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Abstract. Colorectal cancer  (CRC) is the third most 
commonly diagnosed malignancy that is associated with 
high levels of mortality. CRCs are often associated with 
an aberrant wingless‑type mouse mammary tumor virus 
integration site family (Wnt) signaling pathway known to 
be responsible for tumorigenesis and cancer progression. 
Other factors that contribute to CRC pathology include 
hypoxia, extracellular matrix and cellular microenviron‑
ment. In the present study, modulation of Wnt, a common 
molecular progenitor for CRC‑associated pathology was 
evaluated. CRC tissues and specific cell lines were found to 
exhibit increased expression levels of prolyl 4‑hydroxylase 
subunit α1 (P4HA1). P4HA1 expression was found to stabi‑
lize hypoxia inducible factor‑1α (HIF1α). The silencing of 
P4HA1 resulted in decreased cell proliferation, cell cycle 
arrest in the G1 phase, decreased tumorsphere formation, 
decreased tumorsphere volume, increased susceptibility to 
5‑fluorouracil and increased caspase‑3 activity. However, 
P4HA1 silencing resulted in the activation and thus protea‑
somal degradation of β‑catenin, indicative of the abrogation 
of Wnt signaling pathway. Wnt is a critical signaling pathway 
and is activated in most CRCs. HIF1α is a poor prognostic 
marker in CRC. The present study provided preliminary 
evidence that HIF1α and the Wnt signaling pathway in CRC 
are modulated through P4HA1. P4HA1 may serve not just as 
a biomarker for CRC prognosis but may also be targeted for 
potential therapeutic intervention.

Introduction

Previously, colorectal cancer  (CRC) was characterized by 
an aging population in high income countries attributed to 
dietary habits and lifestyle (1). However, currently CRC is 
the third most commonly diagnosed malignancy and ranks 
fourth in terms of mortality with ~900,000 deaths annually, 
including in developing countries (2,3). While CRC rates vary 
widely worldwide, three distinct temporal patterns have been 
identified based on incidence and mortality rates. The pattern 
of increased incidence and increased mortality is most often 
seen in transitioning economies (4). One such economy that 
suffers from the burden of cancer and associated mortality is 
China. The incidence of CRC (12.2%) was found to be second 
only after lung cancer (18.1%) (3). The burden of the disease 
not only equates to the associated mortality but also severely 
impacts the quality of life.

Improving the mortality rate of CRC can be approached by 
improving diagnostic techniques and providing early interven‑
tional treatment. However, CRC may in part be derived from 
a variety of environmental factors, making it one of the most 
heterogenous types of cancer (5). Its complex heterogeneity is 
not yet completely understood and contributes to the lack of 
predictive prognostic markers, except for the RAS‑mutation 
status (6).

Genomics and epigenomics have revolutionized cancer 
diagnostics and predictive biomarker assessments (7); there‑
fore, the present study aimed to elucidate the influence of 
post‑translation modifications (PTM) on carcinogenesis in 
CRC. The era of ‑omics (genomics, transcriptomics and epig‑
enomics) coupled with technological advancements, such as 
next generation sequencing, has greatly improved the under‑
standing of different cancers (8). However, translation of these 
in silico findings to the field is largely affected by the lack of 
available data.

One of the most common PTM is prolyl hydroxylation. 
Hydroxyproline constitutes ~4% of all amino acids, with most 
of them being present in collagen. In human pancreatic cancer 
cells and tissues, prolyl 4‑hydroxylase subunit α1 (P4HA1), 
is the most predominant isoform that contributes to proline 
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4‑hydroxylase activity (9). Proline 4‑hydroxylase comprises 
tetrameric units (α2β2) and is responsible for the 4‑hydrox‑
ylation of proline, ensuring folding and formation of the 
collagen triple helix (10). The role of P4HA1 has been inves‑
tigated in breast cancer (11) and pancreatic cancer (9). Whilst 
the epigenetic modification of P4HA1 with microRNAs (miR) 
have received attention in prostate cancer (12), the contribution 
of prolyl hydroxylation in CRC tumorigenesis remains to be 
elucidated. It has previously been shown in both triple nega‑
tive breast cancer cells and pancreatic ductal adenocarcinoma 
that P4HA1 stabilizes hypoxia inducible factor‑1α (HIF1α) 
through modulating glycolytic activity, such as the levels of 
α‑ketoglutarate and succinate, thus mediating cellular trans‑
formation (10).

It has been demonstrated that the wingless‑type mouse 
mammary tumor virus integration site family  (Wnt) 
signaling pathway is activated in CRCs (13,14). The Wnt 
proteins are secreted glycoproteins that also act as ligands 
of the Wnt signaling pathway. There are three distinct Wnt 
signaling pathways currently known: i) β‑catenin pathway; 
ii)  the calcium dependent pathway; and iii)  planar cell 
polarity pathway (14). While cell growth and proliferation 
are promoted through the canonical β‑catenin pathway, 
cell motility and polarity are governed by the latter two 
pathways. Surface binding of intracytoplasmic β‑catenin 
and Wnt ligands activates the Wnt signaling pathway (14). 
However, β‑catenin can be phosphorylated in the absence of 
Wnt ligands (15).

Given the aforementioned evidence, the present study 
aimed to establishing the role of the most common PTM, 
P4HA1, in the promotion and progression of CRC through the 
activation of the β‑catenin pathway. In addition, the pathway 
through which P4HA1 alters the cell signaling pathways 
leading to tumor progression was assessed. With this objective, 
in silico analyses using the Gene Expression Omnibus (GEO) 
database confirmed the upregulation of P4HA1 in CRC (15). 
In vitro experiments analyzed the mRNA and protein expres‑
sion of P4HA1 and its influence on cellular transformation, 
with respect to cellular proliferation, stemness and chemore‑
sistance. This is a preliminary demonstration of the activation 
of the β‑catenin pathway through P4HA1.

The assessment of PTMs and their signaling mechanisms 
may serve as a unique approach to expand the repertoire of reli‑
able diagnostic and prognostic markers in CRC. Furthermore, 
these mechanisms may also serve as molecular targets for 
directed intervention.

Materials and methods

GEO analysis. We analyzed gene expression of CRC patients 
through two GEO databases, GEO/GDS4382 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32323) (16) and 
GEO/GDS5232 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE25071) (17) using GEO2R method (https://www.
ncbi.nlm.nih.gov/geo/info/geo2r.html).

Clinical samples. The present study was performed in 
accordance with the Declaration of Helsinki and approved 
by the Medical Ethics Committee of Qiqihar Medical 
University (no.  2015QY137). Written informed consent 

was obtained from all patients. Cancer tissues and adja‑
cent normal tissues (≥5  cm from the edge of the tumor) 
were collected by debulking surgery from 30  patients 
with colorectal adenocarcinoma who were recruited into 
a clinical trial at the Third Affiliated Hospital of Qiqihar 
Medical University between January 2016 and January 2017. 
Clinicopathological information was obtained and two 
pathologists independently determined diagnoses according 
to World Health Organization classification of tumors of the 
digestive system (18) and the clinicopathological parameters 
listed in Table SI. None of the patients in the study received 
chemotherapy or radiation treatment prior to surgery and 
all patients were diagnosed with adenocarcinoma and other 
pathological types were excluded. Of the 30 included patients, 
18 were men and 12 were women. The age of patients ranged 
from 42 to 81 years. The cancers were classified as follows: 
8  well‑differentiated, 15  moderately differentiated and 
7 poorly differentiated colorectal tissues.

Human CRC cell culture. The human CRC cell lines (SW480, 
SW620 and HCT116 cells) were purchased from The Cell 
Bank of Type Culture Collection of the Chinese Academy of 
Sciences and cultured in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml strepto‑
mycin (Gibco; Thermo Fisher Scientific, Inc.). All cells were 
cultured at 37˚C in a 5% CO2 atmosphere. The cells were 
cultured in 1% oxygen atmosphere when hypoxic conditions 
were required. P4HA1 and control siRNA were purchased 
from Shanghai GenePharma Co., Ltd. These siRNA 
duplexes (100 nmol/l) were transfected into CRC cells using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocols. Briefly, one 
day before transfection, CRC cells were incubated in growth 
medium without antibiotics and were ~50% confluent at the 
time of transfection. Lipofectamine 2000 was mixed with 
Opti‑MEM I Reduced Serum Medium (Invitrogen; Thermo 
Fisher Scientific, Inc.) and incubated for 5  min at room 
temperature, then the siRNA duplexes were mixed with the 
diluted Lipofectamine 2000 and incubated for 20 min at room 
temperature. Subsequent experiments were performed in 
CRC cells 48 h post‑transfection at 37˚C in a CO2 incubator. 
The following sequences of siRNA were used for transfec‑
tion: P4HA1 siRNA, 5'‑GAU​AAA​GUC​UCU​GUU​CUAG‑3'; 
HIF1α, 5'‑AAC​CAA​GTA​GCC​TGT​TAT​CAA‑3'; and control 
siRNA, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). All commercial assays used were performed 
according to the manufacturer's instructions. Total mRNA 
from cultured SW620 and HCT116 cells and tissue samples 
was extracted using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.),. Complementary DNA was synthe‑
sized from 2 µg total RNA using a Reverse Transcription kit 
(Takara Biotechnology Co., Ltd.) according to the manufac‑
turers' instructions. Real‑time quantitative PCR analyses were 
performed with SYBR-Green Real‑Time Master Mix (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) on a 7500 Fast 
Real-Time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) using the following thermocycling conditions: 
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Initial denaturation at 95˚C, followed by 30 cycles at 95˚C 
for 15 sec and 60˚C for 1 min. The following primer pairs 
were used for qPCR: P4HA1 forward, 5'‑AGG​GGT​TGC​
TGT​GGA​TTA​CC‑3' and reverse, 5'‑GTC​ATG​TAC​TGT​AGC​
TCG​GC‑3'; and GAPDH forward, 5'‑GGG​CTG​CTT​TTA​
ACT​CTG​GT‑3' and reverse, 5'‑TGG​CAG​GTT​TTT​CTA​GAC​
GG‑3'. The Applied Biosystems 7500 Fast software version 1.4 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) was used 
to analyze the Cq values of different. Comparisons were made 
using the 2-ΔΔCt method (19) and mRNAs normalized to an 
endogenous control GAPDH.

Immunohistochemical staining. CRC tissues were fixed 
in 10%  formalin for one week at room temperature and 
embedded in paraffin, and then cut into 5‑µm‑thick sections. 
The sections were deparaffinized in a xylene bath, rehydrated 
in PBS and then subjected to heat‑induced epitope retrieval. 
The sections were then blocked with 3% hydrogen peroxide for 
5 min at room temperature, incubated with primary antibodies 
against P4HA1 (cat.  no.  ab127564; 1:100; Abcam) at 4˚C 
overnight. The sections were then washed with PBS, followed 
by incubation with HRP‑conjugated secondary antibody 
(cat. no. sc‑2357 mouse anti‑rabbit IgG‑HRP; 1:1,000; Santa 
Cruz Biotechnology, Inc.) for 1 h at room temperature. The 
sections were then visualized using a DAB (Sigma‑Aldrich; 
Merck KGaA) according to the manufacturer's instructions 
under a light microscope (Nikon Corporation; magnification, 
200x).

Western blotting. Total proteins were extracted from normal 
colorectal tissues, CRC tissues and SW480, SW620 and 
HCT116 cell lines using ice‑cold RIPA lysis buffer [50 mM Tris 
(pH 7.4), 150 mM NaCl, 1% Triton X‑100, 1% sodium deoxy‑
cholate, 0.1% SDS] with proteinase/phosphatase inhibitors 
(Thermo Fisher Scientific, Inc.). The protein concentration was 
measured by bicinchoninic acid method. Lysates containing 
20 µg protein were separated via SDS‑PAGE (10% gel), which 
were then transferred to polyvinylidene difluoride membranes 
(EMD Millipore). The membranes were blocked in 5% non‑fat 
milk (Thermo Fisher Scientific, Inc.) for 1 h at room tempera‑
ture and subsequently incubated with primary antibodies 
against P4HA1 (cat. no. ab127564; 1:1,000; Abcam), β‑catenin 
(cat. no. sc‑7963; 1:1,000; Santa Cruz Biotechnology, Inc.), 
phosphorylated (p)‑β‑catenin (cat. no. sc‑101650; 1:2,000; Santa 
Cruz Biotechnology, Inc.), CD133 (cat. no. sc‑30220; 1:1,000; 
Santa Cruz Biotechnology, Inc.), Nanog (cat. no. sc‑134218; 
1:1,000; Santa Cruz Biotechnology, Inc.), axis inhibition 
protein 2 (Axin2; cat.  no.  sc‑25302; 1:1,000; Santa Cruz 
Biotechnology, Inc.), c‑Myc (cat. no. sc‑373712; 1:1,000; Santa 
Cruz Biotechnology, Inc.) and GAPDH (cat. no.  sc‑20357; 
1:500; Santa Cruz Biotechnology, Inc.). All antibodies were 
obtained from Santa Cruz Biotechnology, Inc. The membranes 
were then washed 3 times in 0.1% Tween® 20 detergent and 
incubated with horseradish peroxidase‑conjugated mouse 
anti‑rabbit or anti‑goat secondary antibodies (cat. nos. sc‑2357 
mouse anti‑rabbit IgG‑HRP and sc‑2005 goat anti‑mouse 
IgG‑HRP; 1:10,000; Santa Cruz Biotechnology, Inc.) for 1 h 
at room temperature. Protein bands were detected using an 
enhanced chemiluminescence kit (Thermo Fisher Scientific, 
Inc.). ImageJ software (version 1.48; National Institutes of 

Health, NIH) was used to determine intensity of western blot 
bands normalized to GAPDH.

MTS assay. The proliferation of SW620 and HCT116 cells 
was measured using an MTS assay kit (Promega Corporation) 
according to the manufacturer's instructions. Briefly, SW620 
and HCT116 cells (2,000 cells/well) were seeded into 96‑well 
plates and, after 24 h, the medium was replaced with fresh 
DMEM and the cells were further cultured for 3 days at 37˚C. 
MTS reagent (20 µl) was then added to each well, and plates 
were incubated for 1 h at 37˚C. Absorbance was measured at 
490 nm using a microplate reader (Bio‑Rad Laboratories, Inc.). 
Each individual experiment was performed with six replicates 
three independent times.

Cell Counting Kit‑8 (CCK‑8) assay. CCK‑8 cell proliferation 
kit (Beyotime Institute of Biotechnology) was used to analyze 
CRC cell proliferation according to the manufacturer's 
protocol. SW620 and HCT116 cells (0.5x104/well) were seeded 
into 96‑well plates and cultured overnight at 37˚C. The super‑
natant was then removed and 2 ml CCK‑8 reagent, WST‑8, 
was added into each well and incubated for 1 h to be reduced 
by dehydrogenase in mitochondria to orange formazan. The 
absorbance was then measured at 490 nm using a microplate 
reader (Bio‑Rad Laboratories, Inc.).

Cell cycle. SW620 and HCT116 cells (2x106/ml) were collected 
and washed twice with PBS buffer and centrifuged at 1,000 x g 
for 5 min at 4˚C. The supernatant was discarded and cells were 
fixed with ice‑cold 70% ethanol (by adding dropwise to the 
pellet while vortexing) for at least 30 min at 4˚C. The cell solu‑
tion was centrifuged at 1,000 x g for 5 min at 4˚C and cells were 
washed twice with PBS and centrifuged again at 1,000 x g for 
5 min at 4˚C. The supernatant was discarded and cells were 
incubated with 50 µl RNase I (1 µg/ml; Sigma‑Aldrich; Merck 
KGaA) at 37˚C for 1 h in the dark. Cells were then treated 
with 200 µl propidium iodide (20 µg/ml) at room temperature 
for 1 min according to the manufacturer's protocol. Cell cycle 
analysis was performed using the LSR II flow cytometer (BD 
Biosciences) and the data were analyzed by FlowJo software 
(version 9; FlowJo, LLC).

Caspase‑3 activity assay. Caspase‑3 activity was performed 
using the caspase‑3 Activity Assay kit (Beyotime Institute of 
Biotechnology) following the manufacturer's protocol. In brief, 
proteins were isolated from CRC cells and 100 µg protein were 
added to a reaction buffer containing 2 mM peptide substrate 
acetyl‑Asp‑Glu‑Val‑ Asp p‑nitroanilide (Ac‑DEVD‑pNA) 
solution from the kit, and incubated at 37˚C for 2  h. The 
absorbance was measured using a microplate reader (Bio‑Rad 
Laboratories, Inc.) at 405 nm. The caspase‑3 activity was 
recorded as the ratio to that of the control group.

Tumorsphere assay. SW620 and HCT116 cells were cultured 
in DMEM with 10% FBS in an incubator containing 5% CO2 
at 37˚C. When cells reached 80% confluence, 6x105 cells were 
resuspended in stem cell culture medium supplemented with 
2% B27 (Gibco; Thermo Fisher Scientific, Inc.), 20 ng/ml 
recombinant human epidermal growth factor (Gibco; Thermo 
Fisher Scientific, Inc.) and 20  ng/ml recombinant human 
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fibroblast growth factor (Gibco; Thermo Fisher Scientific, 
Inc.) in each 6‑well ultralow adhesion plates (Corning Inc.) for 
6 days at 37˚C in a 5% CO2 atmosphere. When the tumor‑
spheres grew to 50 µm in diameter, the spheres were imaged 
and counted under a light microscope (Nikon Corporation). 
The primary spheres were dissociated into single cells and 
cultured in stem cell culture medium (Gibco; Thermo Fisher 
Scientific, Inc.) for 14 days at 37˚C to allow each cell forming 
one tumorsphere.

Chemoresistant assay. SW620 and HCT116 cells were treated 
with the chemotherapeutic agent 5‑fluorouracil (5‑FU) at 
various concentration (0, 2, 4, 8 or 16 mmol/l) for 2 h, and 
the cells were then cultured for 24 h. Subsequent experiments 
were performed.

Statistical analysis. Each experiment was performed three 
times. All results were analyzed using SPSS software, 
version  19.0 (IBM Corp.). Values are expressed as the 
mean ± SD. Differences between two groups were analyzed 
using unpaired Student's t‑test or one‑way ANOVA followed 
by Bonferroni post hoc analysis for multiple group compari‑
sons, as appropriate. P<0.05 was considered to indicate a 
statistically significant difference.

Results

P4HA1 is upregulated in CRC tissues and cells. The expres‑
sion of P4HA1 was analyzed from the public database GEO. 
P4HA1 mRNA was found to be significantly upregulated 

in CRC tissues (GEO/GDS4382 and GEO/GDS5232; 
P<0.001) compared with normal tissues (Fig. 1A and B). 
Overexpression of P4HA1 was also confirmed in CRC 
clinical samples compared with adjacent normal colorectal 
tissues from 30 patients with CRC by RT‑qPCR (Fig. 1C). In 
addition, immunohistochemical staining analysis for P4HA1 
in CRC tissues found that P4HA1 staining was stronger in 
CRC tissues compared with adjacent normal tissues (Fig. 1D). 
P4HA1 protein expression levels were also analyzed in three 
CRC cell lines (SW480, SW620 and HCT116 cells) via 
western blotting (Fig. 1E). The results showed a significant 
difference in the expression levels of P4HA1 in SW620 and 
HCT116 cells compared with the SW480 cell line, therefore 
all further in vitro studies were undertaken using these two 
cell lines.

P4HA1 knockdown inhibits CRC cell proliferation. To 
investigate whether P4HA1 affects the proliferation of 
SW620 and HCT116 cells, P4HA1 was knocked down 
using siRNA, which was confirmed via western blotting 
(Fig. 2A). The P4HA1‑knocked down SW620 and HCT116 
cells were then subjected to CCK‑8 and MTS cell prolif‑
eration assays. The results indicated that P4HA1 knockdown 
significantly decreased SW620 and HCT116 cell proliferation 
(Fig. 2B and C). Cell cycle analysis further confirmed the 
inhibitory effect of P4HA1 knockdown on cell proliferation 
and more cells were arrested in phase G0/G1 (Fig. 2D).

P4HA1 knockdown decreases CRC cell stemness. In order to 
determine the role of P4HA1 in CRC cell stemness, SW620 and 

Figure 1. Upregulation of P4HA1 in CRC tissues and cells. (A and B) P4HA1 mRNA expression in CRC tissues and normal colorectal tissues from GEO 
database in (A) GEO/GDS4382 dataset and (B) GEO/GDS5232 dataset. P<0.001. (C) Expression of P4HA1 mRNA was examined in clinical CRC tissues 
and normal colorectal tissues. P<0.001. (D) Immunostaining of P4HA1 in clinical CRC tissue and normal colorectal tissue (magnification, x200). (E) P4HA1 
protein expression was examined in SW480, SW620 and HCT116 cells by western blot analysis. P4HA1 protein expression was quantified in the right panel. 
*P<0.05 vs. SW480; ***P<0.001 vs. CRC. CRC, colorectal cancer; GEO, Gene Expression Omnibus; P4HA1, prolyl 4‑hydroxylase subunit α1.
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HCT116 cells were cultured in stem cell medium, following 
examination of the stem cell markers CD133 and Nanog. 
Knockdown of P4HA1 was found to significantly decrease 
the expression levels of these stem cell markers (Fig. 3A). 
Tumorsphere formation assay for SW620 and HCT116 cells 
showed that P4HA1 knockdown resulted in a decreased 
formation of spheres (Fig. 3B). Furthermore, the isolation of 
single CRC cells from primary spheres and the culture of 
these in stem cell medium, demonstrated that the tumorsphere 
volume was significantly decreased in P4HA1 knocked down 
cells (Fig. 3C).

P4HA1 knockdown decreases CRC cell chemoresistance. 
To examine whether P4HA1 knockdown affects SW620 
and HCT116 cells chemoresistance, cells were treated 
with the chemotherapeutic agent 5‑Fluorouracil (5‑FU). 
Western blotting analysis showed induced expression of 
P4HA1 after 5‑FU treatment (Fig. 4A). We tested caspase‑3 
activity to analyze whether P4HA1 silencing affected CRC 
apoptosis following 5‑FU treatment. Increased caspase‑3 
activity was observed following P4HA1 knockdown 
(Fig. 4B). The cell viability was analyzed by MTS assays 
in SW620 and HCT116 cells upon P4HA1 knockdown. The 

Figure 2. P4HA1 knockdown inhibits colorectal cancer cell proliferation. (A) Western blot analysis of P4HA1 expression in SW620 and HCT116 cells trans‑
fected with P4HA1 siRNA or control siRNA. P4HA1 protein expression was quantified in the right panel. (B) Cell proliferation was examined by Cell 
Counting Kit‑8 assays in SW620 and HCT116 cells after P4HA1 knockdown. (C) MTS cell proliferation assay in SW620 and HCT116 cells after P4HA1 
knockdown at different time points (0, 1, 2, 3 and 4 days). (D) Cell cycle was examined in SW620 and HCT116 cells upon P4HA1 knockdown. The cells in all 
phases were analyzed. *P<0.05, ***P<0.001 vs. Control siRNA. P4HA1, prolyl 4‑hydroxylase subunit α1; siRNA, small interfering RNA.
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results showed that knockdown of P4HA1 in the SW620 
and HCT116 cells decreased their viability (Fig.  4C). 
Notably, when comparing the P4HA1 protein expression 
levels in P4HA1 knocked down cells with or without 5‑FU 
treatment, no obvious change in P4HA1 expression was 
observed (Fig. S1). 5‑FU failed to affect P4HA1 expression 
in P4HA1 knockdown cells. The mechanism of the effect 
of 5‑FU treatment in CRC cells with P4HA1 knockdown is 
worth investigation in the future.

P4HA1 promotes CRC through HIF1α. To further investi‑
gate the mechanism of P4HA1 in the regulation of CRC cell 
proliferation, stemness and chemoresistance, the expression of 
HIF1α was analyzed in the present study. HIF1α plays a pivotal 
role in CRC malignancy (20). SW620 cells were cultured under 
hypoxic conditions of 1% oxygen atmosphere, and P4HA1 
and HIF1α expression levels were examined after 24 h. The 
results showed that P4HA1 and HIF1α could be induced under 
a hypoxic environment (Fig. 5A). Furthermore, it was revealed 
that knockdown of P4HA1 resulted in a decreased level of 
HIF1a, whereas the knockdown of HIF1a did not affect the 

expression level of p4HA1 under hypoxic conditions (Fig. 5A). 
We decreased the expression of HIF1α by siRNA method 
and performed MTS, tumorsphere formation and caspase‑3 
activity assays. Knockdown of HIF1α significantly inhibited 
CRC cell malignancy (Fig. 5B‑D).

P4HA1 affects CRC cell Wnt signaling. HIF1α is associated 
with Wnt signaling to regulate cancer cell tumorigenesis (21). 
HIF1α was found to be a protein that is downstream of 
P4HA1. In order to investigate whether P4HA1 affects Wnt 
signaling, P4HA1 was knocked down in SW620 and HCT116 
cells, and β‑catenin and p‑β‑catenin protein expression levels 
were examined via western blotting. The results revealed that 
knockdown of P4HA1 significantly decreased β‑catenin and 
increased p‑β‑catenin expression (Fig. 6). Subsequently, the 
examination of the protein expression levels of gene targets 
of the Wnt signaling pathway (Axin2 and c‑Myc) showed that 
P4HA1 knockdown significantly decreased Axin2 and c‑Myc 
expression in SW620 and HCT116 cells (Fig. 6). This finding 
indicated the important role of P4HA1/HIF1α/Wnt signaling 
axis in CRC.

Figure 3. P4HA1 knockdown decreases colorectal cancer cell stemness. (A) CD133 and Nanog expression in SW620 and HCT116 cells with P4HA1 knock‑
down cultured in stem cell growing medium. Protein expression was quantified in the right panel. (B) Sphere number of P4HA1 knockdown SW620 and 
HCT116 cells cultured in stem cell growing medium. (C) Relative tumorsphere volume of single SW620 and HCT116 cells with P4HA1 knockdown cultured 
in stem cell growing medium after 14 days. *P<0.05 vs. Control siRNA. P4HA1, prolyl 4‑hydroxylase subunit α1.
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Figure 4. P4HA1 knockdown decreases colorectal cancer cell chemoresistance. (A) Western blot analysis of P4HA1 protein expression in SW620 and HCT116 
cells treated with 5‑FU. Protein expression was quantified in the right panel. *P<0.05 vs. 5‑FU‑. (B) Relative caspase‑3 activity was examined in SW620 and 
HCT116 cells treated with 5‑FU. *P<0.05 vs. Control siRNA. (C) Cell viability in SW620 and HCT116 cells after P4HA1 knockdown treated with different 
concentrations of 5‑FU (0, 2, 4, 8 and 16 mmol/l). *P<0.05 vs. Control siRNA. P4HA1, prolyl 4‑hydroxylase subunit α1; 5‑FU, 5‑fluorouracil; siRNA, small 
interfering RNA.

Figure 5. P4HA1 regulates proliferation, stemness and apoptosis of colorectal cancer cells through HIF1α. (A) P4HA1 and HIF1α expression was examined 
in SW620 cells under hypoxia. Protein expression was quantified in the right panel. *P<0.05, ***P<0.001 vs. control siRNA without hypoxia. Examination of 
(B) cell proliferation, (C) sphere number and (D) caspase‑3 activity in SW620 cells upon HIF1α knockdown. *P<0.05. P4HA1, prolyl 4‑hydroxylase subunit α1; 
HIF1α, hypoxia inducible factor‑1α; siRNA, small interfering RNA.
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Discussion

The present study is a preliminary demonstration of the assess‑
ment of a PTM in the carcinogenesis of CRC. The results from 
the current study strengthen the genomic and epigenomic find‑
ings in CRC biomarker discovery, suggesting that the study of 
PTMs, especially P4HA1, could have an important prognostic 
value and work as potential therapeutic targets.

Through a review of GEO datasets  (22) the expres‑
sion of P4HA1 was found to be significantly upregulated in 
CRC (16,17,23). This is also seen in in vitro assays in human 
CRC tissue samples. These observations are in concordance 
with the findings in triple negative human breast cancer (10,11), 
adenopancreatic carcinoma (9), gliomas (24) and oral squa‑
mous cell carcinoma (25). P4HA1 has been reported to be 
regulated by miR‑124, which is a potential target in CRC 
treatment (26). Further in vitro assays using the CRC cell lines 
SW480, SW620 and HCT116 showed that P4HA1 is expressed 
in these cells. However, the expression of P4HA1 was found 
to be lower in SW480 cells compared with the other two cell 
lines. It has previously been shown that the expression of 
proteins can significantly differ amongst primary CRC cells 
(SW480) vs. metastatic colon cancer cell lines such as (SW620 
and HCT116) (27).

As aforementioned, P4HA1 is the most abundantly 
found isoform of prolyl 4‑hydroxylase and is responsible for 
4‑hydroxylation of proline residues on collagen  (11). This 
post‑translational modification is responsible for the appro‑
priate folding and tertiary structure of collagen (10). Collagen 
is the most abundant protein found in the extracellular matrix 

(ECM); the ECM being the acellular component within tissues 
and organs (28). The role of ECM extends beyond providing 
merely a scaffold and/or a physical support to cells. It also 
provides the appropriate milieu for biochemical cues essential 
for the maintenance of tissue homeostasis (28).

Tumor‑derived ECM is not only stiffer, but it is also 
biochemically distinct than the normal ECM. Besides 
supporting cancer cells, the role of ECM in cellular functions 
such as cell proliferation, cell migration, differentiation and 
survival have been well described (29,30). The role of collagen 
in mediating these cellular features has been previously 
reported (31). It is likely that overexpression of collagen may 
promote epithelial‑mesenchymal transition, tumor initiating 
potential and self‑renewal of CSCs, thereby mediating the 
stemness phenotype (29,32).

These findings may in part explain the present results, 
wherein silencing of P4HA1 downregulates cellular prolifera‑
tion, reduced cancer stemness and decreased chemoresistance 
plausibly through the breakdown of the ECM. As has been 
demonstrated previously, it is likely that the silencing of 
P4HA1 decreases the turnover of collagen in the matrix (33). 
The absence of collagen abrogates activation of the focal 
adhesion kinase (FAK) through β1‑integrin  (34). This in 
turn would downregulate multiple FAK effector molecules 
such as the phosphatidyl inositol 3 kinase or growth factor 
receptor bound protein 7 and cell division control protein 42, 
thereby regulating various cell processes, such as division 
and migration.

Studies in breast cancer have also found a link between 
collagen hydroxylation and HIF1α activation during tumor 

Figure 6. P4HA1 affects CRC cell Wnt signaling. Western blot analysis of β‑catenin, p‑β‑catenin, Axin2 and c‑Myc in SW620 and HCT116 cells after P4HA1 
knockdown. Protein expression levels was quantified in the right panel. *P<0.05 vs. Control siRNA. P4HA1, prolyl 4‑hydroxylase subunit α1; p‑, phosphory‑
lated; Axin2, axis inhibition protein 2; Wnt, wingless‑type mouse mammary tumor virus integration site family; siRNA, small interfering.
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progression (10). Increased expression of P4HA1 was found 
to enhance stability of HIF1α by significantly reducing the 
levels of cellular α‑ketoglutarate and increasing the levels of 
succinate (11). Similar observations were also observed in the 
present study, with the expression of P4HA1 being demon‑
strated to be associated with increased stability of HIF1α. 
Furthermore, HIF1α is associated with a poor prognosis in 
CRC (35). HIF1α plays an angiogenic role in CRC through the 
upregulation of angiogenic factors such as VEGF (36).

The present findings also suggested inactivation of the 
Wnt signaling pathway by silencing of P4HA1. There are 
two possible explanations for the observations: i) It is likely 
that P4HA1 negatively regulates the multiprotein dissociation 
complex of the Wnt pathway, thereby reducing phosphoryla‑
tion and consequent proteasomal degradation of β‑catenin. 
This in part would be explained by the downregulation of 
Axin 2 upon silencing of P4HA1; and ii) hypoxia and HIF1α 
regulates the expression of several transcriptional activators, 
such as B cell lymphoma 9 (BCL9), which in turn regulates 
a number of genes in the Wnt pathway, namely CD44, Axin2 
and survivin. It has been shown that BCL9 knockouts have 
significantly decreased expression of these genes (37).

In conclusion, as the majority of CRC cases present with 
an aberrated canonical Wnt signaling pathway, it would be 
essential to target molecules that deregulate the Wnt pathway. 
The results of the present study indicate that investigation 
into P4HA1 as a target biomolecule to predict prognosis of 
CRC could be beneficial. Alongside this, therapeutic targets 
to selectively downregulate or silence the expression of 
P4HA1 may be investigated to target P4HA1‑mediated CRC 
pathogenesis.
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