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Abstract. Targeted therapy has revolutionized the therapeutic 
landscape in oncology in recent years and anti-VEGF agent 
has been approved for ovarian cancer (OC). Unfortunately, the 
efficacy of this treatment is limited due to the development of 
resistance, while the molecular mechanisms underlying OC 
resistance to anti-VEGF therapy are less clear. In this study, 
we observed a differential response of OC cells to anti-VEGF 
agent bevacizumab (BV) by using xenograft models. Gene 
expression analysis showed that TCEB2 gene was signifi-
cantly upregulated in the OC tumors with acquired resistance 
compared with the sensitive tumors. Further mechanism 
dissections demonstrated that TCEB2 played a critical role 
in the development of acquired resistance to BV in OC cells 
via promoting HIF-1α degradation and suppressing VEGF-A 
expression. In TCEB2 overexpressing cells, interleukin-8 
(IL-8) was elevated and functioned as a compensatory angio-
genesis signaling which was sensitive to IL-8 monoclonal 
antibody (IL-8 Ab). The combination of BV and IL-8 Ab 
exhibited synergistic effect of growth inhibition on both OC 
and endothelial cells. Thus, this study provides an alternative 
strategy of simultaneously targeting VEGF-A and IL-8 for 
combating OC.

Introduction

Ovarian cancer (OC) is the most lethal gynecologic malig-
nancy and the fifth most common cause of cancer-related 
death in women (1). Surgical and chemotherapeutic manage-
ment are the standard of care for this disease (2). However, 
most patients relapse after primary treatment and succumb 
to disease progression. In addition, although changes to 
both chemotherapy schedules and routes of administration 

have improved patient survival to a degree, it appears that a 
therapeutic ceiling with chemotherapy has been reached (3,4). 
OC still lags behind a number of other solid malignancies in 
terms of the sluggish incremental extension in overall survival 
during the last 20 years. This has led to a number of clinical 
trials in OC investigating the efficacy of molecular targeted 
therapies which have undoubtedly revolutionized the thera-
peutic landscape in oncology in recent years (5,6).

Angiogenesis plays crucial roles in the development and 
progression of OC  (7). Anti-angiogenic therapies mainly 
include agents targeting the vascular endothelial growth 
factor (VEGF) and agents targeting the VEGF receptors in 
tumor‑associated endothelial cells. Anti-VEGF therapy seems 
to be a relevant strategy in OC (8). Bevacizumab (BV), a VEGF 
monoclonal antibody, is the first anti-angiogenic therapy 
proven to slow metastatic disease progression in patients with 
cancer. Addition of BV (given as concurrent or maintenance) 
to conventional chemotherapy has been shown to improve 
progression-free survival (PFS) in relapsed, platinum-resistant 
OC (9). Unfortunately, the efficacy of BV is limited and the 
clinical benefit is short-lived. Some patients do not respond 
to BV and most patients with initial response will rapidly 
develop resistant disease (5,10,11). Currently, the molecular 
mechanisms underlying OC resistance to BV are less clear. 
Comprehensive understanding of OC resistance to anti‑VEGF 
therapy help to identify early indicators of resistance and 
exploit better anti-angiogenic therapies.

TCEB2 encodes the protein elongin B, which is a subunit 
of the transcription factor B  (SIII) complex and is also 
reported to function as an adapter protein in the proteasomal 
degradation of target proteins via different E3  ubiquitin 
ligase complexes (12,13). In the present study, we identified 
that TCEB2 is involved in the development of acquired resis-
tance to BV in OC cells via the mechanisms of suppression 
of VEGF-A expression by promoting HIF-1α degradation 
and induction of interleukin-8 (IL-8) expression. These find-
ings thus may provide an alternative therapeutic strategy of 
combining anti‑VEGF and anti-IL-8 regents for drug resistant 
OC cells.

Materials and methods

Cell culture. Human ovarian cancer cells SKOV3 and HO8910 
were maintained in RPMI-1640 (Gibco, San Diego, CA, USA) 
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medium supplemented with 10% fetal bovine serum (FBS), 
human umbilical vein endothelial cells (HUVEC) was main-
tained in endothelial cell medium containing 5% FBS and 1% 
endothelial cell growth supplement (ScienceCell). All cells 
were cultured in a humidified incubator at 37˚C with 5% CO2.

Reagents. MG132 and cycloheximide (CHX) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Human VEGF 
monoclonal antibody bevacizumab (BV) was from Roche 
(Indianapolis, IN, USA), and human IL-8 neutralizing 
antibody (IL-8 Ab) was from R&D Systems (Minneapolis, 
MN, USA). Monoclonal anti-HIF1α was purchased from BD 
Biosciences (San Jose, CA, USA). Monoclonal anti-V5-tag and 
anti-β-actin were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA).

Reverse transcriptional (RT) real-time PCR. RT real-time 
PCR was performed as described  (14). Total RNA was 
extracted and 1 µg RNA was reverse transcribed with a cDNA 
Synthesis kit (Invitrogen, Carlsbad, CA, USA). Real‑time PCR 
analysis was set up with SYBR Green qPCR SuperMix kit 
(Invitrogen) and carried out in the iCycler thermal cycler 
(Bio‑Rad, Hercules, CA, USA). The relative level of mRNA 
expression of each gene was determined by normalizing with 
β-actin. The primers used are: β-actin, 5'-TACCACAGGCAT 
TGTGATGG-3' (forward) and 5'-TTTGATGTCACGCACGA 
TTT-3' (reverse); human TCEB2, 5'-GAGGCCCATTTCCCC 
CAATA-3' (forward) and 5'-ACAGGACAGCACAGGAA 
CTG-3' (reverse); and human VEGF-A, 5'-TACCTCCACCA 
TGCCAAGTG-3' (forward) and 5'-ATGATTCTGCCCTCCT 
CCTTC-3' (reverse).

Western blot analysis. Cells were harvested and lysed using 
ice-cold lysis buffer [150 mM NaCl, 1% Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS, 50  mM Tris (pH  8.0), 
protease inhibitor cocktail (Roche)] for 45 min. Lysates were 
then centrifuged at 14,000 rpm for 10 min at 4˚C to collect the 
supernate. Equivalent amount of proteins were separated by 
12% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to nitrocellulose membranes. Membranes 
were block with 5% skim milk containing 0.1% Tween-20 
for 1 h at room temperature. Appropriate primary antibodies 
were added into the membranes overnight at 4˚C. Membranes 
were then washed and incubated with horseradish peroxidase 
conjugated secondary antibodies for 1 h at room temperature. 
Signals were then detected by chemiluminescence (Pierce, 
Rockford, IL, USA).

Transfection. TCEB2-overexpressing plasmid (pLenti6‑ 
V5/TCEB2) and empty vector were purchased from DNASU 
Plasmid Repository (Tempe, AZ, USA). For transfection, 2x105 
SKOV3 cells were seeded in 6-well plate with 60% conflu-
ence prior to the transfection, 2.5 µg pLenti6-V5/TCEB2 or 
empty vector were transfected into cells by Xfect™ transfec-
tion reagent (Clontech, Palo Alto, CA, USA) according to the 
manufacturer's instructions. Further assay was performed 48 h 
after the transfection.

Co-culture and cell proliferation assay. For SKOV3 cell  
proliferation assay, cells were re-suspended in medium and 

cultured in 96-well plates at a concentration of 2,000 cells/well. 
After the indicated treatment, cell viability was assessed 
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay (Roche). For co-culture system, SKOV3 
cells were plated in Transwell permeable support (0.4 µm 
pore size; Fisher Scientific) and HUVEC cells were plated 
in 12-well plates on the first day. Next day, Transwell inserts 
were placed on 12-well plates and co-culture medium (M199; 
Life Technologies) containing either vehicle, BV (1 mg/ml) or 
IL-8 Ab (0.5 µg/ml). After the treatment, HUVEC cells were 
fixed with 4% paraformaldehyde for 10 min, stained with 0.5% 
crystal violet and washed twice, 0.5 ml 30% acetic acid was 
then added into the plates to dissolve the crystal violet, and 
0.2 ml aliquot of the solution was added into a 96-well plate to 
read the absorbance values (optical density, OD) at 560 mm.

HRE-luciferase assay. Cells seeded in 24-well plates were 
transfected with 1  µg hypoxia response element (HRE) 
reporter gene luciferase constructs (HRE-Luc) and 2  ng 
Renilla luciferase construct as internal control. Forty-eight 
hours after transfection, HRE-Luc activity was measured 
using dual luciferase assay kit according the manufacturer's 
protocol (Promega, Madison, WI, USA).

Animal experiments. All experimental procedures were 
approved by the Institutional Animal Care and Use Committee. 
SKOV3 cells  (3x106) were subcutaneously  injected into 
4-6  weeks old athymic nude mice. Tumor volume was 
measured weekly after the injection, when tumor volume 
reached 50 mm3, 10 mg/kg of BV or vehicle (PBS) was injected 
intra-peritoneally twice weekly for a total of 6 weeks. At the 
end of treatment, animals were sacrificed and fresh tumor 
tissues were collected for further studies.

Bioinformatic and statistical analysis. RNA-sequence-based 
mRNA expression data for TCEB2 and VEGF-A of ovarian 
cancer samples from The Cancer Genome Atlas (TCGA) were 
retrieved through the CGDS server of the cBioportal hosted 
by the Memorial Sloan-Kettering Cancer Center. Pearson's 
correlation analysis was performed to analyze the association 
between TCEB2 and VEGF-A. All the in vitro and in vivo data 
are presented as the mean ± SEM from at least three inde-
pendent experiments and the differences between two groups 
were compared by the Student's t-test. All statistical analyses 
were performed using SPSS 16.0 software.

Results

Heterogeneity of OC cells in response to BV. BV has been 
shown to improve patient survival in OC, however, the effi-
cacy is limited and the clinical benefit is short-lived, since 
the initial response rate of OV to BV is <40% and most 
patients with initial response will eventually develop resistant 
disease (5,10,11). Here, we established OC xenograft models 
and treated tumors with BV to determine ‘sensitivity’ or ‘resis-
tance’. The phenotypic sensitivity of each individual tumor 
to treatment was defined by a long-term trend toward tumor 
stasis (tumor volume increase of <25%). In contrast, tumors 
that increased >25% of initial volume and showed a long-term 
trend toward continued growth were considered as resistance. 
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The results showed that tumors treated with vehicle control 
(control) showed continued growth. Of the 7 tumors treated 
with BV, only 2 showed sensitivity, 2 were primary resistance 
to BV and 3 exhibited initial response to the treatment during 
the first 3 weeks of treatment but rapidly acquired resistant 
phenotype after that (Fig. 1). These results indicate that hetero-
geneity exists in the response of OC to BV.

TCEB2 is associated with the development of resistance to BV 
in OC cells. We analyzed the differential expression of genes 
related to tumor angiogenesis in the sensitive (S), primary 
resistant (PR) and acquired resistant (AR) tumors to identify 
critical genes involved in the development of BV-resistance, 
and found that human TCEB2 gene was significantly increased 
in all the AR tumors (P<0.05), but no difference was observed 
in TCEB2 level between PR and S tumors (P>0.05, Fig. 2A), 
indicating that TCEB2 is associated with the development of 
AR in OC cells. In addition, the expression of human VEGF-A 
in tumors was determined, and the data indicated that VEGF-A 
was significantly decreased in all AR tumors compared to 

S tumors (P<0.05, Fig. 2A), suggesting VEGF-A-independent 
manner of growth in AR tumors.

TCEB2 negatively regulates VEGF-A in the development 
of resistance to BV. To further confirm the role of TCEB2 
in the development of BV-resistance, empty vector and 
TCEB2‑overexpressing (pLenti6-V5/TCEB2) SKOV3 and 
HO8910 cells were established. Cells were then treated with 
BV and cell viability was examined. TCEB2-overexpressing 
cells were relatively resistant to BV compared to empty 
vector cells  (Fig.  3A). Since tumor-associated vascular 
endothelium are known to be crucial for tumor growth and 
involved in resistance to anti-angiogenic therapies  (15), 
co-culture models were used to mimic the interaction 
between tumor cells and vascular endothelium. Empty vector 
and TCEB2‑overexpressing cancer cells co-cultured with 
HUVEC cells were then treated with BV, notably, HUVEC 
co-cultured with empty vector cells showed sensitive to BV but 
the HUVEC cells co-cultured with TCEB2-overexpressing 
cells were much more resistant to BV (Fig. 3B). These data 

Figure 1. Differential response of ovarian cancers (OC) to VEGF-targeted therapy. SKOV3 cells were subcutaneously injected into nude mice and the tumors 
were treated with vehicle control or VEGF monoclonal antibody bevacizumab (BV, 10 mg/kg twice weekly) for 6 weeks. Tumor volume at the indicated time 
is shown and the differential response of each tumor to BV is marked.

Figure 2. Expression of TCEB2 and VEGF-A in sensitive (S), primary resistant (PR) and acquired resistant (AR) OC subcutaneous tumors. Total RNA from 
the indicated tumors at the 6th week was exacted, and the mRNA expression of human TCEB2 (A) and VEGF-A (B) was analyzed by real-time PCR. *P<0.05; 
#P>0.05.
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clearly demonstrated that TCEB2 plays an essential role 
in the development of resistance to BV. Additionally, since 
increased TCEB2 and decreased VEGF-A were observed in 
AR tumors (Fig. 2), we hypothesized that TCEB2 negatively 
regulated VEGF-A. Indeed, TCEB2‑overexpressing cells 
showed decreased VEGF-A mRNA and protein expres-
sion  (Fig. 3C and D). Furthermore, by analysis of TCEB2 
and VEGF-A expression in human OC tissues from The 
Cancer Genome Atlas (TCGA), we found an inverse correla-
tion between these two genes in OC tissues (Fig. 3E). Taken 
together, these data suggest that in the development of AR, 
TCEB2 may promote OC cells to escape from BV treatment 
by VEGF-A suppression.

TCEB2 promotes HIF-1α degradation. HIF-1α is a well-known 
transcription factor directly controlling VEGF-A expression in 
most tumor cells (16). We examined the expression of HIF-1α 
in empty vector and TCEB2-overexpressing SKOV3 cells, 
and found HIF-1α mRNA level was unchanged  (Fig. 4A). 
However, TCEB2-overexpressing cells exhibited decreased 
HIF-1α protein, and the treatment of a proteasome inhibitor, 
MG132, abolished the difference in HIF-1α level between 
empty vector and TCEB2-overexpressing cells (Fig. 4B). In 
addition, after the treatment of a protein biosynthesis inhibitor, 
cycloheximide (CHX), the half-life of HIF-1α protein in 
TCEB2-overexpressing cells was much shorter than empty 
vector cells  (Fig.  4C). These data indicates that TCEB2 
promotes HIF-1α protein degradation in OC cells. Along with 
the reduction of HIF-1α protein in TCEB2-overexpressing 
cells, the transcriptional activity (HRE-luciferase) of HIF-1α 
was also decreased (Fig. 4D).

IL-8 mediates the resistance of OV cells to BV. In order to 
clarify the mechanisms of TCEB2-induced resistance to BV, 
we investigated the expression of IL-8, which has been reported 

to mediate VEGF-A-independent angiogenesis in many 
cancer (17-19). Interestingly, IL-8 was significantly increased in 
TCEB2-overexpressing cells (Fig. 5A) and AR tumors exhib-
ited significantly elevated IL-8 compared to S tumors (Fig. 5B). 
Although TCEB2-overexpressing cells and the HUVEC cells 
co-cultured with TCEB2-overexpressing cells were shown to 
be resistant to BV (Fig. 3A and B), both of them were sensitive 
to IL-8 neutralizing antibody (IL-8 Ab, Fig. 5C). Furthermore, 
we investigated the potential implication of a novel strategy 
which combined BV and IL-8 Ab in OC cells, and found 
that simultaneous treatment of BV and IL-8 Ab exhibited 
enhanced effect of growth inhibition on co-cultured HUVEC 
and SKOV3 cells  (Fig. 5D and E). Collectively, these data 
indicate that TCEB2 promotes OC cells resistance to BV via 
upregulation of IL-8 (Fig. 5F).

Discussion

Clinically, BV has been approved as a single agent for 
glioblastoma (20), and also approved in combination with 
standard chemotherapy or immunotherapy for the treatment 
of metastatic colorectal cancer  (21), non-small cell lung 
cancer (22), renal cell carcinoma (23) and advanced ovarian 
cancer (24,25). In OC, the clinical efficacy of BV has been 
extensively evaluated in a number of trials. BV as single agent 
and in combination with chemotherapy has shown to improve 
PFS to a certain degree (24,26), but results obtained from 
these trails seem to be mixed. Even though BV was adminis-
tered at the same schedule, in the study of Burger et al (24), 
21.0% clinical responses [including complete responses 
(CR) and partial responses (PR)] and 40.3% improved FPS 
for at least 6 months were observed, however, the study of 
Cannistra et al (9) only demonstrated a 15.9% PR rate, also 
an 11% risk for gastrointestinal perforation, resulting in early 
termination of the experiment because of safety concerns. 

Figure 3. TCEB2 confers OC resistance to BV and negatively regulates VEGF-A expression. (A) Cell viability of empty vector or TCEB2-overexpressing 
SKOV3 and HO8910 cells treated with control or BV (1 mg/ml) for 48 h. (B) HUVEC cells co-cultured with empty vector or TCEB2-overexpressing cancer 
cells were treated with control or BV for 48 h, and the cell viability of HUVEC was analyzed by MTT assay. Real-time PCR (C) and western blot analysis (D) 
of TCEB2 and VEGF-A expression in empty vector or TCEB2-overexpressing SKOV3 and HO8910 cells. (E) Pearson's correlation analysis of TCEB2 and 
VEGF-A mRNA expression in human ovarian cancer tissues from TCGA (N, sample size number; R, Pearson's correlation coefficients). *P<0.05; #P>0.05.
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Figure 4. TCEB2 promotes HIF-1α degradation. (A) Real-time PCR of HIF-1α mRNA expression in empty vector or TCEB2- overexpressing SKOV3 cells. 
(B) Western blot analysis of HIF-1α protein expression in empty vector or TCEB2-overexpressing SKOV3 cells with or without proteasome inhibitor MG132 
treatment (10 µM, 9 h). (C) Empty vector or TCEB2-overexpressing SKOV3 cells were pre-treated with protein biosynthesis inhibitor cycloheximide (CHX, 
7.5 µg/ml) for 4 h, and HIF-1α protein levels at the indicated time after CHX treatment were determined by western blot analysis. The lower pannel shows 
the quantification of HIF-1α levels. (D) Hypoxia response element (HRE)-luciferase activity assay in empty vector or TCEB2-overexpressing SKOV3 cells. 
*P<0.05; #P>0.05.

Figure 5. IL-8 mediates the TCEB2-regulated resistance to BV. (A) Real-time PCR of IL-8 expression in empty vector or TCEB2-overexpressing SKOV3 cells. 
(B) Real-time PCR detecting IL-8 expression in sensitive (S) and acquired resistant (AR) OC subcutaneous tumors. (C) Left, cell viability of empty vector or 
TCEB2-overexpressing SKOV3 cells treated with control or IL-8 Ab (0.5 µg/ml) for 48 h. Right, cell viability of HUVEC cells co-cultured with empty vector 
or TCEB2-overexpressing SKOV3 cells under the treatment of control or IL-8 Ab for 48 h. (D) Cell viability of SKOV3 cells treated with control, BV and 
IL-8 Ab alone or in combination. (E) Cell viability of HUVEC co-cultured with SKOV3 under the treatment of control, BV and IL-8 Ab alone or in combina-
tion. (F) Schematic diagram showing how TCEB2 promotes the development of acquired resistance to VEGF-targeted therapy. *P<0.05; #P>0.05.
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Our results from animal models suggest a low response rate 
of OC cells to BV (2/6 sensitivity, 2/6 primary resistance and 
3/6 with initial response but rapidly developing resistance). 
Indeed, low response to BV have been shown in other solid 
tumors. For example, anti-angiogenic therapies are the first-
line treatment for metastatic renal cell carcinoma, however, 
the response rate of patient to BV is only 31% (27). The low 
response rate, rapid development of resistance and high drug 
toxicity observed in some cases make it necessary to either 
understand the mechanisms of resistance, or to exploit better  
therapeutic strategies.

The underlying mechanisms of tumor cell resis-
tance to anti-angiogenic agents are complicated. Firstly, 
VEGF/VEGFR-independent signaling, such as, HGF/c-Met, 
FGF/FGFR, Ang/Tie2 and immunocytokines (e.g., IL-8, 
IL-11) are also reported to play important roles in angiogen-
esis, thus may escape from the anti-VEGF and anti-VEGFR 
therapies (17,28). Secondly, mutations in target genes during 
the treatment may lead to off-target therapeutics  (29). 
Thirdly, insufficient drug concentration in the circulation and 
incomplete blockage of angiogenic signaling (29). Fourthly, 
tumor microenvironmental factors, such as inflammatory 
and stroma cells involved in angiogenesis are not affected 
by the currently used agents (15). Fifthly, tumor cell metabo-
lism reprogramming may help to adapt to the treatment and 
survive in the poorly vascularized and low nutrition condi-
tions (30). The present study suggests that when VEGF-A is 
suppressed during the treatment of BV, tumor cells will shift 
to a complementary manner (IL-8 mediated signaling) to 
maintain angiogenesis. Besides, decreased VEGF-A expres-
sion in OC administered BV was also observed in the study 
of Smerde et al (31).

TCEB2 can function as both a regulatory subunit in the 
transcription factor B (SIII) complex and an adapter protein in 
the proteasomal degradation of target proteins via different E3 
ubiquitin ligase complexes, including the von Hippel-Lindau 
ubiquitination complex (VHL)  (12,13). VHL specifically 
targets HIF-α for degradation in normoxic condition (32). Our 
results demonstrate that TCEB2 promotes HIF-1α degradation 
in OC cells, and expectedly, suppresses VEGF-A which is a 
known direct target gene of HIF-1α. TCEB2 also upregulates 
IL-8 which is a critical factor mediating cells resistant to 
anti-VEGF agents, however, how TCEB2 regulates IL-8 is not 
defined in the present study and needs to be further studied. 
In addition, the finding of TCEB2 associated with OC cells 
resistant to BV also indicates that TCEB2 may serve as a 
predictive biomarker of response for BV treatment, and thus 
may help in stratifying patients before treatment. Although 
the predictive implication of VEGF-A has not been studied 
in OC, amplification of VEGF-A gene has been reported to 
predict sensitivity to anti-angiogenic agent in hepatocellular 
carcinomas (33). Furthermore, based on the observation that 
IL-8 is upregulated in BV-resistant OC cells, this study also 
provides an alternative strategy of simultaneously targeting 
VEGF-A and IL-8 for OC.
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