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Abstract. Colon cancer is the second most lethal malignancy 
worldwide. A better understanding of colon cancer at the 
molecular level may increase overall survival rates. Previous 
studies have indicated that prolyl 4-hydroxylase, β polypeptide 
(P4HB) is associated with tumorigenesis in colon cancer; 
however, its role and molecular mechanisms in colon cancer 
remain unclear. In the present study, the cellular responses to 
P4HB in human colon cancer cell lines were investigated by 
proliferation and apoptosis assays, western blotting, and immu-
nohistochemistry. The results showed that expression of P4HB 
was higher in colon cancer tissues compared within adjacent 
normal tissues. P4HB knockdown increased the apoptosis of 
human HT29 cells. Furthermore, P4HB knockdown reduced 
the activation of signal transducer and activator of transcrip-
tion 3 (STAT3) and promoted accumulation of reactive oxygen 
species (ROS). Inhibiting the accumulation of ROS abrogated 
the increased cell apoptosis induced by P4HB knockdown. 
Notably, decreased ROS levels effectively antagonized the 
effects of P4HB on STAT3 inactivation. In conclusion, these 
findings suggested that P4HB knockdown may induce HT29 

human colon cancer cell apoptosis through the generation of 
ROS and inactivation of the STAT3 signaling pathway.

Introduction

Colon cancer is the second most lethal malignancy world- world-
wide, which is associated with >600,000 cases of mortality 
per year (1). It is estimated that there are >1.4 million people 
living in the United States with this disease, and an additional 
134,490 cases are diagnosed annually (2). Clinicians are faced 
with a great challenge with regards to colon cancer treatment 
and targeting the molecular features of this disorder are 
critical for therapeutic success (3); therefore, understanding 
the molecular pathogenesis of colorectal cancer is crucial for 
disease management.

Prolyl 4-hydroxylase, β polypeptide (P4HB) is the 
β-subunit of prolyl 4-hydroxylase, which acts as an endo-
plasmic reticulum chaperone to suppress aggregation of 
misfolded proteins (4). P4HB expression in lung cancer tissues 
is increased compared with in adjacent tissues and normal lung 
epithelium, and it has been suggested to induce the growth of 
lung carcinoma (5). P4HB is also upregulated in high-grade 
glioma (6). Downregulation of P4HB decreases temozolomide 
resistance in malignant glioma via endoplasmic reticulum 
stress response pathways (7). Our previous study revealed 
that P4HB is upregulated in human hepatocellular carcinoma 
(HCC) tissues, and it promotes HCC cell proliferation and 
migration (8). These findings indicate that P4HB may serve 
an important role in tumorigenesis; however, little is currently 
known about the effects of P4HB and its underlying molecular 
mechanisms in colon cancer.

It is believed that reactive oxygen species (ROS) serve a 
crucial role in cell apoptosis, and increasing evidence has indi-
cated that ROS regulate the apoptosis of cancer cells (9). ROS 
function as ‘redox messengers’ in intracellular signaling and 
regulation, whereas excessive ROS accelerate cell death (9,10). 
ROS result in a cellular redox imbalance in various cancer cells, 
which may be associated with oncogenic stimulation (11,12). 
Notably, the regulation of ROS may be a promising therapeutic 
approach against colon cancer. Chen et al (13) demonstrated 
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that a novel benzimidazole acridine derivative induced human 
colon cancer cell apoptosis via the upregulation of ROS. ROS 
has also been revealed to enhance cisplatin-induced colon 
cancer cell apoptosis (14). Furthermore, Wang et al (15) 
revealed that dihydrotanshinone induces p53-independent but 
ROS-dependent apoptosis of colon cancer cells.

ROS may activate downstream signaling pathways to regu-
late the phosphorylation status of transcription factors, including 
signal transducer and activator of transcription (STAT) (16). 
STAT proteins are recruited to receptors by binding to phos-
photyrosine residues in the Src homology 2 domain of the STAT 
protein (17). STAT is subsequently phosphorylated by Janus 
kinase 2 and translocated into the nucleus. The STAT family 
is a group of latent cytoplasmic proteins that regulate various 
metabolic processes (18,19). The STAT family includes seven 
structurally and functionally associated proteins: STAT1-4, 
STAT5a and b, and STAT6 (18). STAT3 is constitutively 
aberrantly activated in ~70% of human solid tumors, and it 
modulates the expression of oncogenes controlling the prolif-
eration and metastasis of tumor cells (20,21). STAT3 is often 
a downstream effector of numerous oncogenic mutations (22). 
Substantive evidence has indicated that downregulating STAT3 
may mitigate the malignant behavior of cancer cells (23,24).

The present study aimed to investigate the effects of 
P4HB on colon cancer. The results showed that P4HB was 
significantly upregulated in colon cancer tissues, whereas 
P4HB knockdown significantly increased cell apoptosis. 
Furthermore, P4HB knockdown reduced the activation of 
STAT3 and increased ROS accumulation. These data indi-
cated that P4HB may inhibit colon cancer cell apoptosis via 
the ROS/STAT3 signaling pathway.

Materials and methods

Reagents. N-acetyl cysteine (NAC), an antioxidant, was 
purchased from Beyotime Institute of Biotechnology (Haimen, 
China). As described previously (15), colon cancer cells 
(5x105 cells/cm2) were pretreated with NAC (10 mM) for 1 h 
at 37˚C and 5% CO2.

Clinical tissues. The present study was approved by the 
Medical Ethics Committee of the Seventh People's Hospital 
of Shanghai University of Traditional Chinese Medicine 
(Shanghai, China). All subjects provided written informed 
consent, and none of them received chemoradiotherapy prior 
to surgery. From May 2015 to July 2017, 9 patients (5 males and 
4 females) with an average age of 52.4 years were enrolled in 
the present study. Patients that underwent chemoradiotherapy 
prior to surgery were excluded. Colon cancer tissues and 
adjacent normal colon tissues were obtained during surgery.

Immunohistochemistry (IHC). According to the manufac-
turer's protocol, P4HB IHC staining was performed manually 
using a Bosterbio IHC kit (cat. no. RC1865; Boster Biological 
Technology, Pleasanton, CA, USA). Briefly, the clinical samples 
were fixed in 10% neutral formalin for 2 days at room tempera-
ture and embedded in paraffin, after which 3-µm sections 
were cut and mounted onto slides. Slides were incubated 
at 56˚C, deparaffinized in xylene and dehydrated in a graded 
series of alcohol. Heat‑induced (121˚C) antigen retrieval was 

conducted with sodium citrate (pH 6.7) in a pressure-cooker 
for 30 min at room temperature. Following washing in wash 
buffer, peroxidase-blocking reagent (included in IHC kit) 
was applied for 15 min at room temperature. Subsequently, 
sections were incubated overnight at 4˚C with rabbit anti‑P4HB 
monoclonal antibody (1:100; ab137110; Abcam, Cambridge, 
UK). Subsequently, a secondary antibody (included in IHC 
kit) was applied for 30 min at room temperature. Horseradish 
peroxidase-streptavidin (included in IHC kit) was used to detect 
immunoactivity, followed by counterstaining with hematoxylin 
for 1 min at room temperature. Under a light microscope 
(magnifications, x100 and 200; Olympus Corporation, Tokyo, 
Japan), each section was imaged and semi-quantitatively 
analyzed according to a previously published method (25).

Cell culture. The HT29 human colon cancer cell line was 
purchased from the Cell Bank of Shanghai Institute of 
Biochemistry and Cell Biology, Chinese Academy of Sciences 
(Shanghai, China). The cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM; Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) supplemented with 10% fetal 
bovine serum (FBS; HyClone; GE Healthcare, Chicago, IL, 
USA) at 37˚C and 5% CO2.

Lentiviral infection. The HT29 human colon cancer cell line 
was used for lentiviral infection. A lentiviral short hairpin RNA 
(shRNA) construct targeting P4HB (SHCLNG-NM_000918) 
was obtained from Sigma-Aldrich (Merck KGaA). Three 
shRNA sequences targeting P4HB were designed (Table I). The 
oligonucleotides were phosphorylated, annealed and cloned into 
the pLKO.1 vector (Sigma-Aldrich; Merck KGaA), according 
to the manufacturer's protocol. Briefly, the cells were seeded 
at 1x105 cells/well in a 12-well plate prior to lentiviral particle 
infection and incubated with 1 ml DMEM supplemented with 
10% FBS for 6 h. Subsequently, cells were infected with lentiviral 
particles (1x109). This lentiviral transgenic system possessed 
>90% gene transfer effectiveness and a multiplicity of infection 
of 100 for the inhibition of P4HB expression. After 24 h, the 
virus-containing medium of infected cells was substituted with 
DMEM with 10% FBS, and infected cells were incubated with 
1 µg/ml puromycin for 72 h at 37˚C and 5% CO2. Empty lenti-
viral vectors (1x109) were used as a negative control. After the 
screening for 72 h, the infected cells the subsequent experiments.

Cell proliferation. To evaluate the proliferative ability of 
colon cancer cells, the cells were seeded into 96-well plates 
(2x103 cells/well). Following 24 h, the medium was removed, 
and the cells were treated with 10% Cell Counting kit 8 (CCK8; 
Dojindo Molecular Technologies, Inc., Kumamoto, Japan) 
in 100 µl DMEM without FBS for 2 h at room temperature. 
Absorbance at 450 nm, which is directly proportional to the rate 
of cell proliferation, was measured using a microplate reader.

Assessment of apoptosis. Apoptosis was evaluated using an 
Annexin V-fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) dual staining kit (C1052; Beyotime Institute of 
Biotechnology). Following treatment (shRNA transfection or 
NAC pretreatment), the HT29 cells (1x106 cells) were trypsin-
ized and centrifuged at 400 x g for 5 min at 4˚C. Cells were then 
dissolved in 100 µl Annexin V-FITC binding buffer, and were 
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incubated with 5 µl Annexin V-FITC and 5 µl PI for 15 min at 
room temperature in the dark. Harvested cells were analyzed by 
fluorescence‑activated cell sorting using a flow cytometer.

Detection of ROS. According to a previous study (26), intracellular 
ROS can be detected using the peroxide‑sensitive fluorophore 
2',7'‑dichlorofluorescein diacetate (DCF‑DA; Beyotime Institute 
of Biotechnology). Briefly, the cells (1x105 cells) were plated in 
six-well plates, washed with DMEM without FBS, and incubated 
with 10 µM DCF‑DA at 37˚C for 20‑30 min. Fluorescence distri-
bution was detected using a fluorescence spectrophotometer at 
an excitation wavelength of 488 nm.

Western blot analysis. Cells were lysed in radioimmunopre-
cipitation assay lysis buffer supplemented with a protease 
inhibitor (Beyotime Institute of Biotechnology). The concen-
tration of total protein was detected by the BCA method. 
Whole cell extracts containing equal quantities of proteins 
(50 µg) were separated by 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and were then transferred onto 
a polyvinylidene fluoride membrane. Following blocking in 
5% bovine serum albumin (cat. no. BA7019, Boster Biological 
Technology) for 1 h at room temperature, the membranes were 
incubated overnight at 4˚C with antibodies specific to β-actin 
(1:8,000; cat. no. 4970), phosphorylated (p)-STAT3 (1:1,000; 
cat. no. 4074), total (t)-STAT3 (1:1,000; cat. no. 12640), 

B-cell lymphoma (Bcl)-2 (1:1,000; cat. no. 3498S; all Cell 
Signaling Technology, Inc., Danvers, MA, USA), cleaved 
caspase-3 (1:1,000; cat. no. 9661; Abcam), c-Myc (1:1,000; cat. 
no. 13987) and p53 (1:1,000; cat. no. 2527; both Cell Signaling 
Technology, Inc.). Horseradish peroxidase-conjugated goat 
anti-rabbit IgG (1:5,000; cat. no. BA1099; Boster Biological 
Technology) was applied as a secondary antibody for 1 h 
at 37˚C. For all western blots, β-actin served as an internal 
control. Protein expression was semi‑quantified using Bio‑Rad 
Quantity One software 3.76 (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA).

Statistical analysis. Statistical analysis was performed using 
SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). All exper-
iments were performed at least in triplicate. Data are presented 
as the means ± standard deviation. Statistical significance was 
determined using a two-tailed Student's t-test. Comparisons 
among multiple groups were analyzed by a one-way analysis 
of variance, followed by Tukey's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

P4HB levels are lower in normal colon tissues than in colon 
cancer tissues. To assess the expression levels of P4HB in 
normal and cancerous colon tissues, IHC was performed on 

Table I. Sequences interfering with P4HB.

shRNA Sequence (5'-3')

shRNA1 CCGGGCTCCCATTTGGGATAAACTGCTCGAGCAGTTTATCCCAAATGGGAGCTTTTTG
shRNA2 CCGGAGGTGAAATCAAGACTCACATCTCGAGATGTGAGTCTTGATTTCACCTTTTTTG
shRNA3 CCGGGTGTGGTCACTGCAAACAGTTCTCGAGAACTGTTTGCAGTGACCACACTTTTTG
ShCtrl CCTTCTCCGAACGTGTCACGT

P4HB, prolyl 4-hydroxylase, β polypeptide; shRNA, short hairpin RNA.

Figure 1. Immunohistochemical staining of P4HB in normal and colon cancer tissues. (A) Representative image of colon cancer tissues and normal adjacent colon 
tissues, (magnifications, x100 and 200). (B) Relative semi‑quantification of P4HB expression in colon tissues. *P<0.05. P4HB, prolyl 4-hydroxylase, β polypeptide.
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nine clinical specimens. Significantly higher P4HB levels were 
identified in colon cancer tissues compared with in normal 
colon tissues (Fig. 1; P<0.05).

Knockdown of P4HB in colon cancer cells by lentiviral infec‑
tion. To investigate the effects of P4HB, lentiviral vectors were 
used to downregulate P4HB expression in colon cancer HT29 
cells. As shown in Fig. 2, P4HB levels were knocked down 
using three shRNAs. shRNA3 was chosen for subsequent 
experiments, as it most effectively downregulated P4HB.

Knockdown of PH4B inhibits proliferation and promotes 
apoptosis of human HT29 cells. The effects of P4HB on 
cell proliferation were identified using the CCK8 assay, 
which revealed that proliferation was significantly reduced 
in the P4HB-knockdown group compared within the control 
group (Fig. 3A).

Cell apoptosis was evaluated by Annexin V/PI staining. 
The percentage of cells undergoing early or late apoptosis was 
demonstrated in Fig. 3B. Compared with in the control group, 
apoptosis was significantly increased by P4HB knockdown 
(P<0.05). As illustrated in Fig. 4A, the P4HB-knockdown 
group exhibited markedly higher protein expression levels of 
p53 and cleaved caspase-3 compared with in the control group. 
Furthermore, Bcl-2 levels were lower in the P4HB-knockdown 
group than in the control group.

P4HB knockdown regulates p‑STAT3 expression and promotes 
the accumulation of ROS. To explore the molecular mecha-
nism underlying the effects of P4HB on colon cancer cells, 
ROS generation and STAT3 levels, which are key regulators of 
colon cancer cell proliferation and apoptosis, were evaluated. 
P4HB knockdown markedly inhibited activation of p-STAT3 
(Fig. 4A) and significantly increased the accumulation of ROS 
(Fig. 4B). Furthermore, a previous study demonstrated that 
ROS downregulates p-STAT3 by downregulating c-Myc (27); 
therefore, the expression of c-Myc was also examined. 
However, no significant difference was detected in the levels of 
c-Myc (Fig. 4A), which indicated that ROS may downregulate 
p-STAT3 levels via other signaling pathways.

Inhibiting ROS accumulation rescues the increased cell 
apoptosis induced by P4HB knockdown. NAC was used to 
scavenge intracellular ROS. According to a previous study (15), 
the cells were pretreated with NAC (10 mM) for 1 h. As demon-
strated in Fig. 5A, intracellular ROS levels were decreased 
by NAC. The levels of apoptosis and apoptosis-associated 
proteins (Bcl-2, cleaved-caspase-3) were markedly decreased, 
whereas proliferation significantly increased in response to 
NAC compared with in cells without NAC (Fig. 5B-D). The 
increased apoptosis induced by P4HB knockdown was also 
reduced by NAC. Finally, NAC effectively reversed the effects 
of P4HB knockdown on the suppression of p-STAT3 (Fig. 5B).

Discussion

Colon cancer is one of most lethal malignancies, and there are 
still great challenges concerning its treatment. According to 
previous studies, P4HB is associated with tumorigenesis (5,6). 
The present study aimed to investigate the effects of P4HB on 

human colon cancer. In the present study, compared with in 
normal colon tissues, P4HB levels were significantly upregu-
lated in colon cancer tissues. P4HB knockdown significantly 
decreased cell proliferation and increased cell apoptosis in a 
human cancer cell line. Additionally, downregulation of P4HB 
suppressed p-STAT3 expression and accelerated the accumu-
lation of ROS. Notably, the increased apoptosis observed after 
P4HB knockdown was rescued by inhibition of ROS. Notably, 
the downregulation of ROS could also upregulate p-STAT3 
levels. Taken together, these findings suggested that P4HB 
knockdown may decrease cell proliferation and increase cell 
apoptosis in a human cancer cell line.

A considerable amount of evidence has indicated that 
P4HB is associated with tumorigenesis (7,8). Our previous 
study reported that P4HB overexpression promotes HCC cell 
growth, migration, invasion and epithelial-to-mesenchymal 
transition, and the knockdown of P4HB expression by small 
molecules or small interfering RNA may be used as a thera-
peutic target in HCC (8). Apoptosis is a gene-directed program 
that eliminates excess, abnormal cells in vivo. A hallmark of 
cancer is the capability of cancer cells to resist cell death (28). 
Therefore, disturbed regulation of apoptosis is a vital factor in 
tumorigenesis (29). Evasion of apoptosis may have an impor-
tant role in tumor initiation and therapy resistance (30). p53 is 
a tumor suppressor, which serves a key role in apoptosis and 
is frequently inactivated in colon cancer cells (31). In addi-
tion, Bcl-2 functions as a suppressor and is a key regulator of 
apoptosis. Alterations in the Bcl-2/Bax ratio may have an anti- 
or proapoptotic effect and may result in caspase activation, 
thereby inducing apoptosis (27). In the present study, depletion 
of P4HB upregulated p53 and cleaved caspase-3 expression, 
and inactivated the expression of Bcl-2. These data indicated 
that P4HB knockdown increased the apoptosis of colon cancer 
cells in vitro.

Elevated ROS levels may promote tumor onset and 
progression by increasing DNA damage and genomic insta-
bility (32). ROS-induced oxidative stress can also directly 
provoke programmed cell death, including apoptosis and 
autophagy (33). Ding et al (34) revealed that ROS overload 
prompts apoptosis of colon cancer cells; therefore, targeting 
ROS in colon cancer cells may be exploited as an anticancer 
strategy. ROS may activate downstream signaling pathways 
to regulate the phosphorylation status of transcription 
factors, including STAT3 (16). Inappropriate activation of 
STAT3 serves a crucial role in the apoptosis of tumor cells. 
Chae et al (35) demonstrated that CAY10598 induced apoptosis 

Figure 2. Knockdown of P4HB protein expression by shRNA in HT29 cells. 
Relative P4HB protein expression was detected by western blot analysis. 
Images are representative of three independent experiments. Ctrl, control; 
P4HB, prolyl 4-hydroxylase, β polypeptide; shRNA, short hairpin RNA. 
Mock, represents untreated cells, which were treated as the control.
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of colon cancer cells by activating ROS/STAT3 signaling. 
Kasiappan et al (27) also revealed that the ROS/STAT3 
signaling pathway serves an important role in regulating 
the behaviors of tumor cells. Considering the critical role 
of ROS/STAT3 in cancer cells, the expression levels of 
ROS/STAT3 signaling pathway members were investigated in 
a colon cancer cell line. The present results were consistent 
with previous reports (27,35). The results demonstrated that 
P4HB knockdown induced colon cancer cell apoptosis by 
increasing ROS generation and downregulating STAT3, which 
may be associated with subsequent activation of the intrinsic 
apoptosis pathway. Furthermore, blocking the generation of 
ROS by NAC rescued the increased cell apoptosis induced 

by P4HB knockdown. Notably, the decreased ROS levels 
effectively antagonized the effects of P4HB on the activation 
of p-STAT3. Levels of ROS are controlled at both the level of 
production and by degradation. The predominant transcrip-
tional response that increases the production of antioxidant 
proteins in cancer cells is through the activation of nuclear 
factor (erythroid-derived 2)-like 2 (NRF2). The levels of ROS 
have been reported to be regulated by antioxidant proteins, 
such as NRF2 (36). Notably, P4HB may be associated with the 
expression of NRF2 (36).

There are several limitations in the present study. Firstly, 
these in vitro results need to be verified in other colon cancer 
cell lines and in animal models. In addition, it is well known 

Figure 4. Effects of P4HB knockdown on markers of apoptosis. (A) Representative images of the protein levels of p53, Bcl-2, cleaved caspase-3, p-STAT3, 
t-STAT3 and c-Myc as assessed by western blot analysis. (B) P4HB knockdown increased the generation of ROS. Images are representative of three inde-
pendent experiments. Data are presented as the means ± standard deviation. *P<0.05 vs. the shCtrl group. Bcl-2, B-cell lymphoma 2; Ctrl, control; FITC, 
fluorescein isothiocyanate; p‑, phosphorylated; P4HB, prolyl 4‑hydroxylase, β polypeptide; RFU, relative fluorescence unit; shRNA, short hairpin RNA; 
STAT3, signal transducer and activator of transcription 3; t, total.

Figure 3. Effects of P4HB knockdown on the viability of HT29 cells. (A) Proliferation rate was assessed by CCK8 detection and (B) apoptosis was analyzed 
by flow cytometry. Data are presented as the means ± standard deviation. *P<0.05 vs. the shCtrl group. Images are representative of three independent 
experiments. Ctrl, control; FITC, fluorescein isothiocyanate; P4HB, prolyl 4‑hydroxylase, β polypeptide; PI, propidium iodide; shRNA, short hairpin RNA.
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that P4HB and its downstream targets may induce ROS accu-
mulation; however, the mechanisms by which P4HB regulates 
ROS levels remain unclear. Therefore, further studies are 
required.

In conclusion, the present data suggested that P4HB knock-
down may induce apoptosis of human colon cancer HT29 cells 
through the generation of ROS and inactivation of the STAT3 
signaling pathway; however, these results require further 
investigation.
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