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Glucose deprivation promotes apoptotic
response to S| by enhancing autophagy in
human cervical cancer cells
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Background: S1 is a novel BH3 mimetic that can induce death in some types of cancer cells,
such as melanoma B16, ovarian cancer SKOV3, and U251 glioma cells. S1 inhibits Bel-2 and
Mcl-1 expression and induces cancer cell apoptosis. Cancer cell survival is highly dependent
on glucose. Here, we observed the effect of glucose deprivation on the apoptotic response to
S1 in human cervical cancer (HeLa) cells.

Materials and methods: Earle’s balanced salt solution (EBSS) was used to simulate glucose
deprivation. MTT assay was used to analyze the cell survival rate, and Hoechst 33342 dye was
used to detect the apoptosis in HeLa cells. Western blotting was used to detect the expression
of ER stress and autophagy relative proteins. In addition, lysosomes were observed with Lyso-
Tracker staining by confocal microscopy.

Results: S1 decreased cell distribution density and survival rate, and MTT assay showed that
EBSS enhanced the inhibitory effects of S1 on HeLa cell growth. Hoechst 33342 dye showed that
S1 led to pyknosis, fragmentation, and strong staining in HeLa cell nuclei, and EBSS enhanced
these effects. Western blotting indicated that EBSS enhanced the expression of apoptosis-related
proteins (cytochrome C, caspase-3, and poly[ADP-ribose] polymerase 1) induced by S1 in
HeLa cells. S1 decreased p62 expression and increased the autophagosome-associated protein
LC3-II expression, which indicated that S1 induced autophagy in HeLa cells. EBSS enhanced
S1-induced autophagy in HeLa cells. Furthermore, autophagy inhibitor chloroquine enhanced
S1-induced apoptosis in HeLa cells.

Conclusion: These results indicate that EBSS exacerbates S1-induced autophagy and severe
autophagy induced by EBSS and S1 could lead to apoptosis in HeLa cells. The results also
suggest that EBSS enhances the sensitivity of HeLa cells to S1-induced apoptosis and that
autophagy plays an important role in this process.

Keywords: Earle’s balanced salt solution, glucose deprivation, S1, endoplasmic reticulum
stress, autophagy, apoptosis

Introduction

Malignant tumor cells have abnormal energy metabolism that is characterized by aero-
bic glycolysis (also called the Warburg effect), which can lead to extracellular lactic
acid accumulation.!? The glycolytic pathway provides ATP for cancer cells, which is
helpful for cancer cell survival and invasiveness.® In recent years, much research on
the treatment of malignant cancer has focused on glucose deprivation and/or blocking
the glycolytic pathway.**> Some research has shown that, under conditions of glucose
deprivation, cells can be induced to apoptosis by the regulation of Bcl-2 family proteins
through the following pathways: 1) glycogen synthase kinase 33 phosphorylates Mcl-1
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(antiapoptotic Bcl-2 family protein with BH1-4 domain) and
targets Mcl-1 for proteasome-mediated degradation® and 2)
AMP-activated protein kinase (AMPK) is activated, induces
the transcription of Bim (apoptotic Bcl-2 family protein with
BH1-3 domain), and inactivates AMPK-dependent mamma-
lian target of rapamycin, which can inhibit Mcl-1 transcrip-
tion.” Other research has shown that glucose metabolism
participates in apoptotic regulation by Bcl-2 family proteins.
Glucose catabolism regulates Mcl-1 protein function at the
transcriptional and post-transcriptional levels.

Cancer cell survival and death are regulated by multiple
factors and targets. Overexpression of antiapoptotic Bcl-2
family proteins often leads to cancer cell survival by help-
ing the cells to avoid apoptosis. S1 is a novel BH3 mimetic
compound and a Bcl-2-specific inhibitor, which can inhibit
another antiapoptosis protein, Mcl-1. The chemical structure
is shown in the previous study.® Cytological experiments
have shown that S1 dissociates Bcl-2/Bax and Mcl-1/Bak
dimers and then causes Bax to move toward mitochondria
and induces caspase-3 activation, resulting in apoptosis. Our
previous studies have shown that S1 inhibits the viability
of melanoma B16 cells,’” which might be caused by the
endoplasmic reticulum (ER) and mitochondrial apoptosis
pathways. In addition, S1 has inhibitory effects on human
ovarian cancer cell lines SKOV3 and SKOV3/DDP (cisplatin-
resistant cell line).'*!* S1 inhibits the growth of glioma cell
line U251 and induces autophagy by inhibiting Bcl-2 and
releasing Beclin 1.

In the present study, we designed a combined-efficiency
program that was glucose deprivation with S1 in HeLa cells,
based on the inhibitory effect of S1 on Bcl-2, and we added
another treatment. HeLa cells require a lot of glucose to meet
their metabolic needs. Therefore, we used Earle’s balanced
salt solution (EBSS) to simulate the glucose deprivation
environment and to observe the effect of glucose deprivation
on the apoptotic response to S1 in HeLa cells. At the same
time, we investigated the relationship between autophagy and
apoptosis. Our study may provide new insights into treatment
for cervical cancer.

Materials and methods

Reagents

S1 was synthesized as previously reported.® S1 was dissolved
in dimethyl sulfoxide (DMSO). The autophagy inhibitors
(chloroquine [CQ]), Hoechst 33342, LysoTracker, and
MTT were purchased from Sigma-Aldrich Co. (St Louis,
MO, USA).

Cell culture

Human cervical cancer cells (HeLa cells) were obtained from
American Type Culture Collection (ATCC) (Manassas, VA,
USA) and cultured in Iscove’s modified Dulbecco’s media
(IMDM) (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% (v/v) FBS (Thermo Fisher Scientific)
at 37°C with 5% CO,. When S1 was used to treat the HeLa
cells, the concentration was 10 uM/L in IMDM. The antibody
against Bcl-2 (1:500, rabbit) and LC3 (1:500, rabbit) was
purchased from Abcam (Cambridge, MA, USA). The anti-
body against Bax (1:100, mouse) and Atg 12 (1:100, rabbit)
was purchased from Santa Cruz Biotechnology Inc. (Dallas,
TX, USA). The antibody against caspase-3 (1:500, rabbit)
was purchased from Cell Signaling (Beverly, MA, USA).
The antibody against Beclin (1:100, mouse) was purchased
from BD Biosciences (San Jose, CA, USA).

Cell culture under glucose deprivation
Human cervical cancer cells (HeLa cell) were cultured in
Earle’s balanced salt solution (EBSS) with 10% (v/v) FBS at
37°C with 5% CO,. When the HeLa cells were treated with S1
and EBSS, S1 was added to EBSS and the final concentration
was 10 uM/L in EBSS.

Cell viability assays

Cell viability was determined by MTT assays. Cells were
plated at 1x10%well in 96-well plates and exposed to differ-
ent concentrations of inhibitors for various amounts of time.
Each treatment was repeated in six separate wells. The cells
were incubated at 37°C with 5% CO,, and MTT reagent
(20 pL, 5 mg/mL in PBS; Sigma-Aldrich Co.) was added to
each well and incubated for 4 hours. Formazan crystals were
dissolved in 150 uL. DMSO. Absorbance was recorded at a
wavelength of 490 nm.

Western blot analysis

For the extraction of cytoplasmic proteins, cells were har-
vested and washed with cold PBS. Cells were centrifuged
for 5 minutes at 600x g at 4°C and, then, incubated in cell
lysis buffer (150 mM NaCl, | mM EDTA, 10 mM HEPES,
1 mM PMSF, and 0.6% NP-40). Lysates were sonicated and
incubated for 15 minutes on ice and, then, centrifuged at
700x g for 10 minutes at 4°C. The supernatant was centri-
fuged at 14,000 g for another 30 minutes at 4°C: cytoplasmic
proteins were contained within the resultant supernatant. For
Western blot analysis, equivalent amounts of protein (30 pg)
were separated by 10% (w/v) SDS-PAGE and transferred
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onto nitrocellulose membranes (Whatman, Maidstone, UK).
The membranes were blocked with 5% (w/v) skim milk in
buffer (10 mM Tris-HCI [pH 7.6], 100 mM NacCl, and 0.1%
[v/v] Tween 20) for 1 hour at room temperature and then
incubated with primary antibodies (Santa Cruz Biotechnol-
ogy Inc.) overnight at 4°C, followed by incubation with
horseradish peroxidase-conjugated secondary antibodies
(Thermo Fisher Scientific) at 1:1,000 dilution for 2 hours
at room temperature. The immunoreactive bands were
visualized by the diaminobenzidine coloration method. The
semiquantitation of proteins was surveyed using a Tanon GIS
gel imager System.

Hoechst 33342 and LysoTracker staining
Apoptotic nuclear changes were assessed with Hoechst 33342
(Sigma-Aldrich Co.). Lysosome change was assessed with
LysoTracker. Cells were cultured on coverslips overnight
and, then, treated with 6 pg/mL cisplatin for 0 and 24 hours.
After incubation, cells were fixed with 4% paraformalde-
hyde, stained with Hoechst 33342 (2 ng/mL) or LysoTracker
for 30 minutes, washed with PBS, and examined using the
Olympus FV1000 confocal laser microscopy.

Statistical analysis

Data are expressed as mean * SD. Statistical analysis of the
data was analyzed by one-way ANOVA. Values of P<0.05 or
P<0.01 were considered statistically significant difference.
Data are representative of three independent experiments
performed in triplicate.

Results
Effect of glucose deprivation on inhibition
of Hela cell proliferation induced by S|

In our experiment, we treated HeLa cells with S1 (0, 2.5,
5.0, 10.0, and 20.0 uM) for 24 hours and viability was
determined by the MTT assay. The results showed that cell
viability decreased in a dose-dependent manner (Figure 1A).
We selected 10 uM as the optimum concentration of Sl
because the cell survival rate was closed to 50%. To observe
the effect of glucose deprivation on the proliferation of HeL.a
cells treated with S1, EBSS was used to replace IMDM to
simulate glucose deprivation. We treated HeLa cells with
10 uM S1 or EBSS, and the MTT assay showed that cell
viability decreased in a time-dependent manner (Figure 1B).
We determined whether S1 and EBSS inhibited HeLa cell
proliferation. HeLa cells were treated with S1 and EBSS for
12 hours, and proliferation was decreased (Figure 1C and D).

Glucose deprivation enhanced the inhibition of HeLa cell
proliferation induced by S1.

Effects of glucose deprivation on

apoptosis in Hela cells induced by S|

To determine if EBSS- and Sl-induced cytotoxicity was
mediated by apoptosis, Western blotting was used to detect
apoptosis-associated proteins. Compared with the control
cells, the expression of cytochrome C, cleaved caspase-3,
and cleaved poly(ADP-ribose) polymerase 1 (PARP-1) was
significantly increased after treatment with EBSS and S1
(10 uM) for 8 hours (Figure 2A and B). HeLa cells treated
with EBSS and S1 (10 uM) for 8 hours also showed apoptotic
nuclear chromatin condensation by confocal microscopy with
Hoechst 33342 staining (Figure 2C).

Effects of glucose deprivation on SI-
induced expression of proapoptotic and
antiapoptotic proteins

Because glucose deprivation enhanced S1-induced apoptosis
of HeLa cells, we detected the expression of Bcl-2 family
proteins, including proapoptotic and antiapoptotic proteins.
Western blotting showed that the expression of antiapoptotic
proteins such as Bcl-2 and Mcl-1 was significantly decreased
in HeLa cells treated with EBSS and S1 (Figure 3A and
B), whereas the expression of proapoptotic proteins such
as Bak, Bax, Noxa, and Bim was significantly increased
(Figure 3C and D). These results suggested that glucose
deprivation increased the expression of proapoptotic pro-
teins and decreased the expression of antiapoptotic proteins
induced by S1.

Glucose deprivation enhanced S|1-
induced ER stress (ERS) in Hela cells

To investigate whether glucose deprivation and S1 induced
ERS, HeLla cells were treated with EBSS, S1, or EBSS
and S1 for 8 hours. We detected fluorescence changes in
glucose-regulated protein-78 (Grp78) using the laser con-
focal microscopy. Compared with the control group, the
expression of GRP78 was significantly increased in treated
HeLa cells (Figure 4A). We detected the expression level of
GRP78 and protein disulfide isomerase (PDI), which served
as ERS marker proteins. Western blotting showed that the
expression of GRP78 and PDI increased significantly (Figure
4B and C), which suggested that both glucose deprivation
and S1 induced ERS. Western blotting also showed the
upregulation of ERS-related proteins such as phospho-protein
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Figure | Glucose deprivation enhances the inhibition of Hela cell proliferation induced by SI.

Notes: (A) Hela cells were treated with SI (0, 2.5, 5.0, 10.0, and 20.0 pM) for 24 hours, and cell viability was determined by MTT assay. (B) Hela cells were treated with
10 uM S| or EBSS for different times (0, 2,4, 8, 12, and 24 hours), and then cell viability was determined by MTT assay. (C) Hela cells were treated with 10 pM S| and 10 yM
S|+ EBSS for 12 hours, and then, cell viability was determined by the MTT assays. Data are presented as mean £ SD (n=6). *P<0.05 vs control group. (D) Optical microscopy

images for Hela cells in control, 10 uM SI, 10 uM S1, and EBSS.
Abbreviation: EBSS, Earle’s balanced salt solution.

kinase R-like endoplasmic reticulum kinase (p-PERK)
and inositol-requiring enzyme-loa (IRE1) (Figure 4D-QG)
and increased the expression of some downstream factors
phospho-eukaryotic initiation factor 2ot (p-elF2a), PERK,
activating transcription factor 4 (ATF4), the growth-arrest-
and DNA-damage-inducible gene 153/C/EBP homology
protein (GADD153/CHOP), c-Jun N-terminal kinases (JNK),
and p-JNK in the major unfolded protein response pathways.
This indicated activation of the PERK and IRE1 pathways in
HeLa cells. The combined action of EBSS and S1 enhanced
the increased expression of ERS-related proteins, which may
have affected the expression and activity of the related Bel-2
family proteins that regulate apoptosis in HeLa cells.

Effects of glucose deprivation on Sl -

induced autophagy in Hela cells
Our previous studies have shown that S1 induces apoptosis
and autophagy.!®!>"'* Autophagy plays an important role in

tumor cell death: moderate autophagy has a protective role
in tumor cells, but severe autophagy enhances apoptosis.
Therefore, we investigated the effect of glucose deprivation
on Sl-induced autophagy. HelLa cells were treated with
EBSS, S1, or EBSS and S1 for 8 hours, and the expression
of LC3-1I/I, Beclin 1, Atg12-5 complex, and p62 was deter-
mined by Western blotting. Compared with the control group,
the expression of autophagy-related proteins LC3-11/1, Beclin
1, and Atg12—5 complex was increased significantly and the
expression of p62 was decreased significantly in HeLa cells
treated with S1 and EBSS (Figure SA and B).

We detected fluorescence of the autophagy marker LC3
using the laser confocal microscopy. LC3 puncta accumula-
tion increased when cells were treated with S1 and EBSS
(Figure 5C). Lysosomes were observed with LysoTracker
staining by confocal microscopy. The number of lysosomes
increased significantly in HeLa cells treated with EBSS
and S1 (Figure 5D). These results indicated that glucose
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Figure 2 Glucose deprivation enhances the apoptosis of Hela cell induced by SI.

Notes: Hela cells were treated with 10 pM S1, EBSS, and 10 uM S| and EBSS for 8 hours. (A) The expression level of Cyto C, caspase-3, and PARP-| was determined by
Western blot. (B) Quantification of Cyto C, caspase-3, and PARP-1 levels was shown as mean + SD (n=6). *P<0.05 vs control group. #P<0.01 vs control group. (C) Changes
in nuclear morphology were observed by confocal microscopy (bar, 10 uM) with Hoechst 33342 staining.

Abbreviation: EBSS, Earle’s balanced salt solution.
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Figure 3 Glucose deprivation increased the expression of proapoptotic proteins and decreased the expression of antiapoptotic proteins induced by SI.

Notes: Hela cells were treated with 10 uM SI, EBSS, and 10 uM SI and EBSS for 8 hours. (A and C) The expression level of Bcl-2 family proteins including proapoptotic
proteins such as Bax, Bak, Noxa, and Bim and antiapoptotic proteins such as Bcl-2 and Mcl- | was determined in each group. (B and D) Quantification of Bax, Bak, Noxa, Bim,
Bcl-2, and Mcl-1 levels were shown as mean * SD (n=3) (B). *P<0.05 vs control group. ¥P<0.01 vs control group.

Abbreviation: EBSS, Earle’s balanced salt solution.
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Figure 4 Glucose deprivation enhances the ERS in Hela cell induced by SI.

Notes: Hela cells were treated with 10 pM S1, EBSS, and 10 yM S1 and EBSS for 8 hours. (A) The expression of GRP78 was detected by confocal microscopy (bar, 10 pm).
(B) The expression of PDI and GRP78 was detected by the Western blot. (C) Quantification of PDI and GRP78 levels. Data are presented as mean + SD (n=3). (D) The
expression of IRE, JNK, and p-JNK was detected by the Western blot. (E) Quantification of IRE, JNK, and p-JNK levels. Data are presented as mean + SD (n=3). (F) The
expression of PERK, p-PERK, p-elF20, ATF4, and CHOP was detected by the Western blot. (G) Quantification of PERK, p-PERK, p-elF20, ATF4, and CHOP levels. Data are
presented as mean + SD (n=3). *#P<0.05 vs control group. #P<0.01 vs control group.

Abbreviations: EBSS, Earle’s balanced salt solution; ERS, endoplasmic reticulum stress.
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Notes: Hela cells were treated with 10 pM S, EBSS, and 10 uM S| and EBSS for 8 hours. (A) The expression of LC3-Il, P62, Beclin |, and Atgl2-5 was determined by
Western blot. (B) Quantification of P62 and LC3-II, Beclin |, and Atgl2-5 levels. Data are presented as mean + SD (n=3). *P<0.05 vs control group. *P<0.01 vs control group.
(C) The expression of LC3 was detected by confocal microscopy (bar, 10 um). (D) Lysosome was observed with LysoTracker staining by confocal microscopy (bar, 10 um).

Abbreviation: EBSS, Earle’s balanced salt solution.

deprivation and S1 induced autophagy and glucose depriva-
tion aggravated S1-induced autophagy in HeLa cells.

CQ strengthened apoptosis in Hela cells

treated with glucose deprivation and S|
Lysosomal inhibitor CQ is a weakly basic drug and has high
affinity with lysosomes. It inhibits the fusion of autophagic
vacuoles with late lysosomes and autophagosomes. To
clarify the role of autophagy, HeLa cells were treated with
CQ combined with EBSS and S1 for 8 hours and viability
was detected by the MTT assay. CQ significantly reduced the
survival of HeLa cells treated with EBSS and S1 (Figure 6A).
This indicated that the inhibition of lysosome function sig-
nificantly increased the inhibitory effect of hypoxia and S1
on HeL a cell proliferation, aggravating the damage caused
by glucose deprivation and S1.

The expression of LC3 I/l and p62 was detected and ana-
lyzed by Western blotting (Figure 6B and D). Compared with
the control group, CQ increased the expression of LC3-1I/1
and p62 protein in HeLa cells treated with EBSS and S1. This
suggested that CQ interfered with the lysosomal degradation
of LC3-II and p62 by inhibiting the fusion of autophagosomes
and lysosomes induced by glucose deprivation and S1. This in
turn affected the late stage of autophagy without affecting the
early stage, which was further demonstrated by LysoTracker
staining (Figure 6F).

To establish whether the effect of autophagy induced by
EBSS and S1 was related to apoptosis, Western blotting was
used to detect the expression of apoptosis-related proteins.
The expression of cytochrome C, cleaved caspase-3, and
cleaved PARP-1 increased significantly when HeLa cells were
treated with CQ combined with EBSS and S1 (Figure 6C and
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Figure 6 Autophagy inhibitor CQ increases S|-induced apoptosis in Hela cell.
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group. (B) The expression of LC3-Il and P62 was determined by Western blot. (C) The expression of Cyto C, cleaved caspase-3, and cleaved PARP-| was determined by
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LysoTracker staining by confocal microscopy (bar, 10 pm). Data are presented as mean + SD (n=3).

Abbreviations: CQ, chloroquine; EBSS, Earle’s balanced salt solution.

E). These results indicated that S1-induced autophagy had a
protective effect against apoptosis in HeLa cells.

Discussion
Cervical cancer is the most serious gynecological malig-
nancy.'>! Previously, treatment for cervical cancer has mainly

been based on surgery and chemotherapy, for example,
cisplatin.!”!® More recently, researchers have begun to focus
on the abnormal energy metabolism in malignant cancer,
which is characterized by aerobic glycolysis.!*? Increased
glycolysis provides ATP for cancer cells. Many research-
ers are now working on treatment for malignant cancer by
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focusing on glucose deprivation and/or blocking the glyco-
lytic pathway.?!*?

The current study is believed to provide the first evidence
that glucose deprivation promotes an apoptotic response to S1
in HeLa cells. This conclusion is supported by the following
findings: 1) glucose deprivation enhanced the inhibition of
HeLa cell proliferation induced by S1; 2) glucose depriva-
tion enhanced the apoptotic sensitivity to S1 in HeLa cells
by inhibiting Bcl-2 and Mcl-1; and 3) glucose deprivation
enhanced S1-induced autophagy in HeLa cells. Autophagy
inhibitor CQ strengthened apoptosis in HeLa cells treated
with S1 but weakened apoptosis in cells treated with S1
and EBSS.

Previous studies have shown that, in many cancers, one of
the mechanisms involved in apoptosis evasion and treatment
resistance is increased expression of antiapoptotic proteins
such as Bcl-2, Mcl-1, and Bcl-x1.2*2° Hence, inhibition of
expression of antiapoptotic proteins in the Bel-2 family may
be an effective method of cancer treatment. S1 is a novel BH3
mimetic and Bcl-2 inhibitor.? It targets Bcl-2 and Mcl-1 and
activates Bax/Bak, thus inducing tumor cell apoptosis. Our
previous studies have shown that S1 induces apoptosis in
melanoma B16, ovarian cancer SKOV3, and U251 glioma
cells.!* Our present results also showed that S1 inhibited
the viability of HeLa cells through promoting apoptosis.?
Our results also showed that S1 inhibited the expression of
Bcl-2 and Mcl-1, increased the expression of Bax and Bak,
increased the ratio of Bax/Bcl-2, and enhanced the expression
of cleaved caspase-3, cytochrome C, and cleaved PARP-1.
These results suggest that S1 induces apoptosis in HeLa cells.

Autophagy plays an important role in tumor cell death;
moderate autophagy has a protective role in tumor cells,
but severe autophagy enhances apoptosis.?’? This was con-
firmed in our present study. We detected autophagy-related
proteins by Western blotting. Atg12—5 complex and LC3 are
ubiquitin-like protein-binding systems that are necessary for
autophagy. p62 is an adapter protein that is also necessary for
autophagy. Some studies have shown that p62 is accumulated
if autophagy is disrupted. We showed that the expression of
autophagy-related proteins LC3-II, Beclin 1, and Atgl2-5
complex was increased significantly and the expression of
p62 protein was decreased significantly in HeLa cells treated
with S1 and glucose deprivation, compared with control
cells. This indicated that glucose deprivation and S1 induced
autophagy and glucose deprivation aggravated S1-induced
autophagy in HeLa cells.

Some research has shown that S1 targets antiapoptotic
proteins of the Bcl-2 family and induces apoptosis, but S1

induces autophagy, which is an adaptive response in cells
and might limit the effect of chemotherapy.® Our previous
study showed that S1 promoted Beclin 1 release through
the inhibition of Bcl-2 and induced LC3 II expression in
human glioma U251 cells,'* which indicated that S1 induced
autophagy in U251 cells. Our present study showed that S1
induced autophagy in HeLa cells. S1 increased the aggrega-
tion of the autophagy marker protein LC3II and increased the
expression of autophagy-related proteins such as Atg 12-5
complex, LC3 II, and Beclin 1.

Conclusion

We evaluated the effect of glucose deprivation on the
apoptotic response to S1 in human cervical cancer (HeLa)
cells. Our results indicate that EBSS exacerbates autophagy
induced by S1 and severe autophagy induced by EBSS and
S1 leads to apoptosis in HeLa cells. The results suggest that
EBSS enhances sensitivity to S1-induced apoptosis in HeLa
cells, and autophagy plays an important role in this process.
In other words, glucose deprivation promotes an apoptotic
response to S1 by enhancing autophagy in HeLa cells.
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