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Autophagy eliminates ER membrane reorganization
induced by Bcl-2 inhibitor in HeLa cells
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Abstract. The endoplasmic reticulum (ER) is a membranous
network within cells that is important for several cellular
functions including translation and folding of secretory and
membrane proteins, lipid biogenesis and sequestration of Ca*".
Disruption of ER structure might affect the normal physi-
ology of the cells. In yeast, expansion of the ER is observed
under unfolded protein response (UPR) and subsequently
induces autophagy initiated from the ER. In this study, we
demonstrated a drastic and specific ER membrane reorga-
nization (EMR), characterized by the clustering of the ER
membrane into large and compact aggregates and occurring
independent of UPR in HeLa cells treated with S1 combined
with ABT-737. Subsequently, combined with S1 and ABT-737
triggered autophagy. Herein, we report a key step for removal
of damaged and superfluous cellular constituents, by a mecha-
nistic link between ER aggregation and autophagic activation.
Our study is the first time to show that autophagy may be a
way to remove the ER membrane reorganization induced by
Bcl-2 inhibitors ABT-737 and S1 and it may help us to analyze
autophagy in certain diseases.

Introduction

Endoplasmic reticulum has multiple physiological functions,
including involvement in the processes of protein synthesis,
protein folding, post-translational modifications, protein
transportation, and protein secretion (1-3). There are various
network structures of endoplasmic reticulum, including
tubular, paliform, and sheet structure (3,4). Several studies
have reported the use of the Connectivity Map database to
identify over 20 kinds of small molecule compounds that
induce reorganization of endoplasmic reticulum membrane,
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indicating that endoplasmic reticulum undergoes different
degrees of dynamic changes under stress stimulation. The
reorganization of endoplasmic reticulum membrane is a
general form of cellular response to stress (5). In an investiga-
tion by Varadarajan and colleagues, the endoplasmic reticulum
of tumor cells treated with the pan-Bcl-2 inhibitor apogossypol
underwent a dramatic and unique morphological change. This
phenomenon, known as endoplasmic reticulum membrane
shrinkage, is seen under an electron microscope as massive
aggregation of the proteins in the endoplasmic reticulum
membrane and was defined by Varadarajan and colleagues
as the reorganization of endoplasmic reticulum membrane.
Apogossypol induces a variety of different cell lines to
generate the same morphological change in endoplasmic
reticulum membrane; these include Jurkat T lymphocytes,
HeLa cells, mouse embryonic fibroblasts (MEFs), Chinese
hamster ovarian carcinoma cells (CHOs), Saccharomycetes,
and Schizosaccharomyces pombe (5). This shows that the reor-
ganization of endoplasmic reticulum membrane is conservative
in nature, and maybe a new form of cellular stress response.

Since this stress response shows conservatism and univer-
sality, it may be closely related to the mechanism of cellular
damage and anti-damage. Explanation of this mechanism
may provide further insight into the toxicity and side effects
of drugs, and the mechanism of action of antitumor drugs.
Because this dynamic change precedes the unfolded protein
response (UPR) of endoplasmic reticulum, the relationship of
the reorganization of endoplasmic reticulum membrane and
the UPR is very interesting.

It is widely accepted that Bcl-2 family proteins are
located in the endoplasmic reticulum. Combined with the
aforementioned results of pan-Bcl-2 inhibitor studies, some
researchers have speculated that Bcl-2 family proteins may
have the function of regulating morphology of endoplasmic
reticulum and may be involved in the reorganization of
endoplasmic reticulum membrane. Some researchers have
reported that Bcl-XL induces endoplasmic reticulum lumen
swelling through interacting with BAK, leading to cell death
in 293T cells co-expressing Bcl-XL and BAK (6). In addition,
the Bcl-2 family protein member BH3-only protein, BNIP,
has an effect on the morphology of endoplasmic reticulum by
connecting with adhesion protein receptor syntaxin-18, and is
located in endoplasmic reticulum (7). Although this investiga-
tion provides evidence that Bcl-2 family proteins affect the
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morphological structure of endoplasmic reticulum, strong
evidence of morphology and function is lacking.

In our previous study, we found that the Bcl-2 small
molecular inhibitor S1 was different from other BH3-only
mimetics, and can inhibit high expression of the anti-apoptotic
protein Mcl-1 in various tumors. Both SI and ABT-737
induced autophagy through interfering with the interaction
of Bcl-2 and Beclin-1 (8.,9). In our follow-up study we found
that both S1 and ABT-737 induced slight reorganization of
endoplasmic reticulum membrane. Furthermore, S1 combined
with ABT-737 induced severe reorganization of endo-
plasmic reticulum membrane. Thus, we speculate that Bcl-2
inhibitors may cause autophagy through inducing the reorga-
nization of endoplasmic reticulum membrane. This suggests
that autophagy was induced by Bcl-2 inhibitors and may be
related to the elimination of damaged organelles. We found
that endoplasmic reticulum partly disappeared in the presence
of persistent membrane reorganization stress. It has yet to be
determined whether reorganization of endoplasmic reticulum
membrane is a self-healing function of endoplasmic reticulum,
or the endoplasmic reticulum portion of morphology change
occurs through elimination, and if it is through a clearing
process, how it is removed (10).

There is evidence that autophagy is responsible for elimi-
nating long-life proteins, protein aggregation, or damaged
organelles such as endoplasmic reticulum and mitochondria.
For example, in adult myocardial cells with high expres-
sion of BNIP3, the degradation of mitochondria increased
by autophagy (11). After knocking down aSNAP in human
epithelial cells the function of Golgi apparatus is lost, and
the Golgi apparatus with loss of function is eliminated by
autophagy (12). Therefore, exploring the relationship of
autophagy and the reconstruction of endoplasmic reticulum
membrane may identify the mechanism of the reorganization
of endoplasmic reticulum membrane.

In this study, we used Bap31 and calnexin as markers
of endoplasmic reticulum membrane, this method has been
widely used and marks the endoplasmic reticulum membrane
location. Using RNAI technology and higher special inhibitor,
we explored the relationship of endoplasmic reticulum and
unfolded protein response, to assess whether autophagy is
involved in morphological changes of endoplasmic reticulum
part removal. This is important for determining the function
of autophagy under new cellular stress forms, at the same time
our study also provides important evidence for the involve-
ment of autophagy in regulating organelle morphology.

Materials and methods

Reagents and antibodies. Fetal bovine serum (FBS) and Roswell
Park Memorial Institute IMDM culture medium were purchased
from Invitrogen. 3-Methyladenine (3-MA) and Chloroquine
(CQ) were purchased from Sigma. The BH3 mimetic SI was
supplied by Professor Zhichao Zhang and dissolved in dimethyl
sulfoxide (DMSO). FITC/Texas Red-conjugated secondary
antibodies were purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). Enhanced chemiluminescence (ECL)
reagents were purchased from Thermo Scientific. Antibodies
anti-Bap31, anti-calnexin, anti-CHOP, anti-Bip, anti-e[F2a,
anti-p-elF2a, anti-LC3, anti-Beclin-1 and anti-Atgl2 were
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purchased from Santa Cruz Biotechnology Inc., and horse-
radish peroxidase-conjugated anti-mouse and anti-rabbit
immunoglobulins were purchased from Proteintech (Chicago,
IL, USA).

Cell culture. Human cervical cancer HeLa cells were cultured
at 37°C under 5% CO, in IMDM culture medium supple-
mented with 10% FBS. The cultures were passaged by 0.4%
trypsinization, and fresh medium was changed for 2 days.

RNA interference. Bcl-2 and Mcl-1 shRNA plasmids were
purchased from Shanghai GenePharma Co., Ltd. (Shanghai,
China). The sh-RNA plasmid insert sequence was used as
follows: sh-Bcl-2-1072: CCGGGAGATAGTGATGAAGTA;
sh-Bcl-2-2659: CGCCCTGTGGATGACTGAGTA; sh-Mcl-1-
1252: GCACACCTGGATCCAGGATAA; sh-Mcl-1-3153:
CCGCATTTAATTCATGGTATT; Scr: CCTGTGGAACG
TGTCACGCTT.

For transformation using DHS5a Escherichia coli compe-
tent cells, the competent cells and the transformation protocol
were prepared according to a modified procedure based on
that of Zhang and colleagues (13).

Stable transfected cell lines were developed using sh-RNA
plasmids, which contain a neomycin resistance marker for the
selection of stably transfected cells. HeLa cells were trans-
fected with the sh-Bcl-2-1072/2659, sh-Mcl-1-1252/3153 and
Scr in a 6-well plate with Lipofectamine 2000 transfection
reagent. All procedures were performed according to the
reagent supplier's guidance. A selective medium was added
containing G418 (600 ug/ml) as the selective antibiotic pres-
sure. Every 2-3 days, the medium was replaced with fresh
medium. The selection was continued until all of the non-
transfected cells had died. The surviving cells were then split
into a lower density in a 12-well plate. After transfection,
cells were cultured for 48 h before being harvested or treated
as indicated.

Western blot analysis. Cells were washed with phosphate-
buffered saline (PBS) twice and harvested by scraping into
300 pl of RIPA lysis buffer. Total cell lysates were lysed for
15 min on ice, and at 4°C for 45 min, and after centrifugation
at 12,000 x g for 10 min at 4°C, the supernatant was collected.
Protein concentrations in the supernatants were determined
by the Bio-Rad reagent (Hercules, CA, USA). Equal amounts
of proteins (30 ug) were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto PVDF membrane (Millipore, Billerica, MA,
USA). Transfer efficiency was checked with Ponceau staining.
The blots were blocked in Tris-buffered saline containing
nonfat dry milk 5% (w/v), probed with specific primary anti-
bodies overnight at 4°C. After washing with PBS containing
0.05% Tween-20 (PBST), the membrane was incubated
with a peroxidase-conjugated secondary antibody for 2 h
at room temperature. Finally, each membrane was probed
to detect B-actin. The final dilutions and incubation times
suggested by the manufacturer were used for each antibody.
Immunodetection was performed using the ECL solution
and images captured by Syngene Bio Imaging (Synoptics,
Cambridge, UK). Densitometry quantitation of the bands was
also performed using equipment from Syngene Bio Imaging.
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Figure 1. S1 combined with ABT-737 induces ER membrane remodeling in HeLa cells. (A) HeLa cells exposed for 8 h to 10 gmol/l ABT-737 or 8 umol/I S1,
and subsequently immunostained for ER membrane protein (calnexin) exhibited aggregation of the ER membrane proteins (scale bar, 20 ym). (B) HeLa cells
exposed for 4 h to 15 ymol/l ABT-737 and 8 ymol/l S1 and immunostained for ER membranes (Bap31 and calnexin) exhibited clustering of the ER membrane
proteins, similar to those following exposure to thapsigargin (5 gmol/l) (scale bar, 20 ym). (C) Downregulation of Bcl-2 and Mcl-1, resulted in the formation
of ER membrane aggregation (Bap31 and calnexin). (D) Calnexin-containing ER membrane aggregates undergo time-dependent formation and coalescence in
HeLa cells exposed to 15 ymol/l ABT-737 and 8 xmol/1 S1 (scale bar, 20 zm). The ER membrane aggregates were visible within 1 h. (E) The Bap31-containing
ER membrane aggregates, formed in HeLa cells following exposure for 4 h to 15 gmol/l ABT-737 and 8 ymol/l S1, dispersed rapidly after wash out (scale

bar 20 pm).

Immunofluorescence staining and confocal laser microscopy.
Cells were cultured onto coverslips in 24-well plates overnight,
treated with 8 ymol/l S1 and 15 gmol/l ABT-737 for different
times, and fixed with 4% paraformaldehyde for 30 min. After
permeabilization with 0.1% Triton X-100 for 5 min, followed
by washing 3 times with PBS, the cells were sealed with bovine
serum albumin for 1 h and incubated with a primary antibody
against Bap31, calnexin, Atgl2, Beclin-1 or LC-3 (1:100 dilu-
tion) overnight at 4°C. The cells were rinsed and incubated
with FITC/Texas Red-conjugated secondary antibodies (1:400
dilution; Santa Cruz Biotechnology Inc.) for 1 h at room

temperature, washed with PBS three times, and examined
using the Olympus FV1000 confocal laser microscope. Line
profiles were carried out using Image Tool software (Image
Pro Plus6.0) to quantify the quality of immunofluorescence
for some images. The line profile command displays a two-
dimensional graph that represents the intensities of pixels
along a line within an image. This provides a graphical repre-
sentation of background and immunofluorescence signal.

Statistical analysis. Results are expressed as the mean + stan-
dard deviation (SD) of repeated experiments, as indicated in
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Figure 2. The knockdown efficiency of Bcl-2 and Mcl-1 with small interfering RNA in HeLLa cells. (A) Western blot analysis for the expression of Bcl-2 in HeLa
cells were transfected with sh-Bcl-2-1072/2659. (B) Western blot analysis for the expression of Mcl-1 in HeLa cells were transfected with sh-Mcl-1-1252/3153.
(C) Western blot analysis for the expression of Bcl-2 and Mcl-1 in HeLa cells were transfected with sh-Bcl-2-2659 and sh-Mcl-1-3153.
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Figure 3. The reorganization of endoplasmic reticulum membrane earlier than the changes of the expression of UPR-related proteins. (A) Western blot
analysis for the expression of Bip, eIF2a, p-elF2a and CHOP in HeLa cells treated with 15 gmol/l ABT-737 and 8 gmol/1 S1 for various times (0, 1, 2, 4, 8 h).
(B) Quantitative analysis of Bip, e[F2a, p-eIF2a and CHOP protein levels from (A). Data are presented as mean + SD, n=3, "P<0.05, “P<0.01 versus control
group. (C) Confocal microscopy of calnexin in the cytoplasm of HeLa cells treated with 15 gmol/l ABT-737 and 8 ymol/l S1 or combined with 500 ymol/l
TUDCA in HeLa cells for 4 h (scale bar, 20 ym).
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Figure 4. Degradation of ER membrane proteins is blocked by 3-MA. (A) Western blot analysis for the expression of Bap31, calnexin in HeLa cells treated with
15 pmol/l ABT-737 and 8 pmol/1 S1 for various times (0, 1,2, 4, 8 h). (B) Western blot analysis for the expression of Bap31, calnexin in HeLa cells treated with
15 ymol/l ABT-737 and 8 ymol/I S1 or combined with 10 mM 3-MA in HeLa cells for 4 h. (C) Quantitative analysis of Bap31, calnexin protein levels from (A).
Data are presented as mean + SD, n=3, "P<0.05 versus control group. (D) Quantitative analysis of Bap31, calnexin protein levels from (B). Data are presented
as mean + SD, n=3, ‘P<0.05 versus control group, “P<0.05 versus S1 combined with ABT-737 group.

the figure legends. Data are representative of three independent
experiments performed in triplicate. Statistical differences
were evaluated using the paired two-tailed Student's t-test.
Differences were considered statistically significant for values
of P<0.05.

Results

S1 combined with ABT-737 induces ER membrane remod-
eling in HeLa cells. Although initially identified as central
regulators of apoptosis at the mitochondrial level, the impor-
tance of Bcl-2 proteins at the endoplasmic reticulum is now
well established (14). In our study, we used fluorescence
microscopy to monitor endoplasmic reticulum membrane
aggregation (5), and found that either 10 gmol/l ABT-737,
which inhibits Bcl-2 but not Mcl-1, or 8 gmol/l S1, which
inhibits Mcl-1, induced a lower rate of endoplasmic reticulum
reorganization after 8 h treatment (Fig. 1A). However, when
the two inhibitors were applied together, the endoplasmic
reticulum membrane reorganization was increased at 4 h.
A clustering of endoplasmic reticulum membrane proteins
(Bap31/calnexin) was observed in cells treated with 8 zmol/l
S1 combined with 15 gmol/l ABT-737 (Fig. 1B). When applied
together, S1 and ABT-737 induced a profound aggregation
of membranous structures resembling those induced by
5 umol/I thapsigargin (Tg) (Fig. 1B). These results suggested
that Bcl-2 family proteins might play an important role in
endoplasmic reticulum membrane reorganization.

We also observed endoplasmic reticulum membrane reor-
ganization in HeLa cells which knock down Bcl-2 and Mcl-1
with small interfering RNA (Figs. 1C and 2). In addition,
calnexin clusters were seen at 1 h in HeLa cells treated with
S1 combined with ABT-737, gradually becoming more serious

with prolonged exposure time (Fig. 1D). Rapid and complete
dispersal of endoplasmic reticulum membrane reorganiza-
tion was observed when S1 and ABT-737 were washed out
(Fig. 1E), indicating the reorganization of the endoplasmic
reticulum membranes is reversible.

S1 combined with ABT-737 induces endoplasmic reticulum
membrane remodeling earlier than UPR-related changes in
HeLa cells. We investigated whether the inhibition of Bcl-2
and Mcl-1 by 8 pmol/I S1 and 15 gmol/l ABT-737 could trigger
canonical endoplasmic reticulum stress. Results showed
that expression of Bip, elF2a, and CHOP was upregulated
following treatment with S1 combined with ABT-737 in HeLa
cells, however, S1 combined with ABT-737 in HeLa cells had
little effect on the expression of p-elF2a. This results showed
that the UPR-related changes were detected after 8 h, whereas
the reorganization of the endoplasmic reticulum membranes
occurred before 8 h (Fig. 3A and B, "P<0.05, “P<0.01).
Furthermore, 500 ymol/l tauroursodeoxycholate (TUDCA),
an endoplasmic reticulum stress inhibitor, failed to abolish
endoplasmic reticulum membrane reorganization induced by
S1 combined with ABT-737 in HeLa cells (Fig. 3C).

S1 combined with ABT-737 downregulates endoplasmic
reticulum membrane proteins. Of note, in this study we found
that S1 combined with ABT-737 markedly decreased the
expression of the endoplasmic reticulum proteins calnexin
and Bap31 as early as 4 h (Fig. 4A and C, "P<0.05). Protein
degradation is a fundamental cellular process that is executed
by the separately regulated autophagy-lysosomal and
ubiquitin-proteasome systems (15). As expected, degradation
of ER membrane proteins was blocked by 10 mM 3-MA
(Fig. 4B and D, "P<0.05, “P<0.05). These results suggested that
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Figure 5. S1 combined with ABT-737 induces autophagy in HeLa cells. (A) Western blot analysis for the expression of LC3, Beclin-1, Atgl2-Atg5, mTOR
and p-mTOR in HeLa cells treated with 15 gmol/l ABT-737 and 8 ygmol/1 S1 for various times (0, 1, 2, 4, 8 h). (B) Quantitative analysis of LC3, Beclin-1,
Atg12-Atg5, mTOR and p-mTOR protein levels from (A). Data are presented as mean + SD, n=3, "P<0.05, “P<0.01 versus control group. (C) Confocal micros-
copy of LC3 in the cytoplasm of HeLa cells treated with 15 gmol/1 ABT-737 and 8 ymol/1 S1 for the 8 h.

autophagy might be associated with decrease of endoplasmic
reticulum membrane proteins.

SI combined with ABT-737 induces autophagy in HeLa cells.
In addition to regulating apoptosis, it has been reported that
Bcl-2 protein has a function in autophagy (16). Moreover,
research has shown that autophagy plays an important role
in cellular quality control and is responsible for removing
protein aggregates and dysfunctional organelles (17). In addi-
tion, our previous study reported that S1 induced autophagy
through inhibiting the interaction of Bcl-2 and Beclinl, and
then inducing the release of autophagy initiation protein
Beclinl, finally inducing autophagy in U251 cells (8) and the
mechanism of ABT-737 induces autophagy similarly to S1 (9).

Therefore, we further explored whether S1 combined with
ABT-737 could indeed induce autophagy in HeLa. Atgl2-Atg5
and Atg8 (LC3), the two ubiquitin-like conjugation systems,
are required for the initiation and expansion of autophago-
somal membranes (17).

Our results showed that the expression of the Atgl2-Atg5
complex was increased in HeLa cells treated with S1
combined with ABT-737 (Fig. 5A and B, "P<0.05, “P<0.01).
When autophagy occurs, LC3 protein appears as dots, and the
soluble form of LC3 (LC3-I) changes into the lipidated and
autophagosome-associated form (LC3-1I) (18,19). Compared
with the control group, S1 and ABT-737 increased the expres-
sion of LC3-1I in HeLa cells (Fig. 5A and B, "‘P<0.05, “P<0.01).
Autophagy-related protein Beclin-1 is very important for the
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Figure 6. ER membrane remodeling is removed by autophagy. (A) Confocal microscopy of calnexin and Atgl2 in the cytoplasm of HeLa cells treated with
15 pmol/l ABT-737 and 8 ymol/1 S1 for 8 h. (B) A pseudo-line scan analysis confirmed that calnexin co-localized with Atgl2 induced by S1 and ABT-737
combination in HeLa cells. (C) Confocal microscopy of Bap31 and Beclin-1 in the cytoplasm of HeLa cells treated with 15 gmol/l ABT-737 and 8 ymol/I S1
for 8 h. (D) A pseudo-line scan analysis confirmed that Bap31 co-localized with Beclin-1 induced by S1 and ABT-737 combination in HeLa cells. (E) Confocal
microscopy of calnexin and LC3 in the cytoplasm of HeLa cells treated with 15 ymol/l ABT-737 and 8 ymol/l S1 for 8 h. (F) A pseudo-line scan analysis
confirmed that calnexin co-localized with LC3 induced by S1 and ABT-737 combination in HeLa cells. (G) Confocal microscopy of LC3 in the cytoplasm of
HeLa cells treated with 15 ymol/l ABT-737 and 8 gmol/l S1 or combined with 10 mmol/l CQ, rapamycin or CQ and rapamycin in HeLa cells.
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formation of autophagosomes. The combination of S1 and
ABT-737 also increased the expression of Beclin-1 after 4 h
in HeLa cells (Fig. 5A and B, "P<0.05, “P<0.01). In addition,
visible LC3 dots in the cytoplasm were observed in HeLa
cells treated with S1 combined with ABT-737 (Fig. 5C). These
results indicated that autophagy does indeed occur in HeLa
cells treated with S1 combined with ABT-737.

The mTOR pathway is the classical pathway that is often
inhibited in autophagy (20,21). Therefore, we tested the expres-
sion level of phosphorylated protein p-mTOR involved in the
mTOR pathway. However, in this study, p-mTOR remained
relatively unchanged in HeLa cells treated with S1 combined
with ABT-737 (Fig. 5A and B). Therefore, we speculated that
autophagy induced by S1 combined with ABT-737 might
occur through reorganization of the endoplasmic reticulum
membranes.

Aggregation of the endoplasmic reticulum are removed by
autophagy. The previous results showed that autophagy
might be associated with decrease of endoplasmic reticulum
membrane proteins. Therefore, we further investigated
whether autophagy promoted the removal of membrane-reor-
ganized endoplasmic reticulum. HeLa cells were stained with
an antibody against calnexin or Bap31 to label the endoplasmic
reticulum, and with antibodies against Beclin-1, Atgl2, or
LC-3 to label the autophagosomes. The cells analyzed by
high-resolution imaging revealed extensive co-localization
between autophagosomes and endoplasmic reticulum of
membrane reorganized induced by the combination of S1 and
ABT-737 in HeLa cells (Fig. 6A, C and E). A pseudo-line scan
analysis confirmed that autophagosomes co-localized with
endoplasmic reticulum of membrane reorganized induced by
the combination of S1 and ABT-737 in HeLa cells (Fig. 6B, D
and F). Rapamycin, an autophagy inducer, relieved endo-
plasmic reticulum membrane reorganization induced by S1
combined with ABT-737 in HeLa cells (Fig. 6G). In contrast,
blockage of autophagy activity by 10 mmol/l CQ could not
delay or relieve endoplasmic reticulum membrane reorganiza-
tion induced by S1 combined with ABT-737 (Fig. 6G). These
results suggested that collapse/aggregation of the endoplasmic
reticulum might trigger autophagy for the clearance of aggre-
gated organelles.

Discussion

To date, numerous studies have reported that when the activi-
ties of Bcl-2 family proteins in endoplasmic reticulum were
changed, endoplasmic reticulum underwent certain morpho-
logical changes, including lumen swelling, membrane fusion,
reorganization, and permeabilization. Wang and colleagues
used the YFP fluorescent protein to mark the endoplasmic
reticulum protein PDI, and the overexpression of BAK and
BAX in endoplasmic reticulum membrane induced the release
of PDI to the cytoplasm, suggesting that BAK and BAK can
increase endoplasmic reticulum membrane permeabiliza-
tion (22). Hetz and colleagues found that cells treated with
thapsigargin undergo endoplasmic reticulum membrane
reorganization involving the massive aggregation of endo-
plasmic reticulum membrane, and that this reorganization
was completely inhibited in cells with double knock-down
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BAX and BAK, confirming that Bcl-2 family proteins could
regulate the structure and dynamic changes of endoplasmic
reticulum (23).

In this study, we also discovered a new kind of cell stress
response that occurred after treatment with a Bcl-2 inhibitor.
The main feature of this response was the acute and recover-
able bulk aggregation of the endoplasmic reticulum membrane,
which preceded the changes in the expression of the endoplasmic
reticulum stress response-related marker proteins GRP78
and CHOP. We discovered similar endoplasmic reticulum
reorganization, including massive aggregation of endoplasmic
reticulum membrane in HeLa cells with knockdown Bcl-2
and Mcl-1, which indicated that Bcl-2 family proteins played
an important role in the structure and dynamics of the endo-
plasmic reticulum membrane. The morphological change of
the endoplasmic reticulum membrane induced by inhibition
of Bcl-2 family proteins is similar to the reorganization of
endoplasmic reticulum membrane induced by thapsigargin.
Therefore, both of the above results suggest that Bcl-2 family
proteins play a pivotal role in the structure and function of the
endoplasmic reticulum.

It is worth noting that the period during which this cell
stress response occurs is different from the occurrence of
UPR. Several studies suggested that S1 and ABT-737 could
up-regulate the expression of the endoplasmic reticulum
stress protein Bip, and obviously increased the expression of
the endoplasmic reticulum stress-related apoptotic proteins
CHOP and Caspase-4, this evidence showed that S1 and
ABT-737 induced apoptosis through endoplasmic reticulum
stress (8,24). However, we discovered that the reorganization
of endoplasmic reticulum membrane preceded the changes in
the expression of UPR-related proteins. We further confirmed
the relationship between the time of endoplasmic reticulum
membrane aggregation and the occurrence of UPR using the
endoplasmic reticulum stress inhibitor TUDCA. Our results
showed that TUDCA had no effect on the reorganization of
endoplasmic reticulum membrane induced by S1 combined
with ABT-737.

Autophagy is a process of eliminating partly damaged
organelles, and in several studies electron microscopy showed
endoplasmic reticulum and mitochondria in autophagic vacu-
oles (25,26). Our previous work showed that Bcl-2 inhibitors
could induce autophagy, and that the inhibition of autophagy
can increase apoptosis. We then explored whether S1 combined
with ABT-737 induced autophagy. Our results showed that the
expression of the autophagy-related proteins Beclin-1, Atgl2,
and LC3-II increased in HeLa cells treated with S1 combined
with ABT-737, in addition, we observed dot aggregation of
LC-3. These results confirmed that S1 combined with ABT-737
induced autophagy in HeLa cells.

The above results indicated that the Bcl-2 inhibitors S1
and ABT-737 not only induce ER membrane reorganization
but also induce autophagy, furthermore, the ER membrane
reorganization occurs earlier than autophagy induced by
S1 and ABT-737. When the ER membrane reorganization
induced by S1 and ABT-737 is at high level, it will induce
autophagy and autophagy will reduce the ER membrane
reorganization. Therefore, the Bcl-2 inhibitors eventu-
ally reduce ER membrane reorganization possibly due to
enhanced autophagy.
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Furthermore, we speculated that Bcl-2 inhibitors might
cause autophagy through inducing the reorganization of
the endoplasmic reticulum membrane. We were interested
in whether the aggregation of endoplasmic reticulum
membrane triggers autophagy, and whether this autophagy
would partly eliminate endoplasmic reticulum aggregated.
According to the work of Varadarajan and colleagues (5), we
used the expression of the endoplasmic reticulum membrane
marker proteins calnexin and Bap31 to represent the contents
of endoplasmic reticulum, and we determined that S1
combined with ABT-737 obviously decreased the expres-
sion of endoplasmic reticulum membrane marker proteins,
and the autophagy inhibitor 3-MA recovered the expression
of endoplasmic reticulum membrane marker proteins in
cells that were treated with S1 and ABT-737. These results
suggested that autophagy might be related to the decrease of
endoplasmic reticulum contents.

Several different factors may lead to endoplasmic
reticulum fragments being degraded by sequestration into
double-membrane vesicles, Hayashi-Nishino et al used elec-
tron tomography to show that early autophagic structures as
a subdomain of the endoplasmic reticulum formed a cradle
encircling endoplasmic reticulum in mammalian culture
cells (26). Overexpression of a mutant form of Atg4B caused
defects in autophagosome formation. We show a process by
which aggregated portions of endoplasmic reticulum treated
with S1 and ABT-737 were degraded by autophagy in HeLa
cells. It is possible that autophagosomes envelop specialized
areas of the endoplasmic reticulum that are aggregated. This
theory is also corroborated by observations from high-resolu-
tion imaging that revealed extensive co-localization between
autophagosomes and the endoplasmic reticulum of membrane
reorganized induced by S1 and ABT-737 in HeLa cells. Our
results showed that inhibition of autophagy by CQ could not
delay or relieve S1 and ABT-737-induced endoplasmic retic-
ulum membrane reorganization, whereas rapamycin greatly
relieved endoplasmic reticulum membrane reorganization,
suggesting that reorganization may trigger autophagy.

In summary, the current study showed that the S1 and
ABT-737 combination triggered endoplasmic reticulum
membrane reorganization in HeLa cells, and importantly
autophagy played a crucial role in the clearance of damaged
organelles and can be a catabolic process. Inhibition of Bcl-2
and Mcl-1 resulted in endoplasmic reticulum membrane
reorganization, and the collapsed endoplasmic reticulum then
activated autophagy for clearance of aggregated organelles.
Abrupt endoplasmic reticulum aggregation occurs following
sequestration. Lastly, the fully formed autophagosomes
acidified their contents, including aggregated organelles and
then degradate them. These events provide new insight that
autophagy can remove the endoplasmic reticulum membrane
reorganization induced by Bcl-2 inhibitors ABT-737 and S1
and it may provide a framework for analyzing autophagy in
certain diseases.
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