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Abstract

Treatment outcomes for hepatocellular carcinoma (HCC) remain unsatisfactory, and effective new
therapeutic methods are urgently needed. Gossypol has been shown to have an anti-HCC effect,
but the underlying mechanism requires further study. In this study, we found gossypol inhibited
HCC cells in vitro and in vivo. Typical apoptosis was induced in HCC cells. Dilated ER and
autophagosomes were observed by electron microscopy, and the activation of the unfolded protein
response and autophagy markers suggested that gossypol induced both ER stress and autophagy.
C/EBP homologous protein was the key factor that led to apoptotic cell death, whereas
inositol-requiring enzyme lo and eukaryotic initiation factor 2a played a protective role.
Autophagy protected the cells from ER stress-related apoptosis. Both in vitro and in vivo studies
indicated that inhibition of autophagy enhanced the anti-HCC effect of gossypol. Taken together,
ER stress is the molecular mechanism underlying gossypol-induced apoptosis and autophagy.
Gossypol exhibits anti-HCC activity primarily through the activation of apoptosis. However,
gossypol-induced autophagy protects HCC cells from ER stress. Therefore, a combination therapy
of gossypol and autophagy inhibitors may lead to an enhanced anti-HCC effect.

Abbreviations: HCC, hepatocellular carcinoma; ER, endoplasmic reticulum; UPR, unfolded
protein response; IRE-1a, inositol-requiring enzyme 1 alpha; CHOP, C/EBP homologous protein;
CQ, Chloroquine; elF2a, eukaryotic initiation factor 2a; CCK-8, Cell Counting Kit-8; OD, optical
density; Pl, propidium iodide; TEM, Transmission electron microscopy; IHC,
immunohistochemistry; TUNEL, Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling; PARP, poly ADP ribose polymerase; NC, negative control; BIiP, binding
immunoglobulin protein.

Keywords: hepatocellular carcinoma, gossypol, apoptosis, endoplasmic reticulum stress,
autophagy



Introduction

Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and the second most
frequent cause of cancer-related death every year [1]. Despite improvements in treatment
strategies for HCC over the last two decades, the outcome of this fatal disease remains
unsatisfactory, as the 5-year survival rate is still below 20% [2]. In contrast to most other cancers,
HCC does not involve the activation of a specific target, and most targeted drugs are thus
ineffective [3]. Meanwhile, systemic therapy has been shown to be ineffective for patients with
HCC [4]. The above-mentioned factors account for the challenges in HCC treatment.

Most anticancer agents kill cancer cells by inducing apoptosis [5], and enhanced endoplasmic
reticulum (ER) stress is closely related to intrinsic apoptotic pathways [6, 7]. The ER is an
organelle that is responsible for protein folding and Ca?* storage [8], and ER stress appears when
cells are exposed to specific pathological or physiological conditions. When cells are stressed, the
unfolded protein response (UPR) is activated primarily through its sensors, such as PKR-like ER
kinase, inositol-requiring enzyme 1 alpha (IRE-1a), and activating transcription factor, to restore
ER homeostasis [9]. If ER homeostasis cannot be restored by the UPR, ER stress can lead to cell
death, which is typically mediated by C/EBP homologous protein (CHOP), a proapoptotic
transcription factor [10]. ER stress is always accompanied by autophagy, although the relationship
between autophagy and apoptosis, which can be triggered by ER stress, remains controversial [11,
12]. Our previous study revealed that autophagy protects cells from apoptosis during ER stress
[13]. Hence, we hypothesized that autophagic interference might sensitize cells to ER
stress-induced apoptosis.

Gossypol is a component of cottonseed extract and is used as a fertility control agent due to
its toxicity to sperm [14]. Recently, gossypol has been shown to possess anticancer effects against
several cancer cell lines, including HCC cells [15-17]. In fact, gossypol is now in phase 1I/111
clinical trials for various cancers. Previous studies have revealed that gossypol inhibits cancer cell
proliferation or Kills cancer cells by modulating a variety of signaling pathways [18-20]. Teng et al.
found that gossypol induces DNA fragmentation by inhibiting protein kinase C activity [21]. Bcl-2
and Bcl-XL are the most studied targets of gossypol and are also closely related to cell
proliferation. In a study by Baoleri et al., gossypol was found to down-regulate Bcl-2 protein
expression, which further enhanced doxorubicin-induced apoptosis in cancer cells [17]. At the
same time, gossypol also induces autophagy in cancer cells [22]. However, the specific role of
gossypol-induced autophagy remains controversial. Gao et al. found that gossypol induces
autophagy to protect cells from apoptosis, whereas Jang and Lee reported that gossypol causes
autophagic cell death [23, 24]. In the present study, we further assessed the anticancer effects of
gossypol against HCC cells. Our study also examined the novel role of ER stress and autophagy in
gossypol-induced HCC cell apoptosis.

Materials and Methods

Cell culture and reagents. The human HCC cell lines PLC, Hep3B and Huh7 were purchased
from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were
cultured in Dulbecco’s modified Eagle’s medium (GIBCO BRL, Gaithersburg, MD) supplemented
with 10% fetal bovine serum (GIBCO BRL, Gaithersburg, MD) and 100 U/mL penicillin and
streptomycin. Both cell lines were maintained in a 5% CO, atmosphere at 37°C. Gossypol was
purchased from Selleckchem (Houston, TX). Chloroquine (CQ) was obtained from Sigma-Aldrich



(St. Louis, MO). Annexin V-FITC kits and Fluo-3 AM were from the Beyotime Institute of
Biotechnology (Nantong, China). Cell Counting Kit-8 (CCK-8) was obtained from Dojindo
Laboratories (Kumamoto, Japan). An anti-LC3 (#L8918) rabbit antibody was purchased from
Sigma-Aldrich (St. Louis, MO), and all other antibodies, anti-caspase-3 (#14220), anti-cleaved
caspase-3 (#9664), anti-PARP (#9542), anti-cleaved PARP (#5625), anti-capase-9 (#9508),
anti-cleaved caspase-9 (#52873), anti-CHOP (#2895), anti-BiP (#3177), anti-IRE-lo (#3294),
anti-elF20 (#5234), anti-phosphorylated elF2a (#3597), anti-Atg-5 (#2630), anti-GAPDH
(#5174), were from Cell Signaling Technology (Beverly, MA). For dilution rate: anti-LC3 and
GAPDH was 1:3000, anti-Atg-5 was 1:1000, secondary antibodies were 1:10000, and the rest of
antibodies were 1:500.

CCK-8 assay. Cell viability was determined using the CCK-8 assay. Briefly, 5.0x10° cells were
grown on 96-well plates. After 24 h, the indicated dose of gossypol was added. The dilution
vehicle was administered to the control group. After 48 h of incubation, the medium and gossypol
were removed, and 100 u. CCK-8 working solution was added to each well. After 4 h of
incubation, optical density (OD) was detected at 450 nm using a spectrophotometer (Molecular
Devices Corporation, Sunnyvale, CA). The following formula was used to measure relative cell
viability (%): OD (gossypol group) / OD (control group) x 100%.

Colony forming assay. A total of 500 cells were seeded in 6-well plates in culture medium. After
24 h, the indicated dose of gossypol was added, and the cells were further incubated with gossypol
for 48 h. The medium and gossypol were then removed, and fresh culture medium was added.
Colonies were grown for 20 days, and the medium was changed every week. The cells were
stained with 0.1% crystal violet for 30 min after fixation with 3% paraformaldehyde for 20 min.
The cells were washed with phosphate-buffered saline (PBS) three times and dried. Images were
acquired with a digital camera, and colonies were counted using Imagel) software (National
Institutes of Health, Bethesda, MD).

Western blot analysis. Cell lysates were prepared with RIPA lysis buffer (Beyotime, Nantong,
China) according to the manufacturer’s instructions. Total protein concentration was determined
using a Bicinchoninic Acid Protein Assay Kit (Beyotime, Nantong, China) according to the
manufacturer’s instructions. In total, 20 ug protein was loaded onto each lane for electrophoresis
with homogeneous SDS polyacrylamide gel (4% stacking gel, 10% or 12% separating gel
depending on the molecular weight of target protein). Protein was electrophoresed in stacking gel
under 60 voltage for 30 min and then electrophoresed under 100-110 voltage until fully separated.
Then, the separated proteins were transferred to 0.45 pm polyvinylidene fluoride membranes
(Millipore, Bedford, MA) by semi-dry transfer (50-80 mA per gel for 1 h). The membranes were
incubated with the primary antibodies at 4°C overnight followed by incubation with horseradish
peroxidase-conjugated secondary antibodies at room temperature. The bands were visualized
using a Tanon 5200 system (Beijing, China) after the addition of an enhanced chemiluminescence
reagent (Millipore, Bedford, MA).

Measurement of intracellular calcium concentration. After the cells were treated with the
indicated concentrations of gossypol for 48 h, they were incubated with 5 uM Fluo-3 AM calcium



probe for 1 h. The cells were then washed with PBS and placed in a 37°C incubator for another 30
min to ensure that Fluo-3 was converted into fluorescent Fluo-3. Fluo-3 was detected using a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) following the manufacturer’s
instructions.

Small interfering RNA (siRNA) transfection. siRNAs against human CHOP and ATG5 were
produced by GenePharma (Shanghai, China). The sequences of the siRNAs were as follows:
Si-ATG5, GGGAAGCAGAACCAUACUATT; and si-CHOP,
AAGAACCAGCAGAGGUCACAA. si-IRE-1a and si-elF20 was purchased from Santa Cruz
Biotechnology (sc-40705 and sc-35273, Santa Cruz, CA). Scrambled siRNA was used as negative
control (NC) in this study. The siRNA transfection protocol was described in our previous study
[13].

Annexin V-FITC/propidium iodide (PI) staining. Cell aggregates were collected after treatment
with different concentrations of gossypol for 48 h. The cells were resuspended with binding buffer,
and annexin V-FITC was added. After incubation for 30 min, the cells were washed with PBS and
incubated with PI for 20 min. Data were analyzed with FlowJo software after detection using a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA).

Transmission electron microscopy (TEM). Cells treated with gossypol were collected and fixed
in 4% glutaraldehyde. Ultrathin sections were obtained following published protocols [24], and
the ultrastructures were observed with TEM (JEM-1010; JEOL, Tokyo, Japan).

HCC orthotopic xenograft assay. BALB/c nude mice were purchased from the College of
Veterinary Medicine at Yangzhou University and raised according to the facility’s protocol at the
Animal Experiment Center of Drum Tower Hospital. The experimental protocol was reviewed by
the local ethics committee. Generally, the mice were divided into four groups: control, gossypol,
CQ, and gossypol+CQ groups. A total of 1.0x108 PLC cells were inoculated into the liver, and the
mice were maintained for 1 week; then, the indicated drugs were administered by gavage. The
mice were sacrificed after 4 weeks, and the liver, lung, heart, kidney, and spleen were collected.

Histological examinations and immunochistochemistry (IHC). Tissues fixed with 4%
paraformaldehyde were embedded in paraffin and cut into 5-pum thick slices. For hematoxylin and
eosin (H&E) staining, briefly, the tissue slices were dewaxed in xylene, rehydrated through
decreasing concentrations of ethanol, and washed in PBS. Then the slices were stained with
hematoxylin for 30 sec with agitation and rinsed in water. After that, the slices were stained with
eosin for 10-30 sec with agitation and rinsed in water. After the staining, slices were dehydrated,
mounted and covered with coverslip. IHC was carried out according to published protocols [25]. A
rabbit anti-Ki67 monoclonal antibody (1:900, abl16667; Abcam, Cambridge, MA), rabbit
anti-CHOP monoclonal antibody (1:100, 2895; Cell Signaling Technology, Beverly, MA), and a
Colorimetric Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL)
Apoptosis Assay Kit (C1091; Beyotime, Nantong, China) were used. The slices were observed
and photographed using a microscope (BX50; Olympus, Tokyo, Japan).



Isolation of primary hepatocytes from mice

Primary hepatocytes were isolated from 12 to 14-week-old C57BL/6J mice. Firstly, the mice liver
was perfused through portal vein with HANKS solution containing 0.5 mmol/L EDTA at a flow
rate of 8 ml/min for 4 min and then perfused with HANKS solution containing 84 U/mL
collagenase 1l, 10 mmol/L Hepes and 1.8 mM CaCl, for 6 min. The liver was dissected after
removal, and then cells were separated from the debris with a 100um BD filter. At last, cell
suspension was centrifugated at 50 g for 3 min at 4°C to collect hepatocytes. Isolated hepatocytes
were seeded in culture plates coated with type | collagen and cultured in low glucose Dulbecco’s
modified Eagle’s medium (GIBCO BRL, Gaithersburg, MD) supplemented with 10% fetal bovine
serum (GIBCO BRL, Gaithersburg, MD) and 100 U/mL penicillin and streptomycin at 37°C in an
incubator supplemented with 5% CO> under humidified condition. After the cells attached to the
dishes, the medium was replaced with serum-free low glucose Dulbecco’s modified Eagle’s
medium.

Statistical analysis. Statistical analyses were performed with IBM SPSS software. Data are
expressed as the mean + standard deviation (SD). The means were compared using the unpaired,
two-tailed Student’s t-test or one-way analysis of variance for multiple comparisons. P < 0.05 was
considered statistically significant.

Results

Gossypol induces apoptosis in HCC cells. We first studied the anti-HCC effect of gossypol in
two human HCC cell lines, PLC/PRF/5 (PLC) and Hep3B. Gossypol treatment at a concentration
> 10 uM for 48 h significantly inhibited the viability of PLC and Hep3B cells (Figure 1A). The
colony formation assay also reflects cell viability; hence, we further evaluated the inhibitory effect
of gossypol on HCC colony formation. As shown in Figure 1B, gossypol inhibited colony
formation in PLC and Hep3B cells in a dose-dependent manner. Since gossypol showed
significant cytotoxic effects on HCC cells, we next carried out experiments using annexin V/PI
staining to assess this type of cell death. PLC and Hep3B cells underwent apoptosis when treated
with gossypol (Figure 1C). Quantitative analysis with flow cytometry showed that nearly 70% of
cells underwent early- or late-stage apoptosis after treatment with 20 uM gossypol for 48 h. We
further examined intrinsic apoptosis pathway-related proteins by western blot analysis. The results
showed that gossypol induced cleaved caspase-9, caspase-3, and poly ADP ribose polymerase
(PARP) in HCC cells in a time- and dose-dependent manner, indicating that intrinsic apoptosis
was activated in these cells by gossypol treatment (Figure 1D).

Ultrastructural examinations show a dilated ER and autophagosomes in gossypol-treated
HCC cells. Although gossypol was confirmed to induce cell death in HCC cells primarily through
apoptosis, the specific mechanism by which the intrinsic apoptotic signaling pathway is triggered
by gossypol to induce apoptosis in HCC cells remains unknown. Hence, we examined the
ultrastructure of gossypol-treated cells using TEM (Figure 2). The mitochondria and ER of HCC
cells were normal in the control group (0 uM gossypol-treated group), whereas the mitochondria
had a “fuzzy” appearance and the ER was significantly dilated in the 10 uM gossypol-treated
group. Additionally, autophagosomes were visible in HCC cells after gossypol treatment. These
phenomena indicated that gossypol induces ER stress and autophagy in HCC cells.



Gossypol induces ER stress in HCC cells. The ER plays a critical role in Ca?* homeostasis, and
an aberrant distribution of Ca?* could, to a certain extent, indicate ER stress in cells. After
treatment with 20 uM gossypol, the cytoplasmic calcium level reached nearly 10 times that of the
control group (0 puM gossypol) (Figure 3A). To confirm the presence of ER stress in
gossypol-treated HCC cells, we conducted western blotting experiments to detect ER
stress-related proteins. As the downstream molecules of the UPR pathway, CHOP, phosphorylated
el[F2a and IRE-l1a were significantly up-regulated following gossypol treatment in a
dose-dependent manner (Figure 3B). Nevertheless, the expression of the chaperone protein
binding immunoglobulin protein (BiP) was barely affected in HCC cells. The typical ER stress
inducer tunicamycin was used as a positive control (Figure 3B). Thus, gossypol induces ER stress
in HCC cells, which might lead to the activation of the apoptotic pathway.

CHORP is a key factor in gossypol-induced cell death. As CHOP was significantly activated
during gossypol-induced ER stress in HCC cells (Figure 4A, in the negative control [NC] group),
we utilized siRNA targeting CHOP (si-CHOP) to study the specific role of this protein. si-CHOP
transfection significantly attenuated gossypol-induced CHOP accumulation in the si-CHOP group
(Figure 4A). PARP was obviously cleaved following gossypol treatment in the NC group, whereas
little PARP cleavage was observed after CHOP was knocked down by siRNA transfection in the
si-CHOP group. We next examined the cytotoxic effect of gossypol on HCC cells following
CHOP knockdown (si-CHOP). The CCK-8 assay showed that the cytotoxic effect of gossypol was
partially abolished when CHOP was knocked down (Figure 4D, si-CHOP group). At the same
time, we also examined the function of IRE-1a and phosphorylated eIF2a in the same way. The
results showed that IRE-1a or phosphorylated elF20 knockdown led to the opposite effect, in
which cells exhibited increased sensitivity to gossypol (Figure 4B, C, D, si-IRE-1o and
phosphorylated eIF2a). These results indicated that CHOP plays a key role in gossypol-induced
apoptosis, whereas the accumulation of IRE-1a and phosphorylated eIF2a plays a protective role.

Autophagy protects HCC cells from apoptosis. The autophagosomes that were observed in
gossypol-treated cells via TEM are an indicator of autophagy (Figure 2). We then investigated the
role of gossypol-induced autophagy in the gossypol-induced apoptotic process. LC3-1 was
converted into LC-3II in a dose-dependent manner in PLC and Hep3B cells treated with gossypol,
indicating dose-dependent autophagic activity (Figure 5A). ATG5 is an important regulator of
autophagy, and we utilized a siRNA that targeted this regulator to block autophagy in HCC cells.
As a result, when ATG5 was knocked down, gossypol-induced LC3 conversion was partially
inhibited. At the same time, once ATG5 was knocked down, PARP cleavage was increased
following gossypol treatment (Figure 5B). The CCK-8 assay showed that ATG5 knocked down
could enhance the cytotoxic effect of gossypol (Figure 5C). Our results demonstrated that
gossypol-induced autophagy plays a protective role in the gossypol-induced apoptotic process.
Inhibition of autophagy by RNA interference enhanced apoptosis of HCC cells during gossypol
treatment. This induction of autophagy is a typical feedback mechanism that cells utilize to protect
themselves.

An autophagy inhibitor enhances the anti-HCC effect of gossypol in vivo. We generated a



tumor orthotopic xenograft model to investigate the anti-HCC effect and toxicity of gossypol on
normal tissues/hepatocytes in vivo. Gossypol significantly inhibited tumor volume compared to
that of the control and CQ groups, and gossypol combined with CQ further reduced tumor volume
(Figure 6A). Ki67, a marker of proliferation, showed weak staining in the gossypol and CQ
combined treatment group (GOS+CQ group), whereas TUNEL staining for apoptosis was most
robust in the GOS+CQ group (Figure 6B, C). CHOP was also stained in the tumor tissues, and
GOS+CQ group increased CHOP expression in HCC tissues (Figure 6D). The level of cleaved
caspase-3 was higher in the gossypol and GOS+CQ groups, which indicated that more cells died
(Figure 6E).

Gossypol is a hepatotoxic substance, so we verified the safety of the gossypol concentration
used in our experiment. The viability of primary hepatocytes was nearly 90% when treated with
20 uM gossypol and 86% with 20 uM gossypol plus 20 uM CQ (Figure 6F). Furthermore, H&E
staining of normal liver, lung, heart, kidney and spleen tissues indicated barely any difference
between the groups (Figure 6G, S1).

These results were in accordance with the in vitro studies, showing that gossypol inhibited
HCC cell viability and that the inhibition of autophagy enhanced this effect.

Discussion

Gossypol is a naturally occurring polyphenol that has been used as a male contraceptive. The
biological activity of this compound has recently been exploited for its anticancer potential [14].
In fact, several studies have shown that gossypol influences cell survival in different cancers,
including HCC [15, 18, 26]. In the present study, we verified the anti-tumor effect of gossypol on
two HCC cell lines. Our results were in accordance with previous studies, showing that gossypol
induced distinct cytotoxicity in HCC cells.

Although it is accepted that gossypol inhibits the proliferation of different cancer cells, the
specific mechanism underlying its anti-HCC effect remains elusive. Many previous studies have
regarded gossypol as a BH3 mimetic [18]. More specifically, gossypol inhibits proliferation of
cancer cells through the induction of apoptosis, which is achieved via the inhibition of Bcl-2 and
Bcel-xlI [17, 18]. Oliver et al. reported that gossypol acts directly on mitochondria to induce cell
death [20]. The ability of gossypol to induce intrinsic apoptosis was also verified in our
experiments.

Death receptors, mitochondria, and ER stress are three common pathways for the induction
of apoptosis [10]. The normal ER lumen promotes proper protein folding, but under stress
conditions, the ER cannot meet the demands for protein folding. Misfolded proteins accumulate,
and an adaptive UPR is activated to restore ER homeostasis. When the stress is strong and
persistent, the UPR eventually induces apoptosis via mitochondria. Studies have reported
numerous anticancer agents that target the ER stress pathway. In their latest study, Zhang et al.
discovered a new synthetic flavonoid that activates the extrinsic apoptotic pathway in human lung
cancer cells via ER stress [27]. Lu et al. identified a new anti-colorectal cancer agent, cinobufagin.
The specific mechanism of this anticancer drug is the activation of ER stress-related apoptosis
[28]. Moreover, several existing anticancer drugs have been found to induce ER stress. Sorafenib
is an oral multikinase inhibitor that has inhibitory effects on HCC cells. Shi et al. showed that
sorafenib induces apoptosis in HCC cells by inducing ER stress. Additionally, they found that
sorafenib induces ER stress-related apoptosis independently of the MEK1/2-ERK1/2 pathway and



that knockdown of a key ER stress regulator attenuates its anti-HCC effect [29]. Soderquist et al.
reported that ER stress in cancer cells could be triggered by gossypol, and this study illustrated a
new potential application for the anticancer action of gossypol [19].

In the present study, we observed the ultrastructure of gossypol-treated cells via TEM and
found that abundant vacuoles appeared in HCC cells, which were, more accurately, enlarged ER.
Meanwhile, CHOP, phosphorylated eIF2a and IRE-1a accumulated with increasing treatment time
or dose. The accumulation of these factors is a typical sign of ER stress-dependent UPR signaling
[30]. Disequilibrium of calcium homeostasis is another sign of ER stress, as ER homeostasis is
critical for the maintenance of cytosolic calcium levels [8].

CHOP and IRE-1a are key regulators during ER stress; however, these two proteins play
different roles in cell fate. To date, whether the function of IRE-1a is proapoptotic or pro-survival
remains unclear. Urano et al. [31] showed that IRE-1a activates ASK1/JNK to promote cell death.
Ghosh et al. demonstrated that IRE-la inhibition preserves survival in models of ER
stress-induced diseases [32]. However, IRE-lo-mediated RNA decay can also inhibit some
proapoptotic proteins, which further promotes cell survival. For example, Lu et al. found that
IRE-lo inhibits the TNF-related apoptosis-inducing ligand receptor 2 and protects cells from
apoptosis [33]. Unlike IRE-1a or phosphorylated eIF2a, CHOP has been shown to play a critical
role in cell death. Studies have revealed that CHOP induces proapoptotic proteins and inhibits
pro-survival proteins [34].

In our study, we found that knocking down CHOP expression with siRNA minimized the
anti-HCC effect of gossypol, which indicated that CHOP plays a critical role in the induction of
apoptosis. However, phosphorylated eIF2a or IRE-1a inhibition led to the opposite effect. Briefly,
gossypol promoted ER stress in HCC cells, and CHOP was the key factor that induced apoptosis,
whereas phosphorylated elF2a and IRE-1a played a protective role.

As mentioned previously, autophagy is often accompanied with ER stress. The UPR activated
during ER stress and the major ER stress pathway stimulates autophagy, which plays a dual role in
affecting cell fate [12, 35]. In our study, we observed the conversion of LC3-1 to LC3-Il, which
reflects the activation of autophagy. To determine the effect of autophagy induced by gossypol, we
knocked down the key regulators of autophagy ATG5 using siRNA. Apoptosis of HCC cells
increased once autophagy was inhibited. Our results indicated that autophagy protected the cells
from ER-related apoptosis. Then, using in vivo experiments, we established the anti-HCC effect of
gossypol. Since autophagy plays a protective role, we combined the specific autophagy inhibitor
CQ with gossypol to inhibit the growth of in situ tumors. The results were consistent with the in
vitro assays, showing that inhibition of autophagy enhanced the anti-HCC effect of gossypol.

Conclusion

In summary, our study showed that gossypol induced apoptosis in HCC cells via ER stress and
that the autophagy that occurred with ER stress had a protective effect. Gossypol may become a
new therapeutic strategy for HCC, and combination therapy with an autophagy inhibitor may
enhance the anti-HCC effect of gossypol.
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Figure legends

Figure 1. Gossypol induces apoptosis in HCC cells. A. PLC and Hep3B cells were treated with
increasing concentrations of gossypol for 48 h. Cell viability was measured using the CCK-8 assay.
Data are expressed as the mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the
0 uM group. B. Cell colonies were stained by crystal violet. The number of colonies was
counted and normalized to controls (0 uM gossypol group). *P < 0.05, **P < 0.01, and ***P <
0.001 compared with the 0 uM group. This result is representative for two independent replicates.
C. HCC cells were stained with annexin V/Pl. Gossypol-induced cell death was verified by flow
cytometry. This result is representative for two independent replicates. D. PLC and Hep3B cells
were treated with gossypol at the indicated concentrations for 48h or treated with 20 uM gossypol
for the indicated times. The apoptosis-related proteins caspase-3, caspase-9, and PARP together
with their cleaved forms were analyzed by western blotting. GAPDH was used as a loading
control. This result is representative for three independent replicates.

Figure 2. Gossypol induces ultrastructural changes. Ultrastructural changes were observed by
TEM in PLC and Hep3B cells after treatment with the indicated concentrations of gossypol for 48
h. Arrows indicate normal ER, asterisks indicate dilated ER, and arrowheads show
autophagosomes. This result is representative for two independent replicates.

Figure 3. Gossypol induces ER stress in HCC cells. A. PLC and Hep3B cells were treated with
gossypol at the indicated concentration for 48 h, and the cells were loaded with Fluo-3 AM.
Cytosolic calcium was measured by flow cytometry. This result is representative for two
independent replicates. B. PLC and Hep3B cells were treated with gossypol at the indicated
concentration for 48 h. ER stress pathway-related proteins were measured by western blotting.
GAPDH was used as a loading control, and cells treated with tunicamycin (TM, 5 pg/mL) for 6 h
were regarded as the positive ER stress group. This result is representative for three independent
replicates.

Figure 4. ER stress-related proteins play diverse roles in gossypol-induced apoptosis. A. The cells
were transfected with CHOP siRNA before treatment with 0, 10, or 20 uM gossypol for 48 h.
Cleaved PARP levels were determined by western blotting. This result is representative for three
independent replicates. B. PLC and Hep3B cells were transfected with IRE-1o sSiRNA before
treatment with 0, 10, or 20 uM gossypol for 48 h. Cleaved PARP levels were determined by
western blotting. This result is representative for three independent replicates. C. The cells were
transfected with elF2a siRNA before treatment with 0, 10, or 20 uM gossypol for 48 h. Cleaved
PARP levels were determined by western blotting. This result is representative for three
independent replicates. D. Hep3B/PLC cells were transfected with CHOP, IRE-1a, elF2a or NC
siRNA before treatment with 0, 2.5, 5, 10, or 20 uM gossypol for 48 h. The viability of
Hep3B/PLC cells following CHOP, IRE-1a, elF20 and NC siRNA transfection was determined
using the CCK-8 assay. Data are expressed as the mean + SD. *P < 0.05, **P < 0.01, and ***P <
0.001 compared with the corresponding NC group.

Figure 5. Initiation of protective autophagy in HCC cells. A. PLC/Hep3B cells were treated with



various concentrations of gossypol. The protein level of LC3 was determined by western blotting.
This result is representative for three independent replicates. B. PLC/Hep3B cells were transfected
with ATG5 siRNA (si-ATG5) and treated with 0, 10, or 20 pM gossypol for 48 h. Cleaved PARP
and ATG5 levels were determined by western blotting. GAPDH was used as a loading control.
This result is representative for three independent replicates. C. Hep3B/PLC cells were treated
with 0, 2.5, 5, 10, or 20 uM gossypol with or without si-ATG5 for 48 h. The viability of cells was
determined using the CCK-8 assay. Data are expressed as the mean £ SD. *P < 0.05, **P < 0.01,
and ***P < 0.001 compared with the corresponding NC group.

Figure 6. Gossypol inhibits tumor growth in vivo. A. An in situ HCC model was generated by the
orthotopic injection of PLC cells. At 1 week after injection, the indicated drugs were administered
by gavage daily until the mice were sacrificed. Mice in the NC group were administered water,
mice in the CQ group were administered 60 mg/kg/day CQ, mice in the GOS group were
administered 10 mg/kg/day gossypol, and mice in the CQ+GOS group were administered 60
mg/kg/day CQ and 10 mg/kg/day gossypol. Tumor volumes were measured. B, C, D. Ki67 (B)
and TUNEL (C) staining indicated proliferation and apoptosis in the tumor tissues, respectively.
CHOP accumulation in tumor tissue was also detected via IHC (D) (scale bar, 25 um). Staining
intensity levels from the IHC experiment were analyzed and normalized to the control groups. *P
< 0.05, **P < 0.01, and ***P < 0.01 compared with the corresponding NC groups.  E. Proteins
were isolated from the tumor tissues for electrophoresis. Caspase-3 and cleaved caspase-3 levels
were detected via western blotting. GAPDH was used as a loading control. F. Primary
hepatocytes were isolated from healthy mice liver and the cells were treated with increasing
concentrations of gossypol with or without CQ for 48 h. Cell viability was measured using the
CCK-8 assay. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the 0 pM group. G. H&E
staining of normal liver tissue indicated the toxicity of gossypol (scale bar, 25 wm). Representative
staining images were shown. Tissue staining performed on 5 samples from each group.
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