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a b s t r a c t

Paclitaxel (PTX) is commonly used in the chemotherapy of ovarian cancer, but resistance occurs in most
cases, allowing cancer progression. The Wnt/b-catenin pathway has been associated with this resistance,
but there are no reports on the regulation of b-catenin expression at the translational level. In the present
study, we found that PTX induced different transcription and translation levels of b-catenin in the human
ovarian cancer cell lines A2780 and SKOV3. We also demonstrated that b-catenin mRNA contained an
internal ribosome entry segment (IRES) that regulated its translation. Using gene transfection and re-
porter assays, we revealed that the entire CTNNB1 50-untranslated region (UTR) contributed to IRES
activity. Interestingly, we found that c-myc and cyclin D1 increased significantly in transfected cells with
increasing PTX concentration, and cell-survival rates remained at 60% while the PTX concentration
increased. Suppressing b-catenin resulted in decreased expression of c-myc and cyclin D1 and made
these cells less resistant. These results indicate that b-catenin translation is initiated via the IRES and this
is regulated by PTX, suggesting that regulation of the IRES-dependent translation of b-catenin may be
involved in the cancer cell response to PTX treatment.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Ovarian cancer (OC) is the deadliest gynecological malignancy
and the second leading cause of cancer-related deaths among
women worldwide [1]. It is hardly detectable at the early stage,
largely due to the lack of specific symptoms and reliable screening
[2], so, surgical resection and subsequent chemotherapy are still the
major therapeutic strategies [3]. However, the efficacy of chemo-
therapy is limited by chemoresistance [4]. Paclitaxel (PTX) is a first-
line chemotherapeutic agent that is effective in epithelial ovarian
cancer by stabilizing microtubules and activating pro-apoptotic
signaling [5], while the prognosis of advanced or recurrent cases
remains poor since mortality is mostly the result of metastasis that
is refractory to conventional chemotherapy [6]. Therefore, defini-
tion of the key molecules involved in the development of OC is
important for understanding the detailed process.

Canonical Wnt signaling plays a pivotal role in intracellular
signal transduction [7] and it has been reported that the Wnt
n31@126.com (J. Jin).
pathway is associated with OC. However, the role of the Wnt
pathway in the various OC subtypes remains undefined, partly
because of its diverse mechanisms of activation in OC [8]. Indeed, b-
catenin mutation is mainly confined to endometrioid adenocarci-
nomas [9] where it is predominantly expressed in the nucleus; it is
at the “heart” of the Wnt/b-catenin pathway and activates the
expression of many important proteins responsible for the cell
cycle, proliferation, and survival, such as cyclin D1 and c-myc [10].
So far, there are no reports on the regulation of b-catenin expres-
sion at the translational level.

Translation is predominantly regulated during initiation, either
globally or through sequences in the mRNA that allow for message-
specific regulation. Translational control plays an important role in
differentiation, cell growth, mitosis, angiogenesis, and apoptosis.
Therefore, dysregulation of translation initiation makes a signifi-
cant contribution to tumor cell growth, survival, invasion, and
metastasis [11e14]. Initiation of translation can occur by two
mechanisms, cap-dependent scanning and internal ribosome entry
(IRES) [15]. Many cellular messages that encode the proteins
required for tumor genesis use an IRES-mediated mechanism of
initiating protein synthesis. IRES is defined by a functional assay
that establishes that an RNA element or sequence is capable of

Delta:1_c
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:ry_zhu@sina.com
mailto:jinjian31@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2015.03.161&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2015.03.161
http://dx.doi.org/10.1016/j.bbrc.2015.03.161
http://dx.doi.org/10.1016/j.bbrc.2015.03.161


Q. Fu et al. / Biochemical and Biophysical Research Communications 461 (2015) 21e2722
recruiting a ribosome internally to the message [16]. The proteins
encoded by thesemessages are generally expressed in low amounts
but can have a significant effect on the cell program, such as tran-
scription factors. It is believed that translation is generally initiated
in eukaryotic cells by the 50 end of capped mRNA, which is used for
proteins required in bulk, such as b-actin. However, when the cell
suffers stressful conditions, such as starvation, hypoxia, or
apoptosis, protein synthesis through cap-dependent translation
decreases dramatically due to its high energy demand. In order to
copewith the stress or to enter into programmed cell death, the cell
requires the synthesis of certain proteins. These proteins may be
encoded by mRNAs that contain IRESs. Now, 10e15% of cellular
mRNAs are estimated to contain IRESs [12]. Indeed, numerous re-
ports have described IRESs in genes encoding key regulatory pro-
teins such as VEGF, HIF-1a, c-myc, XIAP, and various others [17e20].

An assay commonly used to detect IRES activity is to clone the
putative IRES sequence into a DNA dicistronic reporter and assay for
expression of the second cistron. The cistrons can be any protein
that can be easily quantified; commonly used reporters are Renilla
and firefly luciferase, and b-galactoside. It has been reported that
optimal translation of the dicistronic reporter occurs at 24 h and up
to 48 h after transient transfection of the DNA plasmid into tissue
culture cells. The expression of the first cistron is cap-dependent
while expression of the second cistron may be IRES-dependent
[21].

We found that CTNNB1 protein expression increased under
stress without corresponding changes in transcript abundance.
Thus, we propose the possibility that CTNNB1 translation is regu-
lated by an IRES-dependent mechanism. The results have clinical
significance for the OC therapy, since we found a link between
IRES-regulated b-catenin translation and resistance to PTX
chemotherapy.

2. Materials and methods

2.1. Cells and cell culture

All cells were from the AmericanType Culture Collection. A2780,
SKOV3, and HEK293 cells were cultured in Dulbecco's modified
Eagle's medium, while the others were maintained in RPMI 1640.
All cells were cultured with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 mg/mL streptomycin, and were incubated at
37 �C in 5% CO2 humidified air.

2.2. Antibodies, reagents and plasmids

The primary antibodies anti-b-catenin (ab6301), anti-c-myc
(ab32072), and anti-cyclin D1 (ab40754) were from Abcam (Cam-
bridge, UK), and anti-b-actin (AA128) was from Beyotime
Biotechnology (Shanghai, China). The secondary antibodies
fluorophore-labeled donkey anti-rabbit IgG (A11374) and
fluorophore-labeled donkey anti-mouse IgG (A-21202) used in
immunofluorescence experiments were from Invitrogen (Carlsbad,
CA). Paclitaxel and Navelbine (NVB) used in chemotherapeutic drug
tests were from Sigma. b-catenin-siRNA was from GenePharma
(Shanghai, China) (sequence: sense strand, CCC AAG CUU UAG UAA
AUA UTT; antisense strand, AUA UUU ACU AAA GCU UGG GTT). The
plasmids used in transfection were constructed in our laboratory.
Control experiments were performed using one set of cells, and
then repeated at least three times.

2.3. RT-PCR

Total RNA was extracted using the Trizol protocol and cDNA was
synthesized from mRNA using a Super Script first-strand synthesis
system (Invitrogen) for RT-PCR. PCRwas performed with 30 cycles of
95 �C for 30 s, 57 �C for 30 s, and 72 �C for 45 s. The data were
analyzed with ImageJ software (NIH, Bethesda, MD). Actin was used
as an endogenous control. The primer sequences were: actin:
sense 50-TGGAGTCCACTGGCGTCTTC-30 and antisense 50-GCTTGA-
CAAAGTGGTCGTTGAG-30; b-catenin: sense 50-CTCAGGACAAGGAA
GCTGCAGAAGC-30 and antisense 50-CAAGGCATCCTGGCCATATCCA-30

2.4. Western blot

Whole-cell protein was obtained using radio-
immunoprecipitation assay buffer (SigmaeAldrich, Steinheim,
Germany) containing 1 mM phenylmethanesulfonyl fluoride, and
equal protein loading of the lysates was achieved by standardi-
zation with a BCA protein assay kit (Beyotime). Samples were
separated by electrophoresis on SDS-PAGE gel and transferred to
polyvinylidene fluoride membranes (GE Healthcare, Barrington,
IL). Membranes were blocked at room temperature for 1 h in Tris-
buffered saline containing 0.1% Tween-20 and 5% fat-free
powdered milk, and incubated overnight with primary anti-
bodies (anti-b-catenin 1:1000 and anti-b-actin 1:1000) at 4 �C,
followed by horseradish peroxidase-conjugated secondary anti-
body (1:1000) for 2 h at room temperature. Protein bands were
analyzed using the Gel Doc XRþ system (Bio-Rad, California,
USA).

2.5. Immunofluorescence

For immunofluorescence analysis, cells were plated in chamber
slides then fixed in 2% paraformaldehyde for 10 min at room
temperature, permeabilized with 0.1% Triton X-100 in 0.01 M
phosphate-buffered saline (PBS) pH 7.4, and incubated for 30 min
with 5% bovine serum albumin in PBS. Cells were then exposed to
primary antibodies (anti-c-myc 1:100 and anti-cyclin D1 1:100,
and anti-b-catenin 1:100) diluted in PBS containing 5% bovine
serum albumin overnight at 4 �C. For negative controls, the pri-
mary antibody was omitted. After washing three times with PBS
for 15 min, secondary antibody (Alexa Fluor 488-donkey anti-
mouse 1:200 or Alexa Fluor568 donkey anti-rabbit 1:200)
diluted in PBS was added and incubated for 1 h at room temper-
ature. Cells were then washed in PBS and mounted using 40,6-
diamidino-2-phenylindole to counterstain DNA. Images were
collected using a confocal microscope (Leica TCS SP8, Solms,
Germany).

2.6. Plasmid construction

The plasmids pR-F, pRemcvF, and pRxiapF have been described
previously [19,20,22]. To construct pRctnnb1F, the entire 268 bp of
the CTNNB1 50-UTR was cloned into pR-F between the NdeI and
EcoRI sites. To generate dicistronic plasmids without promoter
(generically called pR-utr-FDprom), the SV40 promoter was deleted
to generate pRF-DSV40 and pRctnnb1F-DSV40. The CTNNB150-UTR
fragments�228 to�1,�188 to�1,�108 to�1, and�68 to�1 were
subcloned into pR-F between the NdeI and EcoRI sites.

2.7. Gene transfection and reporter assay

Transient transfections were performed to identify the presence
of IRES activity in the CTNNB1 50-UTR. Cells were transfected with
plasmids using TurboFect transfection reagent (Thermo Scientific,
Waltham, MA, USA) according to the manufacturer's protocol. Cells
were seeded for 24 h in 24-well plates before transfection, gener-
ating monolayers that were 50e80% confluent. One microgram of
each dicistronic construct was transfected into cells using the
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TurboFect reagent. Cells were incubated with transfection com-
plexes for 24 h and extracts were prepared with 1� lysis buffer,
then 20-ml aliquots of the supernatant were mixed first with
100 ml of Luciferase Assay Reagent II (Promega, Wisconsin Madi-
son, USA) tomeasure the firefly luciferase (FL) activity, and next, the
Renilla luciferase (RL) activity was determined by adding Stop &
Glo® reagent to the same sample. These luciferase activities were
analyzed using Microplate Instrumentation (BioTek, Vermont,
USA).

3. Results

3.1. Different levels of transcription and translation of beta-catenin
in human ovarian cancer cell lines induced by paclitaxel

To determine whether b-catenin is associated with PTX in hu-
man OC, we collected A2780 and SKOV3 cells cultured in different
doses of PTX and analyzed the transcription and translation levels
of b-catenin by western blot and reverse-transcription PCR (RT-
PCR). No change was found in the transcription of b-catenin, but a
significant dose-dependent increase in its translation level was
found (Fig. 1A and B). In addition, immunocytochemistry showed
that increasing concentrations of PTX led to significantly increased
nuclear translocation of b-catenin (Fig. 1C and D). To explore
whether the effects of PTX on b-catenin expression were specific
for this compound or any microtubular inhibitor would have the
same effect, we exposed A2780 cells to increasing concentrations
(0.01, 0.05, or 0.25 mg/ml) of Navelbine (NVB). We found that the b-
catenin expression was also increased but not as strongly as with
PTX (Fig. 1E). These results imply that microtubular inhibitors like
Fig. 1. Analysis of western blots of the levels of transcription and translation (A) and mRN
Paclitaxel (PTX). (C) Immunofluorescence showed greater nuclear expression of b-catenin
scription and translation of beta-catenin in SKOV3 cells. (E) Expression of b-catenin wit
immunofluorescence analysis. Values are means ± SEM *p < 0.05; Student's t-test). Scale b
PTX or NVB can induce b-catenin expression at the translational
level.

3.2. CTNNB1 50-UTR mediates internal ribosome entry in different
cell lines

To investigate the possibility that the CTNNB1 50-UTR contains
an IRES, we cloned the entire 268 bp of the CTNNB1 50-UTR into an
empty dicistronic vector pR-F [20] between theNdeI and EcoRI sites,
thereby creating pRctnnb1F (Fig. 2A). This vector contained the
coding region for the RL gene followed by an intercistronic region
that contained a multiple cloning site and an additional down-
stream cistron that encoded FL. To indicate whether the inserted
CTNNB1 50-UTR had cryptic promoter activity, we deleted the SV40
promoter that drives the transcription of the dicistronic mRNA to
generate the promoter-less dicistronic vectors pRF-DSV40 and
pRctnnb1F-DSV40.

A2780 cells were transfected with the plasmids pR-F,
pRctnnb1 F, pRF-DSV40, and pRctnnb1F-DSV40. All the RL and
FL activities were determined using the stop and Glo™ reagents
(Promega) 24 h post-transfection and are expressed as normal-
ized values. In the absence of the SV40 promoter, the RL and FL
activities were both eliminated, suggesting that the CTNNB1 50-
UTR does not have cryptic promoter activity (data not shown). To
investigate how widely the IRES is used in a range of cell types,
cell lines derived from different tissues (A2780, SKOV3, HEK293,
Bel-7402, Hep-2, and HCT-8) were each transfected with the
plasmids pR-F and pRctnnb1F, and positive controls pRemcvF and
pRxiapF containing EMCV and XIAP IRESs [19,22] (Fig. 2C). RL and
FL activities were determined 24 h post-transfection and are
A expression levels (B) of b-catenin in A2780 cells with increasing concentrations of
in A2780 cells. (D) RT-PCR and immunofluorescence showed different levels of tran-
h increasing concentrations of NVB (0, 0.01, 0.05 or 0.25 mg/ml) as determined by
ars, 20 mm.



Fig. 2. Analysis of IRES activity of the 50-UTR of CTNNB1. (A) Insertion of the CTNNB1 50-UTR sequence (268 bp) into the intercistronic region of the empty dicistronic vector pR-F
between the NdeI and EcoRI sites (pRctnnb1F). (B) Renilla (RL) and firefly (FL) luciferase activity analyses following transfection of A2780 cells with 1 mg of each plasmid. (C) CTNNB1
50-UTR IRES activity in different cell lines. Data are expressed as FL/RL ratios.
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expressed as FL/RL ratios. The data (Fig. 2C) showed that the
translation of the downstream FL cistron mediated by the
CTNNB1 50-UTR varied widely among cell lines. The highest ac-
tivity was found in A2780, followed by SKOV3, HEK293, Hep-2,
Bel-7402, and HCT-8. The reason for the different ratios is not
clear but could be due to differential expression of the additional
IRES-trans activating factors that are required for CTNNB1 50-UTR
IRES activity [23].

3.3. Mapping the CTNNB1 IRES

Taken together, the above data indicated that the CTNNB1 50-
UTR might direct internal initiation on a dicistronic mRNA and
therefore contains an IRES. To define the boundaries of the
CTNNB1 IRES, a series of plasmid constructs was generated con-
taining decreasing lengths of the sequence coding for the 50-UTR.
The ability of these truncated sequences to promote internal
ribosome entry on a dicistronic mRNA was compared to the full-
length 50-UTR. Based on the online simulation of the secondary
structure of the CTNNB1 50-UTR, we generated dicistronic plas-
mids containing a series of 50e30edeleted CTNNB1 50-UTR frag-
ments. Each of these plasmids was transfected into A2780. RL and
FL activities were determined and are expressed as FL/RL ratios.
The results showed that removal of 40 nt from the 50 end of the
CTNNB1 50-UTR (deleted fragment 41e268) resulted in a 37% in-
crease compared with the whole length in A2780 cells; the
reason for this variation is not yet clear. After deleting 80, 160,
and 200 nt from the 50-UTR, the FL/RL ratio gradually decreased
to 66%, 24%, and 11%, respectively, in A2780 cells (Fig. 3C),
consistent with the decreasing trend in HEK293 cells (data not
shown). This suggests that the entire CTNNB1 50-UTR contributes
to IRES activity.

3.4. Induction of CTNNB1 IRES activity and downstream factor
protein expression by paclitaxel

We performed gene transfections and reporter assays to deter-
mine whether PTX induced CTNNB1 50-UTR IRES activity. Both
A2780 and SKOV3 cells were transfected with the pRctnnb1F
plasmid and then treated with PTX. The FL activity increased
significantly along with the increasing dose of PTX (Fig. 4A). More
nuclear expression of b-catenin was found, while the nuclear-
cytoplasmic ratio did not change (Fig. 1C), which indicated that
the increase of total b-catenin expression led to the nuclear accu-
mulation of b-catenin rather than inducing the phosphorylation of
PTEN, leading to activation of PI3K/Akt signaling, resulting in the
stabilization and nuclear translocation of b-catenin [24]. It has been
reported that b-catenin translocates to and accumulates in the
nucleus, where it activates the expression of T-cell factor/lymphoid
enhancer factor (TCF/LEF), and promotes the expression of down-
stream target genes, such as c-myc, MMP-7, COX-2, MRP1, and
cyclin D1 [25]. To test this possibility in our model, we assessed the
protein expression of c-myc and cyclin D1 while treating trans-
fected cells with PTX, and found that they increasedwith increasing
PTX concentration (Fig. 4B). To better understand whether the
maintenance of high b-catenin expression explains the PTX resis-
tance of A2780 and SKOV3 cells, we analyzed the effect of
decreasing b-catenin using b-catenin-specific siRNA. The results
showed that suppressing b-catenin in these cells decreased the
expression of c-myc and cyclin D1 (Fig. 4C).



Fig. 3. Deletion analysis of CTNNB1 IRES. (A) Model of the secondary structure of the CTNNB1 50-UTR. Energy minimization analysis was performed using Zuker's ‘mfold’ package.
Arrows indicate deletion positions. The sequences on the right are those of the 4 deleted fragments. (B) Schematic representation of dicistronic pR-F constructs containing a series of
50e30 deleted CTNNB1 50-UTR fragments. (C) The constructs pR-F and pRctnnb1F (CTNNB1), and the above deletion constructs were co-transfected into A2780 cells. Renilla (RL) and
firefly (FL) luciferase activities were determined and expressed as FL/RL ratios.
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Furthermore, we tested whether PTX induced CTNNB1 50-UTR
IRES activity that mediated growth-inhibition and cell death. We
measured cell growthwith different doses of PTX in 24 h, and found
that A2780 and SKOV3 cell-survival rates remained at 60% while
the PTX concentration increased (Fig. 4D). However, b-catenin
knockdown made these cells less resistant. These results showed
that PTX induces CTNNB1 IRES activity in A2780 and SKOV3 cells,
and this regulates the expression of downstream factors (c-myc and
cyclin D1), reducing PTX sensitivity.

4. Discussion

Currently, PTX-based chemotherapy plays an irreplaceable role
in the treatment of OC; however, chemoresistance remains a major
therapeutic barrier [26,27]. A thorough understanding of the
mechanisms is essential for improving therapeutic agents. The
findings described here shed light on the unconventional and
poorly-understood mechanism of IRES-dependent translation in
the regulation of b-catenin expression. In particular, we have
shown that PTX induces CTNNB1 50-UTR IRES activity while also
activating the Wnt/b-catenin pathway in OC.

We first found that in A2780 and SKOV3 cells under the stress of
chemotherapy with PTX, both western blot and confocal assays
demonstrated that b-catenin expression increased in a dose-
dependent manner, while the mRNA remained at the same level,
raising the question of why the protein level change was not
consistent with the mRNA level. By searching the Human Genome
database, we discovered that CTNNB1 mRNA contains a 268-nt 50-
UTR, and the sequence is ~63% G þ C rich. This suggested that the
CTNNB150-UTR may be involved in regulating translation initiation
when A2780 cells are exposed to PTX [28]. Second, we constructed
a pRctnnb1F dicistronic reporter vector and transfected it into
A2780 cells; this resulted in a higher FL/RL ratio than control,
indicating that the translation of the downstream FL cistron is
mediated by the CTNNB150-UTR. We also showed that the CTNNB1
50-UTR is widely used in a range of cell types with varying effi-
ciency. Since expression of the second cistron (FL) in the dicistronic
reporter was found, the next step was to rule out other, non-IRES-
dependent causes, such as cryptic promoter activity, activation of a
splicing event, read-through, or ribosomal shunting. The most
common false-positives are caused by cryptic promoter activity
[16], so we deleted the SV40 promoter to construct promoter-less
dicistronic vectors and showed that the CTNNB1 50-UTR does not
have cryptic promoter activity. So far, the evidence suggests that
the CTNNB1 50-UTR contains an IRES to regulate translation initia-
tion when A2780 cells are stressed by PTX.

It has recently been reported that b-catenin acts as a tran-
scriptional switch, as its presence reduces the association of TLE



Fig. 4. Induction of CTNNB1 IRES activity and downstream factor protein expression by Paclitaxel (PTX). (A) Transfection and reporter assays for the effect of PTX on CTNNB1 50-UTR
IRES activity. A2780 and SKOV3 cells were transfected with pRctnnb1F plasmid containing the entire CTNNB1 50-UTR and treated with or without increasing concentrations (0.01,
0.1, or 1 mg/ml) of PTX. (B) Immunofluorescence analysis of cyclin D1 and c-myc expression with increasing PTX concentrations in A2780 and SKOV3 cells. (C) Immunofluorescence
analysis showed low expression of cyclin D1 and c-myc in A2780 and SKOV3 cells after inhibition of b-catenin with siRNA. (D) Cell viability assays in A2780 and SKOV3 cells
transfected with b-catenin-specific siRNA with a range of concentrations of PTX. n ¼ 4e6 in each group; values are mean ± SEM; *p < 0.05 compared to control. Scale bars, 20 mm.
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(transducin-like enhancer) with TCF/LEF, while recruiting various
transcriptional cofactors [29]. Here, we found that A2780 and
SKOV3 cells transfected with a plasmid containing the CTNNB1 50-
UTR sequence, when exposed to PTX, showed increasing b-catenin
expression, a nuclear distribution of b-catenin, and cyclin D1 and c-
myc expression. Importantly, we found that A2780 and SKOV3 cell-
survival rates remained at 60% with increasing PTX concentration.
Furthermore, suppressing b-catenin resulted in decreased expres-
sion of c-myc and cyclin D1 and made these cells less resistant,
indicating that PTX induces CTNNB1 IRES activity and regulates the
expression of downstream factors (c-myc and cyclin D1), reducing
PTX sensitivity.

Collectively, our data suggest that IRES-regulated b-catenin
translation is activated during the treatment of OC cells with the
chemotherapeutic drug PTX. Exposure to PTX significantly
increased the expression of b-catenin protein, which translocated
into the nucleus. Notably, we found an association between the
Wnt/b-catenin pathway and sensitivity to PTX in A2780 and SKOV3
cells. Although there is no reason to think these effects are limited
to IRES-regulated b-catenin translation, we, for the first time, have
demonstrated that the initiation of translation by b-catenin is
regulated by an IRES-dependent mechanism, providing a new clue
for the treatment of drug-resistant OC.
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