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Abstract. Hepatocellular carcinoma (HCC) is a highly 
malignant tumor and can evolve rapidly to resistance to 
chemotherapies. Glycochenodeoxycholate (GCDA), which 
is toxic and hydrophobic, is the main ingredient in the bile 
and associated with carcinogenesis of gastrointenstinal 
tumors. Bcl-2 is the most important anti-apoptotic protein 
and overexpressed in various human tumors. In the present 
study, we found that GCDA can induce the chemoresistance 
of human liver cancer cells and specific depletion of Bcl-2 
by RNA interference blocks GCDA-stimulated chemore-
sistance, which indicate the pivotal role of Bcl-2 in such 
process. Mechanistically, GCDA simultaneously stimulates 
phosphorylation of Bcl-2 at Ser70 site and activates extracel-
lular signal-regulated kinase 1/2 (ERK1/2), and inhibition of 
ERK1/2 by PD98059 (MAPK/ERK1/2 inhibitor) or siRNA 
(targeting ERK1/2) suppresses GCDA-stimulated phos-
phorylation of Bcl-2 and significantly attenuates the survival 
and chemoresistance induced by GCDA in liver cancer cells. 
Thus, GCDA-induced survival and chemoresistance of liver 
cancer cells may occur through activation of Bcl-2 by phos-
phorylation at Ser70 site through MAPK/ERK1/2 pathway, 
which may contribute to the development of human liver 
cancer and chemoresistance.

Introduction

The inventory of cancer research of 2015 shows that liver 
cancer is a global high incidence malignant tumor, which is 

known as ‘the king of cancer’ (1). China is the country with 
high incidence of liver cancer. Chinese population accounts 
for 1/5 of the world, while the incidence and mortality of liver 
cancer is more than 1/2 of the world. World's Cancer Report of 
2014 shows that hepatocellular carcinoma (HCC) has become 
the fifth ranked cancer in men (~554,000 new cases each year) 
and the ninth cancer in women (~228,000 new cases each 
year) (2). The high prevalence and mortality rate of HCC (the 
overall mortality rate is 95%) make it the major health burden 
in the current society.

Bile acids are the main component of the bile secreted by 
liver cells, while conjugated bile acids is the primary form. 
Due to the pH environment around the bile, most of which 
exists as sodium or potassium salt, called bile salts (sodium 
salt combined with bile acids). Glycochenodeoxycholate 
(Glycine conjugate of chenodexycholate) is the main ingredient 
in the bile, which is considered to be toxic and hydrophobic 
and may be involved in mediating apoptosis of liver cells 
during cholestasis. Previous studies have shown that toxic bile 
salt glycochenodeoxycholate induces hepatocyte apoptosis 
involving ligand-independent oligomerization of Fas (3) and by 
promoting cytoplasmic transport of Fas to the cell surface (4). 
PKC-dependent signaling pathways play a critical role in 
bile salt-induced hepatocyte apoptosis  (5,6). Endoplasmic 
reticulum is involved in glycochenodeoxycholic acid-induced 
apoptosis in rat hepatocytes, although its role may be smaller 
than mitochondria-mediated pathway  (7). Another study 
demonstrated that glycochenodeoxycholate induces apoptosis 
of liver cells by modulating the IGF1 system (8). Although the 
accumulation of glycochenodeoxycholate induced hepatocyte 
apoptosis in cholestasis, many hepatocytes still survive. The 
study by Wang et al (9) found that glycochenodeoxycholate-
induced caspase response is reversible, which may activate 
anti-apoptotic genes to protect hepatocytes from apoptosis. 
Later, another study by Wang  et  al  (10) demonstrated an 
interesting result: a low dosage of glycochenodeoxycholate 
induced hepatocyte apoptosis to exhibit the biphasic response, 
which was regulated by the expression of survivin through 
NF-κB signaling pathway. Recent research suggests that 
PKC-δ activation by glycochenodeoxycholate stimulates 
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a cytoprotective pathway involving JNK inhibition, Akt 
activation and downregulation of BIM  (11). Moreover, 
research has confirmed that bile salt, especially toxic bile salt, 
is associated with carcinogenesis of gastrointenstinal tumors. 
Bile acids can block Mcl-1 protein degradation via activation 
of an EGFR/Raf-1 cascade resulting in tumorigenesis of 
cholangiocarcinomas  (12). Glycochenodeoxycholic acid 
activates the PI3 Kinase/Akt signaling pathway, stimulate cell 
growth in the Barrett's adenocarcinoma cell line SEG-1 (13) 
and induces proliferation of a non-neoplastic Barrett's cell 
line by activation of both ERK and p38 MAPK pathways (14), 
which suggest potential mechanisms whereby bile reflux may 
facilitate the neoplastic progression of Barrett's esophagus. In 
addition, long-term effect of oxidative DNA damage caused 
by glycochenodeoxycholate may promote carcinogenesis 
in the biliary tract (15). The disturbance of bile circulation 
metabolism may cause abnormal concentration of bile salts, 
which will result in necrosis and apoptosis of liver cells 
and become the potential carcinogenesis of hepatocellular 
carcinoma (HCC). However, the underlying intracellular 
signaling mechanism remains to be further studied.

Bcl-2 (B Cell Leukemia-2) family proteins are key players 
in the control of mitochondria-based apoptosis (16,17). Bcl-2 
is the most important anti-apoptotic protein, whose overex-
pression and phosphorylation may be involved in regulating 
cell proliferation, cell cycle, DNA repair, tumorigenesis 
and chemoresistance. There is high level of Bcl-2 protein 
in many human tumors, such as liver, prostate, colon, lung, 
stomach, lymphoma, neuroblastoma and breast cancer (17,18). 
Endogenous Bcl-2 expressed in various cells can be phos-
phorylated at multiple sites in the flexible loop domain 
(FLD), including Thr69, Ser70 and Ser87, associated with 
regulation of apoptosis  (19). Studies verified that PKCα, 
p44 MAPK/ERK1, p42 MAPK/ERK2 and JNKs are Bcl-2 
upstream kinases (20,21). In recent years, Bcl-2's application 
in clinic is quite common. Bcl-2 may play an important role 
in mediating the outcome of antidepressant treatment (22). 
The expression of Bcl-2 may serve as predictive biomarker 
of response to induction chemotherapy in HNSCC (head and 
neck squamous cell carcinomas) patients (23). The genetic 
variation in Bcl-2 3'-UTR was associated with a decreased 
lung cancer risk and better survival for non-small cell lung 
cancer in male Chinese (24). Overexpression of Bcl-2 protein 
predicts chemoresistance in acute myeloid leukemia  (25). 
Genetic polymorphisms in the Bcl-2 gene may be associated 
with the risk of endometrial cancer in Chinese women (26). 
Some studies found that inhibitors and microRNA targeting 
Bcl-2 had effect on treatment of gliomas (27), myeloma (28), 
nasopharyngeal carcinoma (29), esophageal squamous cell 
carcinoma (30), aclcoholic liver disease (31), colorectal (32), 
gastric cancer (33) and melanoma (34).

However, studies on the role of Bcl-2 in hepatocellular 
carcinoma (HCC) are scarce. The earliest study demonstrated 
that normal hepatocytes did not express Bcl-2 and expression 
of Bcl-2 by hepatocytes during cholestasis suggested an adap-
tive phenomenon to resist apoptosis by toxic bile salts (35). 
Hepatocytes in the bile duct ligation (BDL) rats expressed 
Bcl-2, which can inhibit the bile salt-induced hepatocellular 
apoptosis (36). Related research found that glycochenodeoxy-
cholate (GCDA) may induce the phosphorylation of Mcl-1 

(one of the anti-apoptotic member in Bcl-2 family) at T163 
site, eventually leading to survival and chemoresistance in 
hepatocellular carcinoma cells (37). Since GCDA can activate 
ERK1/2, which is a physiologic Ser70 site kinase of Bcl-2, in 
the present study, we have shown that GCDA induces Bcl-2 
phosphorylation at Ser70 through activation of ERK1/2, 
which leads to enhanced anti-apototic function in human liver 
cancer cells.

Materials and methods

Materials. Sodium glycochenodeoxycholate (GCDA, G0759) 
was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
5-Fluorouracil was purchased from Shanghai Xudong Haipu 
Pharmaceutical Co., Ltd. (Shanghai, China). PD98059 (513001) 
was obtained from Calbiochem (San Diego, CA, usa). Bcl-2 
(50E3) rabbit (2870) and phospho-Bcl-2 (Ser70) (5H2) rabbit 
(2827) antibodies were from Cell Signaling Technology 
(Danvers, MA, usa). Bcl-2 (N-19) (sc-492), p-Bcl2 (74.Ser70) 
(sc-135757), ERK1 (K-23) (sc-94), ERK2 (C-14) (sc-154) and 
p-ERK (E-4) (sc-7383) antibodies were purchased from Santa 
Cruz Biotechnology (Santa Cruz, ca, usa). Alexa Fluor® 
488 goat anti-rabbit IgG (H+L) antibody (A-11008), Alexa 
Fluor® 594 goat anti-rabbit IgG (H+L) antibody (A-11012) 
and Alexa Fluor® 594 donkey anti-mouse IgG (H+L) antibody 
(A-21203) were obtained from Molecular Probes (Eugene, 
Or, USA). Monoclonal anti-Flag antibody (F1804) was 
from Sigma-Aldrich. The mitochondrial marker (Mito-GFP) 
and endoplasmic reticulum marker (ERM-RFP) plasmids 
were kindly provided by Dr Yuan (Sun Yat-sen University, 
Guangzhou, China). All reagents used were obtained from 
commercial sources.

Cell lines and culture conditions. Five HCC cell lines HepG2, 
Bel7402, QGY7703, SMMC7721 and Huh7 were purchased 
from the Institute of Biochemistry and Cell Biology (Shanghai 
Institutes for Biological Sciences, CAS, Shanghai, China). 
HepG2, Bel7402, QGY7703 and SMMC7721 were main-
tained in RPMI-1640 supplemented with 10% fetal bovine 
serum (FBS). Huh7 was maintained in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% FBS. All 
of the cell lines were cultured at 37˚C in a humid incubator 
with 5% CO2.

siRNA and transfections. For RNA interference, siRNA 
specific to Bcl-2 (5'-AAC AUC GCC CUG UGG AUG 
ACU-3'), ERK1 (5'-GAC CGG AUG UUA ACC UUU ATT-3'), 
ERK2 (5'-CAC CAA CCA UCG AGC AAA UTT-3') and 
non‑specific control siRNA (5'-UUC UCC GAA CGU GUC 
ACG UTT-3') were purchased from Shanghai GenePharma, 
Co., Ltd., (Shanghai, China) siRNAs were transfected into the 
cells using Lipofectamine RNAi max (Invitrogen) according 
to the manufacturer's instruction.

Cell viability assay. Cells treated with GCDA, drugs and 
inhibitors were harvested and washed with phosphate-buffered 
saline (PBS). Cells were resuspended in binding buffer and 
stained with Annexin V and propidium iodide (PI) according 
to manufacturer's instructions (BD Biosciences Annexin V kit; 
BD Biosciences, San Diego, CA, USA).
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Cell extraction and western blotting. After the treat-
ment, the cells were washed with cold PBS and then were 
removed to 1.5 ml Eppendorf tubes using a cell scraper. 
The whole-cell extracts were prepared in lysis buffer 
[50  mM Tris, pH  7.4, 150  mM NaCl, 1% Nonidet P-40, 
0.5% deoxycholic acid sodium salt and cocktail protease 
inhibitor (Roche)], which were put on ice for 30 min and 
then centrifuged at 14,000  rpm for 2 min. The resulting 
supernatant was collected as the total cell lysate. Aliquots 
containing 30 µg of total protein from each sample were 
subjected to 10% SDS-PAGE and electrotransferred to 
nitrocellulose membranes. The membranes were blocked 
with 5% skimmed milk in PBST for 2 h, and then incubated 
with primary antibodies (diluted in PBST containing 2.5% 
skimmed milk) at 4˚C overnight. After the membranes were 
washed with PBST three times, they were incubated with 
horseradish peroxidase-conjugated anti-rabbit or anti-mouse 
secondary antibody for 2 h. Chemiluminescent detection 
was performed with SuperSignal West Dura Extended 
Duration Substrate kit (Thermo Fisher Scientific) and the 
membranes were exposed to X-ray film.

Immunofluorescence. QGY7703 cells were seeded on cover-
slips (10 mm x 10 mm) in a 24-well plate. After 20-24 h, 
cells were fixed for 15 min in a 4% formaldehyde solution, 
washed three times in PBST (0.05% Tween-20 in PBS) 
and blocked with 5% BSA in PBST at 4˚C overnight. They 
were then incubated with Bcl-2, p-Bcl-2-Ser70 or p-ERK 
antibodies for 1 h. The cells were washed three times in 
PBST, and incubated with the Alexa Fluor® 488 (green) 
goat anti-rabbit IgG (H+L) antibody and/or Alexa Fluor® 
594 (red) goat anti-rabbit IgG (H+L) antibody and/or Alexa 
Fluor® 594 (red) donkey anti-mouse IgG (H+L) antibody 
for 1 h. Following triple washing in PBS, cells were labeled 
with 0.2 µg/ml DAPIs in PBS for 5 min, and then washed 
three times in PBS. Cells were mounted in MOWIOL R4-88 
reagent (Calbiochem) and photographed with a Carl Zeiss 
AxioVision 4 microscope.

Statistical analysis. The data were subject to statistical analysis 
using the SPSS software package (version 17.0). All data were 
expressed as the means ± SD of three or more independent 
experiments. The statistical differences were analyzed by the 

Figure 1. GCDA induces chemoresistance of liver cancer cells. (a) HepG2, (b) Bel7402, (c) QGY7703, (d) SMMC7721 and (e) Huh7 cells were treated 
with 5-FU with respective IC50 concentration (15 µg/ml for HepG2, 30 µg/ml for Bel7402, 1.5 µg/ml for QGY7703, 20 µg/ml for SMMC7721 and 3 µg/ml for 
Huh7) in the presence or absence of GCDA (100 µM) for 72 h. Cell viability and apoptosis were determined by analyzing annexin V binding on fluorescence-
activated cell sorting (FACS). Columns, mean of three separate determinations; bars, SD; *P<0.05 (Student's t-test).
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Student's t-test. The differences were considered to be statisti-
cally significant at P<0.05.

Results

GCDA induces chemoresistance of human liver cancer cells. 
5-Fluorouracil (5-FU) is one of the most important chemo-
therapy drugs for the advanced liver cancer. However, its 
clinical efficacy is not satisfactory due to the chemoresistance. 
The underlying mechanism is not clear yet. In order to test 
whether bile salt GCDA can induce chemoresistance, five 
HCC cell lines, HepG2, Bel7402, QGY7703, SMMC7721 and 
Huh7 were treated with 5-FU with respective IC50 concentra-
tion (15 µg/ml for HepG2, 30 µg/ml for Bel7402, 1.5 µg/ml for 
QGY7703, 20 µg/ml for SMMC7721 and 3 µg/ml for Huh7) in 
the absence or presence of GCDA for 72 h. Cell viability and 
apoptosis were determined by analyzing annexin V binding 
on fluorescence-activated cell sorting (FACS). Results indicate 
that in all the five cell lines, 5-FU can induce ~50% of cells to 
undergo apoptosis and GCDA can significantly attenuate the 
apoptotic effect of 5-FU (Fig. 1). These findings reveal that 
GCDA may be one reason for chemoresistance in liver cancer 
cells. Data represent the mean ± SD of three determinations. 
P<0.05 is based on the Student's t-test.

Bcl-2 plays a role in GCDA-induced chemoresistance of 
human liver cancer cells. Bcl-2 is a major anti-apoptotic 
member of Bcl2 family. Consistently, Bcl-2 is widely expressed 
in human liver cancer cells. Among them, HepG2, QGY7703 
and SMMC7721 expressed relatively high levels of endog-
enous Bcl-2, while Bel7402 and Huh7 expressed relatively low 

levels of endogenous Bcl-2 (Fig. 2a). After treating the five 
types of cell-line with 100 µM GCDA, the expression levels of 
endogenous Bcl-2 changed little (Fig. 2a).

To test whether Bcl-2 plays a role in GCDA-induced chemo-
resistance, three HCC cell-lines with high level of endogenous 
Bcl-2, HepG2, QGY7703 and SMMC7721 were transfected with 
siRNA targeting Bcl-2 in the presence of GCDA (100 µM), 5-FU 
(15 µg/ml for HepG2, 1.5 µg/ml for QGY7703 and 20 µg/ml for 
SMMC7721) or both GCDA (100 µM) and 5-FU (15 µg/ml for 
HepG2, 1.5 µg/ml for QGY7703 and 20 µg/ml for SMMC7721) 
for 72  h. Cell viability and apoptosis were determined by 
analyzing annexin V binding FACS. Results indicate that in 
all the three cell-lines, GCDA can attenuate the apoptotic effect 
of 5-FU. However, after Bcl-2 was silenced by siRNA, the ratio 
of apoptotic cells was upregulated slightly, and the chemoresis-
tance effect of GCDA was downregulated from 27.23 to 13.41% 
in HepG2 cells (Fig. 2b), from 73.86 to 40.93% in QGY7703 
cells (Fig. 2c) and 35.20 to 13.13% in SMMC7721 cells (Fig. 2d). 
Data represent the mean ± SD of three determinations. P<0.05 is 
based on the Student's t-test. These findings suggest that Bcl-2 
may play a role in GCDA‑induced chemoresistance.

GCDA stimulates Bcl-2 phosphorylation at Ser70. According 
to the results above, GCDA did not affect much the expression 
of endogenous Bcl-2 (Fig. 2a), but Bcl-2 indeed plays a role 
in GCDA-induced chemoresistance (Fig. 2b-d). Consistent 
with previous studies, in QGY7703 cells Bcl-2 localized at 
mitochondria and endoplasmic reticulum (Fig. 3a and b), 
which indicates that Bcl-2 may function both at mitochondria 
and endoplasmic reticulum (16). A previous study discovered 
that phophorylation of Bcl-2 at the evolutionarily conserved 

Figure 2. Bcl-2 plays a role in GCDA-induced chemoresistance of liver cancer cells. (a) Expression of Bcl-2 in five liver cancer cell lines (HepG2, Bel7402, 
QGY7703, SMMC7721 and Huh7) treated with and without 100 µM GCDA was analyzed by western blot analysis. (b) HepG2, (c) QGY7703 and 
(d) SMMC7721 were transfected with siRNA targeting Bcl-2 in the presence of GCDA (100 µM), 5-FU (15 µg/ml for HepG2, 1.5 µg/ml for QGY7703 and 
20 µg/ml for SMMC7721) or both GCDA (100 µM) and 5-FU (15 µg/ml for HepG2, 1.5 µg/ml for QGY7703 and 20 µg/ml for SMMC7721) for 72 h. Cell 
viability and apoptosis were determined by analyzing annexin V binding on fluorescence-activated cell sorting (FACS). Columns, mean of three separate 
determinations; bars, SD; *P<0.05 (Student's t-test).
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Ser70 site may be required for its full and potent antiapoptotic 
function  (20,21). Therefore, we supposed that GCDA may 
induce the phosphorylation of Bcl-2 at Ser70 and then play an 
antiapoptotic effect. To test this, we treated HepG2, Bel7402, 
QGY7703, SMMC7721 and Huh7 cells with 100 µM GCDA 
for 30 min. Western blot analysis showed that the phosphory-
lation levels of Bcl-2 at Ser70, but not the expression levels 
of Bcl-2, increased in all the five cell lines after treated with 
GCDA (Fig. 3c). Furthermore, we treated QGY7703 cells 
with gradually increasing doses of GCDA for 30 min. Western 
blot analysis showed that the phosphorylation levels of Bcl-2 
at Ser70, but not the expression levels of Bcl-2, increased with 
the increasing GCDA concentrations (Fig. 3d). Notably, when 
Bcl-2 was phosphorylated at Ser70, abundant p-Bcl-2-Ser70 
protein clustered in the nucleus, appearing as bigger spots 
in vision (Fig. 3e). These findings indicated that GCDA can 
induce the phosphorylation of Bcl-2 at Ser70 site. The p-Bcl-
2-Ser70 protein may function at the nucleus as polymers.

GCDA induces phosphorylation of Bcl-2 at Ser70 through 
MAPK/ERK1/2 pathway. Previous research identified 

ERK1/2 kinases as upstream Bcl-2 kinases (20). ERK1 and 
ERK2 can colocalize with mitochondrial Bcl-2 and directly 
phophorylate Bcl-2 on Ser-70 both in vitro and in vivo (20). 
To test whether GCDA-induced Bcl-2 phosphorylation 
occurs through MAPK/ERK1/2, QGY7703 cells were 
treated with increasing concentrations of GCDA for 30 min. 
Phosphorylation of ERK1/2 was analyzed by western blot 
analysis using a phospho-specific ERK antibody. Results 
show that GCDA induces phosphorylation and activation 
of ERK1/2 in a dose-dependent manner  (Fig.  4a). To 
further test whether inhibition of MAPK/ERK1/2 affects 
GCDA-induced Bcl-2 phosphorylation, QGY7703 cells 
expressing high levels of endogenous Bcl-2 were treated 
with GCDA in the absence or presence of increasing 
concentrations of PD98059 (MAPK/ERK1/2 inhibitor). 
Results suggest that PD98059 suppresses GCDA-stimulated 
phosphorylation of Bcl-2 at Ser70 and activation of ERK1/2, 
and has no effect on expression levels of endogenous Bcl-2 and 
ERK1/2 (Fig. 4b and c). QGY7703 cells were transfected with 
ERK1/2-siRNA or control‑siRNA, phosphorylation of Bcl-2 
at Ser70 and activation of ERK1/2 was analyzed by western 

Figure 3. GCDA stimulates Bcl-2 phosphorylation at Ser70. (a) Bcl-2 protein co-localizes with mitochondrial marker (Mito-GFP) in QGY7703 cells. (b) Bcl-2 
protein co-localizes with endoplasmic reticulum marker (ERM-RFP) in QGY7703 cells. (c) HepG2, Bel7402, QGY7703, SMMC7721 and Huh7 cells were 
treated with 100 µM GCDA for 30 min. The expression of p-Bcl-2-Ser70 and Bcl2 was analyzed by western blot analysis. (d) QGY7703 cells were treated 
with gradually increasing doses of GCDA for 30 min. The expression of p-Bcl-2-Ser70 and Bcl2 was analyzed by western blot analysis. (e) The subcellular 
localization of p-Bcl-2-Ser70 protein.
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Figure 4. GCDA induces phosphorylation of ERK1/2, which colocalizes with Bcl-2 in cytoplasm, and inhibition of ERK1/2 blocks GCDA-induced Bcl-2 
phosphorylation at Ser70. (a) QGY7703 cells were treated with increasing concentrations of GCDA for 30 min. Western blot analysis was performed to 
detect the p-ERK1/2 using a phospho-specific ERK antibody. (b) QGY7703 cell were treated with GCDA (100 µM) in the absence or presence of increasing 
concentrations of PD98059 for 30 min. Phosphorylation of Bcl-2 at Ser70 was determined by western blot analysis using a phospho-specific Bcl-2 antibody. 
(c) QGY7703 cell were treated with GCDA (100 µM) in the absence or presence of increasing concentrations of PD98059 for 30 min. Phosphorylation of 
ERK1/2 was determined by western blot analysis using a phospho-specific ERK antibody. (d) ERK1/2 siRNA and control siRNA were transfected into 
QGY7703 cells using Lipofectamine 2000. After 24 h, cells were treated with or without GCDA (100 µM) for 30 min. The level of p-Bcl-2-Ser70, Bcl-2, 
p-ERK1/2 and ERK1/2 were analyzed by western blot analysis using respective antibody. (e) p-ERK and Bcl-2 colocalized in QGY7703 cells. QGY7703 
cell were fixed, incubated with a mouse p-ERK and a rabbit Bcl-2 primary antibody, and stained with Alexa Fluor® 594 (red) donkey anti-mouse IgG (H+L) 
antibody and Alexa Fluor® 488 (green) goat anti-rabbit IgG (H+L) antibody. Cells were mounted in MOWIOL R4-88 reagent (Calbiochem) and photographed 
with a Carl Zeiss AxioVision 4 microscope. N, negative control.

Figure 5. MAPK/ERK1/2 inhibitor PD98059 suppresses GCDA-induced survival and chemoresistance. (a and c) QGY7703 cells were treated with GCDA 
(100 µM) in the absence or presence of increasing concentrations of PD98059 for 30 min. Cell apoptosis was determined by analyzing annexin V binding on 
FASC. (b and d) QGY7703 cells were treated with 5-FU (1.5 µg/ml) and GCDA (100 µM) in the absence or presence of increasing concentrations of PD98059 
for 72 h. Cell apoptosis was determined by analyzing annexin V binding on FASC. Columns, means of three separate determinations; bars, SD; *P<0.05 
(Student's t-test).
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blot analysis using a phospho‑specific Bcl-2 Ser70 and ERK 
antibody. Results indicate that knockdown of ERK1/2 protein 
expression by RNAi significantly decreases phosphorylation 
of Bcl-2 at Ser70 and activation of ERK1/2  (Fig.  4d). 
Coimmunofluorescent staining using p-ERK and Bcl-2 
antibodies reveals that p-ERK and Bcl-2 colocalized in 
QGY7703 cells (Fig. 4e), which implies the direct interaction 
between p-ERK and Bcl-2. Thus, these findings suggest that 
GCDA-induced phosphorylation of Bcl-2 at Ser70 may occur 
through activation of ERK1/2.

The MAPK/ERK1/2 inhibitor PD98059 suppresses GCDA-
induced survival and chemoresistance. The results above 
showed that PD98059 can decrease phosphorylation of Bcl-2 
and ERK1/2, then whether PD98059 affects cell survival was 
assessed in QGY7703 cells expressing high levels of endog-
enous Bcl-2 treated with GCDA in the absence or presence of 
increasing concentrations of PD98059 for 30 min. Cell viability 
and apoptosis were determined by analyzing annexin V  
binding FACS. Results indicated that PD98059 mediated 
cell apoptosis in a dose-dependent manner (Fig. 5a and c). 
Next, to test whether PD98059 attenuates GCDA-induced 
chemoresistance, QGY7703 cells were treated with GCDA 
and 5-FU in the presence or absence of PD98059 for 72 h. 
Annexin V binding FACS results showed that GCDA can 
prolong cell survival following treatment with 5-FU, and 
PD98059 significantly attenuated the chemoresistance of 
GCDA (Fig. 5b and d). Data represent the mean ± SD of three 
determinations. P<0.05 is based on the Student's t-test. These 
findings suggest that inhibition of MAPK/ERK1/2 pathway 
in human liver cancer cells may be pivotal for suppression of 
GCDA-induced chemoresistance.

Discussion

Bile acids are considered to be both detergent molecules that 
facilitate the solubilization of cheolesterol and absorption 
of lipids and regulatory molecules that activate five distinct 

receptors (farnesoid X receptor, pregnane X receptor, 
constitutive androstane receptor, vitamin D receptor and G 
protein-coupled receptor) and cell signaling pathways (c-jun 
N-terminal kinase 1/2, AKT and ERK1/2) in cells in the liver 
and gastrointestinal tract  (38,39). Hepatocytes synthesize 
bile acids that secrete into the bile and are stored in the 
gallbladder (40). Eating food can stimulate bile acids to release 
into the intestinal tract where bile acids act as detergents to 
facilitate the solubilization of fatty acids and absorption of 
dietary lipids (40), then, bile acids are efficiently reabsorbed in 
the ileum and transported back to the liver via portal blood for 
resecretion into the bile. This process is known as enterohepatic 
circulation of bile acids  (40). Recycling of bile acids/salts 
between the liver and intestine occurs 6-10 times each day and 
transports 20-40 g bile acids (39). Bile salts and bile acids are 
considered to be potential carcinogens. For example, bile acids 
play a role in colorectal carcinogenesis through ERKs and PKC 
signaling pathway (41); intrahepatic bile acid accumulation 
may have cocarcinogenic effects on the development of 
cholangiocarcinoma (42). Glycochenodeoxycholate (Glycine 
conjugate of chenodexycholate) is the main ingredient in 
the bile. Glycochenodeoxycholic acid can stimulate cell 
growth in Barrett's adenocarcinoma cell line (SEG-1) by 
activating the PI3 kinase/Akt signaling pathway  (13), and 
induce the proliferation of non-neoplastic Barrett's cell line 
by activation of both ERK and p38 MAPK pathways  (14). 
Hepatocellular carcinoma (HCC) is a highly malignant tumor 
that can evolve rapidly to acquire resistance to conventional 
chemotherapies (43). Our findings suggest that in all the five 
HCC cell lines, 5-FU can induce ~50% of cells to undergo 
apoptosis and GCDA can significantly attenuate the apoptotic 
effect of 5-FU (Fig. 1). These findings reveal that GCDA may 
be one reason of chemoresistance in liver cancer cells.

Bcl-2 is the most important anti-apoptotic protein. Specific 
depletion of Bcl-2 from HepG2, QGY7703 and SMMC7721 
cells by RNAi enhances sensitivity of those liver cancer 
cells to chemotherapeutic drug 5-FU, the chemoresistance 
effect of GCDA is downregulated (Fig. 2b-d). This suggests 
that Bcl-2, which is an essential target for bile salt-induced 
chemoresistance in human liver cancer cells, should be a 
target for liver cancer treatment. At present, many inhibitors 
and microRNAs targeting Bcl-2 have been studied. miR-16 
can inhibit glioma cell growth and invasion through the 
suppression of Bcl-2  (27). miR-18, a tumor-suppressive 
miRNA directly targeting Bcl-2, participated in suppression 
of cell proliferation and survival in nasopharyngeal carci-
noma (29). MicroRNA-30b functions as a tumor suppressor 
in human colorectal cancer by targeting Bcl-2 (32). miR-449a 
could modulate cell cycle and apoptosis through regulating 
Bcl-2 expression in gastric cancer cell line SGC7901 (33). 
miR-210 can mediate hypoxia-induced neural apoptosis by 
targeting Bcl-2 (44). AT-101, a pan-Bcl-2 inhibitor, has high 
binding specificity for Bcl-2 and Mcl-1 and potentiates the 
cytotoxic effects of lenalidomide and dexamethasone in 
preclinical models of plasma cell cancers (multiple myeloma 
and Waldenstrom macroglobulinaemia) (28). ABT-737, which 
is an anticancer drug, is a Bcl-2 Homology 3 (BH-3)-mimetic 
that induces apoptosis by inhibiting pro-survival Bcl-2 
proteins (45) and enhance the effects of epirubicin on HepG2 
cells by activating autophagy and inducing apoptosis (46). 

Figure 6. The signal pathway induced by GCDA mediates survival and che-
moresistance of hepatocellular carcinoma. Glycochenodeoxycholate induces 
Bcl-2 phosphorylation at Ser70 site through activation of extracellular signal-
regulated kinase 1/2 in association with increased chemoresistance of human 
liver cancer cells.
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A BH3 mimetic, ABT-199, has been developed to selec-
tively bind Bcl-2 and enhances imatinib-induced cell death 
in chronic myeloid leukemia progenitors (47). BDA-366, a 
small‑molecule Bcl-2-BH4 domain antagonist, can bind BH4 
of Bcl-2 with high affinity and selectivity, and this Bcl-2-BH4 
antagonist may provide a strategy to improve lung cancer 
outcome (48).

Bcl-2 is an anti-apototic molecule, whose phosphoylation 
at Ser70 by growth factor-activated protein kinases including 
PKC and the MAPKs (ERK1/2) can positively regulate the 
anti-apoptotic function of Bcl-2  (20,49,50). Our findings 
indicate that Bcl-2 is expressed in all the five liver cancer cell 
lines (Fig. 2a). Glycochenodeoxycholate (GCDA), the main 
ingredient in the bile, can mimic growth factor to stimulate 
Bcl-2 phosphorylation at Ser70 site in dose-dependent 
manner  (Fig.  3d), which is associated with enhanced 
chemoresistance of liver cancer cells  (Figs.  1  and  5b). 
ERK1 and ERK2 are physiologic Bcl-2 kinases that can 
phosphorylate Bcl-2 at Ser70 site. Intriguingly, GCDA can 
stimulate phosphorylation and activation of ERK1/2 (Fig. 4a). 
Activated ERK1/2 (p-ERK1/2) can colocalize with Bcl-2 in 
cytoplasm (Fig. 4e). Because both the specific MEK/ERK 
inhibitor PD98059 and siRNA targeting ERK1/2 block GCDA-
stimulated phosphorylation of ERK1/2 and Bcl-2 (Fig. 4b-d) 
and attenuates GCDA‑induced survival and chemoresistance 
(Fig. 5a and b), we propose that ERK1 and ERK2 function 
as GCDA-activated Bcl-2 kinases to phosphorylate Bcl-2 and 
regulate its activity in human liver cancer cells.

Bcl-2 at the ER is required in cancer cells, such cells will 
be sensitive to BH4-domain targeting drugs (16). Our results 
showed that in QGY7703 cells Bcl-2 localized both at mito-
chondria and endoplasmic reticulum (Fig. 3a and b), which 
indicated that Bcl-2 may prevent apoptosis by disturbing 
Bim-mediated Bax/Bak activation or toxic Ca2+ release. In 
addition, the function of Bcl-2 at the nucleus is not so clear. 
Phosphorylation of Bcl-2 at Ser70 site induced by NNK may 
facilitate the direct interaction between Bcl-2 and c-Myc in 
the nucleus that enhances the half-life of c-Myc and finally 
promotes cell survival and chemoresistance in human lung 
cancer (51). NNK can induce the accumulation of Bcl-2 in 
the nucleus, which disrupts the hMSH2-hMSH6 complex 
and suppresses DNA mismatch repair in vitro (52). Besides, 
the accumulation of Bcl-2 in the nucleus induced by NNK 
can also interact with APE1, which disrupts APE1·XRCC1 
complex with suppresion of APE1 endonulease activity and 
AP site repair (53). Our results show that when Bcl-2 was 
phosphorylated at Ser70, abundant p-Bcl-2-Ser70 protein 
cluster in the nucleus, appearing as bigger spots (Fig. 3e). 
The p-Bcl-2-Ser70 protein may function at the nucleus as 
polymers. However, the p-Bcl-2-Ser70 protein participation in 
the nucleus in transcriptional regulation or DNA repair need 
to be further studied.

In summary, the present study found that glycocheno-
deoxycholate (GCDA) induces chemoresistance of human 
liver cancer cells by activating the anti-apoptotic function of 
Bcl-2 via its phosphorylation. GCDA stimulates Bcl-2 phos-
phorylation at Ser70 site in the flexible loop domain through 
activating ERK1/2. GCDA-induced Bcl-2 phosphorylation at 
Ser70 site leads to its chemoresistance of human liver cancer 
cells (Fig. 6). Thus, disruption of the anti-apoptotic function of 

Bcl-2 by blocking its Ser70 site phosphorylation may represent 
a strategy for the treatment of GCDA-induce chemoresistance 
in human liver cancers.
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