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Solamargine induces apoptosis of human renal carcinoma
cells via downregulating phosphorylated STAT3 expression
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Abstract. Solamargine (SM), an active compound derived
from Solanum nigrum, triggers apoptosis and inhibits the
metastatic and oxidative activities of various types of tumor
cells. However, the effect of SM on human renal carcinoma
cells remains unknown. In the present study, the molecular
mechanisms underlying the antitumor effects of SM on ACHN
and 786-0 cells were elucidated. Specifically, MTT and colony
formation assays were conducted to evaluate the impact of SM
treatment on the proliferation of ACHN and 786-0 cells, and
flow cytometry was conducted to determine the influence of
SM on the apoptosis rates of these cells. In addition, the expres-
sion of target proteins was determined by western blotting.
The results revealed that SM not only inhibited cell viability
but also promoted the apoptosis of ACHN and 786-0O cells in
a time- and dose-dependent manner. Moreover, treatment of
ACHN and 786-0 cells with SM significantly enhanced the
caspase-3, caspase-8 and caspase-9 activities. Furthermore,
SM downregulated the expression of phosphorylated signal
transducer and activator of transcription-3 (p-STAT3) and
Bcl-2 but increased the expression of cleaved caspase-3, -8,
-9 and Bax. BAY2353, a p-STAT3 inhibitor, inhibited the
viability of ACHN and 786-0O cells, increased the expression
of cleaved caspase-9 and Bax and decreased the expression of
p-STAT3 and Bcl-2. Further experiments demonstrated that
SM inhibited tumor growth in xenograft nude mice without
causing specific toxicity to the major organs. Collectively,
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these findings indicated that SM not only inhibited the viability
but also promoted the apoptosis of ACHN and 786-0 cells,
through a mechanism involving downregulation of p-STAT3
expression.

Introduction

Renal cell carcinoma (RCC) accounts for 2-3% of all
cancer cases, while clear cell RCC (ccRCC) accounts for
~75% of all RCC cases worldwide (1,2). It is estimated
that 20-50% of patients who are diagnosed with localized
RCC tumors will still encounter local recurrence or tumor
metastasis after surgical resection, and that their 5-year
survival rate is <10% (2,3). This therefore calls for the
urgent development of effective and less toxic drugs for
treating RCC tumors, and identifying the molecular targets
and underlying mechanisms of RCC is an important step in
developing these treatments. Signal transducer and activator
of transcription (STAT) 3 is phosphorylated and activated by
various hormones, growth factors and cytokines (4). Upon
activation, phosphorylated STAT3 (p-STAT3) dimerizes
and translocates to the nucleus, where it regulates tran-
scription of a broad spectrum of target genes involved in
the regulation of critical functions, including cell prolifera-
tion (5), apoptosis (6), metastasis (7), angiogenesis (8) and
immune responses (9). Numerous studies have shown that
high STATS3 levels were associated with the poor prognosis
of patients with RCC (10-13). Notably, inhibition of STAT3
inhibited cell proliferation and induced the apoptosis of
RCC cells (14), indicating that STAT3 could be a potential
and effective target for RCC therapy.

Prospecting for novel anticancer agents derived from
traditional Chinese medicine has gained research interest.
Notably, the glycoalkaloid compound, solamargine (SM), the
main active ingredient in Solanum nigrum L, was found to
possess significant inhibitory effects against several types
of cancer cells. For example, preliminary results from a
number of studies have revealed its efficacy and potential
underlying mechanisms of action against prostate cancer (15),
hepatoma (16), melanoma (17) and ovarian cancer cells (18).
However, to the best of our knowledge, the effect and
underlying molecular mechanism of action of SM on human
RCC cells remains unknown. Therefore, the main purpose
of the present study was to investigate the effect of SM on
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the viability and apoptosis of RCC cells, and to elucidate the
underlying molecular mechanisms.

Materials and methods

Cell lines and culture. The ACHN cell line was obtained from
The Cell Bank of Type Culture Collection of The Chinese
Academy of Sciences, while the 786-O cell line was purchased
from American Type Culture Collection. ACHN cells were
cultured in DMEM (HyClone; Cytiva) and 786-O cells were
cultured in 1640 medium (HyClone; Cytiva). The media were
supplemented with 10% heat-inactivated fetal bovine serum
(Shanghai ExCell Biology, Inc.), 100 U/ml penicillin and
100 mg/ml streptomycin (HyClone; Cytiva). Both cell lines
were maintained in a humidified atmosphere at 37°C and 5%
CO,.

Drug and chemicals. SM was purchased from
MedChemExpress (cat. no. HY-N0069) and dissolved in
dimethyl sulfoxide (DMSO). The dose was prepared as a
10 mM stock solution (stored at -80°C) and freshly diluted to
a final concentration using cell culture medium prior to use.
BAY?2353 was obtained from Selleck Chemicals.

Cell toxicity experiments. Cells were seeded in 96-well
plates (Corning Inc.) containing culture media at a density of
2,000 cells/well and were cultured for a further 24 h. Then, the
media was replaced with fresh media containing different SM
concentrations (0, 0.1, 1.0, 10.0 and 100.0 xM) and incubated
for a further 0, 24, 48 or 72 h, respectively. After incubation,
20 ul of MTT reagent (Promega Corporation) was added to
each well, and the samples were incubated at 37°C for a further
20 min. The optical density was measured at 492 nm using a
Multiskan GO spectrophotometer (Thermo Fisher Scientific,
Inc.). The experiments were repeated three times.

Flow cytometry. The rate of cell apoptosis was analyzed
using an Annexin V/propidium iodide (PI) apoptosis detec-
tion kit [Hangzhou MultiSciences (Lianke) Biotech, Co.,
Ltd.] according to the manufacturer's instructions. Briefly,
cells were trypsinized, washed three times with PBS and
then resuspended in 0.5 ml binding buffer containing 5 ul
Annexin-V-FITC and 10 g1 PI for 30 min at room temperature.
Then, the contents were subjected to a FACSCalibur Flow
Cytometer using CellQuest Pro software (Version 5.1, BD
Biosciences). The experiments were repeated three times.

Detection of caspase activity. The activities of caspase-3,
caspase-8 and caspase-9 in cells treated with SM were detected
using the caspase activity assay kit, according to the manu-
facturer's instructions (Beyotime Institute of Biotechnology).
Absorbance values were measured at 405 nm using a spec-
trophotometer (Multiscan skyhigh; Thermo Fisher Scientific,
Inc.). The experiments were repeated three times.

Colony formation assay. Cells were seeded into 6-well
plates at a density of 500 cells/well, then treated with 0, 0.05,
0.10 and 0.20 M SM. The cells were then incubated for
15 days at 37°C and 5% CO,, fixed with methanol solution for
15 min at room temperature, and finally stained with Giemsa

for 30 min at room temperature, and colonies consisting of
=50 cells were manually counted. The experiments were
repeated three times.

Fluorescence staining. Cells were first treated with either SM
or 0.1% DMSO, washed with PBS and then fixed with 4%
paraformaldehyde solution for 15 min at room temperature.
Then, the cells were again washed with PBS and the chro-
mosomes were stained with 5 pg/ml DAPI for 5 min at room
temperature. Following staining, the cells were washed with
PBS and then subjected to fluorescence microscopy (Nikon
Corporation) for visualization and image capture. The experi-
ments were repeated three times.

Western blot assay. RCC cells were treated with different doses
of SM in 6-well plates, then total proteins were extracted using
the RIPA Lysis Buffer (Beijing Solarbio Science & Technology
Co., Ltd.). A cell nuclear and cytoplasmic protein extraction
kit (Beyotime Institute of Biotechnology) was used to extract
the nuclear and cytoplasmic proteins. Protein concentrations
were determined using the BCA protein assay kit (Beyotime
Institute of Biotechnology), then equal amounts of protein
(25 pug) were separated on a 12% SDS-PAGE. The protein
bands were subsequently transferred onto PVDF membranes
(MilliporeSigma), which were then blocked for 1 h with 5%
(w/v) not-fat dry milk at room temperature. The membranes
were then incubated overnight with appropriate dilutions of
the following primary antibodies at 4°C: Mouse monoclonal
anti-Bax (cat. no. #89477; 1:1,000; Cell Signaling Technology,
Inc.), mouse monoclonal anti-Bcl-2 (cat. no. 15071; 1:1,000; Cell
Signaling Technology, Inc.), rabbit monoclonal anti-GAPDH
(cat. no. 2118; 1:2,000; Cell Signaling Technology, Inc.),
rabbit monoclonal anti-p-STAT3 (cat. no. 9145; 1:2,000; Cell
Signaling Technology, Inc.), mouse monoclonal anti-total
STAT3 (cat. no. 9139; t-STAT3; 1:1,000; Cell Signaling
Technology, Inc.), rabbit monoclonal anti-cleaved caspase-3
(cat. no. 9664; 1:1,000; Cell Signaling Technology, Inc.), rabbit
monoclonal anti-cleaved caspase-9 (cat. no. 7237; 1:1,000; Cell
Signaling Technology, Inc.), rabbit monoclonal anti-Histone
H3 (cat. no. 4499; 1:2,000; Cell Signaling Technology, Inc.)
and rabbit monoclonal anti-cleaved caspase-8 (cat. no. 38680;
1:2,000; Invitrogen; Thermo Fisher Scientific, Inc.). Next, the
membranes were washed three times with TBST (containing
1%0 Tween-20), then probed with a secondary HRP conju-
gated goat anti-mouse (cat. no. BA1050; 1:5000; Boster) or
HRP conjugated goat anti-rabbit antibodies (cat. no. BA1054;
1:5000; Boster) for 1.5 h at room temperature. Finally, protein
bands were visualized using enhanced chemiluminescence
reagent (Advansta) and analyzed by Tanon Image software
(Version 1.00, Tanon Science & Technology Co., Ltd.,
Shanghai, China). The experiments were repeated three times.

Mouse model. Male 6-week-old BALB/c nude mice were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd,
and maintained in an air-conditioned specific pathogen-free
room (temperature: 23+3°C; humidity: 40-65%) with a
12:12-h light-dark cycle. A total of 10 nude mice were
randomly divided into two equal groups (5 per group), then
tumors were induced by subcutaneously injecting ACHN
cells (5.0x10° cells/mice) into the right flank area of each
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mouse on day 0. Mice in the experimental group were
intragastrically administered 25 mg/kg SM once daily (19),
while those in the control group were given PBS. The animal
health and behavior was checked once a day. The initial
average weight of the SM group and control group were
16.55 and 16.35 g respectively. The length of the experiment
lasted one month. All ten nude mice eventually developed
tumors during this period. Tumor growth and animal body
weight were measured after every 3 days, and the size of the
tumors were calculated using the following formula: 7/6 x
length x weight?. At the end of the experiment, all mice were
sacrificed through cervical dislocation after intraperitoneal
injection of 2% sodium pentobarbital (25 mg/kg) anesthetic.
Tumor tissues were collected and weighed prior to immuno-
histochemistry. The major organs (heart, liver, spleen, lung
and kidney) were also collected.

Immunohistochemistry. Tumor tissues were fixed for 12 h with
4% paraformaldehyde at room temperature, cut into 4-ym
sections and then embedded using paraffin. The slides were
heated at 60°C for 1 h and deparaffinized in xylene solution,
rehydrated by descending concentrations of ethanol, washed
three times with PBS, blocked with 5% bovine serum albumin
(cat. no. SW3015; Solarbio) at room temperature for 1 h, and
then incubated with primary antibody against p-STAT3 (cat.
no. 9145; 1:400; Cell Signaling Technology, Inc.) at room
temperature for 1 h. Next, the sections were washed three times
with PBS and incubated with Biotin-HRP labeled secondary
antibody (cat. no. BA1018; 1:200; Boster) at room temperature
for 1 h. The immunostained cells were counted from five
randomly selected fields, viewed under x400 magnification
using an inverted light microscope (Version ECLIPSE NI-U,
Nikon Corporation). The number of positively stained cells
was measured using the Image-Pro Plus analysis software
(Version 6.0, Media Cybernetics).

Haematoxylin and eoxin (H&E) staining. Paraffin-embedded
sections were prepared as aforementioned, then stained with
hematoxylin for 1 min at room temperature. The sections were
washed for 10 min with water and then stained with eosin for
1 min at room temperature. The slides were visualized using
an optical microscope under x100 magnification.

Statistical analysis. All statistical analyses were performed
using SPSS version 18.0 (SPSS, Inc.) and GraphPad Prism
version 5.0 (Dotmatics) software. Data are presented as the
mean + standard deviation. The unpaired two-tailed Student's
t-test was used to analyze the statistical difference between two
groups. A one-way ANOVA analysis followed by Dunnett's
test was used to calculate the statistical difference between
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

SM suppresses viability of RCC cells. The chemical structure
of SM is shown in Fig. 1A. The results of the MTT assay
demonstrated that SM inhibited the viability of both ACHN
and 786-0 cells in a dose- and time-dependent manner
(Fig. 1B and C). A summary of the SM ICj, values in ACHN

Table I. ICy, values of solamargine in ACHN and 786-O cells.

1Csy, uM
Cell line 12h 24 h 48 h 72 h
ACHN 6.888 0.895 0.311 0.105
786-0O 5.190 1.124 0.527 0.249

and 786-0 cells across each incubation period is shown in
Table 1. Moreover, SM treatment suppressed the clonogenicity
of ACHN and 786-0 cells (Fig. 2). Notably, the density and
number of cell colonies significantly decreased with increasing
SM concentrations.

SM induces the apoptosis of RCC cells. A previous study
has demonstrated an association between inhibition of cell
viability with the induction of apoptosis in cancer cells (20).
To evaluate whether SM induces apoptosis, the nuclei of RCC
cells were stained with DAPI. The nuclear chromatin conden-
sation and fragmentation in cells were notably increased with
increasing concentrations of SM (Fig. 3A). Next, the rate of
SM-induced apoptosis was explored using an Annexin V/PI
assay. The results of the assay demonstrated that SM treatment
increased total cell apoptosis in a dose-dependent manner
(Fig. 3B). Moreover, SM-treated cells exhibited higher rates of
apoptosis at both the early and late stages compared with the
control group, however this was not significant for early apop-
tosis. To elucidate the underlying mechanism of SM-induced
apoptosis, the activities of caspase-3, caspase-8 and caspase-9
were determined. It was found that the activities of all three
caspases were significantly upregulated at higher SM concen-
trations (Table II). In addition, the expression levels of cleaved
caspase-3,-8,-9 and Bax were markedly upregulated while the
level of Bcl-2 was downregulated following 24 h SM treatment
(Fig. 4).

SM downregulates expression of p-STAT3 and inhibits its
translocation into the cytoplasm. Accumulating evidence
has underscored the critical role of STAT3 in modulating the
viability and proliferation of cancer cells (21-23). Therefore,
it was next determined whether STAT3 was involved in
SM-induced cell apoptosis. It was found that SM mediated
a significant reduction in the p-STAT3/t-STAT3 ratio in a
dose-dependent manner (Fig. 5A and B). Phosphorylation of
STAT3 is required for STAT3 dimerization, which enables it to
translocate from the cytoplasm to the nucleus, thus regulating
expression of its target genes (24,25). To further confirm the
localization of p-STAT?3, proteins from SM-treated RCC cells
were fractionated using a nuclear and cytoplasmic protein
extraction kit, following 24 h of treatment. The results demon-
strated that SM treatment downregulated p-STAT3 levels in
the nuclear fraction of RCC cells (Fig. 5C and D). In addition,
treatment with the p-STAT?3 inhibitor, BAY2353, inhibited
the viability of ACHN and 786-O cells (Fig. 6A and B).
Furthermore, BAY2353 increased the expression levels of
cleaved caspase-9 and Bax but decreased levels of p-STAT3
and Bcl-2 (Fig. 6C-F).
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Figure 1. Effects of SM on the viability of ACHN and 786-0 cells. (A) The chemical structure of SM. (B) ACHN and (C) 786-0 cells were incubated with

different concentrations of SM for 12, 24,48 and 72 h. SM, solamargine.
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Figure 2. Effects of SM on the colony formation of ACHN and 786-0 cells. (A) ACHN and 786-0O cells were treated with different concentrations of SM
[0 (control), 0.05, 0.10 and 0.20 xM] for 15 days. The resulting colonies were stained with Giemsa. (B) Survival fraction in treated ACHN and 786-0O cells.

"P<0.01, ""P<0.001 vs. the control group. SM, solamargine.

SM inhibits tumor growth in ACHN xenograft mice. Whether
SM could suppress tumor growth in vivo was next determined
by analyzing its effect on an ACHN-bearing nude mouse
model. Treatment with SM caused a significant decrease in

the volume and weight of tumor tissues (Fig. 7A-C) compared
with the control group. Moreover, there was no significant
difference in body weight between the experimental group
and control group (Fig. 7D). H&E staining of the major organs
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Table II. Effects of SM on the activities of caspases in treated 786-O and ACHN cells.

Cell line SM concentration, uM Caspase-3 activity, IU Caspase-8 activity, IU Caspase-9 activity, IU
786-O 0 (control) 1.800+0.081 1.757+0.095 1.367+0.100
0.05 1.803+0.029 1.803+0.086 1.473+0.072
0.10 2.133+0.116 1.897+0.110 1.657+0.215
0.20 2.323+0.291° 2.310+0.274* 2.100£0.326°
ACHN 0 (control) 2.183+0.144 1.507+0.111 1.803+0.127
0.05 2.210+0.104 1.623+0.127 2.103+0.253
0.10 2.597+0.038* 1.770+£0.085 2.367+0.093*
0.20 2.813+0.264° 2.513+0.510° 3.123+0.201°
1P<0.05,°P<0.01, °P<0.001 vs. the control group. SM, solamargine.
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Figure 3. Effects of SM on the nucleus and apoptosis of ACHN and 786-0 cells. (A) Morphological changes in nuclear chromatin following 24 h of SM treat-
ment. (B) Cell apoptosis was analyzed via Annexin V/PI staining. Cells shown in the lower right and upper right represent the percentages of early and late
apoptosis, respectively. "P<0.05, “P<0.01, ““P<0.001 vs. the control group. PI, propidium iodide; SM, solamargine.

(heart, liver, spleen, lung and kidney) revealed no notable
acute or chronic physiological toxicity following SM treatment

(Fig. 7E). Furthermore, SM treatment significantly decreased
the number of p-STAT3"* cells compared with the control
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Figure 6. Effect of BAY2353 on cell viability and apoptosis-related proteins of renal cancer cells. Effects of BAY2353 on the proliferation of (A) 786-0O and
(B) ACHN cells. Effects of BAY2353 on the levels of STAT3, cleaved caspase-3, cleaved caspase-8 and cleaved caspase-9 in (C) 786-O and (D) ACHN cells.
Effect of BAY2353 on the levels of Bcl-2 and Bax in (E) 786-0 and (F) ACHN cells. “P<0.01, ""P<0.001 vs. the control group. STAT3, signal transducer and
activator of transcription-3; p-STAT3, phosphorylated STAT3, t-STAT3, total STAT3.

group, indicating that SM deactivated STAT3 phosphorylation
in ACHN xenograft mice (Fig. 7F and G).

Discussion

RCC is the third most common malignant tumor of the urinary
system (26). Although numerous treatment options exist for
advanced RCC, the disease remains incurable. Notably,
natural products have exhibited more favorable outcomes and
lower side effects compared with chemical synthetic drugs,
such as andrographis paniculata and phomaketides A (27-29).
In the present study, results of the MTT assay revealed that

SM treatment inhibited RCC cell viability in a dose- and
time-dependent manner, while findings from the colony
formation assay indicated that SM inhibited the growth and
clonogenicity of RCC cells in a dose-dependent manner. These
results were consistent with previous studies that demonstrated
that SM reduced the viability of various cancer cell types in a
dose-dependent manner (15,30,31).

Apoptosis, a process of programmed cell death, occurs
through both extrinsic and intrinsic pathways. While the
extrinsic pathway is triggered by death receptors that result
in caspase-8 activation, the intrinsic pathway is triggered
by organelle injury leading to caspase-9 activation (32,33).
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Figure 7. Effects of SM on tumor growth in ACHN-bearing nude mice. (A) tumors, (B) tumor volume, (C) tumor weight, (D) body weight, (E) Haematoxylin
and eoxin staining of major organs (heart, liver, spleen, lung and kidney) (x100) and (F) Immunohistochemical staining with the p-STAT3 antibody of tumor
tissues from control and SM group mice (x400). (G) Quantification of pSTAT3* cells. Data are presented as the mean + standard deviation, n=5. "P<0.05,
"P<0.01 vs. control group. STAT3, signal transducer and activator of transcription-3; p-STAT3, phosphorylated STAT3, t-STAT3, total STAT3; SM, solamar-
gine.

Both pathways have been shown to activate the same cell apoptosis (25,34,35). Notably, the Bcl-2 family plays a
downstream caspase-3 molecules, to eventually trigger critical role in controlling the intrinsic apoptotic pathway.
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Both pathways have been previously reported in SM-induced
apoptosis (25). Liang et al (36) found that tumor necrosis
factor receptor l-associated DEATH domain protein and
FAS-associated death domain protein were recruited, while
caspase-8 and caspase-3 were activated in SM-treated A549
cells. Moreover, it was demonstrated that SM treatment
induced the release of cytochrome c¢ from the mitochondria,
downregulation of Bcl-2 and Bcl-x(L), upregulation of Bax
and upregulation of caspase-9 activities in A549 cells (36). In
addition, Xie et al (31) found that SM treatment mediated a
significant downregulation of proliferation associated (Ki-67
and proliferating cell nuclear antigen) and anti-apoptotic
(Bcl-2) proteins but promoted the activity of apoptosis-associ-
ated proteins (Bax, caspase-3 and caspase-9) in hepatocellular
cells. Zhang et al (37) also reported that SM downregulated
Bcl-2 and poly ADP ribose polymerase (PARP) proteins, but
upregulated Bax, cleaved PARP, caspase 3, cleaved caspase
3 and caspase 7 proteins in QBC939 human cholangiocar-
cinoma cells. The results of the present study demonstrated
that SM significantly increased apoptosis (accomplished by
the upregulation of caspase-3, caspase-8, caspase-9 and Bax),
whilst decreasing Bcl-2 levels in RCC cells. These results
indicated that both the extrinsic and intrinsic pathways were
involved in SM-induced apoptosis, which is consistent with
previous studies.

A number of studies have reported the antitumor activi-
ties of SM. Notably, one study demonstrated that SM exerted
its antitumor activity by inhibiting the MAPK signaling
pathway (30), while another demonstrated that SM inhibited
cell growth by suppressing PI3K/Akt signaling (15). In addi-
tion, Liu et al (38) concluded that the Notch signaling pathway
was suppressed in SM-treated CM-319 human chordoma cells,
while Zhou et al (39) demonstrated that SM not only inhibited
proliferation but also induced the apoptosis of lung cancer cells
through the p38 MAPK-mediated suppression of phosphoryla-
tion and protein expression of STAT3, followed by induction
of the STAT3 downstream effector, p21. As a proto-oncogenic
transcription factor, constitutive activation of STAT3 induces
tumor development by promoting cell proliferation and
inhibiting apoptosis (40,41). This implies that SM-mediated
suppression of p-STAT3 may facilitate apoptosis. The results
of the present study demonstrated that SM downregulated
expression of p-STAT3 in a dose-dependent manner. Since
tumor-promotion is ultimately regulated by STAT3-dependent
transcriptional regulation of downstream oncogenes, the
present study further focused on the localization of p-STAT3
and found that SM diminished its nuclear localization in
cells. Therefore, it was hypothesized that SM suppressed
translocation of STAT3 to the nucleus in RCC cells. These
results indicated that the decreased p-STAT3 levels were
associated with SM-induced apoptosis. Furthermore, intra-
gastric administration of SM to ACHN-bearing nude mice at
a ratio of 25 mg/kg suppressed tumor growth and decreased
the number of p-STAT3* cells in tumor tissue from the estab-
lished xenograft mouse model, and it had no notable toxicity
to the main organs. However, it is unclear whether higher
SM drug concentrations will cause damages in vivo, and we
will continue to explore in our further studies. In summary,
the results of the present study indicated that SM triggered
the apoptosis of RCC cells. This event was associated with the

inactivation of STAT3 phosphorylation. Taken together, these
results indicated that SM has potential inhibitory effects on
RCC cells and may be used in clinical practice in the future.
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