are the Wnt and 
the growth factor signalling pathways. Ninety per cent 
(90%) of our patients in this discovery set, irrespective 

of their anatomical location, had a mutation in one or 
more members of the Wnt signalling pathway, predomi-
nantly in APC. The frequency of mutated APC gene 
across proximal and distal CRC patients in our study is 
60% (Figure 2). This is in concordance with recent find-
ings where they discovered over 50% of the recruited 
patients in the study exhibited altered Wnt signalling 
pathway with APC being the most significantly mutated 
gene[38,59].

Wnt signalling pathway activation is required for main-
tenance of colorectal tumours harbouring APC mu-
tations[60]. Inactivating APC mutations occur in about 
85% of CRCs, resulting in β-catenin stabilization and 
increased signalling through the Tcf/Lef transcription 
factors. Mutant β-catenin is free to enter the nucleus and 
constitutively activates transcription through Tcfs[61]. 
β-catenin inhibition in vivo strongly inhibited the growth 
of established APC-mutant colorectal tumour xeno-
grafts[60]. In our small set of patients, those with wild 
type APC gene (R3T and L5T) harboured at least one 
mutation in the CTNNB1 gene (Figure 1A), resulting in 
altered Wnt signalling pathway. It has been shown that 
up to 50% of CRC with wild type APC gene were found 
to have CTNNB1 mutations[62]. 

From our analyses, we also found that the TP53 sig-
nalling pathway was altered in both proximal and dis-
tal CRCs. With a frequency of 40%, TP53 is the sec-
ond commonest altered gene in our study. Similarly, 
TP53 gene mutations in an Iranian cohort of CRC pa-
tients occurred as frequent as in other studies with equal 
distribution, suggesting no differences across the ana-
tomic location[63,64]. However, our findings were in con-
trast with another study which different mutation spectra 
of TP53 was observed depending on proximal or distally 
located tumour[65]. Alteration of TP53 may have differ-
ent prognostic significance depending on the ethnic 
group[66], an anatomic subsite of the colon[65,66] and stage 
of disease[67,68]. There is convincing evidence that pa-
tients with wild-type TP53 gained survival benefit from 
the use of 5-fluorouracil (5FU)-based chemotherapy[69]. 
Conversely, patients with mutant p53 do not gain this 
survival benefit[70]. We identified six patients with wild 
type TP53 and these patients could potentially benefit 

Table 7. Validation of mutation frequency in proximal and distal CRC of TCGA patients

This study TCGA CRC

Gene Proximal CRC (%) Distal CRC (%) p-value Proximal CRC (%) Distal CRC (%) p-value

KRAS 60 0 0.0001 29 26 n.s

ATM 40 0 0.0001 10 4 n.s

ZNF337 40 0 0.0001 9 0 0.003

C9ORF50 40 0 0.0001 3 0 n.s

GPR6 40 0 0.0001 5 2 n.s

ZNF783 40 0 0.0001 4 1 n.s

PIK3CA 20 0 0.0001 28 14 0.02

ACVR2A 40 20 0.0032 15 3 0.005

TP53 40 60 0.0071 40 61 0.004

n.s = not significant

Whole exome sequencing...       
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from 5FU based chemotherapy. However, we postulated that 
four TP53 mutated patients, in our study, might not gain a 
survival benefit from 5FU treatment. 

In addition, the ATM gene which plays a significant role in 
the TP53 signalling pathway was found to be mutated in 40% 
of the proximal CRC patients. For the patients with mutated 
ATM and wild type TP53 (R3 and R5) they have the addi-
tional option of the ATM/ATR Kinase inhibitor as the alterna-
tive treatment. A study by Batey and colleague demonstrated 
that ATM is a valid target for the development of drugs de-
signed to improve the activity of certain cytotoxic anticancer 
therapies[71]. Small molecule inhibitors of ATM are currently 
in preclinical and clinical development. KU59403 is the first 
ATM inhibitor to show good tissue distribution and signifi-
cant chemosensitization in in vivo models of human cancer, 
without major toxicity. This preclinical data of the ATM in-
hibitor was utilised to support the future clinical development 
of ATM inhibitors[71]. The tumour progression and response 
towards treatment are believed to be dependent on both ATM 
and TP53 status[72]. For instance, ATM signalling is necessary 
for the survival of TP53-deficient cells after DNA damage; 
whereas in cancers with wild type TP53, inactivation of ATM 
allows the survival of genomically unstable cells and induces 
chemoresistance[73]. In TP53-deficient settings, inhibition of 
ATM dramatically sensitizes tumours to DNA-damaging che-
motherapy, whereas, conversely, in the presence of functional 
TP53, inhibition of ATM actually promotes resistance effect 
towards chemotherapy[73]. Thus, the specific set of alterations 
induced during tumour development play an important role in 
determining both the tumour response towards chemotherapy 
and specific susceptibilities to targeted therapies in a given 
cancer type.

We highlighted here five genes which were of particular in-
terest due to being recurrently mutated exclusively in proxi-
mal CRCs. Out of these six recurrently mutated genes, KRAS 
and GPR6 are known to be involved in cancer, as reported in 
COSMIC. In our small set of data, we found three patients 
of proximal CRC (R1, R2 and R3) harbouring at least one of 
KRAS druggable targeted variants in KRAS Exon 2 (G12D) 
and KRAS Exon 3 (A59T) and none were found in distal CRC 
patients. Previous studies also identified that KRAS-mutated 
carcinomas are more frequently found in the proximal co-
lon[74,75]. Activating KRAS mutations have been proven to 
predict a lack of response to anti-EGFR therapy in patients 
with metastatic colorectal cancer (mCRC). The combination 
regimen of Panitumumab and Oxaliplatin have no value in 
metastatic colorectal cancer patients with mutated KRAS[76]. 
A substantial group of mCRC patients with mutated KRAS 
acquired resistance to anti-EGFR treatment cetuximab and 
a study has suggested an early initiation of MEK inhibitor 
to delay or reverse the drug resistance[77]. Testing for KRAS 
exon 2 mutation is currently recommended to guide decisions 
regarding the eligibility for anti-EGFR therapy in mCRC. 
Profiling of tumour-specific genetic marker will help to guide 
the selection of patients who are likely to have a response to a 
particular treatment and prevent adverse effects on those who 
are unlikely to benefit.

The GPR6 gene was mutated uniquely in two patients with 
proximal CRC. GPR6 protein plays an important role in sig-
nal transmission and regulates many cellular functions. There 
are pieces of evidence implicating the GPR6 protein and its 

downstream signalling targets are involved in cancer 
initiation and progression, where it can influence cell 
growth and survival through the activation of AKT/
mTOR and MAPK pathways[78]. Cancer cells may ex-
ploit this pathway which can result in the promotion 
of tumour growth, angiogenesis and metastasis to dis-
tant sites[79]. Findings of recurrently altered GPR6 gene 
unique to the proximal CRC patients may explain the 
poor prognosis and low survival rate in these patients. 
By directly targeting GPR6 or its downstream signal-
ling components, it may help to identify novel therapeu-
tic opportunities for cancer prevention and treatment. 
However, further investigations will be warranted to 
examine the potential impact of this mutation.

Exome sequencing may lead to the discovery of novel 
targets, driver mutations as well as novel colorectal can-
cer-predisposing mutations. This application is getting 
more common in clinical practice and represents a cost-
effective approach to characterize somatic mutations. 
This discovery study in our own local CRC patients 
provides a number of insights into the differences in 
genetic landscape of proximal and distal and identifies 
potential therapeutic targets in particular to the anatom-
ic subsites of CRC, specifically in Malaysian patients. 
Nevertheless, further study in a larger series of samples 
coupled with functional studies will be needed to con-
firm the identified variants and determine their role in 
the genesis of proximal and distal CRCs.
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