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1 | INTRODUCTION

Abstract

Endothelial PAS domain-containing protein 1 (EPAS1) has implications in many can-
cers. However, the molecular behaviours, functional roles and mutational status of
EPASI have never been studied in colorectal carcinoma (CRC). The study aims to
examine the genetic alterations and functional roles of EPAS/ in CRC. In addition,
the clinical impacts of EPASI in CRC were studied. Significant EPAS] DNA ampli-
fication (63.4%; n = 52/82) and consequent mRNA overexpression (72%; n = 59/82)
were noted in patients with CRC. In CRC, 16% (n = 13/82) of the patients had mu-
tations in the EPASI coding sequence and most of the mutated samples exhibited
aberrant DNA changes and mRNA overexpression. We have identified two novel
variants, ¢.1084C>T; p.L362L and ¢.1121T>G; p.F374C in CRC. These EPASI ab-
errations in CRC were correlated with clinicopathological parameters, including tu-
mour size, histological grade, T-stages, cancer perforation as well as the presence of
synchronous cancer. Also, reduced cell proliferation, wound healing, migration and
invasion were noted in colon cancer cells followed by EPAS] silencing. To conclude,
the results obtained from the current study indicated that EPAS/ plays important role
in colorectal carcinogenesis, thus, could be useful as a prognostic marker and as a

target for therapy development.
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o or 2o and HIF3a subunits. These HIF1a isomers are en-

In low oxygen tension (hypoxia), the hypoxia-inducible factor
1 (HIF1) interacts with the hypoxia response element, result-
ing in the regulation of many genes expression involved with
iron, glucose metabolism, cell proliferation, angiogenesis and
cells’ survival.'? HIF1p subunit is constitutively expressed,
whereas the HIF1a subunit undergoes post-translational deg-
radation under normal oxygen concentration condition.’ The
functioning HIF1 is a heterodimer, composed of a § and an

coded by the HIFIA, EPASI and HIF3A genes, respectively.3
The HIF2a also known as EPAS1 (endothelial PAS domain-
containing protein 1 is an oxygen-sensitive component of
HIF1).

Several cancers including colorectal, glioma, pheochro-
mocytoma, neuroblastoma, hepatic carcinoma, renal car-
cinoma and non-small cell lung carcinomas are associated
with the molecular deregulation of EPASI 413 In colorec-
tal carcinoma (CRC), the expression of EPAS1 has been
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associated with the pathological stages, histological grade,
size, recurrence and survival of the patients.7’13’19 For exam-
ple, the expression of EPASI protein is inversely associated
with the higher grade of tumours.!” EPAS] mRNA level in
plasma was correlated with advanced stages (stage III and
stage IV) and poor survival of patients with CRC." In ad-
dition, the expression of EPAS1 protein was directly asso-
ciated with micro-vessel density and cyclooxygenase two
expressions (the mediator of angiogenesis) in tissue samples
of patients with CRC." In contrast, Imamura and colleagues
noted that the loss of EPAS1 expression was strongly as-
sociated with advanced tumour stage along with increased
vascular endothelial growth factor (VEGF) expression and
increased in vitro angiogenesis.15 Accordingly, suppression
of EPASI induced enhanced anchorage-independent tu-
mour growth in vitro and tumour formation in vivo in xe-
notransplant mouse."” Furthermore, a significantly reduced
expression of EPAS] mRNA was observed in primary CRC
tissues when compared to non-cancerous colorectal tissues. '
Nevertheless, the molecular roles of EPAS1 in the pathogen-
esis of CRC remain controversial.

Mutations in the EPASI sequence are associated with
several neoplasms, including paraganglioma, pheochromo-
cytoma and pancreatic adenocarcinoma.' 202 Lynch syn-
drome, also known as hereditary non-polyposis colorectal
cancer, is a type of familial cancer syndrome. Patients and

their family members have an increased risk of development
of the different types of cancers, especially CRC.* Mutations
in EPASI are also noted in patients with Lynch syndrome.
However, the screening of EPASI mutations, molecular de-
regulations of EPASI and their Clinicopathological implica-
tions in CRC patients has not been described in the English
literature. Thus, we aim to screen EPASI mutations in CRC
tissue samples and to examine the association of the muta-
tions with different clinicopathological factors. In addition,
EPAS1 DNA copy number and mRNA expression changes
and their clinicopathological correlations as well as EPAS]
induced cellular changes in colon cancer cells were investi-
gated. The flow diagram of the experimental design of the
current study is given in Figure 1.

2 | MATERIALS AND METHODS
2.1 | Patients and Clinicopathological
features

Tumour and matched non-cancer (near the surgical resection
margin) tissues from the patient who underwent resection of
CRCs were prospectively collected from 2012 to 2014. The
samples were collected consecutively during the period of
study with no selection bias and the collected samples were

Prospectively collected CRC and
matched non-neoplastic samples
(0=121) Excluded (n=39)
\ No good histology
Lost of follow up
Included in this study (n=82)
(Stage I, n=9; stage II, n=34;
stage III, n=19; stage IV, n=20)
EPASI copy number analysis in primary EPASI mutations analysis by EPASI mRNA expression in
tumour: HRM in primary tumour: primary tumour:
Deletion (fold change < 2) (n=30; 37%) Positive (n=18; 22%) Low (fold change < 2) (n=24; 29%)
Amplification (fold change > 2) (n=52; 63%) || Negative (n=64; 78%) High (fold change > 2) (n=58; 71%)

l

| EPASI mutation analysis by sanger sequencing |

Mutation positive:
Stage I & II (n=9; 69%)
Stage III & IV (n=4; 31%)

Mutation negative:
Stage I & II (n=34; 49%)
Stage III & IV (n=35; 51%)

FIGURE 1

Schematic flow diagram of the methodology used for clinical samples analysis in the current study. Patients with colorectal

carcinoma (CRC) (stages I to IV) who had surgical resection of tumours by a specific surgeon were included in this study. Whereas patients with no

follow-up and poor histology were excluded from the present study
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stored at —80°C followed by snap-frozen in liquid nitrogen.
This study only included conventional adenocarcinoma.
Tissue samples with not enough tumour for histological ex-
amination and with no patient’s follow-up information were
not included in this study. Ethics approval was granted for
the study and written informed approval was acquired from
all the adult individuals (over 18 years) for the use of clinical
data in research. All the methods were carried out in accord-
ance with relevant guidelines and regulations.

Tumour tissues were sectioned, stained with haematox-
ylin & eosin for light microscopic histological examination.
Clinicopathological parameters of the samples were analysed
and recorded from the histological examination. Then, they
were graded, classified and staged pathologically following
the Fifth edition of the World Health Organization (WHO)
classification of Digestive system tumours guidelines.24 The
demographical data, presence of tumour perforation, associ-
ated adenoma and synchronous carcinomas of the patients
were recorded. Tumour perforation is perforation at the
site of tumour and could increase the likelihood of tumour
spread. Adenoma is a precursor of adenocarcinoma. In this
study, the presence of adenoma was recorded at the time of
pathological examination, before or follow-up after the sur-
gery of adenocarcinoma. Synchronous CRC is defined as the
presence of more than one primary CRC noted at the time of
surgery.25 The presence of synchronous cancer increases the
tumour volume and has an impact of patients’ management.

After reviewing the histology, 82 patients (female 42; male
40) with CRC were included for analysis in this study. The
age range of the patients was 31-91 years with a mean age
of 68 years. The site of the cancer in the colorectum and size
(mm) of the tumour were documented followed by the mac-
roscopic examination of the resected specimen. Carcinomas
in the caecum, ascending and transverse colon is defined as
proximal carcinomas (right sided cancers), whereas cancers
in descending, sigmoid colon and rectum were categorized as
distal carcinomas (left sided cancers). Overall, 83% (n = 68)
of the cancers were proximal carcinomas, while 17% (n = 14)
were distal carcinomas. Also, 21% (n = 17) of the carcinomas
had lymph node metastasis. There were 11% (n = 9) stage I,
41.5% (n = 34) stage 11, 23.1% (n = 19) stage I1I and 24.4%
(n = 20) stage IV carcinomas.

A multi-disciplinary pre-agreed standardised protocol
was used for the clinical management of the patients. Pre-
operative and post-operative adjuvant therapies were given
based on the clinical protocols and pathological parameters
of cancer. The interval between the date of surgery and the
date of patient’s death or closing date of the study was used
as the follow-up time for the patients with CRC. Whereas
the date of surgical resection of the tumours to the last fol-
low-up or date of death of patients was used to calculate the
actuarial survival rate. Also, patient’s death only related to
CRC was recorded as the endpoint in the statistical analysis.
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Furthermore, the persistence or recurrence of CRC was
recorded.

2.2 | Extraction of DNA and RNA

Genomic DNA and total RNA were extracted from cryostat
(Leica Biosystems) tissue sections (7 pm). The sections hav-
ing 70% or more volume of samples as cancer tissue were
used for DNA and RNA extractions. DNA was extracted
using DNeasy Blood and Tissue kit (Qiagen Pty. Ltd.)
from tissues and cells following the manufacturer’s guide-
lines. Total RNA was extracted using miRNeasy Mini kit
(Qiagen) from fresh frozen tissues and cells followed by
manufacturer’s guidelines. The purity of the extracted DNA
and RNA was checked using a nano-drop spectrophotom-
eter. The extracted samples are kept at —20°C for subsequent
examinations.

2.3 | Quantitative real-time PCR

QuantStudio 6 Flex Real-Time PCR system (Thermo
Fisher Scientific) was used to examine EPASI DNA copy
number changes in CRC and adjacent non-cancerous tissue
(n = 82) samples. In short, 20 ul of reaction mixture com-
prising of 10 ul of DyNAmo Flash SYBR green master mix
(Bio-Rad), 1.5 pl of forward/reverse primers (5 umol/L),
3 ul of DNA (50 ng/ul) and 4 pl of diethylpyrocarbonate-
treated water was used for qPCR according to the previ-
ously published protocol.26 Couples of genes such as
B-actin, 18s, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were sued to normalise the amplification results.
Fold changes are used as the level of EPAS] DNA number
variations. In this study, 279" oqyation was used
to calculate the fold changes as reported earlier.””*® Fold
changes of more than two were used as EPAS] DNA am-
plification, whereas fold changes of two or less were used
as EPASI DNA deletion.

For quantitative EPASI mRNA expression analysis,
DyNAmo cDNA synthesis kit (Qiagen) was used to generate
the cDNA first strand.”’ Then, a 20 pul of reaction mixture
comprising of 10 pul of DyNAmo Flash SYBR green master
mix (Bio-Rad), 1.5 ul of forward/reverse primers (5 umol/L),
1 ul of cDNA (50 ng/ul) and 4 pl of diethylpyrocarbonate-
treated water was used for qPCR according to the previously
published protocol.26 EPAST mRNA amplification efficien-
cies were normalised to multiple genes such as f-actin, 18s
and GAPDH and the results were shown as the ratio of ex-
pression (EPASI mRNA normalised to GPADH mRNA). As
describe earlier, 27 10aIdelalCt o 0 yation was used to calculate
EPAS] mRNA fold changes.”” Similar to the DNA copy
number changes, fold changes of more than two were used
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as high EPAS] mRNA expression, whereas fold changes of
two or less were used as low EPASI mRNA expression. Also,
the expression ratio determined by p-actin showed a similar
trend, thus, not presented for redundancy.

2.4 | High-resolution melt curve analysis

The presence of mutations in the EPASI sequence (both
in carcinomas and matched non-cancer) was screened by
HRM analysis. The target sequence was amplified using
the Rotor-Gene Q detection system (Qiagen). Then, Rotor-
Gene ScreenClust HRM Software was used to analyse HRM
curves. A 10 pl of reaction mixture containing 5 pl of 2X
SensiMix HRM master mix (Bioline Aust Pty Ltd), 1 pl
(30 ng/ul) of DNA, 2 ul of diethylpyrocarbonate-treated
water and 1 pl of forward/reverse EPASI primers (5 umol/L)
was used to PCR amplify the EPASI sequence. The thermal
profile used for this analysis was the same as a previously
published protocol.29 An NTC (no template control) sample
was included in each PCR run. Temperature increment from
65 to 85°C was used to generate the melt curve data with a
temperature increase rate of 0.05°C/s and recording fluores-
cence. The amplicon, primers and product sizes are given in
supplementary (SI Table 1).

2.5 | PCR products purification and
analysis of Sanger sequencing

EPAS]I variants detected by HRM analysis were validated
by Sanger sequencing. NucleoSpin Gel and PCR Clean-up
kit (Macherey-Nagel) were used to purify the PCR products
of mutant samples identified by HRM analysis following the
manufacturer’s guidelines. The purified PCR products were
sequenced using Big Dye Terminator Chemistry Version 3.1
(Applied Biosystems) under standardised PCR conditions.
The 96-capillary 3730x] DNA analyser (Applied Biosystems)
was used to generate the Sanger sequencing and Sequence
Scanner 2 software (Applied Biosystems) was used at the
Australian Genome Research Facility to analyse the gener-
ated data.

2.6 | Computational prediction

Ensembl transcript ID ENST00000263734 was used as input
in computational analysis. Freely available tools such as
Mutation Taster (NCBN 37 and Ensembl 69 data release)
Protein variation effect analyser (PROVEAN) and Sorting
intolerant from tolerant (SIFT) were used to analyse all the
variants for their effects on proteins structure and functional-
ity.® Also, ExAc and 1000 Genomes variants databases were

checked to identify the novelty of the variants. A —2.5 and
0.05 cut-off values were used for PROVEAN and SIFT, re-
spectively, for predicting the pathogenicity of the variants in
the present study.

2.7 | Cell culture

SW480, SW48, Lovo and HCT116 colon cancer cell lines
and FHC, a non-neoplastic colon epithelial cell were used in
the present study. All the cell lines were purchased from the
American type culture collection and the cells were cultured
and maintained as described previously.31

2.8 | Transfection of cells

SW480 and Lovo cells were seeded (2 X 10* cells/cmz) into 24-
wells plate in Roswell Park Memorial Institute (RPMI)-1640
medium, supplemented with 10% foetal bovine serum (FBS)
and 1% penicillin/streptomycin. After 24h of initial seed-
ing, the cells were transfected using EPASI siRNA silencer
(Qiagen) sequence (SW480_EPASl and Lovo_EPASI) and
scramble siRNA (Qiagen) sequence (SW480%" and Lovo>®)
at a concentration of 15 and 10 nM, respectively, according to
the previously published protocol with some modifications.”
The transfected cells (SW480_EP AST and Lovo EPAS! ), scram-
ble siRNA-treated cells (SW480"5" and Lovo*>®") and trans-
fected reagents-treated cells (SW480™4¥P¢ and Lovo™!4¥P¢)
were used for functional assays (SI Figure 1).

2.9 | Western blot analysis

After 24 h of transfection, the cells were collected and the total
proteins were extracted using lysis buffer (Bio-Rad). Then,
the concentration of total proteins was estimated using a BCA
assay kit (Thermo Fisher). For blotting, 30 pg of total protein
was separated using SDS-PAGE (4-15% Bio-Rad mini gels).
Then, the Turbo Trans-blot transfer system was used to trans-
fer the proteins to polyvinylidene fluoride (PVDF) membranes
(Bio-Rad). Subsequently, the membranes were incubated with
EPAS1 and GAPDH (mouse monoclonal) antibody at a dilu-
tion of 1:1000 overnight with gentle shaking at 4°C. Finally, the
membranes were incubated with secondary antibody at a dilu-
tion of 1:2000 for 2 h at room temperature and protein signals
were detected by following the protocol previously published.32

2.10 | Proliferation assay

The effect of EPASI on colon cancer cell proliferation, a
cell counting kit called CCK-8 (Sigma-Aldrich) was used as
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EPASI copy number variations and Features Number Amplification Deletion p-value
Clinicopathological factors in colorectal Total patients 82 52 (63.4%) 30 (36.6%) —
carcinoma (CRC) patients Gender 40 (48.8%) 24 (60.0%) 16 (40.0%) 0.34
Male
Female 42 (51.2%) 28 (66.7%) 14 (33.3%)
Age 40 (48.8%) 26 (65.0%) 14 (35.0%) 0.47
<70
>70 42 (51.2%) 26 (61.9%) 16 (38.1%)
Site
Proximal 68 (82.9%) 44 (64.7%) 24 (35.3%) 0.40
Distal 14 (17.1%) 8(57.1 %) 6 (42.9%)
Size
<40 44 (53.7%) 24 (54.6%) 20 (45.4%) 0.05
>40 38 (46.3%) 28 (73.7%) 10 (26.3%)
Perforation
Yes 10 (12.2%) 9 (90.0%) 1 (10.0%) 0.05
No 72 (87.8%) 43 (59.7%) 29 (40.3%)
Synchronous cancer
Yes 7 (8.5%) 7 (100%) 0 (0%) 0.03
No 75 (91.5%) 45 (60.0%) 30 (40.0%)
Grade
Well 12 (14.6%) 8 (66.7%) 4 (33.3%) 0.96
Moderate 57 (69.5%) 36 (63.2%) 21 (36.8%)
Poor 13 (15.9%) 8 (61.5%) 5 (38.5%)
Distant metastasis
Yes 19 (23.2%) 13 (68.4%) 6 (31.6%) 0.40
No 63 (76.8%) 39 (61.9%) 24 (38.1%)
Stage
I 9 (10.9%) 6 (66.7%) 3(33.3%) 0.86
1I 34 (41.5%) 20 (58.9%) 14 (41.1%)
111 19 (23.2%) 7 (36.9%) 12 (53.1%)
v 20 (24.4%) 14 (70.0%) 6 (30.0%)
Pre-operative chemo-radiotherapy
Yes 6 (7.3%) 3 (50.0%) 3 (50.0%) 0.38
No 76 (92.7%) 49 (64.5%) 27 (35.5%)

Note: Synchronous cancer means more than one primary cancer in the colon.

previously described. > Briefly, 1 X 10* SW480 and Lovo
cells were seeded in a flat-bottom 96-well plate and cul-
tured for 24 h. Then, EPASI siRNA silencer sequence and
scramble siRNA sequence were added to the as previously
described.>® The proliferation of cells followed by transfec-
tion on days 0-3 was determined using CCK-8.

2.11 | Colony formation assay

The clonogenic capacity of SW480 and Lovo cells followed
by EPASI suppression was studied by colony formation

assay.33 For this, equal numbers of SW480 and Lovo cells
were seeded in six-well plates and then SW480 and Lovo
cells were transfected with EPASI and scrambled siRNA.
After that, treated and control cells were cultured at 37°C
in 5% CO, until colonies were noted under a microscope.
When the microscopic clones were detected, cells were
fixed using 70% ice-cold ethanol at room temperature for
15 min. Then, the fixed clones were stained with 0.5% crys-
tal violet at room temperature for 2 h. The plates were then
air-dried followed by washing with tap water. Finally, im-
ages of the plates were taken and clone formation rates were
calculated.
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2.12 | Wound healing assay

A scratch/wound healing assay was used to study the impact
of EPASI silencing of colon cancer cells migration capacity
followed the protocol previously published.34 For this ex-
periment, cancer cells (SW480 and Lovo) were cultured up
to 70-80% confluency as a monolayer in a six-wells plate.
Then, the scratches were generated using 200 pl pipette tips
through the middle of the plate. Subsequently, EPASI and
controls siRNAs were added to the wells and then the plates
were left for recovering the generated wounds. During the
experiment, images of the cells were taken to examine the
changes on days 0-2. Finally, the wound areas on differ-
ent days were measured and compared with Image J 1.48
software.

2.13 | Invasion and migration assay

EPASI silencing effects on cancer cell invasion and mi-
gration were examined by the basement membrane ex-
tract (BME)-coated invasion assay kit (Trevigen Inc.) as
previously described.” In brief, cells (SW480 and Lovo)
were grown up to 80% confluency and then cultured 24 h
in serum-free medium. These serum-starved cells were
collected and resuspended (1 X 10° cells/ml) in growth
medium. Then, 50 pl of cell suspension was added at the
top chamber of 96-wells plate and transfection complex
(EPASI or scramble siRNA, HiPerFect, a transfection rea-
gent) was added to the cells. The cells treated with EPAS]
and scramble siRNA were cultured for another 48 h in
complete growth media. Then, cell dissociation solution/
Calcein AM (100 pl) was added in the lower chamber.
These Calcein AM internalised to the invaded and migrated
cells, which was cleaved by intracellular esterase, resulting
in the generation of a bright fluorophore. The generated flu-
orescence (equivalent to the invaded cells) was measured
using POLARstar Omega multi-mode microplate reader
(BMGLABTECH).

2.14 | Statistical analysis

In statistical analysis, chi-square test, likelihood ratio and
Fisher's exact test were used for comparisons between vari-
able groups. The experiments were carried out in triplicate
and Statistical Package for Social Sciences for Windows
(version 27.0, IBM SPSS Inc.) was used to execute the anal-
ysis. Kaplan-Meier method was used for survival analysis.
The quantitative data are presented as mean +SD (standard
deviation) and the significance level was taken at p < 0.05.
*p < 0.05, **p < 0.01 and ***p < 0.001 in comparison to
that of control groups.

3 | RESULTS
3.1 | EPASI DNA amplification and mRNA
overexpression in colorectal cancers

In CRC, 63.4% (n = 52/82) of cancer tissue samples
showed EPASI copy number amplification, whereas 18.3%
(n = 15/82) exhibited EPAS] DNA deletion when compared
to the matched non-cancer tissues (Figure 2A). However,
other samples (18.3%; n = 15/82) showed no alterations in
EPASI DNA numbers. The association of EPAST DNA num-
ber changes with clinicopathological parameters of patients is
shown in Table 1. The trends of EPAS1 copy number amplifi-
cation were related to larger tumour size, presence of tumour
perforation and occurrence of synchronous CRCs (Table 1).
More perceivably, 78% (n = 28/38) of patients having larger
tumour (larger than 40 mm in diameter) showed amplified
EPASI DNA when compared to those of 54% (n = 24/44)
of the patient bearing smaller tumour (40 mm or smaller in
diameter) (Table 1). Similarly, CRC with perforation had a
higher EPASI DNA amplification when compared with those
without perforation (90% vs. 60%; Table 1). Importantly,
100% (n = 7/7) of patients with synchronous CRC showed
EPASI DNA amplification, whereas only 60% (n = 45/75)
of patients without synchronous CRC showed EPASI DNA
amplification (p = 0.03; Table 1).

EPAST mRNA expression in CRCs and adjacent non-
cancerous tissues is shown in Figure 2B. Expression of
EPAS] mRNA in cancer was significantly (p < 0.001)
higher when compared to that in matched non-cancer tissues
(0.83 + 0.05 vs. 0.76 + 0.06). In addition, the expression of
EPASI mRNA in colon cancer cells was significantly higher
when compared with non-neoplastic colon epithelial cells
(Figure 2C). Amongst the CRCs, 72% (n = 59/82) patients
exhibited overexpressed EPAS] mRNA whereas only 28%
(n = 23/82) patients had shown lower expression of EPASI
mRNA.

Expression of EPAS] mRNA was correlated with the
clinicopathological factors such as T-stage, N-stage, pres-
ence of associated adenoma, use of pre-operative chemo-
radiotherapy and the ethnic origin of patients with colorectal
adenocarcinomas (Table 2). Overall, 81% (n = 35/43) of CRC
having associated adenoma exhibited high EPAS7 mRNA ex-
pression, whereas 59% (n = 23/39) of CRC having no associ-
ated adenoma had high EPAST mRNA expression (p = 0.02).
In addition, higher frequency (more than 75%) of cancers
of T-stages one to three exhibited high EPAS] mRNA ex-
pression, while only 43% of cancers of T-stage four showed
high EPASI mRNA expression (p = 0.01). Similarly, high
EPASI mRNA expression was associated with CRC with-
out lymph node metastasis (p = 0.03). Importantly, EPAS]
mRNA overexpression was noted more often in cancers with-
out pre-operative chemo-radiotherapy (73.7% vs. 33.3%). In
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FIGURE 2 Deregulation of EPAS] DNA number and mRNA expression in colorectal carcinoma (CRC) and cancer cells. (A) Tissues from
CRC had shown a significant amplified EPAS/ DNA number when compared to that of matched non-cancerous samples. (B) Likewise, CRC

patients showed a significant EPAS1 overexpression when compared to that of matched non-cancerous samples (p < 0.05). (C) Colon cancer cells

derived from different stages exhibited higher EPAS] mRNA when compared with non-cancer cells (FHC)

addition, 81.4% (n = 35/43) of cancers with associated ade-
noma showed EPAS] mRNA overexpression, whereas 59%
(n = 23/39) of cancer without associated adenoma CRC had
shown EPAST mRNA overexpression (p = 0.02; Table 2).
Interestingly, 65.7% (n = 44/67) of cancers from patients
born in Australia or New Zealand showed EPAS] mRNA
overexpression, whereas 93.3% (n = 14/15) of cancers from
patients born overseas exhibited EPAS] mRNA overexpres-
sion (p = 0.02; Table 2).

Additionally, the overall median follow-up of CRC pa-
tients in the current study was 59 months. It was noted that the
pathological stages of cancer associated with survival rates of
the patients (p = 0.0001). Patients with CRC having copy
number amplification and expressing higher EPAS] mRNA
had better survival time (4 and 5 months, respectively) when
compared to those with EPASI copy number deletion and
lower mRNA expression. Nonetheless, the survival time dif-
ference between the groups did not reach a statistical signif-
icance (p > 0.05).

3.2 | Detection of EPASI variant in
colorectal tissues

EPASI sequence variants were first suspected based on
the distinctive HRM melting curve and then validated by
Sanger sequencing. In colorectal cancer, 16% (n = 13/82)
patients had shown EPASI mutations in the present study
(Table 3). All the mutations were detected in cancerous tis-
sues and no mutation was found in adjacent non-neoplastic
tissues. Amongst these mutant samples, we have identi-
fied two variants (c.1084C>T and c.1121T>G) in the cod-
ing region of EPASI (Figure 3A,B). Of the two mutations,
c.1121T>G (p.F374C) was identified as substitutional mu-
tations, whereas c.1084C>T (p.L362L) was a synonymous
mutation.

The probable impacts of the mutations on protein
structures and functionality projected by Mutation Taster,
PROVEAN and SIFT are shown in Table 3. It was noted
that the effects of the variants detected in this study on
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Features

Total patients

Gender
Male

Female
Age
<70

>70
Birthplace

Australia/NZ born
Overseas born
Site
Proximal
Distal
Size
<40
>40
Perforation
Yes
No
Associated adenoma
Yes
No
Grade
Well
Moderate
Poor
T-stage
1
11
1
v
N-stage
Yes
No
Distant metastasis
Yes
No
Pathological stage
I1&10
I & IV

Number

82
40 (48.8%)

42 (51.2%)
40 (48.8%)

42 (51.2%)

67 (81.7%)
15 (18.3%)

68 (82.9%)
14 (17.1%)

44 (53.7%)
38 (46.3%)

10 (12.2%)
72 (87.8%)

43 (52.4%)
39 (47.6%)

12 (14.6%)
57 (69.5%)
13 (15.9%)

2 (2.4%)
8 (9.8%)
51 (62.2%)
21 (25.6%)

37 (45.1%)
45 (54.9%)

19 (23.2%)
63 (76.8%)

43 (52.4%)
39 (47.6%)

Pre-operative chemo-radiotherapy

Yes
No

6 (7.3%)
76 (92.7%)

ISLAM ET AL.

High

expression
58 (70.7%)
26 (65.0%)

32 (76.2%)
27 (67.5%)

31 (73.8%)

44 (65.7%)
14 (93.3%)

51 (75.0%)
7 (50.0 %)

32 (72.7%)
26 (68.4%)

5 (50.0%)
53 (73.6%)

35 (81.4%)
23 (59.0%)

9 (75.0%)
39 (68.4%)
10 (76.9%)

2 (100%)
6 (75.0%)
41 (80.4%)
9 (42.9%)

22 (59.5%)
36 (80.0%)

13 (68.4%)
45 (71.4%)

34 (79.1%)
24 (61.5%)

2 (33.3%)
56 (73.7%)

Low
expression

24 (29.3%)
14 (35.0%)

10 (23.8%)
13 (32.5%)

11 (26.2%)

23 (34.3%)
1 (6.7%)

17 (25.0%)
7 (50.0%)

12 (27.3%)
12 31.6%)

5 (50.0%)
19 (26.4%)

8 (18.6%)
16 (41.0%)

3 (25.0%)
18 (31.6%)
3(23.1%)

0 (0.0%)

2 (25.0%)
10 (19.6%)
12 (57.1%)

15 (40.5%)
9 (20.0%)

6 (31.6%)
18 (28.6%)

9 (20.9%)
15 (38.5%)

4 (66.7%)
20 (26.3%)

p-value

0.19

0.35

0.02

0.06

0.42

0.12

0.02

0.78

0.01

0.03

0.50

0.06

0.05

TABLE 2 Relationship between EPAS/
mRNA expression and Clinicopathological
factors of colorectal carcinoma (CRC)
patients
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(&) HRM Sanger sequencing
[ Wild v Mutant
AATCCCTGTTCAAG AATCCCIC ITGTTCAAG

MMMWMMM\M

GCATCTT/GTGATAGCA

GCATCTTTGATAGCA

(D) Higher grade tumour without EPASI mutations

FIGURE 3 Novel mutations in EPAS] identifies in colorectal carcinomas (CRCs). (A) Comparative HRM curve and chromatograph for the
synonymous variant ¢.1084C>T (p.L362L). (B) Comparative HRM curve and chromatograph for the substitutional variant ¢.1121T>G (p.F374C).

(C) Histology of low grade (moderately differentiated) CRC harbouring EPASI mutations (scale bar = 100 pm). (D) Histology of high-grade
(poorly differentiated) CRC without EPAS] mutations (scale bare = 100 pm)

the functionality of protein were predicted as deleteri-
ous or damaging (Table 3). Furthermore, to the best of
our knowledge, ExAc and 1000 Genomes variant data-
bases and PubMed search could not identify the detected
variants.

The association of EPASI mutations with clinicopath-
ological parameter in patients with CRC is shown in Table
4. Mutations in the EPASI sequence were statistically cor-
related with the absence of cancer perforation, high tu-
mour grade and pathological stage of patients with CRC
(Figure 3C.D). A 39% (n = 5/13) of patients with CRC bear-
ing EPAS] mutations were grade 3, while 8% (n = 1/12) and
12% (n = 7/57) patients with CRC having EPAS] mutations
were grade 1 or grade 2, respectively (p = 0.04). In addition,
100% (n = 10/10) of CRC with cancer perforation showed
no mutations in EPAS/ sequence, whereas 18% (n = 13/82)

of CRC without mutations in EPAS/ had cancer perforation
(p =0.09).

3.3 | Relationship of EPASI copy number
change, level of mRNA expression and
mutations in crc patients

A positive correlation (r = 0.476; p = 0.01, Fisher exact
test) between EPASI copy number amplification and
mRNA overexpression was noted in the present study.
Ninety percent (n = 47/52) of CRC patients having ampli-
fied EPASI copy number exhibited higher EPAS] mRNA
level, whereas lower EPAS] mRNA expression was only
found in 53% (n = 16/30) CRC patients with lower EPAS]
copy number (Figure 4A). Similarly, the expression of



ISLAM ET AL.

TABLE 4 Relationship between EPAS/

. .. . Features
mutations and Clinicopathological factors of

Total patients

Gender
Male

colorectal carcinoma (CRC) patients

Female

Age

<70

>70

Site

Proximal

Distal
Size

<40

>40
Perforation

Yes

No
Synchronous cancer

Yes

No
Grade

Well

Moderate

Poor
Distant metastasis

Yes

No
Pathological stage

1

11

1

v
Chemo-radiotherapy

Yes

No

.. 5567
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Number Negative Positive p-value
82 69 (84.1%) 13 (15.9%) —
40 (48.8%) 36 (90.0%) 4 (10.0%) 0.13
42 (51.2%) 33 (78.6%) 9 (21.4%)

40 (48.8%) 35 (87.5%) 5(12.5%) 0.30
42 (51.2%) 34 (81.0%) 8 (19.0%)

68 (82.9%) 58 (85.3%) 10 (14.7%) 0.38
14 (17.1%) 11 (78.6 %) 3(21.4%)

44 (53.7%) 35 (79.5%) 9 (20.5%) 0.17
38 (46.3%) 34 (89.5%) 4 (10.5%)

10 (12.2%) 10 (100%) 0(0.0%) 0.05
72 (87.8%) 59 (81.9%) 13 (18.1%)

7 (8.5%) 6 (85.7%) 1(14.3%) 0.69
75 (91.5%) 63 (84.0%) 12 (16.0%)

12 (14.6%) 11 91.7%) 1(8.3%) 0.04
57 (69.5%) 50 (87.7%) 7 (12.3%)

13 (15.9%) 8 (61.5%) 5(38.5%)

19 (23.2%) 15 (78.9%) 4 (21.1%) 0.34
63 (76.8%) 54 (85.7%) 9 (14.3%)

9 (10.9%) 7 (77.8%) 2 (22.2%) 0.05
34 (41.5%) 27 (79.4%) 7 (20.6%)

19 (23.2%) 19 (100%) 0(0.0%)

20 (24.4%) 16 (80.0%) 4 (20.0%)

6 (7.3%) 5 (83.3%) 1(16.7%) 0.65
76 (92.7%) 64 (84.2%) 12 (15.8%)

Note: Synchronous cancer means more than one primary cancer in the colon.

EPASI mRNA changed significantly along the altera-
tions of DNA number changes (Figure 4B). The expres-
sion of EPAS] mRNA showed a significant difference
when CRC having EPASI copy number variation of more
than 2 (CNV>2) is compared with copy number variation
equal or <2 (CNV<2). CRCs harbouring EPAS] mutations
exhibited substantial amplified and higher DNA number
variations when compared to those of CRC without the
mutations (Figure 4C). Similarly, mutation-positive CRC
tissues had shown notable EPASI/ mRNA overexpression
in comparison to those of non-mutated cancer samples
(Figure 4D).

3.4 | EPASI silencing induced reduced
proliferation and colony formation of colon
cancer cells

EPASI was silenced in colon cancer cells by siRNA fol-
lowed by cell proliferation, invasion and migration of
EPASI suppressed (SW480~ %" 451 Lovo™#45Ty ‘and con-
trolled (SW480™5¢ and Lovo™®, Sw480"14%P° 4nd
Lovo"4%P%) cells were examined at a different time interval
(days 0-3). SW480 45T and Lovo 273! cells exhibited a
remarkably reduced proliferation of cells in comparison to

that of controls (SW480%5, Lovo™, SW480%14¥P¢ and
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FIGURE 4 Correlation amongst EPAS] copy number variation, expression of mRNA and mutations. (A) EPAS! DNA number variation and
mRNA expression relationship. Amplified EPAS] copy number associated with higher mRNA expression significantly (p < 0.0001). (B) EPAS1
mRNA distribution in colorectal carcinoma (CRC) patients categorised based on EPAS! DNA number <2 and >2. Patients with CRC having
higher DNA copy number showed overexpression of EPAS/ in mRNA level. (C) Patients with CRC harbouring EPAS] mutations exhibited
amplified DNA number when compared to that of mutation-negative tissues. (D) Also, patients having EPAS] mutations had shown a significant

mRNA overexpression (mMRNA) in comparison to mutation-negative tissues

Lovo™ 9% Figure 5). SW4807 45 cells showed 45%,
50% and 46% reduced cell proliferation when compared to
that of SW480™5" cells on day 1, day 2 and day 3, respec-
tively (Figure 5A). Similarly, Lovo 45" cells exhibited
40%, 47% and 55% reduced proliferation in comparison to
that of Lovo*>" cells on day 1, day 2 and day 3, respec-
tively (Figure 5B).

Suppression of FEPASI in colon cancer cells
(SW480_EPAS] and Lovo_EPAS]) induced the reduction of
colony formation rates significantly when compared to
SW480™5" and Lovo™" and non-transfected SW480" 14
& Lovo™ ¢ control colon cancer cells (Figure 5C,D).
It was noted that SW480 "5 cells had shown a 53% re-
duction in colony formation capacity in comparison to
SW480*5¢" cells, whereas Lovo 45 cells exhibited a 61%
reduction in colony formation when compared to that of
Lovo*S cells (Figure 5D).

3.5 | EPASI suppression inhibited wound
healing, migration and invasion of colon
cancer cells

SW480~EPAS! and Lovo P48 (EPAS] silenced) colon can-
cer cells exhibited significant inhibition of wound healing,
barrier penetration and migration when compared to that
of controls (SW480*5”" & Lovo™) and non-transfected
wild-type (SW480™ 9P & Lovo™4Pe) cells. SW480~EPAS!
& Lovo #™5! cells exhibited reduced migration than
SW480™5" & Lovo™" and SW480"'“¥** & Lovo™!oPe
cells (Figure 6). SW480 57457 & Lovo ™ #"57 cells cured the
wounds slowly and took a significantly longer time to heal
the wounds (Figure 6).

Also, SW480~EMS! & Lovo EMS! cells showed lower in-
vasion and migration capacity BME-coated invasion cham-
ber in comparison to that of SW480™5 & Lovo™" and
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FIGURE 5 Silencing of EPASI inhibited colon cancer cell growth and proliferation. Silencing of EPASI with siRNA silencer sequence in

colon cancer SW480 (A) and Lovo (B), cells induced significant inhibition of cell proliferation at various time points in vitro in comparison to that

of control cells. Also, EPASI suppression caused inhibition of colony formation capacity of SW480 (C) and Lovo (D) cells when compared to that
of control cells. (E) EPAS1 detection in colon cancer cells treated with EPAS] and scramble siRNA. siRNA treatment notably silences EPAS1
protein expression. Two siRNA specific for EPASI (EPASI silencer siRNA 1 and EPASI silencer siRNA 2) were used to the knockdown EPAS1
expression whereas Silencer negative control siRNA was as the control (EPASI positive) group

SW480™ 4P & L ovo™ 4P control cells (Figure 7). The
invaded SW480~ 5457 and Lovo 45! cells were low in num-
ber when compared to that of SW480*5" & Lovo™> and
SW480™ 1P & 1 ovo™ 199 cells (Figure 7).

4 | DISCUSSION

The present study reported insights into the functional roles
of EPASI in CRC and evaluated its clinical significance by
studying copy number changes, mRNA expression and mu-
tations screening in patients with CRC. Our results indicate
that EPASI has important roles in the pathogenesis of CRC
via modulating cellular proliferation, invasion and migration,
by acting as a tumour promoter gene.

In cancer, copy number amplification and overexpression
of oncogenes are being frequently uses as the disease pro-
gression biomarkers.* Amplification of DNA copy number
(63.4%; n = 52/82) followed by mRNA overexpression (72%;
n = 59/82) of EPASI tissues implies its cancer-promoting
properties in patients with CRC. Previous studies also noted
the overexpression of EPAS1 both in mRNA and protein levels
in CRC.'""18 However, some other studies noted a downregu-
lation of EPAS] expression in CRC."*" Thus, the expression
pattern and its molecular roles in CRC are inconsistent.

In the present study, a trend of association of EPAS] DNA
amplification with larger tumour, the presence of perforation
and higher incidence synchronous tumours are in keeping
with cancer-promoting function of EPASI in CRC. In addi-
tion, the relationship of EPAS] mRNA overexpression with
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FIGURE 6 EPASI suppression induced the inhibition of the wound healing capacity of colon cancer cells. EPAS/ silencing caused the
inhibition of migration property capacity of colon cancer cells, resulting in slow healing of the wounds when compared to controls (A, B). Wounds
areas were recorded for all the cells group on different time points in three independent measurements (C, D)

less advanced pathological stages CRCs indicates its role in
the initiation of the pathogenesis of CRC. However, a small
number of cases from patients with early cancer stages is
a limitation in the current study. Overexpression of EPAS]
mRNA in CRC of patients without pre-operative chemo-
radiotherapy and reduced expression in CRC of patients re-
ceiving pre-operative chemo-radiotherapy further confirms
the oncogenic potential of EPASI in CRC. Furthermore, the
association of EPAS] mRNA overexpression with associated
adenoma indicates its roles in promoting the formation of
multiple tumours in patients with CRC (Table 4). Therefore,
the expression of EPAS] mRNA in patients with CRC has the
potential of prognostic significance.

Aberrations of DNA copy numbers is a common change
in cancer cells, which can lead to altered gene expressions,
thus, can play a key role in the initiation and development
of CRC.*” The Cancer Genome Atlas (TCGA) data analysis
of EPAS1 DNA copy number changes showed that 24% of
patients had amplified EPAS! DNA number, whereas 40%

of patients had shown deleted EPAS! DNA number (https://
portal.gdc.cancer.gov/). The statistical relationship between
amplified DNA number and higher mRNA expression of
EPAS]I in patients with CRC in this study implied that the
hypoxic tumour niches caused molecular changes in EPAS].
These alterations can promote carcinogenesis in colorec-
tum. In addition, higher DNA number and increased mRNA
expression level in patients with CRC harbouring EPAS]
mutations indicated the concerted molecular deregulation
of EPASI in CRC. However, a previous study reported that
the complete deletion of EPASI associated with Lynch syn-
drome, a hereditary risk factors for development of CRC.*
Therefore, it is important to explore the different functional
roles of the variants identified in the current study in the
pathogenesis of CRC.

In this study, we first report for the first-time mutations
of EPAS1 CRC patients along with their clinicopathological
associations. Relationship between EPASI mutations and
higher tumour grade indicates that mutations in the EPAS/
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were harvested, incubated for 1 h with Calcein AM and assayed for fluorescence. Then the standard curve for SW480 (A) and Lovo (B) cells were

generated. Significantly reduced population of cells had shown barrier penetration and migration in EPAS/ suppressed cells group in comparison to

control groups (C, D)

sequence contributed to the biological aggressiveness in
CRC. International cancer genome consortium data mining
indicates a number of mutations of EPASI sequence in the
number of human cancers including CRC (https://dcc.icgc.
org/). The frequencies of EPAS] mutations in CRC patients in
non-Western populations and in population from the United
States are 7.48% and 2.48%, respectively. Amongst the mu-
tations detected, 65% (n = 34/54) of the mutations affect the
donors. In this study, EPASI mutations were detected in 16%
(n = 13/82) CRC patients from Australia. Similarly, in this
study, a significant EPAS] mRINA overexpression was noted
in patients with CRC born overseas in comparison to those
born in Australia or New Zealand. Thus, the frequency of
the mutation or expression profiles of EPASI in patients with
CRC could differ in different ethnic groups. In silico analy-
sis predicts that all detected variants in this study are novel
and could alter the structural and functional features of the
protein. The variant (c.1121T>G; F374C) could induce alter-
ations of the primary structure of the protein, which in turn

may lead to non-functional/over functional protein. However,
further studies with the functional implication of this vari-
ant are imperative to validate its actual role in the protein
product. Previous studies identified a number of variants
(e.g., c.1592C>T; c.1121T>A; c. 1104F>A; c.1234T>A;
c.1595A>G; c.1589C>A; c.1588G>A; ¢.1591C>T;
¢.1599_1604del; ¢.1600_1608del; ¢.1615G>T) in EPAS] se-
quence in non-familial pheochromocytomas, paragangliomas
and pancreatic carcinomas.'®?"* However, the functional
roles of these variants in cancer pathogenesis are not reported
in the literature. Thus, further functional investigations are
needed to confirm the roles of the variants detected herein.
Roles of EPASI in cancer pathogenesis have been re-
ported in several malignancies such as pancreatic, breast and
clear cell renal cell carcinomas.®*** For example, siRNA
mediated silencing of EPASI induced reduce proliferation
of cells, higher number of apoptosis and produced smaller
tumour in pancreatic carcinoma xenotransplanted mouse
model.*® Furthermore, significant regression of primary and
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metastatic clear cell renal cell carcinoma was noted mouse
followed by the inhibition of EPAS1 with a small molecular
target (PT23»99).6 Similarly, herein, the suppression of EPAS]
via silencer siRNA-sequence caused the inhibition of prolif-
eration, colony formation of colon cancer cells significantly
when compared to that of control groups. These results imply
that EPAS1 has the potential to be a target for therapy devel-
opment for better management of patients with cancer.

Additionally, EPAS]1 interacts with both VEGF and its
receptor Fms-related tyrosine kinase 1 (Fltl), thereby pro-
motes angiogenesis.41 This interaction leads to VEGF and
FlItl overexpression in endothelial cells, which stimulates
mature angiogenesis in wound healing in a mouse model.”
In addition, shRNA-mediated silencing of EPAS/ inhibited
the cellular response and halt angiogenesis in breast cancer
significantly.*’ In this study, we have noted a similar trend
where silencing of EPASI in colon cancer cells remarkably
suppressed migration and wound healing potential of colon
cancer cells. Also, suppression of EPAS/ in colon cancer
cells caused inhibition of membrane penetrations and in-
vasion, implying poorer metastatic ability of these cells.
Therefore, therapeutic strategies silencing EPASI could act
as a management strategy for controlling cancer cell growth
and metastasis in patients with CRC.

In conclusion, we for the first time reported novel vari-
ants of EPAS] sequence in patients with CRC. Aberrant ex-
pression and/or structural and functional alterations in the
gene or gene product could be attributed by these mutations,
which may contribute to CRC pathogenesis. Also, relation-
ship amongst DNA number variations, mRNA expression
and presence of EPAS] mutations in CRC with clinicopatho-
logical factors implies the prognostic significance of EPAS]
in disease progression. Studies on genetic to clinical, func-
tional to molecular aspects have given important information
regarding EPASI-mediated tumour endorsement in CRC
pathogenesis. Thus, results from this study would further im-
prove the existing information of EPAS/ directed molecular
pathogenesis in CRC and thereby provide strategies to de-
velop novel therapeutics for patients with CRCs.

ACKNOWLEDGEMENTS

The authors would like to thank the staff of the Molecular
Pathology group in School of Medicine of Griffith University,
Pathology Queensland of Gold Coast University Hospital
and NH Diagnostic for supporting the project.

CONFLICT OF INTEREST
None.

ETHICAL APPROVAL

Ethical approval for this work has been obtained from the
Griffith University Human Research Ethics Committee (GU
Ref No: MSC/17/10/HREC). Duly signed the copy for the

consent of participation were collected from the patients used
in the study.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available
on request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.

ORCID

Alfred K. Lam ‘@ https://orcid.org/0000-0003-2771-564X

REFERENCES

1. Ke Q, Costa M. Hypoxia-inducible factor-1 (HIF-1). Mol
Pharmacol. 2006;70:1469-1480.

2. Webb JD, Coleman ML, Pugh CW. Hypoxia, hypoxia-inducible
factors (HIF), HIF hydroxylases and oxygen sensing. Cell Mol Life
Sci. 2009;66:3539-3554.

3. Jokilehto T, Jaakkola PM. The role of HIF prolyl hydroxylases in
tumour growth. J Cell Mol Med. 2010;14:758-770.

4. Putra AC, Eguchi H, Lee KL, et al. The A allele at rs13419896
of EPAS1 is associated with enhanced expression and
poor prognosis for non-small cell lung cancer. PLoS One.
2015;10(8):e0134496.

5. Xia G, Kageyama Y, Hayashi T, Kawakami S, Yoshida M, Kihara
K. Regulation of vascular endothelial growth factor transcription
by endothelial PAS domain protein 1 (EPAS1) and possible in-
volvement of EPAST1 in the angiogenesis of renal cell carcinoma.
Cancer.2001;91:1429-1436.

6. Cho H, Du X, Rizzi JP, et al. On-target efficacy of a HIF-2a
antagonist in preclinical
2016;539(7627):107-111.

7. SenaJA, Wang L, Heasley LE, Hu CJ. Hypoxia regulates alterna-

kidney cancer models. Nature.

tive splicing of HIF and non-HIF target genes. Mol Cancer Res.
2014;12:1233-1243.

8. Favier J, Lapointe S, Maliba R, Sirois MG. HIF2 alpha reduces
growth rate but promotes angiogenesis in a mouse model of neuro-
blastoma. BMC Cancer. 2007;7:139.

9. Holmquist-Mengelbier L, Fredlund E, Lofstedt T, et al. Recruitment
of HIF-1alpha and HIF-2alpha to common target genes is differen-
tially regulated in neuroblastoma: HIF-2alpha promotes an aggres-
sive phenotype. Cancer Cell. 2006;10(5):413-423.

10. Welander J, Andreasson A, Brauckhoff M, et al. Frequent EPAS1/
HIF2a exons 9 and 12 mutations in non-familial pheochromocy-
toma. Endocr Relat Cancer. 2014;21(3):495-504.

11. Acker T, Diez-Juan A, Aragones J, et al. Genetic evidence
for a tumor suppressor role of HIF-2alpha. Cancer Cell.
2005;8(2):131-141.

12. Collado M, Garcia V, Garcia JM, et al. Genomic profiling of
circulating plasma RNA for the analysis of cancer. Clin Chem.
2007;53(10):1860-1863.

13. Rawtuszko-Wieczorek AA, Horbacka K, Krokowicz P, Misztal
M, Jagodziriski PP. Prognostic potential of DNA methylation and
transcript levels of HIF1A and EPAST in colorectal cancer. Mol
Cancer Res. 2014;12:1112-1127.

14. Yoshimura H, Dhar DK, Kohno H, et al. Prognostic impact of
hypoxia-inducible factors lalpha and 2alpha in colorectal cancer
patients: correlation with tumor angiogenesis and cyclooxygen-
ase-2 expression. Clin Cancer Res. 2004;10(24):8554-8560.


https://orcid.org/0000-0003-2771-564X
https://orcid.org/0000-0003-2771-564X

ISLAM ET AL.

.. 5573
Cancer Medicine _ “WI LEYJ—

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Imamura T, Kikuchi H, Herraiz MT, et al. HIF-lalpha and
HIF-2alpha have divergent roles in colon cancer. Int J Cancer.
2009;124(4):763-771.

Rasheed S, Harris AL, Tekkis PP, et al. Hypoxia-inducible factor-
lalpha and -2alpha are expressed in most rectal cancers but only
hypoxia-inducible factor-1alpha is associated with prognosis. Br J
Cancer. 2009;100(10):1666-1673.

Baba Y, Nosho K, Shima K, et al. HIF1A overexpression is associ-
ated with poor prognosis in a cohort of 731 colorectal cancers. Am
J Pathol. 2010;176:2292-2301.

Mohammed N, Rodriguez M, Garcia V, et al. EPAS] mRNA in
plasma from colorectal cancer patients is associated with poor out-
come in advanced stages. Oncol Lett. 2011;2:719-724.

Pan R, Zhou C, Dai J, et al. Endothelial PAS domain protein 1
gene hypomethylation is associated with colorectal cancer in Han
Chinese. Exp Ther Med. 2018;16:4983-4990.

Yang C, Hong CS, Prchal JT, Balint MT, Pacak K, Zhuang Z.
Somatic mosaicism of EPAS1 mutations in the syndrome of para-
ganglioma and somatostatinoma associated with polycythemia.
Hum Genome Var. 2015;2:15053.

Zhang Q, Lou Y, Zhang J, et al. Hypoxia-inducible factor-2« pro-
motes tumor progression and has crosstalk with Wnt/p-catenin sig-
naling in pancreatic cancer. Mol Cancer. 2017;16:119.
Salo-Mullen EE, Lynn PB, Wang L, et al. Contiguous gene dele-
tion of chromosome 2p16.3-p21 as a cause of Lynch syndrome.
Fam Cancer. 2018;17:71-77.

Jang E, Chung DC. Hereditary colon cancer: lynch syndrome. Gut
Liv. 2010;4:151-160.

Nagtegaal ID, Odze RD, Klimstra D, et al. WHO classifi-
cation of tumours of the digestive system. Histopathology.
2019;2020(76):182-188.

Lam AK, Chan SS, Leung M. Synchronous colorectal can-
cer: clinical, pathological and molecular implications. World J
Gastroenterol. 2014;20:6815-6820.

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T))
Method. Methods. 2001;25:402-408.

Islam F, Gopalan V, Wahab R, Smith RA, Qiao B, Lam AK. Stage
dependent expression and tumor suppressive function of FAM134B
(JK1) in colon cancer. Mol Carcinog. 2017;56:238-249.

Gopalan V, Islam F, Pillai S, et al. Overexpression of microR-
NA-1288 in oesophageal squamous cell carcinoma. Exp Cell Res.
2016;348:146-154.

Islam F, Gopalan V, Wahab R, et al. Novel FAM134B mutations
and their clinicopathological significance in colorectal cancer.
Hum Genet. 2017;136:321-337.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Schwarz JM, Cooper DN, Schuelke M, Seelow D. MutationTaster2:
mutation prediction for the deep-sequencing age. Nat Methods.
2014;11:361-362.

Islam F, Gopalan V, Lam AKY, Kabir SR. Kaempferia rotunda
tuberous rhizome lectin induces apoptosis and growth inhibition of
colon cancer cells in vitro. Int J Biol Macromol.2019;141:775-782.
Islam F, Gopalan V, Lam AK, Kabir SR. Pea lectin inhibits cell
growth by inducing apoptosis in SW480 and SW48 cell lines. Int J
Biol Macromol. 2018;117:1050-1057.

Islam F, Gopalan V, Vider J, Lu CT, Lam AK. MiR-142-5p act as
an oncogenic microRNA in colorectal cancer: clinicopathological
and functional insights. Exp Mol Pathol. 2018;104:98-107.
Maroof H, Islam F, Dong L, et al. Liposomal delivery of miR-
34b-5p induced cancer cell death in thyroid carcinoma. Cells.
2018;7(12):265.

Qallandar OB, Ebrahimi F, Islam F, et al. Bone invasive properties of
oral squamous cell carcinoma and its interactions with alveolar bone
cells: an in vitro study. Curr Cancer Drug Targets. 2019;19:631-640.
Myllykangas S, Himberg J, Bohling T, Nagy B, Hollmén J,
Knuutila S. DNA copy number amplification profiling of human
neoplasms. Oncogene. 2006;25:7324-7332.

Alonso MH, Ausso S, Lopez-Doriga A, et al. Comprehensive anal-
ysis of copy number aberrations in microsatellite stable colon can-
cer in view of stromal component. Br J Cancer. 2017;117:421-431.
Comino-Méndez I, de Cubas AA, Bernal C, et al. Tumoral EPAS1
(HIF2A) mutations explain sporadic pheochromocytoma and
paraganglioma in the absence of erythrocytosis. Hum Mol Genet.
2013;22:2169-2176.

Pan X, Zhu Q, Sun Y, et al. PLGA/poloxamer nanoparticles loaded
with EPAS1 siRNA for the treatment of pancreatic cancer in vitro
and in vivo. Int J Mol Med. 2015;35:995-1002.

Cui J, Duan B, Zhao X, et al. MBD3 mediates epigenetic regulation
on EPAS1 promoter in cancer. Tumour Biol. 2016;37:13455-13467.
Takeda N, Maemura K, Imai Y, et al. Endothelial PAS domain pro-
tein 1 gene promotes angiogenesis through the transactivation of
both vascular endothelial growth factor and its receptor, Flt-1. Circ
Res. 2004;95:146-153.

How to cite this article: Islam F, Gopalan V, Lu CT,
Pillai S, Lam AK. Identification of novel mutations and
functional impacts of EPASI1 in colorectal cancer.
Cancer Med. 2021;10:5557-5573. https://doi.
org/10.1002/cam4.4116



https://doi.org/10.1002/cam4.4116
https://doi.org/10.1002/cam4.4116

