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A B S T R A C T

Thyroid hormone receptor interactor 4 (TRIP4), a subunit of the tetrameric nuclear activating signal co-in-
tegrator 1 (ASC-1) complex, exerts pro-tumorigenic effects. The role for TRIP4 in the regulation of cervical
cancer growth and radiation resistance is presently unknown. In this study, TRIP4 was found to be highly
expressed in cervical cancer cells and tumor tissues. Knockdown of TRIP4 significantly suppressed cervical
cancer cell proliferation and epithelial-mesenchymal transition (EMT), accompanied by inactivation of PI3K/
AKT and MAPK/ERK signaling. TRIP4 was also found to target hTERT signaling by regulating its binding to the
hTERT promoter. Moreover, the knockdown of TRIP4 increased cell sensitivity to radiation, concomitant with
downregulation of Rad51 and p-H2AX. We also demonstrated in an in vivo study that the knockdown of TRIP4
effectively suppressed cervical cancer growth and progression in a xenograft tumor model, and these effects were
concomitant with the downregulation of p-AKT, p-ERK, p-MEK1/2, MMP-9 and hTERT expression.
Immunohistochemical analysis of tumor tissue microarrays showed that TRIP4 overexpression predicted poor
prognosis in patients with cervical cancer. Collectively, these results show that TRIP4 plays an essential role in
cervical cancer growth and survival.

1. Introduction

Cervical cancer involves uncontrolled cell division and tissue inva-
sion of the female uterine cervix, and it continues to be one of the most
common cancers among women [1]. Although the control of human
papillomavirus (HPV) infection and early screening can effectively re-
duce the incidence of cervical cancer, gene mutations still play a key
role in its development. Investigators have recently begun to view these
mutations as biomarkers to determine disease progression and for use
as therapeutic targets [2]. In recent years, treatment strategies for
cervical cancer have been proposed that include small molecular in-
hibitors, monoclonal antibodies, and macromolecules or nucleic acids
as therapeutic modalities. These new methodologies must be able to
effectively prevent the interaction between viral HPV proteins and their

cellular targets. Although some results show promise [3], there is still a
need to develop new therapeutic targets and treatment options.

TRIP4 is a subunit of the transcriptional coactivator ASC-1. ASC-1 is
responsible for bridging transcription factors or remodeling the chro-
matin structure [4], and it was initially isolated as a transcription factor
and protein partner of the thyroid hormone receptor (THR) [5]. Recent
studies have indicated that ASC-1 can play a role in the development of
tumors, and it acts as a coactivator of the transcription factors AP1,
SRF, and NF-κB in HeLa cells [6]. It has also been demonstrated that
ASC-1 localizes to the nucleus and cytoplasm of rat fibroblasts and
regulates the expression of the anti-apoptotic molecule plasminogen
activator inhibitor-2 (PAI2) in gastric cancer cells under different
conditions [7]. A recent report indicated that ASC-1 promotes the
progression of melanomas by regulating the expression of COX-2/iNOS
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[8]. However, the functions and mechanism(s) underlying TRIP4's ef-
fects in cervical cancer are not fully understood.

Telomerase is a nuclear ribonucleoprotein protease complex that
may control the immortalization of cells, and its activity may be related
to cellular senescence [9]. Telomerase itself carries a template and
maintains telomere length by repeatedly synthesizing telomeric DNA
[10]. Telomerase activity in human cancer cells is therefore much
higher than in most human normal cells [11]. It has been reported that
hTERT plays an important role in tumorigenesis, growth, migration,
and invasion [12], and its inhibition significantly reduces telomerase
activity and telomere length, thereby attenuating the growth of cervical
cancer tumors, cellular proliferation, cell migration, and invasion in
vitro [13]. Therefore, the regulation of telomerase activation and its
expression levels remains an area that requires further exploration.

In the present study, we examined the effects of TRIP4 on cervical
cancer cell proliferation, and radioresistance, and we further identified
the underlying molecular mechanisms in vitro and in vivo. We also as-
sessed whether TRIP4 expression was correlated with overall survival in
cervical cancer. Our results showed that the knockdown of TRIP4 led to
reduced cell proliferation, invasion, and migration, and it increased
radiosensitivity in cervical cancer cell lines. Such proliferation-in-
hibiting effects of TRIP4 knockdown were associated with inactivation
of the MAPK and PI3K/AKT pathways and inhibition of the hTERT
signaling pathway. Our findings show novel potential mechanisms in
the development of cervical cancer and provide promising new ther-
apeutic targets.

2. Materials and methods

2.1. Cell lines and culture

We obtained the human cervical cancer cell lines HeLa, SiHa, C33-
A, DoTc2, HeLa S3, and Caski, and normal cervical cells Ect1 from the
American Type Culture Collection (ATCC). All of the cells were cultured
in a modified medium supplemented with 10% fetal bovine serum
(FBS), 100 μg/mL penicillin, and 100 μg/mL streptomycin. HeLa, SiHa,
and C33-A cells were specifically cultured in Eagle's minimal essential
medium (EMEM); and DoTc2, HeLa S3, and CaSki cells in Dulbecco-
modified Eagle medium (DMEM). Cells were maintained in an in-
cubator at 37 °C, 5% CO2 in compressed air at high humidity.

2.2. siRNA design and transfection

To inhibit the expression of TRIP4, cells were transfected with
TRIP4-specific siRNAs (siRNA1, 5′-GCCACUGACCAAAUUGGAUTT-3′,
5′-AUCCAAUUUGGUCAGUGGCTT-3’; siRNA2, 5′-GGACUAGAGUUCA
ACUCAUTT-3′, 5′- AUGAGUUGAACUCUAGUCCTT-3′) or non-specific
siRNA (10 μmol/L) synthesized by Shanghai GenePharma Company
(Shanghai, China). Cells plated in 96-well plates (5000 cells/well) or
six-well plates (200,000 cells/well) were transfected with siRNA du-
plexes (1–2 μg) encapsulated by Lipofectamine 3000 (Invitrogen,
Carlsbad, CA). At 48 h after treatment, protein expression and cell
viability were tested by western blot and MTT analysis, respectively.

2.3. Plasmid vectors and transfection

The TRIP4 plasmid was purchased from Origene. TRIP4 plasmids
with different lengths of gene sequence were constructed in our lab and
used in the transfection experiments. The transfection was performed
using Lipofectamine 3000 reagent according to the manufacturer's
protocol. To overexpress TRIP4 in HeLa or SiHa cells, cells were
transfected with control vector LacZ or TRIP4-overexpressing plasmids.

2.4. Establish a stable cell line

TRIP4-targeting shRNAs for knockdown of its expression in HeLa

cells. Four specific shRNA plasmids and a control non-targeting shRNA
plasmid fused to mCherry were purchased from Gene Copoeia
(Rockville, USA). Virus packaging and transfection were performed
according to the Lenti-Pac™ HIV Expression Packaging Kit User Manual
(Gene Copoeia). Finally, the cell lines SH1 (5′-GGTCAATTCATAGAAG
AACTT-3′) and SH2 (5′-GGTAAATCCCAACATGTACCA-3′) with higher
efficiency of TRIP4 silencing were selected by fluorescence microscope
and Western blot analysis. Similarly, HeLa or SiHa cells were infected
with lentivirus (LvOE) to upregulate cellular TRIP4.

2.5. Western immunoblotting analysis

We separated proteins on a 10% SDS-PAGE gel and electro-
phoretically transferred them to a PVDF membrane. The proteins were
probed with antibodies (1:1,000) to P85, p-P85, AKT, p-AKT, p110γ, p-
Raf, MEK1/2, p-MEK1/2, P38, p-P38, ERK, p-ERK, Slug, Snail, Rad51,
N-cadherin, and p-H2AX (Cell Signaling Technology); TRIP4, hTERT,
MMP1, and MMP9 (Santa Cruz Biotechnology); β-catenin, E-cadherin
and β-actin (Proteintech); and TFIIB (Abcam) for 12 h at 4 °C, followed
by incubation with HRP-conjugated secondary antibody for 2 h.
Detection was by chemiluminescence (Bio-Rad Laboratories, Inc., USA).

2.6. Cellular viability assay

We determined cell viability by MTT assay (Roche Diagnosis,
Indianapolis, IN). Cells were added to a 96-well plate (3000 cells/well)
and cultured overnight, then continuously cultured in a medium free of
FBS. Six hours later, cells were transfected with siRNA or plasmid. After
an additional 48 h of continuous culture, cellular viability was de-
termined.

2.7. Colony formation assay

We treated cervical cancer cells with TRIP4 siRNA or lentivirus
overexpressing TRIP4. The cell culture medium was changed 12 h after
transfection, and cells were harvested after 48 h of cell culture. Cells
were seeded in a 6-well plate (600 cells/well) and incubated for 12
days. We treated colonies with 0.1% crystal violet at room temperature
for 15min, then counted and photographed cell colonies containing
more than 50 cells.

2.8. Immunofluorescence

HeLa cells were fixed with 4% paraformaldehyde for 30min after
knockdown with TRIP4 siRNA, and placed in 0.2% Triton X-100 in PBS
solution to permeabilize for 5min. Bovine serum albumin (BSA, 10%)
was added to cells for 20min, then they were incubated with primary
antibodies (1:200) against vimentin or E-cadherin for 12 h. After
washing with PBS containing 1% BSA, the corresponding secondary
antibody labeled with fluorescein was added to cells for 1 h. Protein
localization was analyzed using a confocal microscope (Leica) and
processed using Image-Pro Plus 5.1 software (Media Cybernetics, Inc.).

2.9. Scratch assay

HeLa and SiHa cells were grown to 80–90% confluency in a 6-well
plate, and a scratch assay was performed to examine cellular migration.
We damaged the cellular monolayer with the tip of a sterile 100-μL
pipette and washed it with PBS to remove isolated cells. After trans-
fection with TRIP4 siRNA for 8 h, we photographed the wound space at
0 and 48 h with a Leica DM 14000B microscope, and recorded and
calculated the distance of the wound gap using ImageJ v1.49 (NIH,
USA). The migration rate was calculated as MR = (initial gap (0 h) -
terminal gap (48 h)/initial gap (0 h)) × 100%. The experiment was
repeated three times and the data presented as the mean ± SD
(*p < 0.05).
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2.10. Transwell assay

We used the transwell assay to determine the invasive abilities of
HeLa and SiHa cells. The 24-well plates contained 500 μl of DMEM
supplemented with 20% FBS per well. The upper chamber (Cat: 3422,
Corning) was then coated with 20 μl (1 mg/ml) of Matrigel matrix (Cat:
356234, Corning). The control and TRIP siRNA cells were each re-
suspended in 100 μl of DMEM without FBS. We placed the chambers
into 24-well plates and added 3× 106 cells to each chamber for 24 h of
culture. Cells at the bottom of the upper chamber were fixed with 4%
paraformaldehyde for 5min and stained with 0.1% crystal violet for
10min, then we acquired photomicrographic images with an Olympus
microscope (200× magnification, Olympus Corp.)

2.11. Radiation assay

X-ray irradiation was applied using an X-320ix (Precision X-Ray,
Inc., North Branford, CO, USA). Cell Irradiation: Cells were irradiated
with a single dose of 4 Gy of 6MV X-rays. The cells were covered with
1.0 cm equivalent of wax plate and irradiated under air. Mouse irra-
diation: The mice were anesthetized and placed in a glass box for
fixation. The tumor was located in the center of the irradiation field and
was irradiated with 6MV X-rays at a dose of 4 Gy/exposure, once daily
on Day 1, Day 3, Day 5 and Day 7 with a total dose of 16 Gy.

2.12. Tumor cell comet assay

Following the indicated treatments, we resuspended the collected
cervical cancer cells and then loaded them onto agarose-coated slides
(150 μl of 0.5% agarose at a density of 1.5× 103 cells/μl). The slides
were then immersed in lysis buffer (10 mM Tris-HCl, 2.5 M NaCl,
100 mM EDTA, 1% Triton X-100, and 10% DMSO) for 1 h and washed
with neutralization buffer for 5 min, 3 times each. The slides were then
placed in cold electrophoresis solution (300 mM NaOH and 1 mM
EDTA) and subjected to 25 V for 25 min under electrophoresis at
300 mA. We stained the cells on the slides with ethidium bromide so-
lution (20 μg/ml) and captured the images using an Olympus fluores-
cence microscope (Olympus Corp.). The number of cells with or without
the appendix was calculated and averaged by Comet Assay Software
Project (CASP) (percentage DNA in tail = 100 − head fluorescent in-
tensity/(head fluorescent intensity + tail fluorescent
intensity) × 100Tail length = full length - head length), and experi-
ments were repeated 3 times.

2.13. Nuclear extraction

We lysed cells in 250 μL of cytoplasm lysis buffer (10mM HEPES
[pH 7.9], 10 mM KCl, 1.5mM MgCl2·6H2O, 300mM of sucrose, and
0.5% NP-40) and mixed the buffer with protease inhibitors (10mM
NaF, 2.5mM β-glycerophosphate, 1 mM Na3VO4, 0.1mM PMSF, 1 g/

Fig. 1. TRIP4 was highly expressed in cervical cancer cell lines and tumor tissues. (A) Proteins were extracted from cancer tissues and adjacent normal tissues
of 15 cervical cancer patients, and the expression of TRIP4 was detected by Western blot (n = 15). Data represent the mean ± SD of three independent experiments.
*p < 0.05 vs. control. (B) The distribution of cervical cancer patients with TRIP4 expression in tumor tissues and adjacent tissues (n= 15). (C) The expression of
TRIP4 protein in a normal cervical cell line and various cervical cancer cell lines was examined by Western blot analysis. (D) The expression of TRIP4 protein in
tumor tissues from cervical cancer patients and corresponding adjacent tissues was examined by immunohistochemical analysis (n = 5;×40 magnification). The data
represent the mean ± S.D. of three independent experiments. The level of significance is indicated by *P < 0.05.
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mL of leupeptin, and 0.5mM dithiothreitol) for 10min. We then cen-
trifuged the mixture at 2600×g for 1min at 4 °C. The pellet was re-
suspended in 70 μL of nuclear lysis buffer (20mM HEPES [pH 7.9],
420mM NaCl, 1.5 mM MgCl2·6H2O, 0.1mM EDTA, and 2.5% glycerol)
with various protease inhibitors and placed on ice for 10min. The
mixture was centrifuged at 10,400×g for 10min at 4 °C, and the nu-
clear protein concentration was determined by BCA assay.

2.14. Promoter reporters and luciferase assay

Cells (2× 105 cells/well) were seeded in a 6-well plate, and then
transfected with hTERT promoter luciferase plasmids or GFP reporter
vectors (driven by a CMV or an hTERT promoter) with Lipofectamine
3000. We analyzed the luciferase activity using the Luciferase reporter
assay system Enspire2300 (Perkin Elmer).

2.15. Tissue microarrays

Cervical cancer tissue microarrays were obtained from Outdo
Biotech (Shanghai, China). The tumor tissue samples (cancers and ad-
jacent non-cancers) were took from patients who had not undergone
anti-tumor therapy since diagnosis, with all of the information from
patients authenticated. The expression levels of TRIP4 and hTERT
proteins were analyzed based on the staining levels of the tissue mi-
croarrays. We scored the slides based upon the amount of staining.

2.16. Chromatin immunoprecipitation (ChIP) assay

The cells were fixed with 1% formaldehyde for 10min at room
temperature. The redundant formaldehyde was cross-linked with
0.125M glycine for another 10min. Then the cells were washed with
1× PBS twice, scraped, collected, and resuspended in SDS lysis buffer
(1% SDS, 10mM Tris-HCl, PH8.0). Then the cells were sonicated on ice
to cleave the intact DNA into 100–1000 bp fragments. A small portion
of the cell lysate was used as a DNA input control, and the remaining
total lysate was divided into two portions, incubated respectively with
anti-TRIP4 antibody or non-immune rabbit IgG (Proteintech Company,
USA). The complex of antibody-chromatin were immunoprecipitated by
protein A/G plus agarose beads. The protein/DNA complexes were
washed with elution buffer (20% SDS, 1M NaHCO3), reversely cross-
linked at 65 °C and extracted by phenol/chloroform. The extracted DNA
was subjected to PCR to amplify a 220 bp region (−378 to−159 bp) of
the hTERT promoter using primers (sense, 5′-ACC CTG GGA GCG CGA
GCG GC-3’; antisense, 5′-GGG GCG GGG TCC GCG CGG AG-3′). The
PCR products were resolved electrophoretically on a 1% agarose gel
and visualized by ethidium bromide staining.

2.17. Pulldown assay

A biotin-labeled double-stranded DNA probe corresponding to the
−378 to −159 bp nucleotides of the hTERT promoter sequence was
synthesized by PCR (sense, 5′-ACC CTG GGA GCG CGA GCG GC-3';
antisense, 5′- GG GCG GGG TCC GCG CGG AG-3′). Then, 400 μg nu-
cleoprotein extracts, 4 μg DNA probe, and 50 μl streptavidin agarose

beads (Sigma-Aldrich) were mixed in 500 μl prepared PBSI buffer
containing 0.5mM PMSF, 10mM NaF, 25mM β-glycerophosphate and
incubated on a rotary shaker for 2 h at room temperature, and then the
DNA-protein complex was precipitated by centrifugation, washed with
PBSI buffer twice, and then were resuspended with loading buffer and
boiled at 100 °C for 10min. Western blotting was used to analyze the
protein in the complex.

2.18. Immunohistochemical staining

Immunohistochemical (IHC) staining was performed according to
the DAB (3, 3′-diaminobenzidine) Kit (Origene, China) and applied to
cervical cancer tissues, tissue microarrays, and nude mice. We applied
primary antibody to each of the glass-coated samples and incubated
them for 12 h at 4 °C (TRIP 4, Santa Cruz, 1:50; p-AKT, p-ERK, and p-
H2AX, Cell Signaling Technology, 1:150; hTERT, Santa Cruz, 1:50). The
second antibody with Streptavidin/Peroxidase was added according to
the manufacturer's protocol. Then the slides were counterstained in
hematoxylin after development with DAB. For each specimen, the total
score of expression intensity (negative staining: 0; weak staining: 1;
moderate staining: 2; and strong staining: 3) was multiplied by the
stained cell number (positive cells as ≤25% of the cells, 1; 26–50% of
the cells, 2; 51–75% of the cells, 3; > 75% of the cells, 4). When the
sample was scored ≥7, we defined it as high expression, otherwise low
expression.

2.19. Development of in vivo tumor model and tissue processing

Four-week-old female BALBc/nu mice were purchased by the
Animal Center of Dalian Medical University, and all animal main-
tenance and procedures were carried out in accordance with the
National Institute of Health Guide for the Care and Use of Laboratory
Animals, and passed through the training process and was approved by
the Animal Care and Ethics Committee of Dalian Medical University.
Four groups (Mock, ShNC, Sh1, and Sh2) of HeLa cells (4× 106 cells,
resuspended in cold PBS) were injected subcutaneously into the left
iliac skin. Tumor sizes and body weights of nude mice were recorded on
day 4, and the experiment was terminated 20 days after tumor cell
inoculation. Tumor size was measured every 4 days using a Vernier
caliper. Upon completion of the experiment, we killed the mice, the
tumors from each mouse were excised, and weights were calculated for
statistical analyses. Then tumor samples were fixed with 10% formalin
and embedded in paraffin for further TRIP4, hTERT, p-AKT, p-ERK, and
p-H2AX expression analysis by western blotting and IHC staining car-
ried out as described above. A portion of each tumor was prepared for
immunohistochemical staining with TRIP4 (1:50), hTERT (1:50), p-AKT
(1:150), p-ERK (1:150), or p-H2AX (1:150). Another portion of the
tumor was prepared for Western blot analysis.

2.20. Statistical analysis

Each experiment was repeated 3 times under the same conditions.
The results are shown as means ± standard deviation (SD) and were
statistically analyzed using GraphPad Prism software version 5.01

Fig. 2. TRIP4 promoted cervical cancer cell growth and survival in vitro concomitant with activation of MAPK and PI3K/AKT signaling pathways. (A)
TRIP4 expression in HeLa cells and SiHa cells transfected with TRIP4-specific siRNA (si-TRIP4-1 and si-TRIP4-2) was analyzed by Western blot. (B) Colony formation
assay of HeLa and SiHa cells transfected with TRIP4 siRNA or nonspecific control siRNA. Colonies (> 50 μm) were counted after 12 days. Data represent the
mean ± SD of three independent experiments. *p < 0.05 vs. control. (C) Cell viability was measured in HeLa cells and SiHa cells by MTT assay after TRIP4
knockdown. (D, E) The proteins in the MAPK pathway or PI3K/AKT pathway of HeLa and SiHa cells were analyzed by Western blot 48 h after transfection. Data
represent the mean ± SD of three independent experiments. *p < 0.05 and **p < 0.01 vs. control. (F) HeLa and SiHa cells transfected with TRIP4-overexpressing
lentivirus (LvOE) were monitored under a fluorescent microscope. The overexpression of TRIP4 in cervical cancer cells HeLa and SiHa was detected by Western blot.
(G) The number of cell colonies in HeLa and SiHa cell lines was determined by colony formation assay. Data represent the mean ± SD of three independent
experiments. *p < 0.05 vs. control. (H, I) After the cells were transfected with TRIP4 siRNA or overexpressing plasmid, the proteins in the MAPK pathway or PI3K/
AKT pathway of HeLa and SiHa cells were analyzed by Western blot 48 h after transfection. Data represent the mean ± SD of three independent experiments.
*p < 0.05 vs. control.
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(GraphPad Software, Inc., La Jolla, CA, USA). Student's t-test was used
to compare the values of the test and control samples, and a P value of
less than 0.05 or 0.01 was considered to be statistically significant.

3. Results

3.1. TRIP4 is highly expressed in cervical cancer cell lines and tumor tissues

We first examined by Western immunoblotting the expression of
TRIP4 protein in the tumorous and paracancerous tissues from 15
cervical cancer patients (Fig. 1A and B), in the normal human cervical
cell line Ect1, and in 6 cervical cancer cell lines (HeLa, SiHa, Caski,
DoTc2, HeLa S3, and C33A) (Fig. 1C). We also detected TRIP4 protein
expression in cervical cancer tissues and paracancerous tissues from 5
different patients by IHC (Fig. 1D). The results showed that TRIP4 ex-
hibited higher expression in tumor cell lines or cervical cancer tumor
tissues compared to their corresponding adjacent normal cells or
normal tissues. These results suggest that TRIP4 may be a potential
biomarker for human cervical cancer.

3.2. TRIP4 promotes cervical cancer cell growth in vitro and alters MAPK
and PI3K/AKT signaling pathways

To study the biological function of TRIP4, we chose the 2 cervical
cancer cell lines, HeLa and SiHa, as our cellular models. Non-specific
control siRNA (NC) and TRIP4-siRNA (Si1 and Si2) were transfected
into HeLa and SiHa cells, and after 48 h of treatment, the expression of
TRIP4 protein, cellular proliferation, and clonal formation were de-
termined. The results showed that knockdown of TRIP4 effectively
downregulated TRIP4 protein expression in both cell lines (Fig. 2A).
Moreover, the knockdown of TRIP4 also significantly inhibited cellular
clone formation (Fig. 2B) and viability (Fig. 2C) compared with the
control group transfected with non-specific siRNA (NC). To determine
the potential molecular mechanism(s) governing the ability of TRIP4 to
promote the survival of cervical cancer cells, we detected by im-
munoblotting assay several pro-survival proteins that may be affected
by TRIP4. Our results showed that knockdown of TRIP4 in HeLa cells
and SiHa cells inhibited the expression of the phosphorylated forms of
PI3K (p85 and p110γ), AKT, Raf, MEK1/2, p38, and ERK, but it barely
affected total PI3K, AKT, MEK1/2, p38, and ERK protein levels (Fig. 2D
and E).

When we treated the HeLa and SiHa cell lines with TRIP4 over-
expressing lentivirus (Fig. 2F), we found that cellular clone formation
was enhanced (Fig. 2G). Moreover, HeLa and SiHa cells treated with
TRIP4 overexpression plasmid increased the levels of the phosphory-
lated PI3K, AKT, MEK1/2, p38, and ERK protein (Fig. 2H and I), sug-
gesting that PI3K/AKT may be involved in TRIP4-mediated growth
promotion of cervical cancer in the MAPK/ERK signaling pathway.

3.3. TRIP4 promotes the migration and invasion of cervical cancer cells

Since the knockdown of TRIP4 decreased the growth and survival of
cervical cancer cells, we proposed that a role for TRIP4 in promoting
cervical cancer was the acceleration of tumor cell migration and inva-
sion. When we performed Transwell (Fig. 3A and B) and wound healing

assays in HeLa and SiHa cells (Fig. 3C and D), we observed that the
inhibition of TRIP4 by its specific siRNA decreased the migration ability
of cervical cancer cells. We also analyzed migration markers by im-
munofluorescence and found increased expression of E-cadherin and
decreased expression of N-cadherin after TRIP4 knockdown (Fig. 3E).
Upon analysis of migration-related molecules by Western blotting
(Fig. 3F), we found that the knockdown of TRIP4 effectively increased
the levels of E-cadherin, but decreased MMP-9, MMP-1, Slug, Snail, β-
catenin, and N-cadherin in HeLa and SiHa cells. When we over-
expressed TRIP4 in HeLa and SiHa cell lines, we found that the invasion
and migration ability of cancer cells was enhanced (Fig. 3G–J). These
results showed that TRIP4 promoted the migration and invasion of
cervical cancer cells.

3.4. TRIP4 regulates the expression of hTERT to decrease DNA damage and
radiosensitivity in cervical cancer cells

We next performed clonogenic survival assays to investigate the
impact of TRIP4 on radiosensitivity in the cervical cancer cell lines
HeLa and SiHa. The cells were transfected with siRNA-NC, siRNA-1, or
siRNA-2 for 48 h prior to irradiation with 0, 2, 4, 6 or 8 Gy. The prin-
cipal parameters of HeLa and SiHa cells using dose-survival curves were
obtained according to the multi-target single-hit model. A dose-de-
pendent radiosensitization by TRIP4 silencing was also observed with
sensitizing enhancement ratios (SER) of 1.28 and 1.46 by siRNA-1 and
siRNA-2, respectively (Fig. 4A and B). Next, we used the comet assay to
examine DNA damage after TRIP4 knockdown in irradiated cervical
cancer cells (Fig. 4C). We found that the average of tail intensity
(percentage DNA in the tail) was higher in the TRIP4-knockdown
groups (Si1+IR and Si2+IR) compared to the control irradiated group
(Mock + IR) (Fig. 4D). We assessed the changes in p-H2AX and Rad51
proteins by immunoblotting assays (Fig. 4E), and the results showed
that they were both reduced with TRIP4 knockdown. The above results
indicate that TRIP4 regulates DNA damage induced by radiosensitivity
in cervical cancer cells.

Previous studies have shown that there is a close relationship be-
tween telomerase and radiosensitivity [14–16], and radiation particu-
larly increases telomerase activity in cancer cells. In addition, telo-
merase regulates via a post-translational mechanism the PI3K/AKT
pathway [17]. To determine the effect of TRIP4 on hTERT signaling, we
transfected HeLa and SiHa cell lines with TRIP4 siRNA, and found that
TRIP4 knockdown was accompanied by a simultaneous decrease in
hTERT expression, reversing when TRIP4 was overexpressed in HeLa
cells (Fig. 4F). Dose dependent radiosensitization of normal and TRIP4
overexpressing HeLa cells by si-hTERT transfection was also observed.
(Fig. 4G). When the HeLa cells with stable TRIP4 knockdown or over-
expression were transfected with a hTERT promoter-driven luciferase
plasmid, and luciferase expression was determined 48 h after treatment,
we observed that knockdown significantly inhibited hTERT promoter-
driven luciferase expression (Fig. 4H). Chromatin immunoprecipitation
assays were performed using the hTERT promoter in HeLa cells, and, as
shown in Fig. 4I, the hTERT promoter was amplified and less DNA was
precipitated in cells containing shRNA against TRIP4, indicating that
TRIP4 was bound to the hTERT promoter. We further confirmed the
binding of TRIP4 to the hTERT promoter using a DNA-protein pulldown

Fig. 3. TRIP4 promoted the migration and invasion of cervical cancer cells. (A) HeLa and SiHa cells transfected by TRIP4 siRNA1 or siRNA2 were planted in a
chamber covered with a diluted Matrigel matrix. The invading cells were stained and observed at× 40 magnification. (B) Quantitative analysis of invading cells in A.
*P < 0.05. (C) Cell migration was analyzed by scratch assay. HeLa and SiHa cells were seeded in 6-well plates and wounded by a 100 μl yellow pipette tip. Then the
cells were grown for 48 h for photo recording. (D) Cell migration rate in C was measured and calculated. The data are presented as the mean ± SD of three separate
experiments. (*P < 0.05). (E) TRIP4-knockdown human cervical cancer cells (HeLa and SiHa) grown on chamber slides were cultured for 24 h, and subcellular
localization of E-cadherin and N-cadherin, was examined by confocal microscopy. (F) The levels of MMP-9, MMP-1, Slug, Snail, β-catenin N-cadherin and E-cadherin
proteins in HeLa and SiHa cells were analyzed by Western blot. (G, I) Transwell and scratch assays were performed to detect the invasion ability of TRIP4 HeLa and
SiHa cells transfected with a TRIP4-overexpression plasmid, and the invading cells were stained and observed at× 40 magnification. (H, J) Quantitative analysis of
invading cells. Data represent the mean ± SD of three independent experiments. *p < 0.05 vs. control. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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assay. We mixed streptavidin-agarose beads, a biotin-labeled hTERT
promoter probe, and nuclear protein from HeLa cells that stably ex-
pressed the control vector or TRIP4 shRNA. As shown in Fig. 4J, the
TRIP4 protein was detected by Western blotting in the pulldown com-
plexes.

To further confirm the above results, we constructed 6 different
lengths of hTERT promoter-driven luciferase reporter vectors (Fig. 4K),

and we co-transfected the plasmid expressing TRIP4 and the luciferase
reporter driven by the hTERT promoter into HeLa cells. As shown in
Fig. 4L, luciferase expression was higher in cells co-transfected with
TRIP4 and hTERT (−2053/+40, −1655/+40, and −902/+40) -
luciferase plasmids compared with other lengths of hTERT promoter
regions, or cells co-transfected with LacZ and TRIP4-luciferase plas-
mids. This result not only demonstrated that TRIP4 is a transcriptional

(caption on next page)
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factor that drive the transcription of hTERT in cervical cancer, but also
indicated that TRIP4 binds to the region of the hTERT promoter at
−322 to −902.

3.5. TRIP4 knockdown inhibits cervical cancer progression with
downregulation of hTERT expression in a mouse model

To further examine the effects of TRIP4 on tumor growth in vivo, we
used nude mice bearing cervical cancer xenografts. The HeLa and
control cells bearing a stable knockdown of TRIP4 were injected sub-
cutaneously into the underarms of nude mice. As shown in Fig. 5A–E,
tumors derived from HeLa cells with the stable knockdown were
smaller and lighter in tumor volume and weight than controls. To
further verify the effect of TRIP4 knockdown on sensitivity to radio-
therapy of cervical cancer cells, we used radiotherapy on nude mice on
the seventh day after the injection of tumor cells. We found that the
TRIP4-knockdown group was more sensitive than the control group in
responding to radiotherapy. In addition, we examined the effects of
TRIP4 knockdown on the expression of tumor-associated protein levels
in xenografts by Western blotting (Fig. 5F) and IHC analysis (Fig. 5G),
and the results showed that TRIP4 knockdown attenuated hTERT, p-
AKT, p-ERK, and p-H2AX expression in the xenografts. The above re-
sults further demonstrated that TRIP4 plays an important role in the
growth of cervical cancer in animals.

3.6. TRIP4 is positively correlated with hTERT expression in clinical tissue
samples, and high expression of TRIP4/hTERT predicts a poor prognosis in
cervical cancer

To further confirm the role of TRIP4 in the regulation of hTERT, we
analyzed their expression relationships in cervical cancer patients with
clinical tumors, and we also assessed their relationship with the prog-
nosis of cervical cancer patients. The expression of TRIP4 and hTERT in
cervical cancer tissues from 128 cervical cancer patients was detected
by IHC assay (Fig. 6A), and 65 cases showed high expression of TRIP4
and hTERT, accounting for 51% of all of the test cases (Table 1). In
addition, the relationship between TRIP4 expression and clinical pa-
thology variables was determined and is summarized in Table 2. The
expression of TRIP4 was associated with tumor volume and TNM stage.
In addition, overall survival (OS) analysis showed that patients with
low TRIP4 and hTERT expression had significantly higher 5-OS and a
longer survival compared with patients with high expression of both
proteins (Fig. 6B and C). These results indicate that TRIP4 is potentially
synergistic with hTERT in the prediction of cervical cancer and its ex-
pression in patients with cervical cancer.

4. Discussion

In the present study, we demonstrated that TRIP4 promotes cervical
cancer growth and radiation resistance after finding high expression of
TRIP4 in cervical cancer cell lines and tissue samples. The silencing of
TRIP4 inhibited cervical cancer growth both in vivo and in vitro, and the
overexpression of TRIP4 significantly promoted the growth and inva-
sion of cervical cancer cells. We also found that silencing TRIP4 can
increase the radiosensitivity of cervical cancer. We further analyzed
TRIP4's mechanism of action in cervical cancer, and we demonstrated
that it functions in promoting tumor proliferation through the MAPK
and PI3K/AKT signaling pathway. We also demonstrated that TRIP4
regulates the expression of hTERT to decrease radiosensitivity in cer-
vical cancer cells. When we explored the relationship between TRIP4
and hTERT expression in tumorous and paracancerous tissues of cer-
vical cancer patients, we found that a high expression of TRIP4 was a
potential predictor of poor prognosis. Finally, we showed that silencing
TRIP4 inhibited cervical cancer growth and enhanced radiosensitivity
in nude mice. We believe this to be the first time that any investigators
have revealed the regulation of TRIP4 and its underlying mechanism in
cervical cancer.

Some studies have shown that the proliferation and invasion char-
acteristics of cervical cancer are regulated by the MAPK and PI3K/AKT
signaling pathway [24–26]. The PI3K/AKT pathway plays a crucial role
in the development of cervical cancer, and its downstream elements are
promising targets for treatment [27]. We examined the expression of
the proteins in this pathway by silencing TRIP4 in cervical cancer cell
lines and found that the AKT/MAPK signaling pathway was inhibited.
The overexpression of TRIP4 increased the phosphorylation of the
pathway-related proteins, suggesting that the promotion of TRIP4 in
cervical cancer may also be through the AKT/MAPK signaling pathway.
At the same time, the development of cervical cancer was also regulated
by hTERT protein, and a previous study has shown that the down-
regulation of hTERT inhibits the PI3K/AKT signaling pathway in cer-
vical cancer [13]. We found that the knockdown of TRIP4 additionally
caused a decrease in hTERT expression, which provided a line of in-
quiry for our follow-up study.

The main causes of poor prognosis in patients with cervical cancer
include tumor cell invasion and metastasis. Previous studies have
shown that epithelial-mesenchymal transition (EMT) is an important
mechanism that contributes to the metastasis of cervical cancer cells,
including MMP upregulation [18] and E-cadherin (tissue inhibitor of
metalloproteinases) [19] upregulation caused by metastasis [20].
During metastasis, EMT can reduce adhesion between cancer cells and
enhance their ability to metastasize, and MMPs play a key role in the
degradation of extracellular matrices of cancer cells that invade other
tissues and organs from the primary site. E-cadherin, N-cadherin, MMP-
1, and MMP-9 have also been found to be associated with cervical

Fig. 4. TRIP4 regulates the transcriptional activity and expression of hTERT to decrease DNA damage and radiosensitivity in cervical cancer cells. (A, B)
Clone-forming cell survival curves were generated for HeLa and SiHa cells treated with TRIP4 siRNA for 24 h and then exposed to 2, 4, 6 or 8 Gy X-ray irradiation.
Survival data was normalized to the unirradiated control cells. The results are expressed as the mean ± SD of at least three independent experiments. *P < 0.05 vs.
control. (C) HeLa and SiHa cells were transfected with TRIP4 siRNA. After 48 h, the cells were exposed to 4 Gy radiation and collected for the comet assay and
Western blot. (D) The percentage of DNA in the tail of 50 random cells was calculated. Data represent the mean ± SD of three independent experiments. *p < 0.05
vs. control. (E) The levels of Rad51 and p-H2AX proteins in HeLa and SiHa cells were analyzed by Western blot. Data represent the mean ± SD of three independent
experiments. *p < 0.05 vs. control. (F) HeLa and SiHa cells were transfected with TRIP4-siRNA (si-TRIP4) or TRIP4-expressing plasmid. 48 h after transfection, the
expression of TRIP4 and hTERT protein levels were detected by Western blot. Data represent the mean ± SD of three independent experiments. *p < 0.05 vs.
control. (G) Clone-forming cell survival curves were generated for HeLa cells treated with a TRIP4-overexpression plasmid or hTERT siRNA for 24 h and then exposed
to 2, 4, 6, or 8 Gy X-ray irradiation. Survival data was normalized to the unirradiated control cells. The results are expressed as the mean ± SD of at least three
independent experiments. *P < 0.05 vs. control. (H) HeLa cells were co-transfected with TRIP4-siRNA and hTERT promoter-driven luciferase (−2053/+40)
plasmids. Luciferase activity was detected as described before. (I) Chromatin immunoprecipitation assays were performed using the hTERT promoter in HeLa cells.
(J) TRIP4 proteins in the nuclear protein-hTERT probe-streptavidin bead complexes were detected by Western blot using an anti-TRIP4 antibody in HeLa cells. (K) A
5′-flanking DNA fragment from position −2053 to +40 (−2053/+40, −1655/+40, −902/+40, −321/+40, −234/+40, −144/+40) of the human hTERT
gene was constructed into a promoter-driven luciferase expression vector, pGL3. (L) HeLa cells were co-transfected with TRIP4 and different hTERT promoter-driven
luciferase plasmids for 48 h. The proteins were extracted, and luciferase activity was detected by a luciferase reporter assay kit. FLAG-lacZ plasmids were used as a
negative control. Results are expressed as mean ± SD of at least three independent experiments. *P < 0.05.
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cancer metastasis [19,21–23]. In our study, we found that silencing
TRIP4 regulated the invasion and metastasis of cervical cancer cells, as
well as decreased the expression of N-cadherin, MMP-1, MMP-9, and
increased the expression of E-cadherin. This indicates that TRIP4 reg-
ulates the metastasis of cervical cancer by inhibiting EMT and MMP
signaling.

Telomerase is a ribonucleoprotein reverse transcriptase that

synthesizes telomere repeats and consists of a RNA template (hTR) and
a catalytic protein subunit (hTERT) [28]. hTERT has been reported to
be important for cancer tumorigenesis, growth, migration, and invasion
[12,29], and it can make cancer cells more resistant to chemother-
apeutic agents or radiation therapy via the PI3K/AKT pathway [17].
Cervical cancer patients with high hTERT expression may manifest
radiation resistance and produce a subsequently poor prognosis

Fig. 5. TRIP4 knockdown inhibited cervical cancer progression concomitant with downregulation of hTERT expression in a mouse model. (A) The ex-
pression of TRIP4 in HeLa cells was analyzed by Western blot after transfection with non-specific control shRNA or TRIP4 shRNA. (B) Tumors were implanted into
female nude mice under the left axilla. (C) Dynamic development of tumor volume after cancer cells injection. (D) Tumor volume and weight after mice were
sacrificed. Data represent the mean ± SD of three independent experiments. *p < 0.05 vs. control. (E) The xenografts with HeLa cells were harvested at 21 days
after treatment, and pictures of the 4 groups of tumors were obtained. (F) The expression levels of TRIP4, hTERT, p-AKT, p-ERK, and p-H2AX proteins in nude mouse
tumor tissues were detected by Western blot. (G) Immunohistochemistry assays of TRIP4,hTERT,p-AKT,p-ERK and p-H2AX expression from nude mouse tumor
tissues in each group. The data represent the mean ± S.D. of three independent experiments. The level of significance is indicated by *P < 0.05.

Y. Che, et al. Cancer Letters 452 (2019) 1–13

10



[30,31]. In our study, the expression of TRIP4 in cervical cancer was
associated with the expression of hTERT both in vivo and in vitro.

Radiation therapy is one of the principal effective treatments for
cervical cancer [1,2]. Phosphorylation of histone H2AX occurs in re-
sponse to DNA double-strand breaks (DSB) produced by ionizing ra-
diation and a variety of genotoxic drugs [32]; this response constitutes
an early marker of a cell's response to DNA damage, particularly if the
damage involves the formation of DSBs [33]. RAD51 is one of the pi-
votal enzymes for DNA DSB repair by the homologous recombination
(HR) pathway, which suggests its use as a promising and novel target

for cervical cancer [34]. We found that after radiotherapy exposure to
cervical cancer cells after TRIP4 knockdown, the expression of the
above DNA damage repair protein was decreased. Recent studies have
reported that the inhibition of hTERT may exert radiosensitizing effects
on cervical cancer [35]. Therefore, we hypothesized that TRIP4 was
involved in the regulation of hTERT expression, which in turn would
affect proliferation inhibition and radiosensitization of cervical cancer.
To test this hypothesis, we performed a luciferase experiment that in-
itially proved that TRIP4 was involved in the regulation of the promoter
region of hTERT. We then used a streptavidin–biotin pulldown assay
and chromatin immunoprecipitation analysis to find evidence that
TRIP4 was involved in the regulation of hTERT expression.

In our study, we also performed IHC on tissue microarrays using
tumorous tissues and paracancerous tissues from 128 cervical cancer
patients, and we analyzed the expression of TRIP4 and hTERT. We
found that the expression of TRIP4 and hTERT increased significantly in
tumorous tissues, which has also been observed in other recent reports
[36]. Our statistical analysis additionally found that patients with an
increased expression of TRIP4 and hTERT had poor prognosis. Finally,
we implanted TRIP4-silenced HeLa cells into nude mice, and we treated
the experimental group with radiation therapy. After extracting the
tumors, we performed IHC and Western immunoblotting to verify the
aforementioned results.

In conclusion, our study showed that TRIP4 promotes cervical

Fig. 6. TRIP4 was positively correlated with hTERT expression in clinical tissue samples. (A) The expression of TRIP4 and hTERT protein from cervical cancer
tissue and their corresponding adjacent normal tissues in a microarray was analyzed by immunostaining analysis. (B) Kaplan–Meier analysis of overall survival for
cervical cancer patients with different expression levels of TRIP4 by log-rank test. (C) Kaplan–Meier analysis of overall survival for cervical cancer patients with
different expression levels of TRIP4 and hTERT by log-rank test.

Table 1
Cox-regression analyses for the prognosis of 128 cervical cancer patients.

Clinical prognostic factors (n= 128)

Clinical factor RR 95% CI P value
Metastasis (N0+N1)/(N2+N3) 1.177 0.562–2.466 0.665
TNM (I + II)/(III + IV) 2.396 1.049–5.476 0.038*
TRIP4 1.611 0.786–3.302 0.193

Abbrevations: RR, relative risk; CI, confidence interval, *P < 0.05.
The expression of TRIP4 and hTERT in cervical tumor tissues from 128 cervical
cancer. Notes: Clinical stage TNM (I + II)/(III + IV) and TRIP4 expression were
also associated with survival of the patients with cervical cancer based on
Univariate analysis of Cox regression model. * (P < 0.05).
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cancer growth and by targeting the MAPK and PI3K/AKT pathway. In
addition, we found that TRIP4 up-regulates hTERT expression by
binding to the promoter region of the hTERT gene in cervical cancer
cells which affected radiosensitivity. We therefore suggest the devel-
opment of TRIP4 as a novel anticancer target in cervical cancer therapy.
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Low 20 (48.8) 21

*P < 0.05.
The relationship between TRIP4 expression and clinical pathology. Notes: a65
cases showed high expression of TRIP4 and hTERT, accounting for 51% of all of
the test cases and high expression of TRIP4 was associated with Age, Tumor
size, TNM stages and hTERT expression *(P < 0.05) according to Pearson chi-
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