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(OCCC) growth in vivo, and migration of OCCC cells
in vitro, by down-regulating the PI3BK/AKT and
actin cytoskeleton signaling pathways
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Abstract: Patients diagnosed with ovarian clear cell carcinoma (OCCC), a rare histologic subtype of ovarian cancer,
often experience poor prognosis owing to the chemoresistance of their disease. Thus, there is an urgent need
to identify new therapeutic options for these patients. A drug screen of 172 traditional Chinese herbs identified
resibufogenin as a compound that inhibited the growth of cultured OCCC cells. Resibufogenin, a bioactive com-
pound originally isolated from toad venom, is used in traditional Chinese medicine to treat several malignancies.
The current study examined the impact of resibufogenin treatment on proliferation, migration, and invasion of ES-2
and TOV-21G OCCC cells in vitro. Flow cytometric analyses were employed to determine if resibufogenin affects
apoptosis in OCCC cells. Additionally, the ability of resibufogenin to inhibit tumor growth in vivo was evaluated in
murine xenograft models. RNA sequencing, quantitative polymerase chain reactions (qPCR), immunohistochemical
assays, and western blotting were used to identify and verify cellular pathways potentially targeted by resibufo-
genin. Resibufogenin inhibited proliferation, migration, and invasion of OCCC cells, and induced apoptosis in them.
Resibufogenin also suppressed the growth of xenograft tumors, which consequently showed lower Ki-67 and higher
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) expression. We observed down-regulation of
(a) PI3K and AKT in the PI3BK/AKT signaling pathway, and (b) MDM2 and myosin in the actin cytoskeleton pathway
upon resibufogenin treatment. Thus, resibufogenin inhibits growth and migration of OCCC cells in vitro and sup-
presses OCCC growth in vivo through the PI3K/AKT and actin cytoskeleton signaling pathways.
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Introduction gically, histologically, and clinically, OCCC is a
distinct subtype of EOC, and is different from
the commonest subtype of EOC, high-grade

serous ovarian carcinoma (HGSOC).

Ovarian cancer is one of the leading causes of
cancer-related deaths among women world-
wide [1, 2], accounting for 5-6% of all cancer-

related deaths. Ovarian clear cell carcinoma While OCCC tends to present at earlier stages,

(OCCC) accounts for approximately 5-25% of
epithelial ovarian cancers (EOC), and its inci-
dence varies by population [3-5]. Although ra-
re, it presents a unique treatment challenge;
OCCC carries a very poor prognosis in large
part due to the extremely high rate of resis-
tance to standard cis-platinum and paclitaxel
combination chemotherapy [5-8]. Epidemiolo-

women with advanced disease have a poorer
prognosis compared to women with other EOC
subtypes [9]. A median overall survival of 21.3
months has been reported for women with
OCCC, compared to a median overall survival
of 40.8 months for those with HGSOC. It is be-
lieved that the disparity in outcomes may be
attributed, at least in part, to tumor resistance
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to chemotherapy. While platinum-based che-
motherapy is standard first-line treatment for
EOC, OCCC does not respond well to this regi-
men. In a multi-center retrospective study of
patients with stage Ill/IV OCCC with measur-
able disease after surgery, response to plati-
num-based chemotherapy was 11.1%, as com-
pared with 72.5% in patients with HGSOC [9,
10]. Another analysis of data from multiple
clinical trials for advanced ovarian cancer fou-
nd that overall response rates were 45% for
OCCC versus 81% for HGSOC [11, 12]. Thus, to
improve outcomes for patients diagnosed with
OCCGC, it is critical to overcome chemo-resis-
tance or identify new drugs for therapy.

In recent years, researchers have noted the
potential antitumor activity of natural produ-
cts used in traditional Chinese medicines. We
screened ethanol extracts of 172 traditional
Chinese herbs against ES-2 and TOV-21G OC-
CC cells and found that the ethanol extracts of
several traditional Chinese medicines inhibit
growth of these cells. Then, the bioactive com-
pounds were isolated from those Chinese med-
icines. One of them was resibufogenin, a tradi-
tional Chinese medicine that has been used
to treat malignancies for serval decades in
China. Resibufogenin (3-hydroxy-14,15-epoxy-
20,22-diennolide glycoside, C,,H.,0,) is the
bioactive component of toad venom and be-
longs to steroid family of compounds [13]. Its
chemical structure is shown in Figure 1A. Re-
sibufogenin is mainly obtained from the skin
and parotid venom glands of toads, including
Bufo Bufo gargarizans Cantor and Bufo mela-
nostictus Schneider. Numerous physiological
and pharmacological effects including cardio-
tonic effects, platelet inhibition, vascular con-
traction, antiepileptic, and local anesthetic ac-
tions have been reported for resibufogenin
[14]. Resibufogenin inhibits the growth of tu-
mor cells such as human hepatocellular can-
cer cells, and human colon cancer cells [13-
16]. However, the precise molecular mecha-
nism of cancer cell growth inhibition by resibu-
fogenin is still unknown.

Therefore, this study was designed (1) to exam-
ine the effects of resibufogenin on proliferat-
ion and migration of OCCC cells in vitro, (2) to
examine the ability of resibufogenin to inhibit
tumor growth in vivo in xenograft models, and
(3) to explore the molecular mechanism under-
lying the anti-cancer activity of resibufogenin in
0OCCC.
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Materials and methods
Cell lines and reagents

We obtained the ES-2 and TOV-21G OCCC cell
lines from the American Type Culture Collec-
tion. These cells were grown in Roswell Park
Memorial Institute (RPMI) 1640 Medium (Hy-
clone, Pittsburgh, PA) with 10% fetal bovine
serum (FBS; Hyclone), 1% penicillin, and 1%
streptomycin, at 37°C in 5% CO,. Resibufoge-
nin was obtained from MedChem Express Ch-
emical Co. (Shanghai, China) and dissolved in
DMSO, to a final concentration (v/v) of 0.1%.

Cell viability assay

Cell viability was measured using a Cell Coun-
ting Kit-8 (CCK-8; Dojindo Laboratories, Kuma-
moto, Japan). Briefly, approximately 5 x 103
cells were seeded in 96-well plates. After cells
had adhered overnight, they were either treat-
ed with DMSO (as control) or with 20 uM resi-
bufogenin for the indicated durations, followed
by addition of 10 ul CCK-8 reagent per 100 ul
culture medium. Cells were cultured for an ad-
ditional hour at 37°C before absorbance was
measured at 450 nm using a spectrophotome-
ter. All experiments were repeated three times.

Migration assay

ES-2 and TOV-21G OCCC cells were starved for
12 hours in serum-free medium. A total of 1 x
10° cells were resuspended in 200 ul of ser-
um-free medium before being seeded into the
upper Transwell chamber (Corning, New York,
NY) with DMSO (as control) or 20 pM resibufo-
genin. Then, 600 pl medium with 10% FBS was
added to the lower chamber to act as the che-
moattractant, and cells were cultured at 37°C.
After 12 hours, cells on the upper surface of
the chamber were carefully cleansed with a cot-
ton swab to remove culture medium and cells
that had not migrated through the insert. Cells
that had migrated through the filter pores to the
underside of the insert were fixed with 4% para-
formaldehyde for 30 minutes, and then stained
with 0.1% crystal violet for 10 minutes. Finally,
an upright metallurgical microscope was used
to photograph five random fields in the mem-
brane underside, and cells that had migrated
were counted. All experiments were repeated in
triplicate.
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Figure 1. Chemical structure of resibufogenin and effect of resibufogenin on cell viability in ES-2 and TOV-21G OCCC
cell lines. ES-2 and TOV-21G cells were cultured with the indicated concentrations of resibufogenin for 24 hours.
Morphology changes including cell shriveling, bursting, and floating were observed in resibufogenin-treated cells
when compared to the control group (photomicrographs in A and C). Bar graphical representation of cell viability as
assessed by the CCK-8 assay (B and D). (E) Shows the structure of resibufogenin. Results represent the mean of
three independent experiments. *P < 0.05, and **P < 0.01 for comparisons between groups.

Invasion assay

ES-2 and TOV-21G OCCC cells were starved in
serum-free medium for 12 hours. The Transwell
chamber was pre-applied with 50 ul Matrigel
(BD Biosciences, San Jose, CA). A total of 1 x
105 cells were resuspended in 200 ul of serum-
free medium and seeded into the upper Trans-
well chamber (Corning) with DMSO (as control)
or 20 uM resibufogenin. To act as a chemoat-
tractant, 600 pl medium containing 10% FBS
was added to the lower chamber, and cells
were cultured at 37°C. After 24 hours, invaded
cells on the lower surface were fixed with 4%
paraformaldehyde for 30 minutes, and then
stained with 0.1% crystal violet for 10 minu-
tes. Finally, an upright metallurgical microscope
was used to photograph five random fields in
the underside of the insert, and cells that had
successfully invaded were counted. All experi-
ments were repeated in triplicate.

Flow cytometric analysis of apoptosis

Phycoerythrin (PE) Annexin V Apoptosis Detec-
tion Kit | (BD Biosciences) was used to detect
apoptotic cells following the manufacturer’s
protocol. After ES-2 and TOV-21G cells were
treated with 20 uM resibufogenin for 24 hours,
they were washed twice with ice-cold phos-
phate-buffered saline (PBS) and resuspended
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in 1 x Binding Buffer at a concentration of
1 x 108 cells/ml. Then, 5 ul PE Annexin V and 5
pl 7-Amino-Actinomycin (7-AAD) were added to
the Binding Buffer and cells were incubated at
room temperature for 15 minutes in the dark.
Thereafter, apoptotic cells were detected via
flow cytometry (FV500, Beckman Coulter, Brea,
USA). The PE Annexin V-positive, 7-AAD-positive
cell population were considered as the apop-
totic cell population. FlowJo 7.6 (FlowJo, LLC,
Ashland, OR) was used to analyze the flow
cytometry data. Each experiment was conduct-
ed in triplicate.

Mouse xenograft assay

Four weeks-old female athymic nude mice (BA-
LB/c, nu/nu) were purchased from Shanghai
Laboratory Animal Center (Shanghai, China).
They were housed and maintained in a stan-
dard environment and the protocol was appro-
ved by the Animal Care and Research Commit-
tee of Fudan University. The mice were inject-
ed in their flanks subcutaneously with 1 x 107
TOV-21G cells suspended in 200 pl of RPMI
1640 medium. Mice were randomly divided
into 2 groups (n = 3 per group)-the control
group and the resibufogenin treatment group.
Mice in the two groups were injected intraperi-
toneally with PBS or resibufogenin (20 mg/kg/
day), respectively, for 21 consecutive days. We
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measured tumors sizes using calipers every
day. Tumor volumes were calculated as follows:
volume = 0.5 x length x width?. After treatment
for 21 days, the mice were euthanized and
tumors were removed carefully, photographed,
and fixed with 4% paraformaldehyde for the fol-
lowing immunochemistry assay.

Immunohistochemistry assay

Formalin-fixed paraffin-.embedded murine tu-
mor tissues were sectioned into 5-mme-thick
sections. After deparaffinization and dehydra-
tion, the sections were subjected to antigen
retrieval at 95°C for 30 minutes and were
blocked with goat serum for 1 hour. Then, the
sections were incubated with primary antibod-
ies at 4°C overnight and with horseradish per-
oxidase (HRP)-conjugated secondary antibod-
ies at 37°C for 45 minutes. Antibodies against
Ki-67, PI3K, AKT, and MDM2 were purchased
from Abcam (Cambridge, MA), and cell apopto-
sis was assessed using a terminal deoxynucle-
otidyl transferase dUTP nick end labeling (TU-
NEL) assay using an In-Situ Cell Death Detec-
tion Kit (Roche, Basel, Switzerland) according
to the manufacturer’s instructions. Five images
at 400 x magnification were selected at ran-
dom to evaluate the average number of Ki-67-,
TUNEL-, PI3K-, AKT-, and MDM2-positive cells.

RNA sequencing and analysis of differential
MRNA expression

TOV-21 cells were seeded in 6-well plates at
a density of 1 x 108 cells/well and incubated
with 20 pyM resibufogenin or PBS for 6 hours
and 12 hours, respectively. After incubation,
total RNA of cells belonging to the four experi-
mental groups was isolated using Trizol. After
the mRNA library was established and che-
cked to ensure that the mRNA quality was
acceptable, differential mMRNA expression was
analyzed. Tophat software (version 2.0.9) was
used to align the RNA-seq reads to the Homo
sapiens reference genome. Cufflinks software
(version 2.1.1) was used to assemble these
mapped reads into possible transcripts and
generate a final transcriptome assembly. The
transcripts of different samples were consoli-
dated by Cuffmerge. Comprehensive and non-
redundant transcript information of each sam-
ple was thus obtained. Differential gene expre-
ssion was analyzed by Cuffdiff software and
genes that were differentially expressed in the
treated samples were identified.
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KEGG pathway analysis of differentially ex-
pressed genes

Different genes in organisms coordinate to
perform various biological functions. Pathway
analysis helps to further understand these bio-
logical functions. Kyoto Encyclopedia of Genes
and Genomes (KEGQ) is a major public data-
base used for pathway mapping and analysis to
identify key biochemical and signal transduc-
tion pathways regulated by genes of interest.
For resibufogenin-treated TOV-21G cells, KEGG
enrichment analysis was carried out with dif-
ferentially expressed genes as the foreground,
and all the remaining transcripts as the ba-
ckground. Hypergeometric test/Fisher’s exact
test was performed to calculate the P-value of
foreground genes with a certain branch in pa-
thway classification, which was corrected for
False Discovery Rate (FDR).

Real-time fluorescence quantification PCR test

The impact of resibufogenin on the expression
levels of genes involved in the PI3BK-AKT and
actin cytoskeleton pathways was determined
by real time fluorescence quantitative PCR
(QRT-PCR) that was performed using SYBR
green (Invitrogen, Waltham, MA). TOV-21 cells
were incubated with 20 uM resibufogenin for
24 hours, after which total RNA was isolated
using Trizol. Equal quantities of RNA (2 pg)
from each sample were used to synthesize
cDNA with Primescript RT Master Mix (Takara,
Mountain View, CA). gRT-PCR was performed
with the 7900HT Fast Real-Time PCR System
(Thermo Fisher, Waltham, MA). The polymerase
chain reaction conditions were as follows: 50°C
for 2 minutes and 95°C for 5 minutes, followed
by 40 cycles of 95°C for 15 seconds and 60°C
for 30 seconds. The primers for PI3K, MDM2,
GRLF1, Myosin-Il, RTK, and SOS were synthe-
sized by BioTNT (GuanTai, China).

The gRT-PCR primers were as follows: PI3K for-
ward: 5-GAGATTGCAAGCAGTGATAGTG-3’ and
PIBK reverse: 5-TAATTTTGGCAGTGATTGTGGG-
3’; MDM2 forward: 5-CTTCTAGGAGATTTGTTT-
GGCG-3’" and MDM2 reverse: 5-CTTCTAGGA-
GATTTGTTTGGCG-3’; GRLF1 forward: 5-GAA-
ATTGACGGAAGGTTCACAA-3' and GRLF1 re-
verse: 5'-CGGCAGCATTATCGTACATATG-3’; Myo-
sin-ll forward: 5-CCCAGATGAAGGAGCTATGG-3’
and Myosin-Il reverse: 5-CTTTTCACTTTCCCG-
ATTCTGG-3’; RTK forward: 5-GAGTGGATTTCC-
CTCGATCTC-3’ and RTK reverse: 5'-GGGGAAA-
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TCAAGACTAACCAGA-3’; SOS forward: 5-CAGC-
TTTGTGGAGTATGTGGT-3’ and SOS reverse: 5™-
GGAGCAGTGTGTATGTGTAGAA-3’; GAPDH was
chosen as the internal control gene, and the
results were analyzed by comparing 22T
values.

Western blotting analysis

OCCC cell lines ES-2 and TOV-21G cells were
cultured with or without 20 uM resibufogenin
for 24 hours. Cells were harvested and lysed
with RIPA (Beyotime, Shanghai, China), supple-
mented with phenylmethyl sulfonyl fluoride
(PMSF) and phosphotransferase inhibitor (Be-
yotime, Shanghai, China). Protein concentra-
tion was determined with a Bicinchoninic Acid
(BCA) kit (Beyotime, Shanghai, China), and 30
ug of protein was loaded onto SDS-PAGE gels
for electrophoresis and transferred to polyvi-
nylidene fluoride membranes. The membranes
were blocked in 5% fat-free milk for 1 hour at
room temperature and incubated in primary
antibodies at 4°C overnight. Membranes were
incubated with HRP-conjugated secondary an-
tibodies (1:4000) (Cell Signaling Technology,
Danvers, MA) for 1 hour at room temperature
and detected with Immobilon Western substra-
te (Millipore, Burlington, MA). Anti-PI3K, anti-
AKT, anti-MDM2, anti-Myosin-Il, and anti-actin
antibodies were purchased from Abcam. All pri-
mary antibodies were monoclonal and applied
at a dilution of 1:1000. All experiments were
repeated three times.

Statistical analysis

SPSS 23.0 software was used for statistical
analysis. The experimental data were present-
ed as mean + standard deviation. T tests were
used for comparisons of means between two
groups, and one-way ANOVA tests were used
for comparisons of more than two groups. Dif-
ferences were considered to be significant at
a P-value of less than 0.05.

Results

Resibufogenin inhibits proliferation of OCCCC
cells

The in vitro cytotoxicity of resibufogenin (chemi-
cal structure shown in Figure 1A) against ES-2
cells and TOV-21G cells was measured using
the CCK-8 method. As shown in the phase con-
trast images in Figure 1A and 1C, resibufogen-
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in treatment resulted in rounded and shrunken
cells, and a decreased number of cells as com-
pared to the control group. Furthermore, this
decrease in cell viability was concentration-de-
pendent (Figure 1B and 1D). Based upon this
assay, the IC50 value for resibufogenin was
around 20 uM.

Resibufogenin inhibits migration and invasion
of OCCC cells

To evaluate the effect of resibufogenin on the
migratory abilities of OCCC cells, ES-2, and TOV-
21G cells were treated with resibufogenin (20
UM) and subjected to transwell migration as-
say without Matrigel. Resibufogenin significant-
ly inhibited migration of treated cells as com-
pared to the control group in both the ES-2 and
TOV-21G cell lines (Figure 2A and 2B). In addi-
tion, to determine if resibufogenin treatment
affects invasion in OCCC cells, ES-2, and TOV-
21G cells were treated with 20 uM resibufogen-
in and subjected to transwell invasion assay
with Matrigel. Resibufogenin significantly inhib-
ited cell invasion as compared to control group
in both ES-2 and TOV-21G cells (Figure 2C and
2D). Our results show that resibufogenin (20
uM) effectively inhibits cell migration and inva-
sion in OCCC cells.

Resibufogenin induces apoptosis in OCCC cells

To determine if resibufogenin treatment affects
cell survival/apoptosis in OCCC cells, flow cyto-
metric analysis of PE-Annexin V- and 7-AAD-
stained resibufogenin-treated and untreated
cells was performed. As shown in Figure 3A
and 3C, after a 24-hour treatment with resibu-
fogenin (20 uM), both ES-2 and TOV-21G cells
showed an increase in the apoptotic cell popu-
lation as compared to the control group (Figure
3B and 3D). These results indicate that resibu-
fogenin increases apoptosis of OCCC cells.

Resibufogenin suppresses in vivo tumor
growth in xenograft models of OCCC

Nude mice with TOV-21G cell tumor xenogra-
fts were continuously injected intraperitoneally
with PBS (control) or resibufogenin (20 mg/kg/
day) until study termination. After 21 days, a
significant decrease in tumor volumes was ob-
served in the resibufogenin-treated mice when
compared to tumor volumes in the vehicle-
treated group (Figure 4A-C). Inmunohistoche-
mical staining of mouse tumor sections show-
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Figure 2. Resibufogenin inhibits cell migration and invasion in ES-2 and TOV-21G cell lines. ES-2 and TOV-21G cells
were divided into two groups: the control group and resibufogenin-treated group (20 uM). Transwell assays were
used to measure cell migration and invasion after the treatment. Photomicrographs (left) and scatter plots (right)
show that cell migration (A and B) and invasion (C and D) were inhibited by resibufogenin. *P < 0.05, **P < 0.01,
**%P < 0.001, ****P < 0.0001.
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Figure 3. Effects of resibufogenin on apoptosis in ES-2 and TOV-21G cell lines. Apoptosis was evaluated using PE
Annexin V and 7-AAD staining in ES-2 and TOV-21G OCCC cells after treatment with resibufogenin (20 uM) for 24
hours. Two-parameter (dual color fluorescence) dot plots (A and C) were obtained via flow cytometric analysis of cells
from the indicated experimental groups. Bar graphs (B and D) depict mean + SD of three replicates. *P < 0.05, **P
<0.01, ***P < 0.001.
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Figure 4. Resibufogenin inhibits tumor growth in a TOV-21G mouse xenograft model. A. Photomicrographs showing
mice from the two experimental groups in the xenograft experiments. B. Photomicrographs showing the xenograft
tumors resected from the mice after they were euthanized. C. Graphs showing tumor volumes in control mice and
resibufogenin-treated mice. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5. Resibufogenin inhibits proliferation of OCCC cells and induces apoptosis in vivo. Representative photomi-
crographs (100 x and 400 x magnification) showing immunohistochemically stained sections of xenograft tumor
tissues stained for Ki-67 (A, left) and TUNEL (B, left) expression. Scatter plots show the percentage of Ki-67-positive
cells (A, right) and TUNEL-positive cells (B, right) in the xenograft tumors resected from mice belonging to the two
experimental groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6. Microarray analysis of mRNA extracted
from TOV-21G cells treated with resibufogenin for 6
hours and 12 hours. TOV-21G cells were treated with
resibufogenin (20 uM), and cells were hierarchically
clustered into four groups based on the treatment
durations. The heat map shows gene expression lev-
els in each group (horizontal axis) plotted by genes
(vertical axis). The tree displays the log-transformed
value of average fold changes. Red color indicates
up-regulated levels, whereas blue color indicates
down-regulated levels of genes. Each mapped gene
was divided into four segments that represent the
different durations of treatment with resibufogenin;
from left to right: control-6 hours, resibufogenin-
treated-6 hours, control-12 hours, and resibufogen-
in-treated-12 hours.

ed that resibufogenin-treated tumors showed
an increased proportion of TUNEL-positive cells
and a decrease in Ki-67 expression (Figure 5A
and 5B). These data suggest that resibufogenin
inhibits OCCC proliferation and induces apopto-
sis in vivo.

RNA sequencing and analysis of differential
gene expression in resibufogenin-treated
OCCC cells

To gain insights into the signaling pathways
targeted by resibufogenin, we performed RNA
sequencing analysis of TOV-21G cells treated
with resibufogenin for 6 hours and 12 hours. A
total of 814 genes were differentially express-
ed between the resibufogenin-treated group
and the control group (Figure 6). The expres-
sion levels of 335 genes were downregulated,
whereas 479 genes were upregulated.
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KEGG pathway analysis of genes differentially
expressed upon resibufogenin treatment

KEGG pathway analysis of genes differentially
expressed in resibufogenin-treated TOV-21G
cells showed significant enrichment of 13 pa-
thways involving the predicted target genes.
Figure 7A shows that the negative logarithm
of the P-values of most significantly enriched
biochemical and signal transduction pathways.
Among the enriched pathways, the PISK-AKT
(Figure 7B and 7D) and actin cytoskeleton pa-
thways (Figure 7C and 7E) appeared to best
account for the effects of resibufogenin on
proliferation, apoptosis, and migration in OCCC
cells because resibufogenin treatment down-
regulated the expression of (a) PI3K and MDM2-
which is known to induce apoptosis [17], and
(b) GRLF1 and Myosin-lI-which has been shown
to impair cell migration and invasion [18].

Resibufogenin inhibited OCCC proliferation
and migration via the PISBK-AKT and actin cyto-
skeleton pathways

To investigate the molecular mechanism where-
by resibufogenin inhibits proliferation and mig-
ration, we focused on the PI3K-AKT and actin
cytoskeleton pathways. The effects of resibu-
fogenin on these two pathways were confirm-
ed at the mRNA and protein levels using qRT-
PCR and Western blotting, respectively, to ch-
eck the relative expression levels of key genes
and proteins in these pathways. The qRT-PCR
assay showed that the gene expression levels
of PI3K, MDM2, PI4P5K, GRLF1, and Myosin-I|
were significantly decreased upon exposure to
resibufogenin (Figure 8). Meanwhile, the west-
ern blotting results also revealed that resibufo-
genin significantly inhibited PI3K, AKT, MDM2,
and Myosin-Il expression (Figure 9). These find-
ings were further corroborated by immunohis-
tochemical staining of tumor tissues excised
from mice; the xenograft tumors from the resi-
bufogenin-treated group showed a significant
decrease in the expression of PI3K, AKT, and
MDM2 compared to their expression levels in
the control group (Figures 10, S1 and S2). Th-
ese results are consistent with the KEGG en-
richment results, which revealed that PI3K-AKT
and actin cytoskeleton signaling pathways we-
re transcriptionally down-regulated by resibu-
fogenin in OCCC cells. We also observed that
the gene expression levels of RTK and SOS
was decreased upon resibufogenin treatment.
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Figure 7. KEGG pathway enrichment analyses of genes that were found to be differentially expressed upon resibufo-
genin treatment. A. Distribution of TOV-21G transcriptome sequences among KEGG pathways. All 13 apoptosis and
migration-related pathways are shown. LgP is the negative logarithm of P-value; larger LgP values indicate smaller P-
values. B. The differentially expressed genes that participate in the PI3K-AKT signaling pathway mapped in KEGG. C.
The differentially expressed genes that participate in actin cytoskeleton pathway mapped in KEGG. The tree displays
the log-transformed value of average fold changes. Red indicates up-regulated gene expression levels, whereas blue
indicates down-regulated expression levels of genes. D. The differentially expressed genes that participated in the
actin cytoskeleton signaling pathway mapped in KEGG. E. The brief graph of the differentially expressed genes that

participated in the actin cytoskeleton signaling pathway mapped in KEGG.

Taken together, these results suggest that re-
sibufogenin inhibits the expression of a num-
ber of genes responsible for cell survival, prolif-
eration, and migration through down-regula-
tion of the PI3K-AKT and actin cytoskeleton
pathways.

Discussion

The study presented herein strongly suggests
that the bioactive compound resibufogenin in-
hibits proliferation, migration, and invasion of
OCCC cells, and induces apoptosis effectively
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both in vitro and in vivo through down-regula-
tion of the PIBK/AKT and actin cytoskeleton
pathways.

Although previous studies have reported the
apoptosis-enhancing effects of resibufogenin
in different types of human cancers including
liver cancer, colon cancer, and osteosarcoma,
no studies so far have performed an in-depth
evaluation of the effect of resibufogenin on the
proliferation, migration, and invasion of OCCC
cells and the molecular underpinnings of the-
se anti-neoplastic effects. Other studies have

Am J Transl Res 2019;11(10):6290-6303
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Figure 8. Resibufogenin down-regulates expression of genes in the PIBK/AKT and actin cytoskeleton pathways. ES-2
and TOV-21G cells were divided into 2 groups: the control group, and the resibufogenin-treated group (20 uM). gRT-
PCR was performed to detect the mRNAs levels of PI3K (A and E), MDM2 (B and F), GRLF1 (C and G), Myosin-II (D
and H), RTK (I and J), and SOS (K and L) after 12 hours of treatment. *P < 0.05, **P < 0.01, ***P < 0.001, ****P

< 0.0001.
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Figure 9. Resibufogenin down-regulates expression of proteins in the PI3K/AKT and actin cytoskeleton pathways
in vitro. ES-2 and TOV-21G cells were divided into 2 groups: the control group, and the resibufogenin-treated group
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(20 uM). Western blotting assay was performed to detect the protein levels of PI3K (A and B), AKT (A), MDM2 (D),
and Myosin-Il (D) after 24 hours of treatment. The relative expression levels of the indicated proteins (relative to the
expression level of actin) were quantitated using densitometry and are depicted bar graphically in (B, C, E, and F).
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 10. Resibufogenin inhibits proliferation and invasion of OCCC cells in
vivo through the PI3BK/AKT and actin cytoskeleton pathways. Representative
photomicrographs showing immunohistochemically stained xenograft tumor
sections (100 x and 400 x magnification) showing PI3K, AKT and MDM2

expression.

reported that high dosages of resibufogenin
may result in significant toxicities. In our stud-
ies, we used relatively less cytotoxic dosages of
20 uM for in vitro assays, and 20 mg/kg/day
for in vivo experiments to evaluate the effect
of resibufogenin on OCCC. In addition, mRNA
sequencing technology and KEGG pathway en-
richment analyses were used to identify the
pathways targeted by resibufogenin and ad-
vance our understanding of the molecular me-
chanisms through which resibufogenin affects
OCCC cells. Resibufogenin down-regulated the

6300

nesis. Previous studies have
showed that the overall sur-
vival of patients with activat-
ed PI3BK/AKT and RTK/Ras
signaling pathways was sig-
nificantly higher than that of
patients in whom these path-
ways were down-regulated,
and that activation of the
PIBK/AKT and RTK/Ras signaling pathways
was significantly and independently associat-
ed with better prognosis in patients with OCCC
[9, 24]. Moreover, the PIBK/AKT signaling path-
way is believed to be a potential therapeutic
target in OCCC [7, 11, 25].

The migration and invasion processes in can-
cer cells are regulated by several signaling pa-
thways including actin cytoskeleton pathway
[26, 27]. The cytoskeleton maintains the sha-
pe and internal organization of cells, and also
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Figure 11. Schematic diagram of the proposed mechanism by which resibufogenin inhibits proliferation and inva-
sion in OCCC cells. Resibufogenin decreases the levels of PI3K, AKT, MDM2, and Myosin in the PI3BK/AKT and actin

cytoskeleton signaling pathways.

functions in cell division and migration. Cell
migration is initiated by an actin-dependent
protrusion of the cell’s leading edge, which is
composed of structures called lamellipodia
and filopodia. Therefore, the actin cytoskeleton
plays a fundamental role in cell migration, a
critical step in cancer metastasis and invasion
[18, 27].

Our results showed that the expression levels
of key components of the PI3K/AKT and actin
cytoskeleton pathways were downregulated in
OCCC cells after treatment with resibufogenin.
Combined with the earlier viewpoints, the re-
sults from our current study suggest that resi-
bufogenin (a) induces apoptosis in OCCC cells
via inhibition of the PIBK/AKT signaling path-
way and (b) inhibits migration and invasion abil-
ities of OCCC cells by targeting the actin cyto-
skeleton signaling pathway.

To our knowledge, this is the first pre-clinical
study investigating the effect of resibufogenin
on OCCC, and we identified putative pathways
targeted by this compound (Figure 11). How-

6301

ever, a limitation of this study is that the effects
of resibufogenin were studied separately, and
not compared with those of cis-platinum alone
or with those of combination therapy alongside
cis-platinum. Furthermore, the down-regulation
of PIBK/AKT and actin cytoskeleton pathways
was detected via mRNA-sequencing, qRT-PCR,
immunohistochemistry, and western blotting
assays. We need to further confirm that re-
sibufogenin mediates its effects in OCCC via
the PI3K/AKT and actin cytoskeleton pathways
through well-designed experiments involving
overexpression and knockdown of key compo-
nents of these signaling pathways, followed
by in vitro and in vivo functional assays involv-
ing the overexpression/knockdown OCCC cell
lines. In conclusion, resibufogenin shows sig-
nificant potential therapeutic value for OCCC
based on its ability to inhibit OCCC cell growth
and migration through the PI3K/AKT and actin
cytoskeleton signaling pathways.
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Figure S1. Photographs of the original western blot membranes showing expression levels of the key proteins in
this study. The samples from left to right: ES-2 (Control), TOV-21G (Control), ES-2 (RBG), TOV-21G (RBG), the protein
bands from top to bottom: PI3K (110 kDa), AKT (56 kDa), Actin (42 kDa). Resibufogenin decreased the protein levels
of PI3K and AKT. Figure S1 shows representative membranes for the data shown in Figure 9A.
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Figure S2. Photographs of the original western blot membranes showing expression levels of the key proteins in
this study. The samples from left to right: ES-2 (Control), ES-2 (Control), TOV-21G (Control), ES-2 (RBG), ES-2 (RBG),
TOV-21G (RBG), the protein bands from top to bottom: Myosin-Il (200 kDa), MDM2 (55 kDa), Actin (42 kDa). Resibu-
fogenin decreased the protein levels of MDM2 and Myosin-Il. Figure S2 shows representative membranes for the

data shown in Figure 9B.



