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Physagulide Q suppresses proliferation and induces
apoptosis in human hepatocellular carcinoma cells
by regulating the ROS-JAK2/Src-STAT3 signaling
pathwayf

Yan-Wei Yang, Lei Yang, Chao Zhang, Cai-Yun Gao, Ting Ma and Ling-Yi Kong*

Physagulide Q (PQ), a new natural compound, was isolated from Physalis angulata L. in our laboratory. In
this study, we observed that PQ suppressed cell proliferation and induced apoptosis in human
hepatocellular carcinoma (HCC) cells. Signal transducer and activator of transcription 3 (STAT3) regulates
the expression of various genes to control cell cycle progression and programmed cell death. PQ
inhibited the phosphorylation of STAT3 on Tyr705 by suppressing the phosphorylation of its upstream
protein kinases Janus-activated kinase 2 (JAK2) and Src. Furthermore, we found that PQ could induce
production of reactive oxygen species (ROS) in human HCC cells. GSH, a ROS scavenger, abrogated the
inhibitory effect of PQ on the JAK2/Src-STAT3 pathway in human HCC cells. These results suggested
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignancies with a high recurrence rate and mortality rate.*
Patients are often diagnosed with HCC at an advanced stage.>
The traditional approach for patients with advanced HCC is
chemotherapy.®> Most chemotherapeutics have been aimed at
therapeutic targets such as epidermal growth factor (EGF),
vascular endothelial growth factor (VEGF) and mTOR to treat
HCC. Sorafenib, a multikinase inhibitor, is the first-line treat-
ment for HCC;** however, it is also associated with drug resis-
tance.” Therefore, there is an urgent need to search for effective
targets and chemopreventive agents for the clinical treatment of
advanced HCC.

Signal transducer and activator of transcription 3 (STAT3) is
a member of the STAT family.® Activation of STAT3 is often
detected in many human cancers, including HCC.” Persistent
STAT3 activation, different from intermittent activation in
normal cells, has anti-apoptotic, proliferative, angiogenic and
metastatic effects in tumor cells.? It has been reported that the
growth of HCC cells is suppressed by blocking the activation of
STAT3.”° Thus, STAT3 is a potential target to treat HCC. Janus-
activated kinase 2 (JAK2) and Src, two important protein
kinases, are the upstream regulators for STAT3 activation.'®
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that PQ inhibited the STAT3 signaling pathway through the generation of ROS in human HCC cells.

JAK2/STAT3 is a classical pathway that is activated by inter-
leukin 6 (IL-6), while Src/STAT3 is a receptor-independent
pathway."*> Thus, STAT3 activation includes IL-6-induced and
constitutive STAT3 activation. Phosphorylated STAT3 is the
major active form of STAT3. Phosphorylated STAT3 dimerizes
and then translocates into the nucleus to control the tran-
scription of various oncogenic genes such as Bcl-2, VEGF and
survivin, which regulate cell proliferation and apoptosis.*

Reactive oxygen species (ROS), which consist of reactive
molecules and free radicals, induce signaling molecules that
regulate cell growth, differentiation, survival and the immune
response.* ROS are very transient species that can lead to
extensive damage to proteins, lipids and DNA. A high rate of
ROS generation can result in oxidative stress, which is an
important mechanism in the promotion of cell apoptosis.*® It
has been demonstrated that the generation of ROS inhibits
proliferation in human HCC cells.*®

Physalis angulata L. is commonly used as a traditional Chinese
medicine for antipyretic, anti-inflammatory and diuretic
purposes.'” However, few studies have reported on the anti-tumor
effects of Physalis angulata L.***° Phytochemical research has
identified withanolides as the main constituents of this plant.>®
We have shown previously that Physagulide M, Physagulide N
and Physagulide O, withanolide compounds isolated from Phys-
alis angulata L., have no obvious cytotoxicity in HepG2 cells."”
However, in this study we tested the cytotoxicity of another three
withanolide compounds isolated from Physalis angulata L. and
the cytotoxicity of PQ was higher than the other two compounds
in HepG2 cells. Thus, we selected PQ to investigate its anti-tumor
effect and molecular mechanism in human HCC cells.
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Experimental
Materials

PQ was isolated from Physalis angulata L. in our laboratory.
Samples containing 95% or higher concentrations of PQ were
used in all of our experiments. PQ (40 mM) was dissolved in
dimethyl sulfoxide (DMSO) to obtain a stock solution. MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide)
was obtained from Sigma-Aldrich (St. Louis, MO, USA). MTT
(5 mg mL™") was dissolved in PBS and was filter-sterilized.
STAT3, phospho-STAT3 (Tyr705), JAK2, phospho-JAK2, Src,
phospho-Src, Bel-2, Bax, Cyclin B1, cdc2, phospho-cdc2, ede25C,
phospho-cdc25C, PARP, cleaved PARP, caspase-3, cleaved
caspase-3, caspase-7, cleaved caspase-7, caspase-9, cleaved
caspase-9, and GAPDH antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA).

Cell lines and cultures

The human HCC cell line HepG2 and normal hepatocellular
cell line L02, purchased from the Cell Bank of the Shanghai
Institute of Biochemistry & Cell Biology (Shanghai, China),
were maintained in DMEM medium (HyClone, Logan, USA)
supplemented with 10% fetal bovine serum (Sijiqing, Hang-
zhou, People’s Republic of China). The human HCC cell line
Bel-7402, obtained from the Cell Bank of the Shanghai Insti-
tute of Biochemistry and Cell Biology (Shanghai, China), was
maintained in RPMI-1640 medium (HyClone, Logan, USA)
supplemented with 10% fetal bovine serum (Sijiqing, Hang-
zhou, People's Republic of China). All of the cell lines
were cultured in a humidified atmosphere in a 5% CO,
incubator at 37 °C.

Cytotoxicity assay

An MTT assay was conducted to examine cell viability. L02,
HepG2 and Bel-7402 cells were seeded in a 96-well cell culture
plate at a density of 4000 cells per well and were stabilized for
24 h. The cells were stimulated with various concentrations of
PQ for 24 h. Then, 20 pL of MTT was added to every well,
and the cells were incubated for an additional 4 h. The
formed purple formazan crystals were dissolved in 150 pL of
DMSO by gentle shaking for 10 min. The absorbance was
measured using an ELISA reader (Spectra Max Plus384;
Molecular Devices, Sunnyvale, CA) at a test wavelength of
570 nm and a reference wavelength of 630 nm. Cell viability
and inhibition rate were calculated using the following
formulas:

Cell viability = (4/4) x 100%
Inhibition rate = (1 — 4/4) x 100%

A, and A represent the absorbance of the test substances and
solvent control, respectively.>* The inhibition rate was analyzed
using GraphPad Prism version 5.0 to get a best-fit half maximal
inhibitory concentration (ICs,) value (GraphPad Software, San
Diego, CA, USA).
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Colony formation assay

HepG2 and Bel-7402 cells were plated on 6-well plates at
a density of eight hundred cells per well. Following incubation
overnight, the cells were treated with different concentrations
(0.5, 1 or 2 uM) of PQ. The medium was replaced after 24 h of
incubation, and the colonies were further observed 10 days
later. The plates were then stained with crystal violet solution
(Sigma-Aldrich, St. Louis, MO), and photographs of the colonies
were taken manually.*

CFDA SE cell proliferation assay

The proliferation of HepG2 and Bel-7402 cells was investigated
using a CFDA SE Cell Proliferation Assay and Tracking Kit
(Beyotime, Nantong, People's Republic of China). HepG2 and
Bel-7402 cells were labeled with CFDA-SE and then were plated
on 6-well plates and incubated for 24 h. Subsequently, the
medium was replaced with fresh medium containing PQ (1, 2,
or 4 uM). After 24 h of incubation, the cells were harvested and
washed twice with ice-cold PBS. The fluorescence intensity was
measured by flow cytometry (BD FACS Canto, NJ, USA).

Cell cycle assay

The cell cycle distribution of HepG2 and Bel-7402 cells was
detected using a Cell Cycle and Apoptosis Analysis Kit (Beyo-
time, Nantong, People's Republic of China). After treatment
with PQ (1, 2, or 4 uM) for 24 h, the cells were harvested, washed
in ice-cold PBS and re-suspended in ice-cold 70% ethanol
overnight. Then, the treated cells were fixed and incubated with
RNAse and propidium iodide (PI) in PBS for 30 min in 37 °C in
the dark. Cell cycle distribution was analyzed using a flow
cytometer (BD FACS Canto, NJ, USA).

JC-1 assay

The ability of PQ to depolarize the mitochondrial membrane in
HepG2 cells was investigated using a JC-1 Apoptosis Detection Kit
(Beyotime, Nantong, People's Republic of China). After treatment
with PQ (1, 2, or 4 uM) for 24 h, the cells were harvested, washed in
ice-cold PBS and incubated with JC-1 for 20 min in a humidified
atmosphere in a 5% CO, incubator at 37 °C. The fluorescence
intensity was measured by flow cytometry (BD FACSCanto, NJ,
USA). JC-1 staining of normal cells predominantly appears as red
florescence. When cells are apoptotic or necrotic, the mitochon-
drial transmembrane potential (A¥m) is reduced, and the JC-1
stain appears as green florescence. A change in the JC-1 flores-
cence emission from red to green indicates a depolarization of the
mitochondrial transmembrane; thus, changes in A¥m can be
measured by the ratio of red and green fluorescence.

AW ..% = ((Mean FL2/Mean FL1)smpie/
(Mean FL2/Mean FL1).oniro1) X 100%

Mean FL1 and Mean FL2 represent the mean value of green
fluorescence intensity and the mean value of red fluorescence
intensity, respectively.

This journal is © The Royal Society of Chemistry 2017
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Annexin V-APC/7-AAD apoptosis assay

The apoptosis of HepG2 cells was detected using fluorescein
isothiocyanate Annexin-APC and 7-AAD. After treatment with
PQ (1, 2, or 4 uM) for 24 h, the cells were harvested, washed in
ice-cold PBS, incubated for 20 min with Annexin V-APC and 7-
AAD, and analyzed using a flow cytometer (BD FACSCanto, NJ,
USA). For analysis, 7-AAD-negative and Annexin V-positive cells
were considered early apoptotic (lower right quadrant), while
cells that were both 7-AAD- and Annexin V-positive were
considered late apoptotic (higher left quadrant). In addition,
cells both 7-AAD- and Annexin V-negativity were considered
normal (lower left quadrant). The rate of apoptosis was the total
of the early and late apoptotic cells relative to the cell
population.

ROS assay

ROS production in HepG2 and Bel-7402 cells was detected
using a Reactive Oxygen Species Assay Kit (Beyotime, Nan-
tong, People's Republic of China). After treatment with PQ
(1, 2, or 4 uM) for 24 h, the cells were harvested, washed in
ice-cold PBS, and subsequently incubated with DCFH-DA (10
uM) in serum-free medium at 37 °C for 20 min. After incu-
bation, the DCFH fluorescence of the cells in each well was
measured using flow cytometry (BD FACS Canto, NJ, USA).
DCFH-DA passes through cell membranes and is cleaved to
DCFH by esterase. ROS oxidizes DCFH, generating DCEF,
a measurable fluorescent product. Therefore, the ROS
production in cells can be measured by the fluorescence
intensity of DCF.

Western blot assay

HepG2 and Bel-7402 cells were rinsed twice with PBS and
lysed in 1 x RIPA lysis buffer (50 mM Tris-HCIl, pH 7. 4,
150 mM Nacl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA
and protease inhibitors) (Amresco, Solon, USA) for 10 min.
The lysed cells were centrifuged at 12 000 rpm for 10 min at
4 °C to collect the supernatant. The protein content in the
supernatant was determined by a BCA protein kit (Beyotime,
Haimen, China). The supernatant, which contained SDS
sample buffer was immediately heated at 100 °C for 10 min.
Equal amounts of protein from the total cell lysates (20-40 pg
per lane) were separated by sodium dodecyl sulfate (8%, 10%
or 12%) polyacrylamide gel electrophoresis gels (SDS-PAGE,
Bio-Rad Laboratories, Hercules, CA) and wet-transferred to
a PVDF membrane (Bio-Rad Laboratories, Hercules, CA).
Nonspecific binding sites in the PVDF membrane were
blocked with 5% skim milk in TBST (20 mM Tris, 166 mM
NaCl, and 0.05% Tween 20, pH 7.5) for 2 h. Subsequently, the
PVDF membrane was reacted first with the specific primary
antibody at 4 °C overnight and with the respective horse-
radish peroxidase-conjugated secondary antibody at room
temperature for 2 h. Finally, the PVDF membrane was washed
twice with TBST. The bound immunocomplexes were detected
using a ChemiDOC™ XRS + system (Bio-Rad Laboratories,
Hercules, CA).>
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Electrophoretic mobility shift assay (EMSA)

STAT3-DNA binding activity was analyzed by EMSA. HepG2 and
Bel-7402 cells were treated with PQ (1, 2, or 4 uM; 24 h) and then
nuclear protein extracts were prepared. The sequence of the
double-stranded oligonucleotide used to detect the DNA-
binding activities of STAT3 was, 5-GAT CCT TCT GGG AAT
TCC TAG ATC-3'. A Biotin 3’ End DNA Labeling Kit (Thermo
scientific, Rockford, U. S. A.) was used to label the double-
stranded oligonucleotide. The reaction mixture for EMSA con-
tained 1 x binding buffer, 50 ng pL~* poly (dI-dC), 0.05% NP-
40, 5 mM MgCl,, 10 mM EDTA, 2.5% glycerol and 4 pg of
nuclear extract (LightShift® Chemiluminescent EMSA Kit,
Thermo scientific, Rockford, U. S. A.). Unlabeled wild-type oligo-
nucleotide was added to the reaction mixture and incubated for
10 min at room temperature. Biotin-labeled probe-DNA was
added, and the binding reaction was allowed to proceed for
another 20 min at room temperature. The mixtures were
resolved on 8% polyacrylamide gels at 120 V for 3 h. Excess
probe-DNA shifted to the bottom of gels due to its small
molecular weight, while protein-probe-DNA stayed at the top of
the gels because of its large molecular weight. Then, the gels
were dried and detected using a ChemiDOC™ XRS + system
(BioRad Laboratories, Hercules, CA). To ensure the credibility of
this method, a positive control assay was performed with Biotin-
EBNA Control DNA and EBNA extract.

Statistical analysis

All of the experiments were conducted more than three times.
The results were expressed as the mean + SD and were analyzed
using GraphPad Prism version 5.0 by performing one-way or
two-way ANOVA (GraphPad Software, San Diego, CA, USA).
Differences of P < 0.05 were considered statistically significant.

Results

PQ inhibits cell proliferation in human HCC cells

We tested the cytotoxicity of PQ in the human HCC cell lines
HepG2 and Bel-7402 using the MTT assay. As shown in Fig. 1A,
PQ significantly inhibited the cell viability of HepG2 and Bel-
7402 cells in a dose-dependent manner. Then, normal hepato-
cellular LO2 cells were used to detect the cytotoxicity of PQ in
normal human cells. Table 1 showed that the IC;, values of PQ
in L02, HepG2 and Bel-7402 cells were 13.64 uM, 2.01 pM and
2.85 uM, respectively. The ICs, values in L02 cells were 5-6-fold
over that of human HCC cells, indicating that PQ had less
cytotoxicity in normal hepatocellular cells. We further examined
the effect of PQ on proliferation in human HCC cells using
a colony formation assay. Consistent with the MTT assay
results, the clonogenicity of HepG2 and Bel-7402 cells was
reduced in a dose-dependent manner after exposure to PQ
(Fig. 1B and C), suggesting that PQ suppressed colony forma-
tion in human HCC cells. Then, a CFDA-SE assay was used to
monitor the effect of PQ on cellular division in HCC cells. As
shown in Fig. 1D, PQ increased the CFDA-SE fluorescence
intensity in HepG2 and Bel-7402 cells, suggesting that PQ
inhibited cell division and proliferation in human HCC cells.

RSC Adv., 2017, 7, 12793-12804 | 12795
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Fig.1 The inhibitory effects of PQ on cell proliferation in human hepatocellular carcinoma cells. (A) HepG2 and Bel-7402 cells were treated with
different concentrations of PQ for 24 h. The cell viability rate was determined using the MTT assay. (B) The inhibitory effect of PQ on HepG2 and
Bel-7402 cell colony formation was evaluated by a clonogenic assay. (C) Histogram represents the number of colonies. (D) HepG2 and Bel-7402
cells were treated with different concentrations (0, 1, 2 or 4 uM) of PQ for 24 h, and the CFDA-SE cell tracer assay was performed. The cells were
analyzed for cell division and proliferation inhibition using flow cytometry. Histogram represents the mean value of fluorescence intensity. The
data are presented as the means + SD of three independent experiments. *P < 0.05, **P < 0.01, compared with the control.

Table 1 ICsq values of PQ in L02, HepG2 and Bel-7402 cells®
L02 HepG2 Bel-7402
ICso (UM) 13.64 £+ 0.32 2.01 + 0.13 2.85 + 0.12

“Values are represented as the means =+ S.D. based on three
independent experiments.
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PQ induces G,/M phase cell cycle arrest in human HCC cells

Cell proliferation partially depends on normal cell cycle
control.>* Therefore, cell cycle analysis was used to test the effect
of PQ on cell cycle progression in HepG2 and Bel-7402 cells. As
shown in Fig. 2A and B, accumulation of the cell population in
the G,/M phase was increased when cells were treated with PQ,
suggesting that PQ induced G,/M phase arrest in HepG2 and
Bel-7402 cells. Then, we examined G,/M phase-related

This journal is © The Royal Society of Chemistry 2017
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Fig.2 PQ induced cell cycle arrest. (A) HepG2 and Bel-7402 cells were treated with various concentrations (0, 1, 2 or 4 uM) of PQ for 24 h, after
which the cells were analyzed for DNA content using flow cytometry. (B) Histogram represents the percentage of cells in each phase. (C) HepG2
and Bel-7402 cells were treated with PQ (0, 1, 2 or 4 uM; 24 h). The expression of Cyclin B1, Cdc2, p-Cdc2, Cdc25C and p-Cdc25C was evaluated
by western blotting. Equal loading of protein was confirmed by probing with GAPDH. (D) Histogram represents mean value of relative protein
expression. The bars represent the means + SD of three independent experiments. *P < 0.05, **P < 0.01, compared with the control.

proteins®*** by western blotting. As shown in Fig. 2C and D, PQ
up-regulated the expression of Cyclin B1 and inhibited the
expression of Cdc25C and p-Cdc25C. These results revealed, at
least in part, that PQ suppressed cell proliferation in human
HCC cells through blocking cell cycle progress.

PQ induces mitochondrial-mediated apoptosis in human
HCC cells

Cell apoptosis plays a significant role in the anti-proliferative
effect by external factors.”® Loss of mitochondrial trans-
membrane potential (A¥,) and activation of caspase-9 are
characteristics of one of the important cell apoptotic

This journal is © The Royal Society of Chemistry 2017

pathways.”**” The influence of PQ on A¥,, in HepGz2 cells was
investigated by JC-1 staining. As shown in Fig. 3A and B, the red-
to-green fluorescence ratio was decreased when cells were
treated with PQ, indicating that PQ induced the loss of A¥,, in
a dose-dependent manner. Moreover, Bcl-2 family proteins
control the A¥ ,,.>* We examined the expression of Bcl-2 and Bax
proteins in HepG2 and Bel-7402 cells via a western blot assay. As
shown in Fig. 3C and D, PQ up-regulated the ratio of Bax/Bcl-2,
consistent with the JC-1 assay result. An Annexin V/7-AAD
staining assay was employed to quantify the apoptotic effect
of PQ in HepG2 cells. As shown in Fig. 3E and F, treatment with
PQ increased the percentage of apoptotic cells dose depen-
dently, suggesting that PQ induced apoptosis in HepG2 cells.

RSC Adv., 2017, 7, 12793-12804 | 12797
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Fig. 3 PQ triggered apoptosis in HepG2 and Bel-7402 cells. (A) HepG2 cells were treated with various concentrations (0, 1, 2 or 4 uM) of PQ for
24 h, and then a JC-1 assay was performed. A¥,,, was measured by flow cytometry. (B) Histogram represents the value of AW, compared with
control. (C) HepG2 and Bel-7402 cells were treated with PQ (0, 1, 2 or 4 uM; 24 h). The protein expression of Bcl-2 and Bax was detected using
western blotting. Equal loading of proteins was confirmed by probing with GAPDH. (D) Histogram represents the mean value of relative protein
expression. (E) HepG2 cells were treated with different concentrations (0, 1, 2 or 4 uM) of PQ for 24 h, and Annexin V-APC (AV) and 7-AAD were
used to stain cells. The percentage of HepG2 cells undergoing apoptosis was analyzed with flow cytometry. (F) Histogram represents the relative
proportion of apoptotic cells. (G) HepG2 and Bel-7402 cells were treated with PQ (0, 1, 2 or 4 uM; 24 h). The expression of caspase-9, cleaved
caspase-9, caspase-3, cleaved caspase-3, caspase-7, cleaved caspase-7, PARP, and cleaved PARP protein was evaluated using western blotting.
Equal loading of protein was confirmed by probing with GAPDH. (H) Histogram represents the mean value of relative protein expression. Bars
represent the means + SD of three independent experiments. *P < 0.05; **P < 0.01, compared with the control.
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Caspase proteins play a central role in the mitochondrial
apoptosis pathway.* To further explore the mechanism of PQ in
apoptosis, we examined the expression of caspase-related
proteins. Fig. 3G and H showed a reduction in the inactive,
proenzymatic form of caspase-9/7/3/PARP and a concomitant
induction of cleavage of caspase-9/7/3/PARP by PQ treatments
in a dose-dependent manner. These results further confirmed
that the antitumor effect of PQ was mediated through activation
of the apoptotic signaling pathway in human HCC cells.

PQ suppresses the phosphorylation of the JAK2/Src-STAT3
pathway in human HCC cells

STAT3 activation is involved in controlling programmed cell
death in human HCC cells.*® To further explore the molecular
mechanism of the pro-apoptotic activity of PQ in human HCC
cells, we tested the effect of PQ on STAT3 activation via
a western blot assay. STAT3 proteins comprise STAT3a and
STAT3f forms, and both of them can be phosphorylated at
tyrosine 705.3* We used a phospho-STAT3 (Tyr 705) antibody to
detect the specific phosphorylation of STAT3 at tyrosine 705.
There were two bands of p-STAT3 and STAT3 proteins. The
upper bands were p-STAT3a. and STAT3a proteins, and the
lower bands were p-STAT3 and STAT3 proteins. Fig. 4A and B
showed that PQ inhibited constitutive STAT3 phosphorylation
at tyrosine 705 in HepG2 and Bel-7402 cells in a dose-dependent
manner. In addition, IL-6 is a growth factor that can induce
STATS3 activation. To determine the effect of PQ on IL-6-induced
STATS3 activation, HepG2 and Bel-7402 cells were treated with or
without PQ (4 uM) for various time points and then stimulated
with or without IL-6 (10 ng mL~") for 30 min. As shown in
Fig. 4C and D, PQ decreased the level of IL-6-induced phos-
phorylation of STAT3 in a time-dependent manner, and the
expression of p-STAT3 in the group of IL-6-treated cells reached
a very low level at 6 h compared with the cells without PQ
treatment. Next, HepG2 and Bel-7402 cells were treated with
various concentrations of PQ for 6 h and then stimulated with
IL-6 for 30 min. Fig. 4E and F showed that PQ suppressed IL-6-
induced STAT3 phosphorylation in a dose-dependent manner.
These results demonstrated that PQ inhibited the phosphory-
lation of STAT3 in human HCC cells.

Phosphorylated STAT3 proteins translocate from the cyto-
plasm into the nucleus where they bind to cis-acting sequences
in the promoter of target genes involved in cell proliferation and
apoptosis.® Thus, we examined the effect of PQ on STAT3 DNA
binding activity. HepG2 and Bel-7402 cells were treated with PQ,
and nuclear extracts were prepared for EMSA analysis. As shown
in Fig. 4G, the band labeled STAT3 is STAT3 protein that bound
to the probe-DNA, and the band near the bottom is excess
probe-DNA. The density of the STAT3-probe-DNA band signifi-
cantly decreased when cells were treated with PQ, indicating
that PQ inhibited STAT3 DNA-binding activity in a dose-
dependent manner in human HCC cells.

To determine which upstream kinases are involved in PQ-
mediated STAT3 inactivation, we examined the effects of PQ
on the phosphorylation of JAK2 and Src in HepG2 and Bel-7402
cells. As shown in Fig. 4H and I, PQ exhibited inhibitory effects
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on the phosphorylation of JAK2 and Src in a dose-dependent
manner. These results demonstrated that PQ inhibited STAT3
activation by inhibiting phospho-JAK2 and phospho-Src.

PQ suppresses JAK2/Src-STAT3 activation by elevating ROS
production in human HCC cells

An appropriate level of intracellular ROS is important for
maintaining redox balance and cell proliferation and excessive
ROS production can induce cell death.*” To further explore the
molecular mechanism of the anti-cancer effect of PQ, we
investigated the effect of PQ on ROS production in human HCC
cells. HepG2 and Bel-7402 cells were treated with PQ and the
fluorescence intensity of DCF was measured by flow cytometry.
As shown in Fig. 5A, the fluorescence intensity increased when
cells were treated with PQ, indicating that PQ induced intra-
cellular ROS production in HepG2 and Bel-7402 cells. Next, the
cell viability was measured when HepG2 and Bel-7402 cells were
incubated with GSH, a ROS scavenger, for 1 h and then treated
with PQ. Fig. 5B showed that pretreatment with GSH rescued
cells from the cytotoxic effects of PQ, suggesting that the anti-
proliferative effect of PQ in human HCC cells was ROS-
dependent. Furthermore, the expression of caspase proteins
was detected after HepG2 and Bel-7402 cells were incubated
with GSH for 1 h and then treated with PQ. As shown in Fig. 5C
and D, GSH decreased the PQ-induced activation of caspase-9/7,
suggesting that PQ induced ROS production to induce
apoptosis in human HCC cells.

Since STAT3 plays a key role in cell proliferation and
apoptosis.® we next examined the relationship between PQ-
induced ROS production and PQ-induced STAT3 inactivation
in human HCC cells. HepG2 and Bel-7402 cells were incubated
with GSH for 1 h and then treated with PQ. GSH decreased the
inhibitory effect of PQ on phosphorylated JAK2, Src and STAT3
(Fig. 5E and F), indicating that PQ inhibited the phosphoryla-
tion of the JAK/Src-STAT3 pathway by inducing ROS production.

Discussion

PQ is a new withanolide compound that was isolated from
Physalis angulata L. Some withanolide compounds isolated
from Physalis angulata L. such as Physangulidine A* and
Physalin F'® have been reported to show anti-cancer activity.
Physangulidine A induces G,/M phase cell cycle arrest and
apoptosis in prostate cancer cells,* while Physalin F induces
apoptosis in human renal carcinoma cells."* However, the
molecular mechanism of the anti-cancer effects of withanolides
remains largely unknown. In this study, we first reported the
anti-cancer activity of PQ and explored its potential molecular
mechanism in human HCC cells.

Unlimited proliferation is an important feature of cancer
cells, and compounds that exhibit anti-tumor effects always
inhibit cell proliferation.**** There are reports that evodiamine
inhibited tumor growth in a subcutaneous HepG2 xenografts
model by decreasing the proliferative ability of cells.*® In this
study, we found that PQ inhibited cell proliferation in human
HCC cells. Cell cycle plays an important role in cell
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Fig.4 PQ suppressed the activation of STAT3 (Tyr705) in human HCC cells. (A) HepG2 and Bel-7402 cells were treated with PQ (0, 1, 2 or 4 uM;
24 h) and then were harvested. The expression of p-STAT3 and STAT3 was analyzed by western blotting. Equal loading of protein was confirmed
by probing with GAPDH. (B) Histogram represents the mean value of p-STAT3 expression. (C) HepG2 and Bel-7402 cells were treated with 4 uM
PQ for various lengths of time and then stimulated with or without IL-6 (10 ng mL™Y) for 30 min. The expression of p-STAT3 and STAT3 was
analyzed using western blotting. Equal loading of protein was confirmed by probing with GAPDH. (D) Histogram represents the mean value of p-
STAT3 expression. (E) HepG2 and Bel-7402 cells were treated with various concentrations of PQ for 6 h and then stimulated with or without IL-6
(10 ng mL™Y) for 30 min. The expression of p-STAT3 and STAT3 was analyzed by western blotting. Equal loading of protein was confirmed by
probing with GAPDH. (F) Histogram represents the mean value of p-STAT3 expression. (G) HepG2 and Bel-7402 cells were treated with various
concentrations of PQ (0, 1, 2 or 4 uM) for 24 h and were analyzed for nuclear STAT3-DNA binding using an EMSA. (H) HepG2 and Bel-7402 cells
were treated with PQ (0, 1, 2 or 4 uM; 24 h) and then were harvested. The expression of the upstream proteins JAK2, p-JAK2, Src and p-Src was
analyzed by western blotting. Equal loading of protein was confirmed by probing with GAPDH. (I) Histogram represents the mean value of relative
proteins expression. The bars represent the means + SD of three independent experiments. *P < 0.05, **P < 0.01, compared with the control; #P

< 0.05, ¥ P < 0.01, compared to treatment with IL-6 alone.
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Fig. 5 PQ induced ROS production to inhibit the phosphorylation of the JAK/Src-STAT3 pathway. (A) HepG2 and Bel-7402 cells were treated
with PQ (0, 1, 2 or 4 uM; 24 h) and labeled with the fluorescent dye DCFH-DA prior to analysis of ROS production using flow cytometry at an Ex/
Em of 488 nm/525 nm. Histogram represents the mean value of fluorescence intensity. (B) HepG2 and Bel-7402 cells were treated with or
without GSH (5 mM) for 1 h and then with different concentrations of PQ for 24 h. The cell viability was determined by the MTT assay. (C) HepG2
and Bel-7402 cells were treated with or without GSH (5 mM) for 1 h and then with or without PQ (4 uM) for 24 h. The expression of caspase-9,
cleaved caspase-9, caspase-7 and cleaved caspase-7 was evaluated using western blotting. Equal loading of protein was confirmed by probing
with GAPDH. (D) Histogram represents the mean value of relative proteins expression. (E) HepG2 and Bel-7402 cells were treated with or without
GSH (5 mM) for 1 h and then with or without PQ (4 uM) for 24 h. The expression of p-JAK2, JAK2, p-Src, Src, p-STAT3 and STAT3 was analyzed by
western blotting. Equal loading of protein was confirmed by probing with GAPDH. (F) Histogram represents the mean value of relative proteins
expression. The bars represent the means = SD of three independent experiments. *P < 0.05, **P < 0.01, compared with the control; #P < 0.05,
##p < 0.01, related to treatment with PQ alone.
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proliferation.** Previously, we found that Physagulide I,
a structural analogues of PQ, inhibited cell proliferation
partially by inducing G,/M phase arrest in human osteosarcoma
cells.* In our study, we found that PQ induced G,/M phase cell
cycle arrest in human HCC cells. Moreover, the progression of
cells from G, to M phase is controlled by several key regulatory
proteins including Cyclin B1, Cdc2, and Cdc25C.** We also
demonstrated that PQ down-regulated the expression of
Cdc25C and p-Cdc25C and up-regulated the expression of
Cyclin B1, which was in good agreement with previous reports
that Physagulide I induced G,/M phase cell cycle arrest by
modulating related proteins.*®* Thus, we provided a novel
finding that PQ, a new withanolide compound, suppressed
proliferation in human HCC cells partially by inducing G,/M
phase cell cycle arrest.

Increasing evidence suggests that withanolides exert an anti-
cancer effect by inducing apoptosis in cancer cells.'®***¢ The
mitochondria-mediated apoptosis pathway is frequently
impaired in human cancers and loss of A¥,, plays a pivotal role
in the mitochondrial apoptosis pathway.”®?” A¥, is tightly
controlled by various factors including the Bcl-2 family.”® The
members of the Bcl-2 protein family can act as either pro-
apoptotic (e.g., Bax, Bid) or anti-apoptotic (e.g., Bel-2, Bcl-XL)
factors.”® An increase in the ratio of Bax/Bcl-2 protein expres-
sion has been reported to induce the loss of A¥,, and cause
mitochondrial-mediated apoptosis.**** In our previous
research, we demonstrated that physapubenolide, a structural
analogue of PQ, triggered the mitochondrial apoptosis in HCC
cells.”* In this work, we found that PQ also induced the loss of
AV, and triggered apoptosis in human HCC cells. Moreover,
the expression of cleaved caspase proteins also play an impor-
tant role in mitochondria-mediated apoptosis.* Previous
research has demonstrated that withaferin A, a structural
analogue of PQ, induced mitochondria-mediated apoptosis by
up-regulating the ratio of Bax/Bcl-2 and cleaved PARP in human
breast cancer cells.?® In our research, we also confirmed that PQ
up-regulated the ratio of Bax/Bcl-2 and cleaved caspase 9/3/7/
PARP to induce mitochondrial-mediated apoptosis in human
HCC cells. We are the first time to report that PQ induces
mitochondria-apoptosis in human HCC cells.

Herein, we verified the anti-cancer activity of PQ, but the
molecular mechanisms of the anti-proliferative and pro-
apoptotic effects of PQ in human HCC cells were not well
elucidated. STAT3, a nuclear transcription factor belonging to
the STAT family, plays an important role in tumor growth.*
Phosphorylated STAT3 has been reported to have anti-
apoptotic, proliferative, angiogenic and metastatic effects in
tumor cells.® Many STAT3 inhibitors have been reported to have
promising anti-cancer activity by inhibiting STAT3 phosphory-
lation, including peptides, peptidomimetics and natural prod-
ucts.’ For example, Stattic, a small-molecule inhibitor of
STAT3, induced apoptosis in breast cancer and HNSCC cells
and inhibited the growth of orthotopic HNSCC tumor xeno-
grafts.'”*> Evodiamine is a natural product that inhibited STAT3
phosphorylation and suppressed tumor growth in a subcuta-
neous HepG2 xenograft model.** Here, we found that PQ
inhibited STAT3 phosphorylation at tyrosine 705, a site that
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regulates STAT3 dimer formation, nuclear translocation and
DNA binding.*® Subsequently, an EMSA assay demonstrated
that STAT3-DNA binding was inhibited by PQ, suggesting that
PQ induced apoptosis partially by inhibiting the phosphoryla-
tion of STAT3 in human HCC cells. Furthermore, the phos-
phorylation of STAT3 at tyrosine 705 is mediated by upstream
kinases such as JAK2 (ref. 44) and Src."? It has been reported that
withaferin A inhibited STAT3 phosphorylation by suppressing
JAK2 activation but not Src activation in human renal carci-
noma Caki cells.® In this study, we demonstrated that PQ
inhibited the phosphorylation of both JAK2 and Src to suppress
STAT3 phosphorylation in human HCC cells. Thus, we provided
evidence that PQ inhibited the phosphorylation of the JAK2/Src-
STAT3 signaling pathway to exhibit an anti-proliferation effect
in human HCC cells.

Cell proliferation and apoptosis are closely linked to the level
of intracellular ROS in cancer cells.** Appropriate intracellular
ROS production is helpful for cell proliferation, but excessive
ROS can induce cell death.* Existing studies have shown that
compounds that lead to ROS accumulation can induce cell
apoptosis, and this effect is associated with apoptosis-related
proteins such as caspase 9/7/3.***° In this study, we demon-
strated that PQ increased ROS production to induce apoptosis
in human HCC cells. Moreover, recent studies have established
a relationship between ROS generation and the phosphoryla-
tion of proteins in the JAK2/Src-STAT3 signaling pathway in
cancer cells.* Previous reports have shown that apoptosis-
inducing compounds could inhibit the phosphorylation of
STAT3 signaling pathway through ROS production.***” In our
study, we found that PQ induced inactivation of the JAK2/Src-
STAT3 pathway via generation of ROS in HCC cells. In

Stimulatory
Modification
p (STAT)
Inhibitory
Modification
Proliferation

Apoptosis

Fig. 6 The proposed signaling pathways of PQ-induced anti-prolif-
eration and apoptosis of HCC cells.
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addition, there are close links between the structures of
compounds and their biological activity. Natural and synthetic
compounds containing electrophilic Michael acceptor phar-
macophores may display promising anti-cancer activity.*** This
is because Michael acceptors display a high electrophilicity and
are associated with the redox balance.* The molecular structure
of PQ contains two Michael acceptor moieties, which may
contribute to ROS production. Moreover, cancer cells are more
sensitive to rapid increases in ROS levels than normal cells.*®
Accordingly, this can partially explain why, in our research, the
1C;5, values of L02 cells was 5-6-fold over that of human HCC
cells. Taken together, we provide a novel finding that PQ trig-
gers apoptosis and exerts anti-proliferation effects in human
HCC cells by regulating the ROS-JAK2/Src-STAT3 signaling
pathway (Fig. 6).

Conclusions

Our study firstly demonstrated that PQ obviously suppressed
proliferation and induced apoptosis in human HCC cells. The
molecular mechanism of PQ on anti-cancer activity in HCC cells
was associated with the ROS-JAK2/Src-STAT3 signaling pathway.
These findings expanded the research scope of Physalis
angulata L. and withanolide compounds and suggested that PQ
can be considered as a potential anti-cancer candidate for the
therapy of HCC.

Abbreviations

HCC Human hepatocellular carcinoma

STAT3 Signal transducer and activator of transcription 3

JAK2 Janus-activated kinase 2

ROS  Reactive oxygen species

MTT  (3-4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide

AV, Mitochondrial transmembrane potential

PARP Poly-(ADP-ribose)-polymerase
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