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Purpose: Stichoposide C (STC) is a triterpene glycoside isolated from Thelenota ananas,
which is previously demonstrated to wide spectrum of anticancer effects against various
tumor cells. However, the antitumor effects and underlying molecular mechanisms in ovarian
cancer (OC) cells are not fully understood. Here, we examined if and through which
mechanisms STC exerts anticancer effects on OC.

Methods: CCK-8 and colony formation assays were used to detect cell viability and
proliferation. Flow cytometry was used to detect apoptosis and cell cycle arrest. Protein
expression and phosphorylation were measured by Western blotting analysis. Confocal
fluorescence microscopy was used to observe the autophagy flux. Autophagosome formation
was observed via transmission electron microscopy. Antitumor effect of STC was investi-
gated in patient-derived organoids (PDOs) and A2780 subcutaneous xenograft tumors.
Results: STC was found that not only exerted antiproliferation activity and apoptosis but also
induced autophagy. Mechanistically, STC induced autophagy via inhibited the AKT/mTOR
signaling pathway in ovarian cancer cells. In addition, STC and an autophagy inhibitor 3-methy-
ladenine (3-MA) combination treatment showed significant synergetic effects on inhibiting
proliferation and promoting apoptosis in vitro. Consistent with cell experiments, STC also
inhibited the growth of two OC PDOs. Finally, STC markedly reduced the growth of A2780
subcutaneous xenograft tumors without organ toxicity and activated autophagy in vivo.
Conclusion: Stichoposide C exerts in vitro and in vivo anticancer effects on ovarian cancer
by inducing autophagy via inhibiting AKT/mTOR pathway. The findings warrant further
prove for STC as a potential therapeutic agent for ovarian cancer.
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Introduction
Ovarian cancer (OC) is the most common malignant gynecological cancer and
the second cause of gynecologic cancer death in women around the world.'~
Although treatment for ovarian cancer, including diagnostic techniques, surgery
protocols and treatment strategies, has significantly improved, the 5 years after
diagnosis overall survival rate of patients remains at only 40%.>* Drug resistance
and recurrence remain the major problems in the treatment of ovarian cancer.’
Therefore, novel agents and effective therapies are urgent to develop for treatment
of ovarian cancer.

Sea cucumbers, which contain a wide range of bioactive compounds, have been
used as food and traditional Chinese medicine.®’ Marine triterpene glycosides have
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been found in several species of sea cucumbers and some
sponges, which have been found to exhibit many biologic
activities such as antitumor, anti-inflammatory, antifungal
and anticoagulant.®* '* Stichoposide C (STC) is a triterpene
glycoside isolated from sea cucumber Thelenota ananas,
which has been reported to induce apoptosis by producing
ceramides in leukemia and colorectal cancer cells."
Although the antitumor activity of STC has been sug-
gested, the detailed underlying mechanisms is still
unknown.

The AKT/mTOR signaling pathway plays a vital role
in the regulation of cancer cells proliferation, apoptosis,
multidrug resistance and metabolism, which is a poor
many types B
Compared to other signaling pathways, AKT/mTOR sig-

prognostic factor for of cancers.
naling pathway is one of the most frequently activated
signaling pathway in human cancer, including ovarian
cancer."® ' In addition, AKT/mTOR signaling pathway
is suggested to be a key regulatory signal for autophagy,
which plays an extremely important role in tumor

2.2 cell

suppression. Therefore, autophagy-dependent
death regulated by AKT/mTOR signaling pathway pro-
vides molecular mechanisms and implications for thera-
peutic intervention in ovarian cancer therapy.

In this study, we demonstrated the inhibitory effects of
STC on ovarian cancer in vitro and in vivo. In addition,
our results indicated that STC induced apoptosis and pro-
moted autophagy in two ovarian cancer cell lines A2780
and SKOV3. Mechanistically, the apoptosis and autophagy
induced by STC in ovarian cancer was via the inactivation

of AKT/mTOR pathway.

Materials and Methods

Samples and Reagents

The samples of the sea cucumber Thelenota anax were
collected at the Woody Island, Xisha, South China Sea.
The specimens were stored in the Research Center for
Marine Drugs, State Key Laboratory of Oncogenes and
School of Medical,
Shanghai Jiao Tong University. STC was isolated and

Related Genes, Renji Hospital,

extracted from sea cucumber Thelenota anax by Chuang,
C (Shanghai University of Traditional Chinese Medicine,
Shanghai, China) and referred to the protocol published by

1.'> The chemical structure of STC is shown in

Yun et a
Figure S1. The purity of the STC was 95.6% determined
by HPLC (Figure S2). For experiments, STC was dis-

solved in dimethyl sulfoxide (DMSO).

Other reagent sources are listed as follows: Cell
Counting Kit-8 (CK04-50000T, Dojindo, Japan),
Annexin V-FITC/ PI kit (AD10-50T, Dojindo, Japan),
cisplatin  (S1166, Selleck, USA),
(DMSO, 1129E033, Solarbio, China), foetal bovine
serum (FBS, 10,099, Gibco), trypsin-EDTA solution
(25,200,072, Gibco), Dulbecco’s Modified Eagle medium
(DMEM, 11054001, Gibco), GFP-mRFP-LC3 adenoviral
vectors (HB-AP2100001, HanBio Technology, Shanghai,
China), 3-methyladenine (3-MA, HY-19312, MCE, USA),
MK2206 (S1078, Selleck, USA), rapamycin (S1039,
Selleck, USA), 2.5% glutaraldehyde fixation (DF0156,
leagene Biological, Beijing, China) and bicinchoninic

dimethylsulfoxide

acid (BCA) protein assay kit (Beyotime Institute of
Biotechnology, China).

Cell Lines and Cell Culture

A2780 human ovarian cancer cell lines were donated by
the Shanghai Key Laboratory of Gynecologic Oncology.
SKOV3 human ovarian cancer cell lines were purchased
from the National Collection of Authenticated Cell
Cultures (Shanghai, China). The use of the human ovarian
cancer cell lines (A2780 and SKOV3) was approved by
Shanghai Jiao Tong University School of Medicine, Renji
Hospital Ethics Committee. Before experiments, both cell
lines have been authenticated by comparing their STR
profiles with the ATCC database and they have been also
certified mycoplasma-free by a MycoAlert test. The cells
were incubated in DMEM with 10% fetal bovine serum

and maintained at 37°C in an incubator set to 5% CO,.

CCK-8 Assay

According to the reagent instructions, cell viability was
analyzed using Cell Counting Kit-8. The cells were cul-
tured in 96-well plates at a density of 5x10° cells per well
for 24 hours, treated with different concentrations of STC
for another 24 hours or 48 hours and incubated with 100
pL of DMEM and 10 pL of CCK-8 solution at 37°C for
approximately 2 hours. A multifunctional enzyme marker
(Molecular Devices, USA) was used to read the absor-
bance of each well at 450 nm. Data analyses were per-
formed using the GraphPad Prism software version 9.0 to
calculate IC50 (Table 1).

Colony Formation Assay

A2780 and SKOV3 cells were inoculated into 6-well plates
at a density of 1x10° cells/well. After 24 hours, the cells
were treated with different concentrations of STC and
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Table | IC50 of STC in A2780 and SKOV3 Cells at 24h and 48h

IC50 of STC in A2780 and SKOV3 cells at 24h and 48h (uM)

24h 48h
A2780 2.562 + 0.03 1.443 + 0.05
SKOV3 1.573 £ 0.06 0.832 + 0.05

cultured at 37°C in a 5% CO, incubator. The medium was
changed every 3 days. Colonies were allowed to form for 2
weeks. Finally, the plates were washed twice with PBS at
room temperature, and the cells were fixed with 4% poly-
formaldehyde. Then, the cells were stained with 1% crystal-
line violet at room temperature for 30 minutes. All
experiments were repeated three times. Image J software
was used to quantify the number of colonies in three inde-
pendent experiments. The colony formation rate = colony
formation number/the number in controls x100%.

Flow Cytometry Assay

A2780 and SKOV3 cells were inoculated into 6-well
plates at 4x10° cells/well, cultured overnight and treated
with different concentrations of STC. Forty-eight hours
after processing, trypsin was used to collect the cells,
and the cells were washed with phosphate-buffered saline.
Then, according to the instructions of the reagents, cell
staining was performed for 15-30 minutes using 4 pL of
staining solution from an Annexin V-FITC/PI kit. Finally,
the samples were analyzed via Attune™ Nxt Acoustic
Focusing Flow Cytometer system (BD Biosciences, USA).

Autophagy Analysis

To detect autophagosomes and autolysosomes, A2780 and
SKOV3 cells were inoculated in confocal petri dishes at
1x10° cells/well and cultured overnight. Then, the cells
were transduced with GFP-mRFP-LC3 adenoviral vectors.
After 24 hours of exposure to adenovirus, the A2780 and
SKOV3 cells were treated with STC and/or autophagy
inhibitors. After 24 hours, the cells were mounted on
slides, and autophagic flux observation was performed
with a Zeiss LSM710 confocal microscope.

Transmission Electron Microscopy

Cells were collected, fixed at room temperature with 2.5%
glutaraldehyde overnight at 4°C and dehydrated with
a series of graded alcohols after 1% tetroxobin fixation
for 1-2 hours. The samples were embedded in epoxy resin

and observed via CM-120 transmission electron micro-
scopy (Philips, the Netherlands).

Western Blot Analysis

RIPA buffer containing Immol/L PMSF was used to
extract total protein from treated cells and tissues, and
a BCA protein assay kit was used to determine the
protein concentration. Protein bands were detected via
SDS-PAGE and then transferred to a polyvinylidene
difluoride membrane. The proteins were closed with
sealing fluid and washed with phosphate-buffered saline
and Tween three times for 15 minutes each time. The
PVDF membrane was incubated with primary antibody
at 4°C overnight. After three washes, the membrane was
incubated with secondary antibody at room temperature
for 1 hour, and actin was used as the control. Finally, the
membrane was laid flat on a tray, chromogenic liquid
was evenly added with a liquid transfer gun, and the
membrane was exposed using a GE chemiluminescence
imager (General Electric, USA). The Western blotting
grayscale was determined using Image J software.

The primary antibody information was as follows: anti-
PCNA (SC-71858, Santa, USA), anti-CDK2 (18048S, CST,
USA), anti-CDK4 (127908, CST, USA), anti-yH2AX (76318,
CST, USA), anti-LC3BI/II (ab51520, Abcam, USA), anti-
ATG7 (ab53255, Abcam, USA), anti-p62 (ab56416, Abcam,
USA), anti-Beclinl (ab210498, Abcam, USA), anti-mTOR
(29728, CST, USA), anti-p-mTOR (29718, CST, USA), anti-
Akt (92728, CST, USA), anti-p-Akt (13038S, CST, USA), and
anti-B-actin (37008, CST, USA).

Patient-Derived Organoids

Patient Samples

Tumor samples were from one patient with HGSOC and
one patient with ENOC at Renji Hospital for short-term
organoid generation and subsequent experiment. Written
informed consent was obtained for all subjects and the
study was approved by Shanghai Jiao Tong University
School of Medicine, Renji Hospital Ethics Committee
(Ethic number KY2020-114). This was conducted in
accordance with the Declaration of Helsinki.

Organoid Establishment and Culture

Tumor specimens were acquired immediately during the
surgery preserving in DMEM serum-free medium and
transported to the laboratory on ice within 2 hours. On
arrival, tissue was minced, washed with PBS, digested
with The digested tissue

tumor dissociation Kkit.
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Table 2 IC50 of STC and Cisplatin in HGSOCIO5 and
ENOCI07 at 5d

IC50 of STC and Cisplatin in HGSOCI105 and ENOCI107 at
5d (1M)
STC Cisplatin
HGSOCI05 0.2889 7.573
ENOCI07 0.3547 1.759

suspension was strained over a 100-um filter, centri-
fuged at 1500 rpm for 5 minutes, the pellet was resus-
pended in 5 mL PBS. In case of a visible red pellet,
erythrocytes were lysed in 2 mL red blood cell lysis
buffer for 5 minutes at room temperature followed by an
additional wash with PBS and centrifugation at 1500
rpm. Cells were mixed with growth factor reduced
Matrigel, with the final concentration of Matrigel at
50%, and the suspension was then rapidly plated into
a 6-well plate. Once the Matrigel was solidified, ImL of
complete culture medium was added to each well. The
composition of the complete medium was referred to the
protocol provide by Kopper et al.** PDOs were kept in
a humidified atmosphere of 5% CO, and 95% air at
37°C, and medium was changed every 5-7 days.

Organoid Viability Assay

Organoids were released from the Matrigel by incubating
in Gentle Cell Dissociation Reagent for 30 minutes at
room temperature. After counting, the organoids were
suspended with Matrigel (200-500/uL) and seeded in
a 96-well plate at 20 uL per well. When the Matrigel
was solidified, 80 pL of complete culture medium was
added to each well. Drugs were added 4 days after
embedding. Cell viability was assayed using CellTiter-
Lumi™ on day 5. Data analyses were performed using
the GraphPad Prism software version 9.0 to calculate
IC50 (Table 2).

Tumor Xenograft Assay

Nude mice (female, 4 weeks old) were purchased from
B&K Laboratory Animal
(Shanghai, China) and used for the in vivo study according

Shanghai  Super Corp.
to the regulations of the Animal Protection and Utilization
Committee of Shanghai University of Traditional Chinese
Medicine (Ethic number P2SHUTCM200904006). A2780
were collected with PBS, and cells suspension was sub-

cutaneously injected at a concentration of 2x107 cells/mL

(100 pL). As the tumor grew to approximately 100 mm3,
the mice were randomly divided into three groups: the
control group (saline, i.p.), STC group (0.5 mg/kg i.p.)
and Cisplatin group (2 mg/kg i.p.) (n=7). Saline, STC and
cisplatin were injected every 2 days for 15 days. Tumor
volume and mouse weight were measured every 2 days.
Calipers were used to obtain tumor length (L) and width
(W), and the following formula was used to calculate
tumor volume L x (W"2)/2.

Immunohistochemistry and H&E Staining
Tumor tissue samples isolated from nude mouse were
subjected to histological analysis. The tissues were imme-
diately fixed in 4% paraformaldehyde for 24 hours and
embedded in paraffin. The embedded sections were sliced
into Sum sections for immunohistochemical (IHC) stain-
ing. The tumors and mouse major organs were stained
with H&E after being cut into 4pm sections, and histolo-
gical examination was performed with an Olympus

microscope.

Statistical Analysis

Experimental data were analyzed using GraphPad Prism
software version 9.0. The results are representative of at
least three independent experiments and are shown as
mean + standard error of the mean. *p<0.05, **p < 0.01,
and ***p < 0.001 were considered statistically significant.

Results
STC Repressed Ovarian Cancer Cell

Proliferation

To evaluate the anti-proliferative effects of STC on human
ovarian cancer, two human ovarian cancer cell lines A2780
and SKOV3 were exposed to various concentrations of STC
for 24 and 48 hours. The CCK-8 assay results showed that
STC significantly inhibited the growth of these OC cell lines
in a dose- and time-dependent manner (Figure 1A, Table 1).
Consistent with the relative effects on cell viability, Western
blotting results showed that STC reduced the expression of
PCNA protein as the pharmacodynamic marker of prolifera-
tion in a dose-dependent manner (Figure 1B). Moreover, at
concentration of 0.5 pM and 1 pM, STC significantly
reduced the colony formation of A2780 and SKOV3 cells
(Figure 1C). Thus, the potential anti-proliferative effect of
STC was indicated in ovarian cancer cells.
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Figure | STC repressed ovarian cancer cell proliferation. (A) Two human ovarian cancer cell lines A2780 and SKOV3 cells were untreated or treated with different
concentrations (0—10 M) of STC for 24 and 48 hours, and the cell viability was measured by CCK-8 assay. (B) A2780 and SKOV3 cells were treated with STC at 0, 0.5 and
IuM for 48 hours, and the proliferation-related protein PCNA detected by Western blotting. (C) STC inhibited the colony formation ability of A2780 and SKOV3 cells. Data
are presented as the mean * SEM of three independent experiments, *P <0 0.05, **P <0.01, ***P<0 0.001, n=3.
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STC Induced Cell Cycle Arrest and
Promoted Apoptosis in Ovarian Cancer
Cells

To further explore whether STC-induced growth inhibition
was associated with cell cycle regulation, we assessed the cell
cycle distribution by flow cytometry subsequently. Compared
with control cells, STC treatment for 48 hours mainly induced
cell cycle arrest at the GO/G1 phase and led to the correspond-
ing decrease in S and G2/M phase in both A2780 and SKOV3
cells (Figure 2A). Then, we used Western blotting to detect
cyclins and cyclin-dependent kinases (CDKs) in different
phases and checkpoint response after STC treatment for 48
hours. In both OC cell lines, STC showed a dose-dependent

inhibition of the CDK2 and CDK4 expression, which are
known to be involved in G1/S checkpoint (Figure 2B).

It was established that DNA damage could cause cell
phase arrest and result in DNA damage repair response. As
a typical indicator of DNA damage, the level of y-H2AX
was examined in both STC-treated OC cells. The results
suggested that the expression of y-H2AX was significantly
increased after treatment of STC for 48 hours (Figure 2C).
When DNA damage is beyond the capacity of DNA repair,
it eventually led to cell apoptosis.”> Consequently, STC
significantly induced cell apoptosis or cell necrosis in the
two cells after 48 hours treatment, as evidenced by
Annexin V-FITC/PI double staining by flow cytometric
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Figure 2 STC induced cell cycle arrest and promoted apoptosis in ovarian cancer cells. (A) Cell cycle distributions of A2780 and SKOV3 treated with STC for 48 hours
were detected by flow cytometric assay. (B) A2780 and SKOV3 cells were treated with various concentrations (0, 0.5 and 1uM) for 48 hours, and the expression of CDK2
and CDK4 were compared by Western blot analysis. (C) A2780 and SKOV3 cells were treated with STC at 0, 0.5 and |uM for 48 hours, and the expression of YH2AX were
compared by Western blot analysis. (D) A2780 and SKOV3 cells were treated with STC at 0, 0.5 and IpM for 48 hours, and then apoptotic cells were detected with the
Annexin V-PI kit and analyzed by flow cytometry. Data are presented as the mean = SEM of three independent experiments, *P <0.05, **P <0.01, ***P <0.001, n=3.
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analysis (Figure 2D). Collectively, these data suggest that
STC could result in severe DNA damage and induce cell

cycle arrest and apoptosis in OC cells.

STC Induced Autophagy in Ovarian

Cancer Cells

Since autophagy has been demonstrated as a tumor suppres-
sor in some cancer types, we next investigate whether STC
induced autophagy in OC cell lines. Accumulating evidence
has revealed that LC3-II is an important autophagosome
marker, and p62 is a selective autophagy receptor that is
degraded within the autolysosome after an increase in autop-
hagic flux.”® After STC treatment, the ratio of LC3-II/ I was
elevated and the level of p62 was decreased in a dose-
dependent manner in A2780 and SKOV3 cells as compared
to control cells, which indicates that STC could promoted the
turnover of LC3-II and p62 degradation (Figure 3A).
Moreover, the key autophagy-related gene (ATG) encoding
proteins including ATG7 and Beclinl were also significantly
upregulated after STC treatment (Figure 3A). To visualize
LC3-labelled cytoplasmic vacuolation to further clarify
whether the complete progression of autophagy was affected
by STC, the mRFP-GFP-LC3 reporter was used to monitor
and quantify autophagic flux inside cells. As shown in
Figure 3B, A2780 and SKOV3 cells treated with STC (1
umol/L) for 24 h had accumulated detectable yellow autop-
hagic LC3 puncta (mRFP+/GFP+) inside the cytoplasm
compared with untreated controls. Furthermore, we exam-
ined autophagosome formation after STC treatment via
transmission electron microscopy (TEM). Two cells were
treated with STC for 24 hours, and large numbers of autop-
hagosomes (indicated by red arrows) were easily observed in
treated cells (Figure 3C). Collectively, these results demon-
strated that STC activated autophagy in ovarian cancer cells.

Autophagy Inhibitors Enhanced
STC-Induced Growth Inhibition and
Apoptosis

To evaluate whether STC induced autophagy is related to cell
proliferation and apoptosis, we used an autophagy inhibitor
3-MA to block the autophagy process. Western blot data
showed the effect of STC on LC3-II and p62 accumulation
was compromised in the presence of 3-MA. The regulations
of autophagy-related proteins including Beclinl, ATG7 by
STC were also impeded in the presence of 3-MA
(Figure 4A). Moreover, confocal microscopy was used to
analyze mRFP and GFP LC3 puncta. As shown in

Figure 4B, 3-MA could significantly inhibit STC-induced
autolysosome accumulation, consistent with the Western
blot results. These results further demonstrated the role of
STC in activating autophagy of OC cells, which could be
partly rescued by 3-MA. In addition, we observed
a synergistic inhibition on OC cell lines by STC and 3-MA.
Interestingly, compared with STC treatment alone, CCK-8
assays showed that 3-MA combined with STC strengthened
the inhibitory effect in A2780 and SKOV3 cell lines
(Figure 5A). Similarly, according to the results of Annexin
V/PI assays, the combination of STC with 3-MA also sig-
nificantly increased the number of apoptotic ovarian cancer
cells than STC treatment alone (Figure 5B). All these results
demonstrated that autophagy inhibitor enhanced the antitu-
mor effects of STC in ovarian cancer cells.

STC Induced Autophagy via Inhibiting the

AKT/mTOR Signaling Pathway

The AKT/mTOR signaling pathway plays a crucial role in
autophagy and apoptosis.'>*” Thus, to ascertain whether the
AKT/mTOR signaling pathway participates in STC-induced
events in OC cells, we first evaluated the effects of STC on
key proteins associated with the AKT/mTOR signaling path-
way. The expression and phosphorylation levels of AKT and
mTOR in STC-treated ovarian cancer cells were analyzed
using a Western blot analysis. It was shown that STC treat-
ment did not alter the expression of total AKT or mTOR but
significantly reduced the phosphorylation level of AKT and
mTOR in a dose-dependent manner (Figure 6A). To further
investigate the role of AKT/mTOR signaling pathway in
STC-induced autophagy, MK2206 (an AKT inhibitor) and
rapamycin (an mTOR inhibitor) were used to inhibit the
AKT/mTOR signaling pathway respectively. Our finding
showed that STC combined with MK2206 had a more
obvious inhibitory effect on p-AKT and p-mTOR and LC3B-
II conversion was significantly increased than STC alone
6B).
p-mTOR expression and increased LC3B-II conversion in
STC-treated cells (Figure 6C). Collectively, these findings
illustrate that inhibition of the AKT/mTOR pathway is
required for STC-induced autophagy in ovarian cancer cells.

(Figure Moreover, Rapa significantly reduced

Effects of STC on Patient-Derived

Ovarian Cancer Organoids

PDO preserving tumor heterogeneity has been successfully
applied to test and develop therapeutic approaches in precli-
nical settings.”® In order to appreciate the effects of STC in
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amodel closer to clinical situation, we tested these treatments
on ovarian cancer organoids (cisplatin as a positive control).
Two organoid lines (HGSOC-105 and ENOC-107) were
established from ovarian cancer patients, and the histology
of organoids lines was confirmed. These organoids were
treated with STC and cisplatin for 5 days, respectively.
Consistent with the results of OC cell line-based assays,
STC significantly repressed the viability of these two OC
PDOs and IC50 values were both lower than 1 uM

(Figure 7A, Table 2). Moreover, the therapeutic effect of
STC was better than that of cisplatin, suggesting its potential
clinical efficacy (Figure 7A and B).

STC Exhibited Antitumor Efficacy in OC

Subcutaneous Xenograft Models
To evaluate the pharmacological effect of STC in vivo, we

generated subcutaneous A2780 xenograft models. Compared
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with the control group, the growth of xenograft tumors was
strongly inhibited by STC treatment, and the volume and
weight of tumors were significantly decreased, while there
was no significant effect on the body weight of the mice
(p<0.05) (Figure 8 A-D). Western blotting was used to vali-
date the expression of LC3B, p62, PCNA and yH2AX. The
data were consistent with the cell experiments in vitro
(Figure 8E). H&E staining showed that there were many
areas of necrosis in tumor tissues of the STC-treated group
(Figure 8F). Moreover, IHC staining provided additional
evidence that OC tumor regression was associated with
decreased proliferation (PCNA), increased yH2AX and
LC3BI/II levels in xenografts after treatment with STC

(Figure 8F). These data showed that STC could inhibit
tumor growth by activating apoptosis and inducing autop-
hagy in vivo. Finally, the results of H&E pathological sec-
tions of mice major organs (heart, liver, spleen, lung and
kidney) indicated that STC treatment had no evident damage
to the major organs of mice (Figure 8G).

Discussion

Natural products have been considered as an important source
of new drug discoveries and are of great value to medicine.
STC was isolated from the sea cucumber Thelenota anax by
our lab, and previous studies have shown that STC negatively
regulates cell proliferation by inducing apoptosis in leukemic
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Figure 6 STC induced autophagy by inhibiting the AKT/mTOR signaling pathway.

(A) The expression of AKT, p-AKT (Thr 308), mTOR and p-mTOR (Ser 2448) were

analyzed by Western blotting in A2780 and SKOV3 cells after exposed to various concentrations of STC (0, 0.5, and | uM) for 48 hours. (B) A2780 and SKOV3 cells were
treated with or without STC (I pM) in combination with MK2206 (8 nM) for 48 hours. AKT, p-AKT (Thr 308), mTOR, p-mTOR (Ser 2448) and LC3B-II/| were detected by
Western blotting. (C) A2780 and SKOV3 cells were treated with or without STC (I uM) in combination with Rapa (5 uM) for 48 hours. AKT, p-AKT (Thr 308), mTOR,

p-mTOR (Ser 2448) and LC3B-II/l were detected by Western blotting. Data are pres
<0 0.001, n=3.

and colorectal cancer cells through the generation of
ceramide.'® We here for the first time revealed that STC dis-
played significant growth inhibition effects of ovarian cancer
in vitro and in vivo by inducing autophagy through regulating
the AKT/mTOR signaling pathway.

In the present study, two OC cell lines, A2780 and
SKOV3, that are sensitive to STC treatment were chosen
for functional studies, and they were characterized by
reduced cell survival, cell cycle arrest and suppression of
colony formation. These results demonstrated that STC
treatment suppressed the malignant phenotype of OC.
Induction of cell cycle arrest and apoptosis have become
efficient strategies for cancer treatment.”” STC also caused

ented as the mean = SEM of three independent experiments, *P <0.05, **P <0 0.01, ***P

DNA damage and led to a decrease in the level of cell
cycle regulatory molecules of GO/Gl checkpoint and
induced apoptosis simultaneously in both human OC cells.

Growing evidence indicated that mechanisms regulating
programmed cell death, including apoptosis, autophagic cell
deaths and programmed necrosis.*® However, the mechanisms
by which process in cancer therapy is complex. During autop-
hagy, autophagosomes engulf cytoplasmic components,
including cytosolic proteins and organelles. Concomitantly,
a cytosolic form of LC3 (LC3-I) is conjugated to phosphati-
dylethanolamine to form LC3-phosphatidylethanolamine con-
jugate (LC3-II), which is recruited to autophagosomal
membranes.*' In our study, the level of LC3-II was elevated
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Figure 7 Effects of STC on patient-derived ovarian cancer organoids. (A) Two OC PDOs (HGSOC-105 and ENOC-107) were treated with various concentrations of STC
and cisplatin (0, 0.001, 0.01, 0.1, I, 10, 100 uM) for 5 days. The cell viability was measured by CellTiter-Lumi™. (B) Representative photomicrographs of two OC PDOs
treated with or without STC and cisplatin. Scale bar = 100 um. Data were expressed as mean * SEM of three independent experiments.

in STC-treated OC cells. However, the increased expression of
LC3-II may also be a consequence of disrupted autophagic
flux, autophagy initiation and/or impairment of the degradation
capacity. Previous studies have shown that p62 negatively
correlated with selective autophagic degradation, which
could be degraded within the autolysosome through direct
binding to LC3-I1.*? Thus, then we found that p62 levels was
decreased upon STC treatment, implying an increase in autop-
hagic flux. Confirmation of increased autophagic flux was also
obtained by the mRFP-GFP-LC3 reporter protein. The ultra-
structural morphological observations showed that the accu-

mulation of autophagosomes increased. Furthermore, the ATG
coded proteins are involved in autophagosome formation and
consist of functional units.>* Hence, we determined at which

step the autophagosome formation is increased and found that

key autophagy-related proteins including ATG7 and Beclinl

were significantly upregulated after STC treatment. Therefore,

STC was able to promote the formation of autophagosomes
rather than inhibit the formation of autolysosomes and promote
autophagic flux.

In recent years, the role of autophagy in cancer therapy has
attracted great attention. It is well known that the crosstalk
between the processes of apoptosis and autophagy is very
important to maintain the balance of the intracellular environ-
ment. Autophagy can act as a protective factor to inhibit
apoptosis by promoting cell survival, autophagy can also result
in increased apoptotic cell death. For example, some novel
anticancer agents such as tigecycline induced autophagic cell
death,>® while other drugs, such as salinomycin and

quercetin,>>°

mediated protective autophagy to resist cell
death. Further functional analysis demonstrated that 3-MA
mediated autophagy inhibition significantly improved STC-
induced apoptotic cell death, suggesting that STC induced

autophagy plays a protective role in OC cells.
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AKT and mTOR are both key
autophagy.®>>” As one of the most important intracellular
signaling pathway, AKT/mTOR affects the status of down-
stream effector molecules through multiple pathways, autop-

regulators for

hagy activity can be negatively regulated by mediating the
phosphorylation of mTOR.*® Therefore, targeting AKT/
mTOR-mediated autophagy is an important therapeutic strat-
egy for a variety of tumors, and plays important roles in
enhancing the chemosensitivity of tumor cells and avoiding
drug resistance. Mounting evidence has suggested that
numerous natural products are targeting AKT/mTOR-
mediated  autophagy, thereby  suppressing tumor
growth.***® Thus, it was assumed that the AKT/mTOR
signaling pathway may be involved in autophagy activated
by STC in ovarian cancer cells. Our current data show that
STC triggered the inhibition of AKT/mTOR, consistent with
our hypothesis. Moreover, MK2206 (an AKT inhibitor)
increased LC3-II conversion levels in STC-treated cells. In
addition, the combination of rapamycin (an mTOR inhibitor)
and STC in ovarian cancer cells also showed a similar syner-
gistic effect. Collectively, these findings strongly support the
hypothesis that suppression of the AKT/mTOR signaling
pathway is involved in STC triggered protective autophagy.
To support and verify whether STC has the same
capacity to suppress the growth of ovarian cancer
in vivo, we examined the role of STC in xenograft
nude mice. Using STC and cisplatin (as a positive con-
trol) in xenograft models to treat tumor-bearing mice, we
found that STC had a significant inhibitory effect on
tumor growth. Western blotting and IHC results revealed
that STC induced apoptosis and autophagy in vivo,
which are consistent with in vitro experimental results.
In addition, it was shown that the apoptosis-promoting
activity of STC was comparable to that of cisplatin,
which further confirmed the effective antitumor effect
of STC against ovarian cancer. Importantly, STC treat-
ment did not show any abnormality in behavior or sig-
nificant major organ-related toxicity, which is often had
by cisplatin, such as nephrotoxicity, hepatotoxicity, car-
diotoxicity. Regretfully, there are certain limitations in
animal experiment owing to a single dose, and further
studies in ovarian cancer animal models are necessary.
In summary, our study discovered a potential antitumor
agent, STC, which exhibited strong antiproliferative efficacy
in OC cell-based assays (OC cell lines and PDOs) and
subcutaneous xenograft models. STC activated cytoprotec-
tive autophagy by inhibiting the AKT/mTOR pathway in
ovarian cancer cells and combination therapy with an

autophagy inhibitor showed significant synergetic effects
on inhibiting proliferation and promoting apoptosis
in vitro. The above inspiring results firstly provide pharma-
cological evidence for the future preclinical application of
STC as a promising lead compound, alone or combined with
autophagy inhibitors for human ovarian cancer treatment.
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