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Gastric cancer is a common type of malignant tumor with a relatively poor prognosis and
presents a serious threat to global health. Signal Transducer and Activator of
Transcription-3 (STAT3) has been strongly implicated in many cancers, and its
constitutive activation promotes growth, angiogenesis, inflammation, and immune
evasion. Therefore, considerable efforts have been put into developing effective and
safe STAT3 inhibitors. In this study, we performed a virtual screening by molecular
docking and found that terphenyllin, a marine-derived natural product, directly
interacted with STAT3. We further found that terphenyllin inhibited the phosphorylation
and activation of STAT3 and decreased the protein levels of STAT3-dependent target
genes, including c-Myc and Cyclin D1. Subsequently, we demonstrated that terphenyllin
exerted its potent anticancer efficacy against gastric cancer in vitro and in vivo. Terphenyliin
concentration-dependently inhibited growth, proliferation, and colony formation and
induced cell cycle arrest and apoptosis of gastric cancer cells in vitro. Moreover,
terphenyllin treatment suppressed the tumor growth and metastasis in a gastric cancer
orthotopic mouse model without notable toxicity in vivo. Taken together, our results
indicated that terphenyllin exerts its anticancer activity by inhibiting the STAT3 signaling
pathway and may serve as a potent STAT3 inhibitor for gastric cancer treatment.

Keywords: STATS3, inhibitor, natural product, gastric cancer, terphenyllin

INTRODUCTION

As a malignant tumor occupying a high incidence rate and mortality rate in the world, the existence
of gastric cancer threatens human health. Early gastric cancer is generally asymptomatic, about 2/3 of
gastric cancer is in the advanced stage at the time of initial diagnosis (Smyth et al., 2020). Even after
radical resection, many patients will still suffer from local recurrence or distant metastasis. The 5-
year survival rate in patients with gastric cancer is often less than 35%. A common cure for advanced
gastric cancer is chemoradiotherapy. Most of the existing chemotherapy drugs have severe adverse
reactions and high drug resistance, and it is often difficult for gastric cancer patients who fail the first-
line and second-line chemotherapy to benefit from radiotherapy since radiotherapy is only a local
treatment (Joshi and Badgwell, 2021). Molecular targeted therapy has played a considerable role in
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for 24 h, and the levels of various proteins were detected by western blot analysis.
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FIGURE 1 | Terphenylin binds to STAT3 to reduce the expression level of p-STAT3 and inhibit the STAT3 signaling pathway. (A) The chemical structure of
terphenyliin. (B,C) The proposed binding mode of terphenyllin and STAT3. (D,E) MKN1 and BGC823 cells were treated with terphenyliin at the specified concentration
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the treatment of advanced gastric cancer, while there are very
limited targeted drugs that can be used in clinical treatment
(Nakamura et al,, 2021). The development of target drugs with
high efficiency and low toxicity to gastric cancer is urgent for
gastric cancer patients all over the world.

The signal transducer and activator of transcription (STAT)
family of proteins are cytoplasmic transcription factors, which are
responsible for the transmission of extracellular signals from the
cell surface to the nucleus and activate gene transcription. STAT
protein family (STATI, STAT2, STAT3, STAT4, STATS5A,
STAT5B, STAT6) has six common domains: amino-terminal
domain, coiled-coil domain (CCD), DNA binding domain
(DBD), linker domain (LD), SRC homologous domain (SH2)
and carboxyl-terminal transactivation domain. Each domain has
its specific physiological functions and mediates a variety of
intracellular signal pathways (Tas et al, 2016). Among all
STAT protein family members, STAT3 expression is required
for some normal tissues and organs, such as bone marrow,
peripheral nervous system, and digestive tract. In most human
cancers, over-activation of STAT3 is usually associated with poor
clinical prognosis. The transcriptional activity of STAT3 is
involved in many biological processes, including cell
proliferation, survival, angiogenesis, and immune evasion.

The abnormal activation of classical STAT3 mainly forms
dimer through the combination of cytokines such as IL-6 and
their corresponding cell surface receptors, thus triggering tyrosine

phosphorylation cascade and then in turn recruiting glycoprotein
130 (gpl30) and Janus kinases (JAKs), to phosphorylate and
activate JAKs. On the contrary, JAK activation phosphorylates
specific tyrosine residues of the receptor, followed by the
interaction with the SH2 domain of STATS3, resulting in JAKs
phosphorylating STAT3 in Tyr705. Phosphorylated STAT3
(p-STAT3) further forms homodimer by the binding between
its phosphorylated Tyr705 site and SH2 domain, triggering the
dissociation of STAT3 dimer from cell surface receptor and the
translocation of STAT3 from the cytoplasm to the nucleus and
further regulating downstream gene expression (Morris et al.,
2018). Since the STAT3 signaling pathway has multiple
influence mechanisms in tumor proliferation, metastasis,
microenvironment formation, and immunosuppression, it has
become a potential anti-tumor target (J. J. Qin et al., 2019).

The development of efficient and specific small molecule
inhibitors of the STAT3 signaling pathway has been
challenged and much debated. Natural products provide
abundant compounds with unique structures and exhibit a
variety of remarkable biological activities, such as antibacterial,
antifungal, and anticancer (Davison and Brimble, 2019; J.; Qin
etal, 2017). Marine fungi have been proved to be a wide source of
bioactive candidate drugs with novel structure and synthetic
value (Jia et al., 2015; Haider et al., 2020). Over the past
decade, we launched a project to identify new active
compounds with anticancer efficacy from medicinal plants
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and marine fungi (Chen et al, 2013; Wang et al., 2018a).
Indeed, through a high-through virtual screening based on
structure, we identified a potential STAT3 inhibitor, 3°,6’-
dimethoxy-1,1":4",1”-terphenyl-2’,4,4”-triol, named
terphenyllin  (Figure 1A) from coral derived fungi.
However, it is still not clear whether terphenyllin has
anticancer efficacy in gastric cancer.

The purpose of this study was to evaluate the anticancer
efficacy of terphenyllin in vitro and in vivo and its potential
mechanism of action. Our results prove the potential of
terphenyllin as a STAT3 inhibitor in the treatment of gastric
cancer, which will provide a basis for the further development of
this natural compound as a targeted drug.

MATERIALS AND METHODS

Molecular Docking

The interaction between terphenyllin and STAT3 was investigated
by molecular docking in this study. The structure of terphenyllin
was drawn by ChemDraw 20.0. The crystal structure of STAT3
(PDB ID: 6TLC) was obtained from the RCSB Protein Data Bank
(PDB, https://www.rcsb.org/). The binding sites between
terphenyllin and STAT3 were predicted by AutoDock 4.2
software and the docking result was visualized by PyMol 2.5.

Cell Lines and Chemicals

Human gastric cancer cell lines MKN1 and BGC823 were purchased
from the American-type culture collection (ATCC). Both cell lines
were cultured in RPMI 1640 medium at 37°C in an incubator
containing 5% CO,. 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin were added to cell culture media. The
isolation and purification of terphenyllin were performed as
previously (Wang et al,, 2017). The structure of terphenylin was
tested and verified by NMR, MS, UV, and IR spectroscopy. The
purity of this compound was determined to be more than 98%. All
antibodies were purchased from Cell Signaling Technology: Anti-
STATS3 (Cat. No. 12640), Anti-pSTAT3 (Cat. No. 9145), Anti-c-Myc
(Cat. No. 18583), Anti-Cyclin D1 (Cat. No. 55506), and Anti-
GAPDH (Cat. No. 5174).

Cell Viability, Colony Formation, Wound

Healing, and Transwell Invasion Assays

The methodology used here was described elsewhere (Wang et al,
2014a; Wang et al, 2018b). To test the cytotoxic effect of
terphenyllin, we seeded 3,000 cells in each well of 96-well
plates. The compound was given at the indicated concentrations
for 24, 48, and 72 h, followed by a CCK8 assay (Biosharp, Anhui,
China). For colony formation assay, we seeded 800 cells in each
well of 6-well plates and treated cells with the compound at the
specific concentrations for 24 h. The cells were kept in the plate for
7-10 days, followed by fixation and crystal violet staining. In the
wound healing assay, we passaged enough cells and formed a
confluent monolayer of cells. The cells were scratched using a
pipette tip and then exposed to the indicated concentrations of
terphenyllin, thus assessing the effects of terphenyllin on cell
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migration. Considering the effect of terphenyllin on cell
invasion, 5 x 10* cells were transferred to every upper well of a
Boyden chamber (Corning, United States) and treated with
terphenyllin for 24 h. The invaded cells were then stained with
Crystal Violet Stain solution 2.5% (Solarbio, China) and the stained
cells were photographed and counted.

Cell Cycle Assay and Apoptosis Assay

Cell cycle assay and apoptosis assay were performed as described
previously (Wang et al., 2014b; Wang et al., 2019). For cell cycle assay,
the 3x10° cells were passaged to each well of 6-well plates (3x10° cells/
well) and exposed to indicated concentrations of terphenyllin (0, 20, 50,
and 200 uM) for 24 h. The cells were harvested and fixed in 95%
ethanol at 4 °C for more than 2 h. The fixed cells were incubated and
stained with propidium iodide/RNase staining buffer (BD Pharmingen,
United States). Subsequently, the cells in different cell cycle phases were
analyzed by LSRFortessa (BD Bioscience, United States). The data were
analyzed by the ModFit LT software (Verity Software House,
Switzerland). For apoptosis assay, 3 x 10> cells were seeded into 6-
well plates and then treated with specific concentrations of terphenyllin
for 48 h. The treated cells were harvested, washed with PBS, and then
re-suspended in binding buffer and Annexin V-FITC and propidium
iodide from FITC Annexin V Apoptosis Detection Kit I (BD
Pharmingen, United States). The inhibitory effects of terphenyllin
on cell apoptosis were processed on a CytoFLEX LX (Beckman
Coulter, United States).

Western Blot

Western blot was performed as described previously (Xue et al., 2017;
J. J5 Qin et al, 2018). In brief, 3 x 10° cells were seeded into 6-cm
dishes and then treated with indicated concentrations of terphenyllin
(0, 20, 50, and 200 M) for 24 h. Subsequently, the cells were scraped
and lysed in RIPA lysis buffer (Absin Bioscience Inc., Shanghai,
China) containing protease inhibitor mixture (PMSF). After
centrifugation for 20 min at 12,000 rpm, 4°C, the supernatants
were collected. The concentration of the samples was then
quantified by the BCA Protein Assay Kit (Absin, Shanghai, China).
Equal amounts of protein were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA,
United States). The membranes were blocked with 5% milk for 2 h at
room temperature. The membranes were washed three times with
TBST (Tris-buffered saline, 0.1% Tween 20), followed by incubation
with required primary antibodies overnight at 4°C. After washing
three times with TBST, the membranes were incubated with a
secondary antibody for 2h at room temperature. The working
dilution of each antibody involved in Western blot experiments is
1:1000. The membranes were scanned and visualized using the
ImageQuant 800 (Amersham, United Kingdom).

MKN1 Orthotopic Gastric Cancer Model

The orthotopic gastric cancer mouse model was formed as
described previously (Kang et al., 2021). Female four or 5 weeks
nude mice were purchased from Shanghai Laboratory Animal
Center. In brief, 100 uL of MKN1-Luc cell solution (5 x 10° cells in
a 1:1 mixture of Matrigel and serum-free medium) was slowly
injected into the left axillary. When the diameter of the MKN1
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subcutaneous tumor grew to 1 cm, we took out the tumor and
removed the fat and necrotic tissue of the tumor. Then we cut the
fresh tumor tissue into a side length of 1-2 mm that were placed on
the side of the great curvature of the stomach. Fifteen seconds later,
we put the stomach back into the abdominal cavity, put a little
powder antibiotic into the abdominal cavity, and suture the
abdominal muscle layer and skin layer in turn. Terphenyllin
was dissolved in PEG400:ethanol:saline (4:1:2, v/v/v) and
administered to mice by intraperitoneal injection at a dose of
10 mg/kg/day, 7 days/week for 5 weeks. For in vivo imaging, mice
were administered intraperitoneally with fluorescein substrate
(150 mg/kg) and anesthetized with isoflurane wusing an
anesthesia machine (Summit Anesthesia, United States). The
images for orthotopic tumor growth and metastasis were
detected from a Xenogen IVIS 200 imaging system (Caliper Life
Sciences, United States). All the animal data was processed using
LT Living Image 4.3 Software. At last, we tested the tumor
metastasis to other organs in every experimental rice.

Hematoxylin and Eosin (H&E) Staining

The H&E staining followed the previous paper (Voruganti et al., 2015).
At the end of the animal experiments, various major organs including
liver, lungs, kidneys, spleen, heart, and brain, were removed from the
tumor-bearing mice, fixed in 10% formalin, and embedded in paraffin.
These tissue blocks were handled and sectioned at a thickness of 5 pm.
These tissue sections were deparaffinized with xylenes, rehydrated,
washed using PBS, stained in Mayer’s Hematoxylin for 10 min, and
then stained with eosin for less than 1 min. Following staining, the
slides were dehydrated, mounted, and detected using an inverted
microscope (Axio Observer Al, Zeiss, Germany).

Statistical Analysis

Data were presented as the mean + SD from three independent
experiments and processed with the Prism software version 5
(Graph Pad Software Inc., San Diego, CA, United States). The
significant differences between the two groups were compared by
t-test. * denotes p < 0.05, ** denotes p < 0.01, *:: denotes p < 0.001.

RESULTS

Terphenyllin Directly Binds to STAT3 and
Suppresses STAT3 Activation in Gastric

Cancer Cells

To identify small molecule inhibitors for STAT3, we performed a
molecular docking and structure-based virtual screening assay
against a library of natural products using STAT3 as a substrate,
and terphenyllin was found to bind to STAT3. As shown in Figures
1B, C, the hydrogen atom of the phenolic hydroxyl group of
terphenyllin forms a hydrogen bond with the oxygen atom of
Glu612 side-chain amide. To investigate the effect of terphenyllin
on the STATS3 signaling pathway, we test the inhibitory effect of
terphenyllin on STAT3 protein in gastric cancer cells. We found that
terphenyllin concentration-dependently suppressed the protein level
of p-STAT3 (Tyr705) but had no obvious influence on the level of
total STAT3 (Figures 1D, E). Also, terphenyllin inhibits the
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expression levels of Cyclin D1 and c-Myc, the downstream target
genes of STAT3 (Figures 1D, E). In conclusion, the results above
revealed that terphenyllin blocked the STAT?3 signaling pathway in
both MKN1 and BGC823 gastric cancer cell lines.

Terphenyllin Inhibits Gastric Cancer Cell

Proliferation and Colony Formation

CCKS8 assay was performed to examine the effect of terphenyllin on
the viability of gastric cancer cells. The results demonstrated that
terphenyllin showed obvious inhibitory effects on the viability of
gastric cancer cells especially when the treatment concentration was
higher than 100 uM (Figures 2A, B). When the treatment time
reached 72 h, the IC5, of terphenyllin against MKN1 and BGC823
cell lines reduced to 35.5 and 39.9 uM, respectively. We also explored
the anticancer activity of terphenyllin using colony formation assay.
Terphenyllin decreased the colony numbers of MKN1 and BGC823
cell lines in a concentration-dependent manner (Figures 2C, D).
When the treatment concentration came to 20 uM, already inhibited
by terphenyllin. We could hardly see any colony formation in both
2 cell lines at the highest concentration.

Terphenyllin Induces Gastric Cancer Cell

Apoptosis and Cell Cycle Arrest in Vitro

To test the effect of terphenyllin on the cell cycle progression, the cell
cycle distribution of both MKN1 and BGC823 cell lines was measured
by flow cytometric assay. It was seen that the proportions of G1 and G2
cells did not show remarkable changes among these four groups but the
proportions of terphenyllin-treated groups in the S phase significantly
increased, compared with the DMSO groups (Figures 3A, B).
Terphenyllin treatment-induced cell cycle arrest was probably
related to the down-regulation of cell cycle regulation proteins
(such as Cyclin D1 and c-Myc), which was consistent with our
western blot results. As for the assessment of the pro-apoptotic
influence of terphenyllin on both cell lines, the apoptotic rates were
detected by the FITC Annexin V apoptosis detection kit. As shown in
Figure 3C, the proportion of apoptotic cells significantly increased in a
concentration-dependent manner. In the highest concentration group,
the percentage of apoptotic cells in both 2 cell lines was around 50%.
Furthermore, it could be discovered that the apoptotic rate of BGC823
is much higher than that of MKN1, which implied that BGC823 cells
might be more sensitive to terphenyllin than MKN1 cells.

Terphenyllin Inhibits the Migration and

Invasion of Gastric Cancer Cells in Vitro

To determine the effects of terphenyllin on the migration and invasion
of MKNI1 and BGCB823 cell lines, the wound-healing assay and
transwell invasion assay were performed. As shown in Figures 4A,
B, MKN1 and BGC823 cells in the control group both migrated into
the entire wounded area by 48 h, whereas treatment with terphenyllin
at specific concentrations (5 and 10 pM) prominently inhibited the cell
migration. It was observed that the wound of the MKN1 cells was
much easier to heal than of the BGC823 cells at a 10 uM treatment
concentration. The results of the invasion assay in Figure 4C showed
that compared with the control group, the invasive ability of MKN1
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and BGC823 cells in the terphenyllin-treated groups was significantly
decreased in a dose-dependent manner. Compared with BGC823 cells,
MKNT1 cells showed stronger invasive ability according to the number
of cells invaded.

Terphenyllin Suppresses Tumor Growth in
the MKN1 Orthotopic Gastric Cancer

Mouse Model

Owing to the inhibition of proliferation of gastric cancer cells after
treatment with terphenyllin, we next tried to examine whether it could
slow the tumor growth in vivo. We established an orthotopic gastric
cancer mouse model and the tumor-bearing nude mice were
randomly divided into two groups: vehicle group and terphenyllin
treatment group. As expected, intraperitoneal injection of terphenyllin
caused significant inhibition of gastric tumor growth in the orthotopic
model (Figures 5A,B). The rate of tumor growth inhibition is 67.2%
compared with the vehicle group. There was no significant difference

in body weight between these two groups, revealing that terphenyllin
had no obvious host toxicity (Figure 5C). The pathological changes in
the vital organs were also evaluated using H&E staining. Compared
the vehicle group with the treatment group, no pathological changes
were detected, indicating that terphenyllin did not cause damage to the
organs of mice (Figure 5D). Collectively, terphenyllin suppressed the
growth of tumors and did not show significant side effects in vivo.

Terphenyllin Prevents Tumor Metastasis in
the MKN1 Orthotopic Gastric Cancer

Mouse Model

To test the effect of terphenyllin on tumor metastasis, vital organs
were taken out separately for fluorescence imaging. Terphenyllin
showed an obvious inhibitory effect on the metastatic lesions in
the liver, spleen, and peritoneum while comparing with the
vehicle group. The statistical results indicated that 6, 2, and six
out of eight vehicle-treated mice showed metastatic lesions in the
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FIGURE 3 | Terphenyliin can block the cell cycle of gastric cancer and induce apoptosis in vitro. (A,B) Terphenyliin was treated for 24 h and fixed, followed by the
propidium iodide/RNase analysis. (C) MKN1 and BGC823 cells were treated with terphenyllin at the indicated concentrations for 48 h, followed by the detection of
apoptosis by FITC-Annexin V assay. Results are presented as mean + SD. (#p < 0.05; **p < 0.01, ##%p < 0.001).

liver, spleen and peritoneum, respectively, while the incidence of =~ 6A-C). Moreover, there were far more mice without metastasis in
liver, spleen and peritoneal metastasis in terphenyllin-treated  the terphenyllin-treated group than in the vehicle group
mice was reduced to 2/8, 1/8, and 2/8, respectively (Figures  (Figure 6C).
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DISCUSSION thus inhibiting the STAT3 pathway and exerting its anti-cancer

therapy in vitro and in vivo (He et al, 2021). One of the major
upstream targeting proteins is JAK kinase and a few JAK inhibitors
have been carried out in some clinical trials. It is worth mentioning

Given that STATS3 is a potential target for cancer therapy, there are
numerous direct and indirect STAT3 inhibitors. Indirect inhibitors

interact with an upstream protein of the STAT3 signaling pathway
that disturbs STAT3 by reducing the phosphorylation of STAT3
(Tyr705). Trienomycin A blocks the phosphorylation of STATS3,

that ruxolitinib and tofacitinib have gained the approval of the US
Food and Drug Administration. Some STAT3 inhibitors are
designed to directly bind to the SH2 domain of STAT3 protein.
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FIGURE 5 | Terphenyllin suppresses the growth of MKN1 orthotopic tumors without causing any host toxicity. (A) The luciferase signal of MKN1 in model mice was
detected every 7 days. (B) At the end of the experiment, the average tumor mass (determined by the detected photons/second) of terphenyliin treated mice and control
mice was compared. (C) The weight of mice in the control group and the treated group was monitored every 3 days. (D) At the end of the experiment, samples were
taken from the heart, liver, spleen, lung, kidney, and brain of mice, and the paraffin sections of these tissues were stained with H&E (allimages represent sequence
images) sections; scale bar, 100 um. Results are presented as mean + SD. (¥p < 0.05; ##p < 0.01, *+xp < 0.001).

The phosphopeptide is the first inhibitor on the SH2 domain of
STATS3. Because of its poor stability and membrane permeability,
recent studies mainly focus on identifying small molecule inhibitors
of STAT3. A typical SH2 inhibitor C188-9 has been evaluated in
gastric cancer and lung cancer, aiming at the development of
advanced cancer therapy (Bharadwaj et al, 2016; Jung et al,
2017). OPB-111077 is another well-known inhibitor and has
stepped into clinical experiments in some types of cancers
(Genini et al., 2017). However, to our knowledge, there is still no
STATS3 inhibitor approved to be used in the clinic.

In this study, we identified terphenyllin as a potential STAT3
inhibitor from coral-derived fungi through virtual structural-
based screening. Recent studies have reported the extraction,
isolation and structural analysis of terphenyllin (Singh et al., 2003;
X. Q.; Zhanget al,, 2018). There are a few preliminary studies that
have demonstrated that terphenyllin and its analogs had
significant cytotoxic effects on the lung, pancreatic cancer
cells, and hepatoma cells (Wang et al., 2017; J; Zhang et al,
2020; Haider et al., 2020). Terphenyllin induced the apoptosis of
pancreatic cancer cell lines by modulating the expression of
apoptosis-related proteins. However, the ectopic effect of
terphenyllin on STAT3 and the actual target have not been
verified in gastric cancer. Herein, we tested its effect on the

STAT3 signaling pathway. We found that terphenyllin inhibited
the STAT3 signaling pathway by inhibiting the expression level of
p-STATS3 rather than STAT3. Subsequently, we also verified that
terphenyllin could reduce the expression levels of proliferation-
related protein c-Myc and cell cycle-related protein Cyclin D1,
thus inhibiting the proliferation and blocking the cycle
progression of gastric cancer cells.

To determine the anticancer effect of terphenyllin in vitro and
in vivo, we used two gastric cancer cells for the cytotoxicity
experiment. It showed that terphenyllin has significant
cytotoxicity to human gastric cancer cells. We found that
terphenyllin inhibited colony formation and cell cycle
progression and induced apoptosis in gastric cancer cells in a
concentration-dependent manner. Wound healing and transwell
invasion experiments showed that terphenyllin had an inhibitory
effect on the migration and invasion of gastric cancer cells
in vitro. Furthermore, we established an orthotopic gastric
cancer mouse model, which can provide tumor cells with the
same microenvironment in vivo as their origin, maintain the
original biological characteristics of tumor cells, and better
predict the therapeutic effect of test compounds. Our results
showed that terphenyllin suppressed tumor growth and
metastasis in vivo. The results of the body weight and H&E
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staining showed that terphenyllin did not cause significant weight
loss and organ damage in mice, indicating that the terphenyllin is
safe at an effective dose.

There are some limitations in our work. In the future, surface
plasmon resonance assay may need to be used further to validate
the molecular targets of terphenyllin. In addition, we still have not
studied the binding sites of terphenyllin on STAT3. We have to
explore the deeper mechanism of action like how terphenyllin
blocks the phosphorylation of STAT3. And whether the binding
of terphenyllin to STATS3 results in anticancer activity should be
examined in STAT3 knockdown cells and animals.

In conclusion, this study shows that marine-derived natural
product terphenyllin binds to STAT3 inhibits the growth and
metastasis of gastric cancer at an effective dose without significant
toxicity in vitro and in vivo by inhibiting the STAT3 signaling
pathway. Taken together, the present study provides a promising
drug candidate for gastric cancer treatment.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the animal care
committee of Zhejiang Chinese Medical University.

AUTHOR CONTRIBUTIONS

J-JQ, WZ, and WW conceived the project. XY and QL
performed the molecular docking. DY, SQ, WY, and MC
carried out the experimental studies. DY, SQ, and XG
performed the analysis and wrote the manuscript. J-JQ edited
the manuscript. All authors read and approved the final
manuscript.

FUNDING

This research was supported by grants from Program of
Zhejiang Provincial TCM Sci-tech Plan (2020ZZ005),
National Key R and D Program of China (2021YFA0910100),
National Natural Science Foundation of China (81903842),
Natural Science Foundation of Zhejiang Province

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 870367


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Yu et al.

(LR21H280001 and LQ22H280022), Natural
Foundation of Fujian Province (2021J01509),
Postdoctoral Science Foundation (2021M692873),
Scientific Research Foundation of Third Institute

Oceanography SOA (2018021).

Science
China
and
of

REFERENCES

Bharadwaj, U., Eckols, T. K., Xu, X., Kasembeli, M. M., Chen, Y., Adachi, M, et al. (2016).
Small-molecule Inhibition of STAT3 in Radioresistant Head and Neck Squamous Cell
Carcinoma. Oncotarget 7 (18), 26307-26330. doi:10.18632/oncotarget.8368

Chen, D., Wang, W, Qin, J. ], Wang, M. H,, Murugesan, S, Nadkarni, D. H,, et al. (2013).
Identification of the ZAK-MKK4-JNK-TgfB Signaling Pathway as a Molecular Target
for Novel Synthetic Iminoquinone Anticancer Compound BA-TPQ. Curr. Cancer
Drug Targets 13 (6), 651-660. doi:10.2174/15680096113139990040

Davison, E. K., and Brimble, M. A. (2019). Natural Product Derived Privileged Scaffolds
in Drug Discovery. Curr. Opin. Chem. Biol. 52, 1-8. doi:10.1016/j.cbpa.2018.12.007

Genini, D., Brambilla, L., Laurini, E., Merulla, J., Civenni, G., Pandit, S., et al. (2017).
Mitochondrial Dysfunction Induced by a SH2 Domain-Targeting STAT3
Inhibitor Leads to Metabolic Synthetic Lethality in Cancer Cells. Proc. Natl.
Acad. Sci. U S A. 114 (25), E4924-E4933. doi:10.1073/pnas.1615730114

Haider, W., Xu, W. F,, Liu, M., Wu, Y. W, Tang, Y. F.,, Wei, M. Y,, et al. (2020).
Structure-Activity ~Relationships Cytotoxic of
Terphenyllin Derivatives from a Small Compound Library. Chem. Biodivers
17 (7), €2000207. doi:10.1002/cbdv.202000207

He, Q. R, Tang, J. J., Liu, Y., Chen, Z. F,, Liu, Y. X,, Chen, H,, et al. (2021). The
Natural Product Trienomycin A Is a STAT3 Pathway Inhibitor that Exhibits
Potent In Vitro and In Vivo Efficacy against Pancreatic Cancer. Br.
J. Pharmacol. 178 (12), 2496-2515. doi:10.1111/bph.15435

Jia, Y. L., Wei, M. Y., Chen, H. Y., Guan, F. F,, Wang, C. Y., and Shao, C. L. (2015).
(+)- and (-)-Pestaloxazine A, a Pair of Antiviral Enantiomeric Alkaloid Dimers
with a Symmetric Spiro[oxazinane-piperazinedione] Skeleton from Pestalotiopsis
Sp. Org. Lett. 17 (17), 4216-4219. doi:10.1021/acs.orglett.5601995

Joshi, S. S., and Badgwell, B. D. (2021). Current Treatment and Recent Progress in
Gastric Cancer. CA Cancer J. Clin. 71 (3), 264-279. do0i:10.3322/caac.21657

Jung, K. H., Yoo, W., Stevenson, H. L., Deshpande, D., Shen, H., Gagea, M., et al.
(2017). Multifunctional Effects of a Small-Molecule STAT3 Inhibitor on NASH
and Hepatocellular Carcinoma in Mice. Clin. Cancer Res. 23 (18), 5537-5546.
doi:10.1158/1078-0432.CCR-16-2253

Kang, W., Maher, L., Michaud, M., Bae, S. W, Kim, S., Lee, H. S,, et al. (2021).
Correction to: Development of a Novel Orthotopic Gastric Cancer Mouse
Model. Biol. Proced. Online 23 (1), 9. doi:10.1186/s12575-021-00146-8

Morris, R, Kershaw, N. ], and Babon, J. J. (2018). The Molecular Details of Cytokine Signaling
via the JAK/STAT Pathway. Protein Sci. 27 (12), 1984-2009. doi:10.1002/pro.3519

Nakamura, Y., Kawazoe, A., Lordick, F., Janjigian, Y. Y., and Shitara, K. (2021).
Biomarker-targeted Therapies for Advanced-Stage Gastric and Gastro-
Oesophageal junction Cancers: an Emerging Paradigm. Nat. Rev. Clin.
Oncol. 18 (8), 473-487. doi:10.1038/s41571-021-00492-2

Qin, J., Wang, W, and Zhang, R. (2017). Novel Natural Product Therapeutics
Targeting Both Inflammation and Cancer. Chin. J. Nat. Med. 15 (6), 401-416.
doi:10.1016/S1875-5364(17)30062-6

Qin, J. J., Wang, W., Li, X,, Deokar, H., Buolamwini, J. K., and Zhang, R. (2018).
Inhibiting B-Catenin by B-Carboline-Type MDM2 Inhibitor for Pancreatic
Cancer Therapy. Front. Pharmacol. 9, 5. doi:10.3389/fphar.2018.00005

Qin, J. J,, Yan, L, Zhang, J., and Zhang, W. D. (2019). STAT3 as a Potential
Therapeutic Target in Triple Negative Breast Cancer: a Systematic Review.
J. Exp. Clin. Cancer Res. 38 (1), 195. doi:10.1186/s13046-019-1206-z

Singh, S. B., Jayasuriya, H., Dewey, R., Polishook, J. D., Dombrowski, A. W., Zink,
D. L, etal. (2003). Isolation, Structure, and HIV-1-Integrase Inhibitory Activity
of Structurally Diverse Fungal Metabolites. J. Ind. Microbiol. Biotechnol. 30 (12),
721-731. doi:10.1007/s10295-003-0101-x

Smyth, E. C,, Nilsson, M., Grabsch, H. I, van Grieken, N. C,, and Lordick, F. (2020).
Gastric Cancer. Lancet 396 (10251), 635-648. doi:10.1016/s0140-6736(20)31288-5

and Potent Activities

Targeting STAT3 for GC Therapy

ACKNOWLEDGMENTS

The authors acknowledge the use of instruments at the Shared
Instrumentation Core Facility at the Institute of Basic Medicine
and Cancer (IBMC), Chinese Academy of Sciences.

Tas, S. W,, Maracle, C. X,, Balogh, E., and Szekanecz, Z. (2016). Targeting of
Proangiogenic Signalling Pathways in Chronic Inflammation. Nat. Rev.
Rheumatol. 12 (2), 111-122. doi:10.1038/nrrheum.2015.164

Voruganti, S., Qin, J. J., Sarkar, S., Nag, S., Walbi, I. A., Wang, S., et al. (2015). Oral
Nano-Delivery of Anticancer Ginsenoside 25-OCH3-PPD, a Natural Inhibitor
of the MDM2 Oncogene: Nanoparticle Preparation, Characterization, In Vitro
and In Vivo Anti-prostate Cancer Activity, and Mechanisms of Action.
Oncotarget 6 (25), 21379-21394. doi:10.18632/oncotarget.4091

Wang, W, Cheng, ]. W., Qin, ]. ], Hu, B,, Li, X, Nijampatnam, B, et al. (2019). MDM2-
NFAT1 Dual Inhibitor, MA242: Effective against Hepatocellular Carcinoma,
Independent of P53. Cancer Lett. 459, 156-167. doi:10.1016/j.canlet.2019.114429

Wang, W., Liao, Y., Tang, C., Huang, X., Luo, Z., Chen, J., et al. (2017).
Cytotoxic and Antibacterial Compounds from the Coral-Derived Fungus
Aspergillus tritici SP2-8-1. Mar. Drugs 15 (11), 348. doi:10.3390/
md15110348

Wang, W., Qin, J. ], Li, X, Tao, G.,, Wang, Q,, Wu, X,, et al. (2018a). Prevention of Prostate
Cancer by Natural Product MDM2 Inhibitor GS25: In Vitro and In Vivo Activities and
Molecular Mechanisms. Carcinogenesis 39 (8), 1026-1036. doi:10.1093/carcin/bgy063

Wang, W., Qin, J. J., Voruganti, S., Nijampatnam, B., Velu, S. E., Ruan, K. H,, et al.
(2018b). Discovery and Characterization of Dual Inhibitors of MDM2 and
NFAT]1 for Pancreatic Cancer Therapy. Cancer Res. 78 (19), 5656-5667. doi:10.
1158/0008-5472.CAN-17-3939

Wang, W, Qin, J. ], Voruganti, S., Srivenugopal, K. S., Nag, S,, Patil, S., et al. (2014a).
The Pyrido[b]indole MDM2 Inhibitor SP-141 Exerts Potent Therapeutic Effects
in Breast Cancer Models. Nat. Commun. 5, 5086. doi:10.1038/ncomms6086

Wang, W., Qin, J. J., Voruganti, S., Wang, M. H., Sharma, H., Patil, S., et al. (2014b).
Identification of a New Class of MDM2 Inhibitor that Inhibits Growth of
Orthotopic Pancreatic Tumors in Mice. Gastroenterology 147 (4), 893-e2.
doi:10.1053/j.gastro.2014.07.001

Xue, B., Wang, W, Qin, J. J., Nijampatnam, B., Murugesan, S., Kozlovskaya, V.,
et al. (2017). Highly Efficient Delivery of Potent Anticancer Iminoquinone
Derivative by Multilayer Hydrogel Cubes. Acta Biomater. 58, 386-398. doi:10.
1016/j.actbio.2017.06.004

Zhang, J., Wang, W., Zhou, Y., Yang, J., Xu, J., Xu, Z,, et al. (2020). Terphenyllin
Suppresses Orthotopic Pancreatic Tumor Growth and Prevents Metastasis in
Mice. Front. Pharmacol. 11, 457. doi:10.3389/fphar.2020.00457

Zhang, X. Q., Mou, X. F., Mao, N, Hao, J. ], Liu, M., Zheng, J. Y., et al. (2018).
Design, Semisynthesis, a-glucosidase Inhibitory, Cytotoxic, and Antibacterial
Activities of P-Terphenyl Derivatives. Eur. J. Med. Chem. 146, 232-244. doi:10.
1016/j.ejmech.2018.01.057

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yu, Qi, Guan, Yu, Yu, Cai, Li, Wang, Zhang and Qin. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 870367


https://doi.org/10.18632/oncotarget.8368
https://doi.org/10.2174/15680096113139990040
https://doi.org/10.1016/j.cbpa.2018.12.007
https://doi.org/10.1073/pnas.1615730114
https://doi.org/10.1002/cbdv.202000207
https://doi.org/10.1111/bph.15435
https://doi.org/10.1021/acs.orglett.5b01995
https://doi.org/10.3322/caac.21657
https://doi.org/10.1158/1078-0432.CCR-16-2253
https://doi.org/10.1186/s12575-021-00146-8
https://doi.org/10.1002/pro.3519
https://doi.org/10.1038/s41571-021-00492-2
https://doi.org/10.1016/S1875-5364(17)30062-6
https://doi.org/10.3389/fphar.2018.00005
https://doi.org/10.1186/s13046-019-1206-z
https://doi.org/10.1007/s10295-003-0101-x
https://doi.org/10.1016/s0140-6736(20)31288-5
https://doi.org/10.1038/nrrheum.2015.164
https://doi.org/10.18632/oncotarget.4091
https://doi.org/10.1016/j.canlet.2019.114429
https://doi.org/10.3390/md15110348
https://doi.org/10.3390/md15110348
https://doi.org/10.1093/carcin/bgy063
https://doi.org/10.1158/0008-5472.CAN-17-3939
https://doi.org/10.1158/0008-5472.CAN-17-3939
https://doi.org/10.1038/ncomms6086
https://doi.org/10.1053/j.gastro.2014.07.001
https://doi.org/10.1016/j.actbio.2017.06.004
https://doi.org/10.1016/j.actbio.2017.06.004
https://doi.org/10.3389/fphar.2020.00457
https://doi.org/10.1016/j.ejmech.2018.01.057
https://doi.org/10.1016/j.ejmech.2018.01.057
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Inhibition of STAT3 Signaling Pathway by Terphenyllin Suppresses Growth and Metastasis of Gastric Cancer
	Introduction
	Materials and Methods
	Molecular Docking
	Cell Lines and Chemicals
	Cell Viability, Colony Formation, Wound Healing, and Transwell Invasion Assays
	Cell Cycle Assay and Apoptosis Assay
	Western Blot
	MKN1 Orthotopic Gastric Cancer Model
	Hematoxylin and Eosin (H&E) Staining
	Statistical Analysis

	Results
	Terphenyllin Directly Binds to STAT3 and Suppresses STAT3 Activation in Gastric Cancer Cells
	Terphenyllin Inhibits Gastric Cancer Cell Proliferation and Colony Formation
	Terphenyllin Induces Gastric Cancer Cell Apoptosis and Cell Cycle Arrest in Vitro
	Terphenyllin Inhibits the Migration and Invasion of Gastric Cancer Cells in Vitro
	Terphenyllin Suppresses Tumor Growth in the MKN1 Orthotopic Gastric Cancer Mouse Model
	Terphenyllin Prevents Tumor Metastasis in the MKN1 Orthotopic Gastric Cancer Mouse Model

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


