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Abstract

Objectives To determine the role of endoplasmic
reticulum (ER) stress and autophagy in apoptosis
induced by bortezomib in human cervical cancer-
derived HeLa cells and CaSki cells.

Results Bortezomib treatment activated apoptosis,
evidenced by increased expression of cleaved caspase-
3 and cleaved PARP in both HeLa cells and CaSki
cells. Bortezomib also induced the loss of the mito-
chondrial membrane potential, increased the level of
ER stress-associated proteins GRP78, ATF4, and
CCAAT-enhancer-binding protein homologous pro-
tein, and affected the expression of autophagy-related
proteins; increasing the levels of LC3-II and ATG5—
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ATGI12 and decreasing the level of p62. When we
combined bortezomib with the ER stress activator
tunicamycin, or autophagy inhibitors 3-methyladenine
or chloroquine, cell growth inhibition and apoptosis
were markedly enhanced.

Conclusions Bortezomib activates apoptosis signal-
ing, and activation of ER stress and inhibition of
autophagy enhances the cytotoxicity of bortezomib,
suggesting that these combination treatments may be
potential chemotherapy strategies for treating cervical
cancer.

Keywords Autophagy - Bortezomib - Cervical
cancer - Endoplasmic reticulum stress

Introduction

The ubiquitin proteasome system (UPS) is the major
pathway for protein degradation in cells. It is involved
in many cellular processes, including degradation of
abnormal or misfolded proteins targeted for destruc-
tion (Crawford et al. 2011). Dysregulation of protein
degradation underlies many illnesses, including can-
cer. Bortezomib is a proteasome inhibitor that selec-
tively blocks the activity of the 26S proteasome, and it
is an effective agent against various types of solid
cancers (Kiliccioglu et al. 2014). However, relapse
following bortezomib therapy is common and results
in multiple intractable tumors. Although the cellular
mechanism of bortezomib resistance is not clear, it is
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Fig. 1 Bortezomib inhibits growth and induces apoptosis in
human cervical cancer cells. a, b HeLa and CaSki cells were
treated dose-dependently with bortezomib for 24 h. Cell
viability was determined by MTT assay. Data are presented as
mean = SD, n=6. *P <0.05 versus control group;
**P < 0.01 versus control group. ¢ The expression of cleaved
caspase-3 and cleaved PARP in HeLa cells treated dose-

known that cytotoxicity due to bortezomib can acti-
vate the intracellular defense response, such as
endoplasmic reticulum (ER) stress and autophagy
(Chauhan et al. 2005).

The ER plays an essential role in protein folding
and secretion, calcium homeostasis, and lipid biosyn-
thesis. Multiple endogenous and exogenous stimuli
can interfere with ER function, causing unfolding and
misfolding of proteins and leading to ER stress, which
activates an evolutionarily conserved response known
as the unfolded protein response (UPR). It can restore
ER homeostasis by delivering misfolded proteins to
the UPS (Szegezdi et al. 2006).

In addition to the proteasome degradation pathway,
another mode of protein degradation is autophagy.
Several studies have shown that autophagy has a pro-
survival function by providing essential substrates for
multiple cellular processes (Guo et al. 2011). How-
ever, the role of autophagy in cell death and drug
resistance in cancer is still controversial. In this study,
we evaluated the effect of bortezomib on apoptosis,
autophagy, and ER stress in cervical cancer cells.
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dependently with bortezomib for 24 h. d Quantitation of cleaved
caspase-3 and cleaved PARP protein levels in HeLa cells. e The
expression of cleaved caspase-3 and cleaved PARP in CaSki
cells treated dose-dependently with bortezomib for 24 h.
f Quantitation of cleaved caspase-3 and cleaved PARP protein
levels in CaSki cells. Data are presented as mean £+ SD, n = 3.
*P < 0.05 versus control group

Materials and methods
Reagents

3-Methyladenine (3-MA), chloroquine (CQ), borte-
zomib, and tunicamycin were purchased from Sigma.
Anti-LC3, anti-p62, anti-Atg5—Atgl2, anti-caspase-3,
anti-cleaved caspase-3, anti-poly (ADP-ribose) poly-
merase (PARP) and anti-tubulin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture

HeLa and CaSki cell lines were cultured in Iscove’s
modified Dulbecco’s medium with 10 % (v/v) FBS.
Cells were cultured in an environment of 5 % CO, at
37 °C.

Cell viability assays

Viability of cells treated with bortezomib was mea-
sured with the MTT assay (Sigma). Briefly, cells were
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Fig. 2 Bortezomib activates mitochondrial apoptotic pathway
in HeLa and CaSki cells. a The expression of cytochrome ¢ in
HeLa cells treated dose-dependently with bortezomib for 24 h
detected by western blot. b The expression of Bax and Bcl-2 in
HeLa cells treated dose-dependently with bortezomib for 24 h
detected by western blot. Quantitation of the ratio of Bax/Bcl-2
in HeLa cells. ¢ MMP was measured by JC-1 staining in HeLa

cultured in 96-well plates at 10* cells/well in 100 pl of
complete medium. After treatment, MTT (20 pl,
5 mg/ml) was added to each well for another 4 h.
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cells. d The expression of cytochrome c in CaSki cells treated
with bortezomib for 24 h. e The expression of Bax and Bcl-2 in
HeLa cells treated dose-dependently with bortezomib for 24 h.
Quantitation of the ratio of Bax/Bcl-2 in CaSki cells. f The MMP
analysis was measured by JC-1 staining in CaSki cells. Data are
presented as mean £ SD, n = 3. *P < 0.05 versus control

group

Subsequently, DMSO (150 pl) was added to each well
and the absorbance was read at 570 nm. Every group
was repeated in six separate wells.
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Fig. 3 Bortezomib induces ER stress and ER stress-associated
apoptosis in HeLa and CaSki cells. a Western blot analysis of
GRP78, ATF4 and CHOP in HelLa cells treated dose-depen-
dently with bortezomib for 24 h. b Quantitation of GRP78,
ATF4, and CHOP protein levels in HeLa cells. ¢ Western blot

Mitochondrial membrane potential (MMP)
analysis

JC-1 staining (Invitrogen Life Technologies) was used
to detect the change in MMP by using flow cytometry.
Briefly, cells were washed with cold PBS three times,
and resuspended in PBS at 1.5 x 10° cells/ml and
stained with 5 pl JC-1 (1 mg/ml) in the dark at 37 °C
for 1 h. Finally, fluorescence was measured by FACS
Calibur flow cytometer.

Western blot

After treatment, cells were washed twice with cold
PBS and then 150 pl RIPA buffer was added to each
group. Cell lysates were transferred to a 2 ml tube and
shaken for 45 min in a cold room (4 °C). After
harvesting the supernatant, total proteins (45 pg) were
separated by 10 % (w/v) SDS-PAGE and proteins
were transferred onto PVDF membranes. Then, the
membranes were blocked in 5 % (v/v) skim milk for
2 h. Primary antibody was added and membranes were
incubated in a cold room overnight. The next day,
PVDF membranes were incubated with secondary
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analysis of GRP78, ATF4 and CHOP in CaSki cells treated
dose-dependently with bortezomib for 24 h. d Quantitation of
GRP78, ATF4 and CHOP protein levels in CaSki cells. Data are
presented as mean £ SD, n = 3, *P < 0.05 versus control
group

antibody for 1 h at room temperature. The semi-
quantitation of protein was done with a Tanon GIS gel
imager system.

Statistical analysis

Data are representative of three independent experi-
ments and were analyzed using one-way analysis of
variance (Statistical Product and Service Solutions
11.5). P < 0.05 was considered significant.

Results

Bortezomib inhibits growth and induced apoptosis
in human cervical cancer cell lines

HeLa and CaSki cells were treated with 0, 2.5, 5, 10,
20, and 50 nM bortezomib for 24 h. As shown in
Fig. 1a, b bortezomib decreased the viability of HeLa
cells and CaSki cells in a dose-dependent manner. We
further measured the expression of apoptosis-related
proteins in HeLa cells and CaSki cells treated dose-
dependently with bortezomib (0, 5, 10 and 20 nM, for
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Fig. 4 Activation of ER stress by tunicamycin enhances
growth inhibition and apoptosis induced by bortezomib in HeLa
and CaSki cells. a HeLa cells were treated with DMSO (Control)
or pretreated with tunicamycin (5 mM, 30 min) with or without
bortezomib (10 nM) for 24 h. Cell viability was determined by
MTT assay. HeLa cells were treated as mentioned above. b The
expression of cleaved caspase-3 and cleaved PARP were
detected by western blot. ¢ Quantitation of cleaved caspase-3

24 h). The expression of cleaved caspase-3 and
cleaved PARP was increased in both cell lines treated
with bortezomib (Fig. lc, ).

Bortezomib activates mitochondrial apoptosis
signaling in human cervical cancer cell lines

Based on the results above, we also detected activation
of the mitochondrial apoptotic pathway. HeLa cells
and CaSki cells were dose-dependently treated with
bortezomib (0, 5, 10 and 20 nM bortezomib for 24 h).
As shown in Fig. 2a, the expression of cytoplasmic
cytochrome ¢ was increased significantly in HeLa
cells treated with bortezomib. In addition, the Bcl-2
protein family was found to regulate the mitochondrial
apoptotic pathway. Figure 2b shows that the ratio of
Bax/Bcl-2 was increased in HeLa cells treated with
bortezomib. We also measured MMP in HeLa cells
treated with bortezomib. Bortezomib induced the loss
of the MMP in HeLa cells (Fig. 2c). To confirm the

and cleaved PARP proteins level in HeLa cells. CaSki cells were
treated as mentioned above. d Cell viability was determined by
MTT assay. e The expression of cleaved caspase-3 and cleaved
PARP were detected by western blot. f Quantitation of cleaved
caspase-3 and cleaved PARP protein levels in CaSki cells. Data
are presented as mean + SD, n = 3. *P < 0.05 versus control
group. *P < 0.05 versus bortezomib group

results above, we repeated the experiment in CaSki
cells, in which similar results were observed in CaSki
cells treated with bortezomib (Fig. 2d—f).

Bortezomib initiates ER stress and induces ER
stress-associated apoptosis in HeLa and CaSki
cells

Besides the mitochondrial apoptotic pathway, ER
stress-associated apoptosis is involved in apoptosis
induced by anti-tumor agents. HeLa cells and CaSki
cells were treated with 0, 5, 10 and 20 nM bortezomib
for 24 h. In both cell lines the expression of GRP78
and ATF4 was increased, which indicates the presence
of ER stress (Fig. 3). Additionally, we measured the
expression of ER stress-associated apoptosis protein
CCAAT-enhancer-binding protein homologous pro-
tein (CHOP). As shown in Fig. 3, the expression of
CHOP was increased significantly in both HeLa cells
and CaSki cells treated with bortezomib.
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Fig. 5 Bortezomib-induced autophagy in HelLa and CaSki
cells. a Western blot analysis for the expression of LC3, p62 and
Atg5-Atgl2 in HeLa cells treated dose-dependently with
bortezomib for 24 h. b Quantitation of LC3-II, p62 and Atg5-
Atgl2 protein levels in HeLa cells. ¢ Western blot analysis for

Activation of ER stress by tunicamycin enhances
growth inhibition and apoptosis induced
by bortezomib in HeLa cells and CaSki cells

We pretreated cells with tunicamycin (5 mM) for
30 min as an ER stress activator to intensify the level
of ER stress induced by bortezomib (10 nM, 24 h).
MTT assay showed that bortezomib and tunicamycin
enhanced the death of HeL.a and CaSki cells treated by
bortezomib (Fig. 4a, d). It also increased the expres-
sion of cleaved caspase-3 and cleaved PARP in HelLa
and CaSki cells treated with bortezomib (Fig. 4b—f).
These results indicate that upregulation of ER stress
can enhance the sensitivity of HeLa cells and CaSki
cells to bortezomib.

Bortezomib induces autophagy in HeLa cells
and CaSki cells

We next measured the autophagy-related proteins in
HeLa and CaSki cells. As shown in Fig. 5a, b
bortezomib treatment (0, 5, 10 and 20 nM, for 24 h)
increased the expression of LC3-II and ATG5-ATGI12,
and decreased the expression of p62 in HeLa cells.
Similar results were observed in CaSki cells treated with
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treated dose-dependently with bortezomib for 24 h. d Quantita-
tion of LC3, p62 and Atg5-Atgl2 protein levels in CaSki cells.
Data are presented as mean £+ SD, n = 3, *P < 0.05 versus
control group

bortezomib at the same doses and time as HeLa cells
(Fig. 5c, d). These results indicate that bortezomib can
induce autophagy in HeLa and CaSki cells.

Inhibition of autophagy enhances growth
inhibition and apoptosis induced by bortezomib
in HeLa and CaSki cells

The exact effect of autophagy in bortezomib-induced
apoptosis is unclear, so we used two different autophagy
inhibitors (3-MA and CQ) to explore the effect of
autophagy in bortezomib-induced apoptosis in cervical
cancer cells. Both 3-MA (5 mM, 30 min pretreatment)
and CQ (10 mM, 30 min pretreatment) (Fig. 6) further
increased growth inhibition and apoptosis induced by
bortezomib (10 nM for 24 h) in HeLa cells. The results
were also confirmed in CaSki cells (Fig. 7).

Activation of ER stress and inhibition
of autophagy enhances growth inhibition induced
by bortezomib

Finally, we treated HeLa cells with bortezomib (0 5,
10, and 20 nM, for 24 h), with and without tuni-
camycin (5 mM, 30 min pretreatment) and 3-MA
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Fig. 6 Inhibition of autophagy by 3-MA and CQ enhances
growth inhibition and apoptosis induced by bortezomib in HeLa
cells. HeLa cells were treated with DMSO (control) or
pretreated with 3-MA (5 mM, 30 min) with or without
bortezomib (10 nM) for 24 h. a Cell viability was determined
by MTT assay. b The expression of cleaved caspase-3 and
cleaved PARP were detected by western blot. ¢ Quantitation of
cleaved caspase-3 and cleaved PARP protein levels in HeLa

(5 mM, 30 min pretreatment). The result of the MTT
assay showed that the combination of the three agents
further increased the sensitivity of HeLa cells to
bortezomib significantly (Fig. 8a), indicating that in
addition to activating the mitochondrial apoptosis
pathway, bortezomib also induced ER stress and
autophagy in cervical cancer cells. ER stress could
further activate ER stress-associated apoptosis, which
contributed to apoptosis induced by bortezomib.
However, autophagy prevented bortezomib-induced
apoptosis in cervical cancer cells (Fig. 8b). Thus, the
combination of the ER stress activator, autophagy
inhibitor, and bortezomib may provide a novel strat-
egy for cervical cancer treatment.

Discussion
There is a general consensus that anti-tumor agents

can induce the caspase-dependent mitochondrial
apoptosis pathway, which activates a downstream

cells. HeLa cells were treated with DMSO (control) or
pretreated with CQ (10 mM, 30 min) with or without borte-
zomib (10 nM) for 24 h. d Cell viability was determined by
MTT assay. e The expression of cleaved caspase-3 and cleaved
PARP were detected by western blot. f Quantitation of cleaved
caspase-3 and cleaved PARP proteins in HeLa cells. Data are
presented as mean £ SD, n = 6. *P < 0.05 versus control
group. *P < 0.05 versus bortezomib group

cascade reaction, including apoptosome formation,
and PARP and caspase-3 cleavage (Zeng et al. 2010).
Our results indicate that bortezomib reduces cell
viability in CaSki and Hela cells in a dose-dependent
manner. Consistent with these results, the expression
of cleaved PARP and cleaved caspase-3 were
increased in both cell types, suggesting that borte-
zomib can induce apoptosis in cervical carcinoma
cells. The MMP plays an important role in maintaining
mitochondrial morphology and function, and mito-
chondrial dysfunction caused by alteration of MMP
might be one of the early events in apoptosis.
Moreover, the Bcl-2 protein family functions as a
key regulator in this cell death pathway, especially
Bcl-2 and Bax (Wei et al. 2007). Our results in CaSki
and Hela cells treated with bortezomib indicate that
the MMP was disrupted. In addition, bortezomib
activated the intrinsic apoptotic pathway by stimulat-
ing cytochrome c release from mitochondria and
increased the ratio of Bax/Bcl-2 in CaSki and Hela
cells.
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Fig. 7 Inhibition of autophagy by 3-MA and CQ enhances
growth inhibition and apoptosis induced by bortezomib in Caski
cells. Caski cells were treated with DMSO (control) or
pretreated with 3-MA (5 mM, 30 min pretreated) with or
without bortezomib (10 nM) for 24 h. a Cell viability was
determined by MTT assay. b The expression of cleaved caspase-
3 and cleaved PARP were detected by western blot. ¢ Quanti-
tation of cleaved caspase-3 and cleaved PARP proteins levels in

Increasing evidence demonstrates that, in addition
to mitochondrial apoptosis, anti-tumor agents can
induce apoptosis by up-regulating ER stress-associ-
ated apoptosis protein expression, such as CHOP
(Zhong et al. 2012). Bortezomib can induce ER-
associated apoptotic cell death in myeloma cells
(Moriya et al. 2013). To investigate the relationship
between ER stress and apoptosis induced by borte-
zomib in human cervical carcinoma, we detected the
expression of ER stress-related proteins in human
cervical carcinoma cells treated with bortezomib. Our
data show that ER stress proteins, GRP78 and ATF4,
were up-regulated and the expression of CHOP was
increased in cells treated with bortezomib. The results
demonstrate that both the mitochondrial dependent
apoptosis pathway and ER stress dependent apoptosis
participate in apoptosis induced by bortezomib. Our
evidence also demonstrates that combination treat-
ment with tunicamycin can further reduce cell viabil-
ity of CaSki and Hela cells and increase the expression
of cleaved caspase-3 and cleaved PARP.

@ Springer

Caski cells. Caski cells were treated with DMSO (control) or
pretreated with CQ (10 mM, 30 min pretreated) with or without
bortezomib (10 nM) for 24 h. d Cell viability was determined
by MTT assay. e The expression of cleaved caspase-3 and
cleaved PARP were detected by western blot. f Quantitation of
cleaved caspase-3 and cleaved PARP proteins level in Caski
cells. Data are presented as mean £ SD, n = 6. *P < 0.05
versus control group. *P < 0.05 versus bortezomib group

Numerous anti-tumor agents can activate autophagy,
and targeting autophagy may be a potential method in
oncotherapy and drug resistance. Blocking autophagy
may increase the effect of anti-tumor agents. Our results
indicate that bortezomib can enhance the expression of
autophagy-associated proteins LC3-II, p62 and Atg5—
Atgl2 complex, suggesting the occurrence of autop-
hagy. Blocking autophagy by inhibitors 3-MA and CQ
can increase the cytotoxicity of bortezomib. Moreover,
we found that combination treatment with autophagy
inhibitors can promote the expression of cleaved
caspase-3 and cleaved PARP. These results suggest
that autophagy is involved in apoptosis induced by
bortezomib through a pro-survival mechanism.

In summary, our results show that in addition to
mitochondrial dependent apoptosis, ER stress plays a
key role in bortezomib-induced apoptosis by activating
the down-stream ER stress-associated apoptosis path-
way. Conversely, autophagy is characterized by a pro-
survival effect which provides a novel target for tumor
therapy. Hence, ER stress and autophagy both play an
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bortezomib and pretreated with or without 3-MA (5§ mM,
30 min) and tunicamycin (5 mM, 30 min) for 24 h. Cell
viability was determined by MTT assay. b Bortezomib inhibits
UPS activated by various biological processes to prevent or
promote cell death predominantly by apoptosis. Activation of
ER stress and inhibition of autophagy enhanced apoptosis
induced by bortezomib. Data are presented as mean £ SD,
n = 3. ¥*P < 0.05 versus bortezomib group

important role in apoptosis triggered by bortezomib,
and in combination with other cancer drugs, it may
provide a novel strategy for cancer treatment.
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