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Abstract
Both the anti- and pro-apoptotic members of the Bcl-2 family are regulated by a conserved Bcl-2 homology (BH3) domain. ABT-
263 (Navitoclax), a novel BH3 mimetic and orally bioavailable Bcl-2 family inhibitor with high affinity for Bcl-xL, Bcl-2 and Bcl-w has 
entered clinical trials for cancer treatment. But the anticancer mechanisms of ABT-263 have not been fully elucidated. In this study we 
investigated the effects of ABT-263 on human esophageal cancer cells in vitro and to explore its anticancer mechanisms. Treatment 
with ABT-263 dose-dependently suppressed the viability of 3 human esophageal cancer cells with IC50 values of 10.7±1.4, 7.1±1.5 and 
8.2±1.6 μmol/L, in EC109, HKESC-2 and CaES-17 cells, respectively. ABT-263 (5–20 μmol/L) dose-dependently induced G1/G0-phase 
arrest in the 3 cancer cell lines and induced apoptosis evidenced by increased the Annexin V-positive cell population and elevated 
levels of cleaved caspase 3, cleaved caspase 9 and PARP. We further demonstrated that ABT-263 treatment markedly increased 
the expression of p21Waf1/Cip1 and decreased the expression of cyclin D1 and phospho-Rb (retinoblastoma tumor suppressor protein) 
(Ser780) proteins that contributed to the G1/G0-phase arrest. Knockdown of p21Waf1/Cip1 attenuated ABT-263-induced G1/G0-phase 
arrest. Moreover, ABT-263 treatment enhanced pro-survival autophagy, shown as the increased LC3-II levels and decreased p62 
levels, which counteracted its anticancer activity. Our results suggest that ABT-263 exerts cytostatic and cytotoxic effects on human 
esophageal cancer cells in vitro and enhances pro-survival autophagy, which counteracts its anticancer activity.
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Introduction
Esophageal cancer is the eighth most common cancer world-
wide, with a projected incidence of 455 800 new cases and 
400 200 deaths in 2012 and a higher incidence in China[1-3].  It 
is also one of the least studied and most deadly cancers, with 
an overall 5-year survival rate of less than 25%[4, 5].  Depend-
ing on the accuracy of staging at diagnosis, patients with 
esophageal cancer are generally treated with a multimodal 
approach including surgery, chemotherapy, radiotherapy and 
endoscopic therapy[5, 6].  In this regard, chemotherapy is indis-
pensable in the management of metastatic esophageal malig-
nances[5, 7].

The Bcl-2 family, a class of genes that consist of anti-apop-
totic (eg, Bcl-2, Mcl-1, Bcl-xL and Bcl-w) and pro-apoptotic (eg, 
Bax and Bak) members, comprises key regulators of apopto-

sis[8-10].  Specifically, the dysregulation of Bcl-2 family members 
is a major criterion for evaluating differentiation in human 
esophageal cancer cells and plays an important role in the cel-
lular sensitivity to apoptosis and life-death balance[11-13].  Con-
sequently, the levels of Bcl-2 family members serve as critical 
determinants in the relative sensitivity or resistance of cancer 
cells to current therapies[14].  In addition to their oncogenic 
potential, anti-apoptotic members of the Bcl-2 family have 
also been found to suppress cell death induced by anticancer 
drugs.  Thus, therapies that inhibit Bcl-2 family members may 
be a potential strategy to fight cancer[15, 16].  Moreover, struc-
tural and functional studies have demonstrated that both the 
anti- and pro-apoptotic members are regulated by a conserved 
Bcl-2 homology (BH3) domain, thus resulting in the develop-
ment of various BH3 mimetics for cancers treatment[11, 17].

ABT-263 (Navitoclax), a novel BH3 mimetic and orally bio-
available Bcl-2 family inhibitor with high affinity for Bcl-xL, 
Bcl-2 and Bcl-w, but not Mcl-1 and A1, has entered clinical trials 
for treatment of lymphoid malignancies and solid tumors[18, 19].  
The effects of BH3 mimetics have been more complex than antic-
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ipated; they not only induce apoptosis but also modify various 
cellular processes, including cell cycle progression, autophagy 
and stemness[20].  Because the anticancer mechanisms of ABT-263 
have not been fully elucidated, we assessed the effect of ABT-
263 on the viability of human esophageal cancer cells on the 
basis of cell cycle progression and autophagy.  We anticipate 
that this study should provide new insight into the anti-cancer 
mechanism of this BH3 mimetic and their potential application 
in the treatment of patients with esophageal cancer.

Material and methods
Compounds
ABT-263 and Staurosporine were obtained from Selleck Chem-
icals (Houston, TX, USA) and first dissolved in DMSO (Sigma-
Aldrich, St Louis, MO, USA) before being diluted with culture 
medium in the experiments.  3-(4,5-dimethylt-hiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), Chloroquine (CQ) 
and other chemical regents were obtained from Sigma-Aldrich 
(St Louis, MO, USA).

Cell culture
EC109 and CaES-17 cells were purchased from the Cancer 
Institute of the Chinese Academy of Medical Sciences (Bei-
jing, China) and the China Center for Type Culture Collection 
(Wuhan, China), respectively.  HKESC-2 cells were kindly 
provided by Prof Gopesh Srivastava at the Department 
of Pathology of the University of Hong Kong (Hong Kong, 
China).  HKESC-2 cells were maintained in MEM (Corning 
Cellgro, Manassas, VA, USA), whereas EC109 and CaES-17 
cells were grown in RPMI-1640 medium (Invitrogen, Carls-
bad, CA, USA) at 37 °C in a humidified atmosphere of 5% CO2.  
Both media were supplemented with 10% fetal bovine serum 
(Invitrogen), 100 U/mL penicillin G, and 100 μg/mL strepto-
mycin.

Cell viability assay
Cell viability was measured with MTT assays.  In brief, cells 
were plated in 96-well plates and allowed to attach overnight 
before being incubated for 48 h with different concentrations 
of ABT-263 and CQ alone or both.  In the next step, MTT was 
added, and the cells were further incubated for 3 h.  The col-
ored formazan product was photometrically measured at 570 
nm in a multiwell plate reader (Bio-Rad Laboratories, USA ).

Assessment of apoptosis
The cells were seeded in 6-well plates at 2×105 cells per well 
and exposed to various concentrations of ABT-263 and Stauro-
sporine for 48 h.  Cells were then harvested with 0.25% trypsin 
without EDTA (Gibco Laboratory), and apoptosis was evalu-
ated by using an Annexin V-FITC Apoptosis Detection Kit (BD 
Biosciences, Franklin Lakes, NJ, USA) according to the manu-
facturer’s instructions.

Cell cycle analysis
After drug treatment, the cells were fixed with ice-cold 75% 
ethanol in phosphate-buffered saline (PBS) and incubated with 

50 μg/mL propidium iodide and 0.5 μg/mL RNase A at 37 °C 
for 0.5 h before being analyzed by BD FACSCantoTM II flow 
cytometry (BD Biosciences).  The resultant DNA histograms 
were generated and analyzed using FlowJo 7.6 software (Tree-
star, Inc, Ashland, OR, USA).

Western blotting
After treatment, cells were washed with PBS and lysed with 
RIPA buffer containing protease inhibitors (Merck, New York, 
USA) and phosphatase inhibitors (Merck).  Equal amounts of 
protein (40 μg/lane) were resolved by SDS-PAGE and trans-
ferred to PVDF membranes (Roche, Indianapolis, IN, USA).  
All primary antibodies were incubated overnight at 4 °C, and 
the membranes were then incubated for 1 h with secondary 
peroxidase-conjugated antibodies.  Chemiluminescent signals 
were then developed with Lumiglo reagent (Cell Signaling 
Technology) and exposed to X-ray film (FUJIFILM Europe 
GmbH, Düsseldorf, Germany).

Colony formation assay
Cells were treated with ABT-263 in the absence or presence of 
CQ for 48 h.  The cells were then trypsinized and counted to 
assess viability.  Subsequently, 3000 of these viable cells were 
plated in a six-well plate (in triplicate) and allowed to adhere 
and grow for 10 to 12 d.  To visualize colonies, cells were 
fixed in 100% ethanol and stained with hematoxylin solution 
(Sigma-Aldrich).  The colony numbers were calculated in 
ImageJ software.

RNA interference
The expression of p21Waf1/Cip1 was knocked down using target-
specific siRNA molecules purchased from Sigma-Aldrich.  
Cells at 40%–60% confluence were transfected with gene-
specific siRNA or control siRNA (Sigma-Aldrich) by using 
HiperFect Transfection Reagent (Qiagen) according to the 
manufacturer’s instructions.

Antibodies
The antibodies against caspase 9, caspase 3, PARP, p21Waf1/

Cip1, p27Kip1, cyclin D1, CDK2, phospho-Rb (Ser780), β-actin, 
LC3, and p62 as well as secondary antibodies were obtained 
from Cell Signaling Technology (Boston, MA, USA).  The Rb 
antibody was obtained from BD Biosciences (Franklin Lakes, NJ, 
USA), and the antibodies against CDK4 and CDK6 were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Statistical analysis
Statistical significance was assessed with one-way ANOVA 
in Graphpad Prism 5 software (GraphPad Software, Inc, San 
Diego, CA, USA).  P values less than 0.05 were considered sig-
nificant.  All results were from three independent experiments, 
and all data reported are expressed as the mean±SEM.

Results
ABT-263 decreased the viability of human esophageal cancer cells
The effects of ABT-263 on cell viability were investigated in 



1634
www.nature.com/aps

Lin QH et al

Acta Pharmacologica Sinica

respectively.  For the convenience of calculation, a concentra-
tion of 10 μmol/L was used for the following experiments.

ABT-263 induced G1/G0-phase arrest and apoptosis
A flow cytometry-based cell cycle analysis showed that ABT-
263 exposure for 24 h resulted in substantial accumulation of 
cells at the G1/G0-phase in all three tested cell lines.  When the 
treatment time was prolonged to 48 h, the sub-G1 cell popula-
tion markedly increased, thus suggesting enhanced apoptotic 
cell death (Figure 2A).

Cellular apoptosis was further evaluated by measurement of 
the exposure of phosphatidylserine on the cell membrane by 
using Annexin V-fluorescein isothiocyanate (Annexin V-FITC) 
and propidium iodide (PI) staining.  The results showed that 
the number of Annexin V-positive cells significantly increased 
after ABT-263 treatment for 48 h (Figure 2B).  Concordantly, 
the protein levels of cleaved caspase 3, cleaved caspase 9 and 
PARP dramatically increased in response to ABT-263 treat-
ment (Figure 2C).

ABT-263 regulated the expression of proteins related to G1-S 
transition
Because ABT-263 induces G1/G0 cell cycle arrest, we investigated 
its effect on the expression of regulatory proteins mediating the 
G1-to-S transition.  As shown in Figure 3A, ABT-263 increased 
the protein expression of the CDK inhibitor p21Waf1/Cip1, whereas 
it did not alter the expression of p27Kip1.  Moreover, ABT-263 
markedly decreased the expression of cyclin D1, whereas the 
expression levels of CDK2, CDK4 and CDK6 were not affected 
(Figure 3B).

D-type cyclins activate CDK4 and CDK6, which conse-
quently form a CDK4/6-cyclin D complex that phosphorylates 
Rb (retinoblastoma tumor suppressor protein) and then acti-
vates the E2F transcription factors[21].  Accordingly, western 
blot analysis revealed that the expression of phospho-Rb 
(Ser780) was markedly decreased after ABT-263 treatment 
(Figure 3C).

Knockdown of p21Waf1/Cip1 attenuated ABT-263-induced G1/G0-
phase arrest
To assess the participation of p21Waf1/Cip1 in ABT-263-induced 
G1/G0 arrest, RNA interference was used to knock down 
p21Waf1/Cip1 in EC109, HKESC-2 and CaES-17 cells.  The down-
regulation efficacy of p21Waf1/Cip1 was verified by western 
blotting in the tested three cell lines.  Figure 4A shows that 
ABT-263 significantly increased the proportion of cells in 
the G1/G0-phase in the three tested cell lines.  Moreover, 
the downregulation of p21Waf1/Cip1 significantly attenuated 
ABT-263-induced G1/G0-phase arrest in EC109 and CaES-17 
cells, whereas it completely blocked ABT-263-induced G1/
G0-phase arrest in HKESC-2 cells.  These findings suggested 
that p21Waf1/Cip1 mediates ABT-263-mediated cell cycle arrest.  
Moreover, the knockdown of p21Waf1/Cip1 significantly attenu-
ated ABT-263-mediated decreases in cell viability (Figure 4B).  
These findings suggested that p21Waf1/Cip1 at least in part medi-
ates the ABT-263-induced inhibition of cell cycle progression 

three human esophageal cancer cell lines, EC109, HKESC-2 
and CaES-17, with MTT assays.  As shown in Figure 1, ABT-
263 decreased the viability of EC109, HKESC-2 and CaES-17 
cells, with IC50 values of 10.7±1.4, 7.1±1.5, and 8.2±1.6 μmol/L, 

Figure 1.  ABT-263 decreased the viability of human esophageal cancer 
cells.  Cells (EC109, HKESC-2, and CaES-17) were exposed to increasing 
concentrations of ABT-263 for 48 h.  Cell viability was assessed with MTT 
assays.  Data are presented as the mean±SEM of three independent 
experiments.
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and cell viability.

ABT-263 promoted pro-survival autophagy
Multiple studies have demonstrated that BH3 mimetics 
modify autophagic activity in a variety of cancer cell types[22].  
Therefore, we studied the effect of ABT-263 on autophagy by 
measuring LC3-II and p62 protein expression.  Western blots 
showed that ABT-263 treatment increased the LC3-II level, and 
the expression of p62, a protein degraded by autophagy, was 
concordantly decreased in all tested cell lines (Figure 5A).  

Because LC3-II is ultimately degraded by acidic hydrolases 
after the formation of autolysosomes, the lysosomal inhibitor 
chloroquine (CQ) was used to inhibit LC3-II degradation to 
measure autophagic flux.  The addition of chloroquine stabi-
lized ABT-263-induced LC3-II expression and suppressed p62 
degradation, thereby indicating that autophagy induction by 
ABT-263 results in lysosomal degradation and is consistent 
with an increase in autophagic flux (Figure 5B).  The inhibi-
tory effect of CQ on autophagic flux in human esophageal 
cancer cells was confirmed by large increases in the levels of 

Figure 2A.  ABT-263 induced G1/G0-phase arrest and apoptosis in human esophageal cancer cells, in a dose-dependent manner.  (A) Cells (EC109, 
HKESC-2, and CaES-17) were exposed to the indicated concentrations of ABT-263 for 24 h and 48 h, and their DNA contents were measured by PI stain-
ing.
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LC3-II and p62 (Figure 5B) and by the results of our previous 
study[23].

To further investigate the effect of ABT-263-induced autoph-
agy on cell fate, CQ was used to block autophagy.  Low con-
centrations (10 μmol/L) of CQ alone did not affect cell viabil-
ity but significantly enhanced ABT-263-mediated decreases 
in viability (Figure 6A).  In addition, the long-term effect of 
ABT-263 in combination with CQ was also tested.  As shown 
in Figure 6B, CQ alone exerted no or marginal effects on the 
colony-forming ability of EC109, HKESC-2 and CaES-17 cells.  
However, when combined with ABT-263, CQ significantly 
further decreased colony formation, as compared with that in 
cells treated with ABT-263 alone.

Discussion
The BH3 mimetic ABT-263 is an orally bioavailable Bcl-2 fam-
ily protein inhibitor that binds to multiple anti-apoptotic Bcl-2 

family proteins, including Bcl-xL, Bcl-2 and Bcl-w[24].  This 
binding disrupts Bcl-2/Bcl-xL interactions with pro-death 
proteins (eg, Bim), thus leading to the initiation of apoptosis[19].  
This compound has been tested in a variety of cell lines in vitro 
and in xenograft models[25] and has significant activity against 
hematological malignancies, such as acute lymphoblastic leu-
kemia, leukemia, non-Hodgkin’s lymphoma, and myeloma, as 
well as solid tumors, including small-cell lung cancer (SCLC)
[26-29].  Specifically, treating mice bearing SCLC xenograft 
tumors with single-agent ABT-263 results in dramatic tumor 
responses[29, 30].  Although BH3 mimetics are designed to trig-
ger apoptosis, accumulating evidence indicates that their 
anticancer activity is not limited to the initiation of apoptosis.  
In addition to their pro-apototic effect, BH3 mimetic agents 
have been shown to exert anti-proliferative effects by blocking 
cell cycle progression[31, 32] and to induce autophagy in tumor 
cells, mainly because of the release of Beclin 1 from Bcl-2 and 

Figure 2B, 2C.  ABT-263 induced G1/G0-phase arrest and apoptosis in human esophageal cancer cells, in a dose-dependent manner. (B) EC109, 
HKESC-2 and CaES-17 cells were exposed to ABT-263 (5, 10 and 20 μmol/L) or staurosporine (positive control, 0.15 μmol/L) for 48 h, and apoptosis 
was then evaluated by flow cytometry after Annexin V-FITC and PI staining.  Data are presented as the mean±SEM of three independent experiments.  
NS indicates “no significant difference” (P>0.05).  *P<0.05, **P<0.01, ***P<0.001 compared with the control.  (C) ABT-263 increased the cleavage of 
caspase 9, caspase 3 and PARP in EC109, HKESC-2 and CaES-17 cells.  Cells were exposed to ABT-263 (5, 10 and 20 μmol/L) or staurosporine (positive 
control, 0.15 μmol/L) for 48 h, and the protein expression was assessed by Western blotting.  β-actin was used to evaluate protein loading.
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Bcl-xL[20, 33-35].  However, the mechanism underlying ABT-
263-induced cell cycle arrest and autophagy induction had 
been unclear.  Here, we show that ABT-263 inhibits cell viabil-
ity by inducing G1/G0 phase arrest and apoptosis, whereas it 
induces pro-survival autophagy in human esophageal cancer 
cells.  In our view, the most significant finding of the pres-
ent study is that the treatment of cells with ABT-263 not only 
induced cellular apoptosis, a response commonly associated 
with Bcl-2 inhibition, but also induced G1/G0 phase arrest and 
pro-survival autophagy.  In this respect, our experimental 
findings reveal a hitherto unreported effect of ABT-263 on cell 
cycle regulation and autophagy induction in human esopha-
geal cancer cells.  Although ABT-263 has impressive activity 
against xenograft models of various cancer types[19, 26, 29], the in 
vivo effect of ABT-263 on tumor growth and autophagic activ-
ity in esophageal cancer xenografts remains unclear and war-
rants further exploration.

Our present study demonstrated that ABT-263 induced 

apoptosis in the three tested human esophageal cancer cell 
lines in a dose-dependent manner, as evidenced by the 
increase in the Annexin V-positive cell population and the 
elevated protein levels of cleaved caspase 3, cleaved caspase 
9 and PARP.  Notably, ABT-263-induced G1/G0 phase arrest 
occurred before apoptosis.  In this scenario, ABT-263 treat-
ment for 24 h substantially induced G1/G0 phase arrest, but 
the G1/G0 phase population reverted to basal levels when the 
treatment time was prolonged to 48 h in HKESC-2 and CaES-
17 cells, and there was a concomitant increase in the sub-G1 
population.  Although cell cycle arrest can permit the repair 
of cellular damage, cell cycle arrest may also result in the acti-
vation of pathways leading to apoptosis if cellular damage 
cannot be properly repaired[36].  On the basis of our data, we 
propose that G1/G0-phase arrest induced by ABT-263 might 
contribute to subsequent apoptosis, but the mechanism under-
lying this correlation requires further exploration.

Cyclin-dependent kinases (CDKs) are important master 

Figure 3.  Effects of ABT-263 on the expression of proteins related to the G1-S phase transition in human esophageal cancer cells.  (A) EC109, HKESC-2 
and CaES-17 cells were treated with ABT-263 (10 μmol/L) for the indicated times (0, 0.25, 0.5, 1, 3, 6, 12, 24, or 48 h).  The protein expression levels 
of p21Waf1/Cip1 and p27Kip1 were assessed by Western blotting.  β-Actin was used to evaluate protein loading.  (B) The protein expression levels of cyclin 
D1, CDK2, CDK4, and CDK6 were assessed by Western blotting.  (C) The protein expression levels of Rb and phospho-Rb (Ser780) were assessed by 
Western blotting.
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regulators of the cell cycle, and the activities of CDK-cyclin 
complexes are negatively regulated by the endogenous 
CDK inhibitors p21Waf1/Cip1 and p27Kip1 or the degradation of 
cyclin[37].  p21Waf1/Cip1 and p27Kip1 bind to and inhibit Cdk4/
cyclin D and Cdk2/cyclin E complexes, respectively, thus 
resulting in de-phosphorylation of retinoblastoma (RB) pro-
teins and inhibition of the release of E2F transcription factors 
into the nucleus; consequently, the transcription of cell cycle-

related genes is activated[38, 39].  We measured the expression of 
proteins involved in the regulation of G1-to-S progression and 
found that ABT-263 substantially increased the protein level 
of p21Waf1/Cip1 in the three tested human esophageal cancer cell 
lines.  In addition to p21Waf1/Cip1, p27Kip1 also belongs to the Cip 
and Kip family of CKIs, which have been implicated in G1/S 
transition checkpoint regulation[40].  However, treatment with 
ABT-263 did not alter the protein level of p27Kip1, thus sug-

Figure 4.  Effects of the siRNA-mediated knockdown of p21Waf1/Cip1 on ABT-263-induced G1/G0-phase arrest and the loss of viability in EC109, HKESC-2 
and CaES-17 cells.  (A) After transfection with control siRNA or p21Waf1/Cip1 siRNA, EC109, HKESC-2 and CaES-17 cells were treated with ABT-263 (EC109, 
15 μmol/L, 24 h, HKESC-2, 10 μmol/L, 20 h and CaES-17, 10 μmol/L, 24 h) before being subjected to flow cytometry analysis for DNA contents.  (B) 
After transfection with control siRNA or p21Waf1/Cip1 siRNA, cells were exposed to the indicated concentrations (5, 10 and 20 μmol/L) of ABT-263 for 48 h, 
and cell viability was assessed with MTT assays.  Data are presented as the mean±SEM of three independent experiments.  NS indicates “no significant 
difference” (P>0.05).  *P<0.05, **P<0.01, ***P<0.001 compared with the control.
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gesting that p27Kip1 does not contribute to ABT-263-induced 
cell cycle arrest.  The upregulation of p21Waf1/Cip1, a negative 
regulator of cell cycle progression, may result in cell cycle 
arrest after ABT-263 treatment, and our data showed that the 
knockdown of p21Waf1/Cip1 attenuated the ABT-263-induced 
accumulation of cells in the G1/G0 phase.  Furthermore, ABT-
263 treatment rarely affected the CDK2/4/6 proteins but 
clearly decreased the level of cyclin D1.  In parallel with the 
decrease in cyclin D1, the expression of phospho-Rb (Ser780) 
was decreased after ABT-263 treatment, whereas the protein 

level of total Rb remained unchanged.  These data suggested 
that an increase in p21Waf1/Cip1 and concomitant decreases in 
cyclin D1 and phospho-Rb (Ser780) mediate ABT-263-induced 
G1/G0 phase arrest in human esophageal cancer cells.

Autophagy may serve as a pro-survival or pro-death mecha-
nism that counteracts or mediates the cytotoxicity of BH3 
mimetics, including Obatoclax, Gossypol, ABT-737 and ABT-
263[13].  In the present study, ABT-263 treatment was found 
to induce autophagy in the three tested human esophageal 
cancer cell lines, as evidenced by the increase in LC3-II protein 
and decrease in p62 protein.  To assess the role of autophagy 
in the cellular response to ABT-263 exposure, the autophagy 
inhibitor chloroquine was used to block autophagic influx.  In 
this scenario, chloroquine significantly enhanced the ABT-
263-mediated decreases in cell viability and colony formation, 
thus suggesting ABT-263 induces pro-survival autophagy, 
which counteracts its anticancer activity.

In conclusion, our studies show that ABT-263 induces G1/G0 
phase arrest and apoptosis as well as pro-survival autophagy 
in human esophageal cancer cells.  Moreover, the inhibition of 
autophagy sensitizes human esophageal cancer cells to ABT-
263 treatment.  Our study may shed new light on the anti-
cancer activity of ABT-263 and its potential application with 
autophagy inhibitors in the clinic.
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