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Abstract: Activation of the transcription factor, signal transducers and activators of
transcription 3 (STAT3), has been linked to the proliferation and migration of a variety of human
cancer cells. These actions occur via the upregulation or downregulation of cell survival and
tumor suppressor genes, respectively. Importantly, agents that can suppress STAT3 activation
have the potential for use in the prevention and treatment of various cancers. In this study, an
Asiatic acid (AA) derivative, N-(20,,3,23-acetoxyurs-12-en-28-oyl)-L-proline methyl ester
(AA-PMe), is reported to dose dependently suppress constitutive STAT3 activation in gastric
cancer cells. This inhibition was mediated by blockade of Janus-activated kinase 2. Additionally,
AA-PMe regulated the expression of STAT3-modulated gene products, including cyclin D1,
Bax, Bcl-2, c-Myc, and matrix metalloproteinase (MMP)-2 and MMP-9. Finally, transfection
with both a STAT3 mimic and an inhibitor reversed the AA-PMe-driven modulation of STAT3
downstream gene products. Overall, these results suggest that AA-PMe is a novel blocker of
STATS3 activation and has the potential for the prevention and treatment of gastric cancer.
Keywords: gastric cancer, signal transducer and activator of transcription 3, Asiatic acid
derivative, cell cycle, apoptosis, invasion

Introduction

Gastric cancer is one of the common cancers with a high mortality rate and limited
treatment options.! This is particularly true for populations residing in less developed
countries.? To this end, systemic chemotherapy treatment has been the primary means
of treatment but has led to consistently disappointing results with both low response
rates and high toxicity.> Hence, it is critical to develop new compounds and novel
strategies of gastric cancer therapeutics.

The family of signal transducer and activator of transcription (STAT) proteins has
manifested their significant functions in tumor cell survival, proliferation,® invasion,
and mobility.* Among them, STAT3 has been observed to be constitutively active in
various cancer cells, including blood cancer cells (multiple myeloma, leukemia, and
lymphoma) and solid tumor cells (lung cancer, melanoma, and prostate cancer).>¢
After activation, STAT3 undergoes tyrosine phosphorylation, dimerization, DNA
binding, and then transcription activation. The interaction between Janus-activated
kinases (JAKs) and STAT3 mediates the phosphorylation process. JAK1, JAK2,
JAK3, and TYK2, a non-JAK tyrosine kinase, have all taken part in the activation

submit your manuscript

Dove n’ﬁu

http:

OncoTargets and Therapy 2017:10 55-66 55
© 2017 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY NG

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/OTT.S121619
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:gongzhunan@njnu.edu.cn
mailto:caoxiangrong@njnu.edu.cn

Wang et al

Dove

of STAT3.7® Under normal physiological conditions, cells
exhibit transient STAT3 phosphorylation, but STAT3 is
constitutively activated in a great majority of tumor cells.
This robust finding implicates aberrant STAT3 signaling
in tumor formation.”'* Contrastingly, inhibition of STAT3
may develop anticancer effects.’* The downstream targets
of STAT3 include many gene products, such as vascular
endothelial growth factor for angiogenesis; matrix metal-
loproteinase (MMP)-9 and MMP-2 for cell mobility; and
cyclin D1, survivin, Mcl-1, c-Myc, and Bcl-2 required for
cell survival and proliferation.'®!” As a consequence, agents
that suppress activation of STAT3 have the capability of
prevention and treatment of cancer.'®!

Natural dietary ingredients are potent resources of STAT3
inhibitors. Additionally, numerous studies suggest that veg-
etables and fruits can potentially prevent cancer.' Pentacyclic
triterpenes are active constituents in many medicinal herbs
and have been used to treat a large range of indications.?
Asiatic acid (AA) is a pentacyclic triterpenoid which is iso-
lated from Centella asiatica, a tropical medicinal plant, and
displays cytotoxicity in a number of cancer cell lines, includ-
ing human breast cancer,?! colon cancer,? glioblastoma,*
hepatoma,* and melanoma cells.? Previous laboratory work
focused on the semisynthesis of several derivatives of AA
and found that one of them, N-(20,3[3,23-acetoxyurs-12-en-
28-oyl)-L-proline methyl ester (AA-PMe), had the strongest
inhibitory activity using several cancer cell lines in vitro.?
Furthermore, the results also indicated that AA-PMe may
block cell cycle progression, induce cell apoptosis, and
inhibit the mobility of gastric cancer cells. Crucially, these
effects were apparent with almost no toxicity to normal cells.
Given the crucial roles of STAT3 in survival, proliferation
of cancer cells, as well as angiogenesis, it was hypothesized
that AA-PMe exerted its activities partly through regulation
of the STAT3 activation pathway. To test this hypothesis,
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Figure | Chemical structure of AA (A) and AA-PMe (B).

gastric cancer cell lines were utilized in conjunction with
AA-PMe. The results indicated that AA-PMe suppressed
constitutively active STAT3 by downregulating expression of
gene products related to cell proliferation and angiogenesis.
This inhibition ultimately led to cell survival suppression,
apoptosis induction, as well as blockade of migration and
invasion in gastric cancer cells.

Materials and methods

Materials and reagents

AA was isolated and purified by gradient elution from silica
gel column chromatography with petroleum ether—acetone
system after extracting with ethanol from C. asiatica (L.)
urban. The derivative AA-PMe was obtained through struc-
tural modification of AA performed in the laboratory.?® The
structures of AA and AA-PMe are shown in Figure 1. Proline
was purchased from Aladdin (Shanghai, China). Dulbecco’s
Modified Eagle’s Medium (DMEM) and fetal bovine serum
(FBS) were all purchased from Life Technologies (Carlsbad,
CA, USA). Rabbit polyclonal primary antibodies to phospho-
STAT3(Tyr®), JAK2, phospho-JAK2, c-Myc, MMP-2, and
MMP-9, and mouse monoclonal primary antibody against
cyclin D1 were all obtained from Cell Signaling Technology
(Danvers, MA, USA). Rabbit polyclonal antibodies against
Bax and Bcl-2 and the anti-rabbit horseradish peroxidase
(HRP) conjugate secondary antibody were obtained from
Abcam (Cambridge, UK). The anti-mouse HRP conjugate
secondary antibody was sourced from Boster (Wuhan,
China). The specific JAK inhibitor, pyridine 6, was purchased
from Santa Cruz Biotechnology (Dallas, TX, USA).

Cell lines

SGC7901 (metastatic carcinoma of lymph node) were
obtained from the Cell Bank of Chinese Academy of Sci-
ences (Shanghai, China) and were cultured in DMEM
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Abbreviations: AA, asiatic acid; AA-PMe, asiatic acid-N-(20,33,23-acetoxyurs- | 2-en-28-oyl)-L-proline methyl ester.
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supplemented with 10% FBS (Life Technologies) in a 37°C
humidified atmosphere containing 5% CO..

Construction of recombinant eukaryotic

expression vector

A full-length, human STAT3 cDNA fragment was ampli-
fied using a forward primer (5'-TACAAGTACTCAGATC
TCGAGATGGCCCAATGGAATCAGC-3’) and a reverse
primer (5-CGACTGCAGAATTCGAAGCTTTCACAT
GGGGGAGGTAG-3’), verified through sequencing, and
double digested using Xhol-HindIII to get cohesive termi-
nus. The resulting 2 kb fragment was purified using a gel/
polymerase chain reaction (PCR) extraction kit from Biomiga
(San Diego, CA, USA) and was ligated to an Xhol-HindIII-
digested pEGFP-C3 vector DNA (BD Biosciences Clontech,
Mountain View, CA, USA). Positive clones were further
confirmed by Xhol-HindIII digestion and further sequencing.
All vectors expressed green fluorescent protein as a reporter,
thus enabling us to measure their infection efficiency.

Construction of STAT3 shRNA-

expressing vector

Two complementary oligonucleotides for shSTAT3 (for-
ward: 5-GATCCGCAGCAGCTGAACAACATGTTCA
AGAGACATGTTGTTCAGCTGCTGCTTTTTTGAAT
TCA-3’, reverse: 5'-AGCTTGAATTCAAAAAAGCAGC
AGCTGAACAACATGTCTCTTGAACATGTTGTTCA
GCTGCTGCG-3") were designed with BamHI and HindIII
overhangs, which successfully interfered with the expres-
sion of human STAT3 mRNA. shRNA was obtained from
Life Technologies. Double oligonucleotides were annealed
by incubating in an annealing buffer for 10 min at 95°C,
followed by slow cooling to 37°C. The annealed DNA was
ligated with linearized pDC316-EGFP-U6 (Ambion, Austin,
TX, USA) at the BamHI and HindIII sites. The plasmid DNA
(pDC316-U6-STAT3) was isolated using a Biomiga Plasmid
Miniprep Kit according to the manufacturer’s instructions
and verified by sequencing directly.

STAT3 expressed and interfered plasmid

transfection assay

SGC7901 cells were seeded at densities of 5x10*mL on
six-well plates and incubated overnight. They were then
transiently transfected with either the pEGFP-C3-STAT3 or
pDC316-EGFP-U6-STAT3 construct in serum-free DMEM
or RPMI1640 using Lipofectamine 2000 reagent (Invitrogen,
Waltham, MA, USA). After 6 h transfection, the medium was
replaced with either DMEM or RPMI1640 media containing

10% FBS. At 12 h post-transfection, cells were treated with
AA-PMe at concentrations of 1, 5, 10, 25, and 50 uM for
24 h and whole-cell extracts prepared with radioimmunopre-
cipitation assay (RIPA) lysis buffer were used to examine
the levels of total STAT3 and phosphorylated STAT3 using
Western blot.

Western blot analysis

After AA-PMe treatment, the whole-cell extracts were lysed
in RIPA buffer (0.01% phenylmethane sulfonyl flouride,
150 mmol/L NaCl, 50 mmol/L Tris, pH =8, 0.1% sodium
dodecyl sulfate [SDS], 0.2% ethylenediaminetetraacetic
acid, 1% Triton X-100, 1% sodium deoxycholate) supple-
mented with protease and phosphatase inhibitor cocktails
(Roche, Basel, Switzerland). Lysates were incubated on
ice for 30 min and centrifuged (model 5804R; Eppendorf,
Hamburg, Germany) at 12,000 rpm for 15 min. The protein
concentrations were determined using a Bicinchoninic Acid
Protein Assay Kit (Sigma-Aldrich, Milan, Italy). Whole-
cell extracts (50 ng) were electrophoresed on 10% SDS
gels and transferred to a polyvinylidene fluoride membrane
(Millipore, Billerica, MA, USA). After electrotransfer, the
proteins were blocked in Tris-buffered saline containing
0.05% Tween 20 supplemented with 5% nonfat dry milk for
1 h at room temperature, and probed with primary antibod-
ies at 4°C overnight, followed by incubation with secondary
antibody for 1 h at room temperature. Resulting protein bands
were visualized using FluorChem E (ProteinSimple, Santa
Clara, CA, USA).

Real-time reverse transcription PCR

Total mMRNA was extracted using Trizol reagent (Invitrogen)
and quantified using a spectrophotometer (NanoDrop
ND-1000, USA). Reverse transcription was carried out to
synthesize cDNA using a cDNA synthesis kit (Vazyme,
Nanjing, China). Real-time quantitative PCR for stat3 was
detected by a Step One Plus Real-time PCR system (ABI,
Oyster Bay, NY, USA) with SYBR Green Master Mix
(Roche). Primers were designed and synthesized by Sangon
Biotech Co. Ltd (Shanghai, China). All primer sequences
used in reverse transcription PCR are listed in Table 1.

Table | Primer sequences for RT-PCR

Gene Primer sequence

GAPDH Forward 5’-TGGTGAAGACGCCAGTGGA-3’
Reverse 5-GCACCGTCAAGGCTGAGAAC-3’

stat3 Forward 5-CTGGCCTTTGGTGTTGAAAT-3
Reverse 5-AGGGCGAGGACCATAGAGG-3’

Abbreviation: RT-PCR, reverse transcription polymerase chain reaction.
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Targeted mRNA expression was quantified in comparison
with human GAPDH mRNA. Experiments were performed in
triplicate, and the data were calculated by AACt methods.

Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) assay

In early apoptosis, translocation of phospholipid phosphati-
dylserine from the cytoplasmic interface to the cell surface
leads to loss of membrane asymmetry, which can be detected
by Annexin V.*"?® To explore the effects of AA-PMe on cell
apoptosis, SGC7901 cells were first transfected with either
recombinant STAT3 plasmid or shRNA, and then incubated
with AA-PMe for 24 h at concentrations of 5, 10, or 50 uM.
Cells were then collected, washed with phosphate-buffered
saline (PBS), stained by Annexin V-FITC and PI, and ana-
lyzed using a flow cytometer (BD Biosciences).

Cell cycle assay

To test the effect of AA-PMe on cell cycle, SGC7901 cells
were first transfected with either recombinant STAT3 plas-
mid or shRNA and then incubated with AA-PMe at different
concentrations for 24 h. Cells were then washed in PBS,
fixed on 75% ethanol, and incubated with 20 uL RNase A
solution for 30 min at 37°C. They were stained by 400 UL
PI solution for 30 min at 4°C and cell cycle was analyzed
using a FACSCalibur flow cytometer at 488 nm.

Trypan blue staining assay

Cells were added to six-well plate, transfected with plasmid,
and exposed to AA-PMe at concentrations of 0, 5, 10, or
50 uM. They were then harvested and dyed with trypan blue
to label all dead cells.

Cell invasion assay

Transwell chambers (Corning, NY, USA) were precoated
with Matrigel (BD Biosciences) and used for cell invasion
assays. Briefly, the transwell chambers were placed on a
24-well plate, and 600 UL culture medium with either AA
or AA-PMe (supplemented with 10% FBS) was added
to the lower chamber as a chemo-attractant. Cancer cells
(1x10%/mL) suspended in 200 uL 1% FBS culture medium
were then added to the upper chamber. After 24 h incuba-
tion, the noninvasive cells were removed using cotton swabs.
The cells that traversed the membrane pore and spread to the
lower surface of the filters were fixed and stained by 0.1%
crystal violet for subsequent visualization. Images were
filmed with a Cannon Power Shot A640 camera under a Zeiss
inverted microscope (x100 magnification). Subsequently,

33% acetic acid was applied for 10 min to decolor invasive
cells and the absorbance of the solution was measured by
a microplate reader at 570 nm (Thermo Fisher Scientific,
Waltham, MA, USA). Cell invasive viability was expressed
by the invasive cell number, and inhibition percentage of
invasion according to the following formula as well:

Inhibition percentage  ODtreated — ODblank

= x100%
ODcontrol — ODblank

of invasion (%)

Statistical analysis

All data were expressed as mean = standard deviation. Com-
parisons among multiple groups were made using a one-way
analysis of variance followed by Dunnett’s test. P<<0.05 was
used as the threshold for statistical significance.

Results

STAT3 plays a crucial role in the survival, proliferation,
and mobility of cancer cells. In the present study, the effect
of an AA derivative — AA-PMe — on signaling pathway of
both constitutively active and JAK?2 inhibited STAT3 in two
gastric cancer cell lines. The effect of AA-PMe was also
observed on a variety of STAT3 downstream mediators of
cell survival, proliferation, apoptosis, and invasion.

AA-PMe inhibited phosphorylation of
constitutively active STAT3 in human

gastric cancer cells

This study first sought to determine whether incubating
human gastric cancer cells with AA-PMe would 1) modulate
constitutive STAT3 activation and/or 2) show a stronger
inhibition of pSTAT3 than AA. SGC7901 cells were treated
with either AA or AA-PMe at a series of concentrations for
24 h. Whole-cell extracts were examined by Western blot
for levels of phosphorylated STAT3 using an antibody to
recognize phosphorylation of STAT3 at Tyr’®. As shown
in Figure 2, both AA and AA-PMe inhibited constitutive
activation of STAT3 in SGC7901 cells in a concentration-
dependent manner. However, AA-PMe had maximum
inhibition from 10 to 50 uM. Comparatively, incubation
with AA yielded maximum inhibition at a higher range of
25-50 uM, illustrating that AA-PMe exerts better suppres-
sion of pSTAT3 expression than AA. Neither AA nor AA-
PMe had an effect on the levels of total STAT3 (Figure 2A).
The density of each band was measured and normalized to
that of GAPDH (Figure 2B). Interestingly, the stat3 real-
time PCR analysis showed that the expression of sfat3 was
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Figure 2 Comparison of STAT3 expression and activation in AA-PMe- and AA-treated SGC7901 cells.
Notes: (A) Western blot analysis of total STAT3, phosphorylation of STAT3 in AA-PMe- and AA-treated SGC7901 cells. (B) Histogram presenting the relative expression
levels of STAT3 and pSTAT3 protein after normalization to their corresponding internal controls. (C) Expression of stat3 mRNA levels using RT-PCR. Significant differences

are denoted by *P<<0.05.

Abbreviations: AA, asiatic acid; AA-PMe, N-(20,3f,23-acetoxyurs-12-en-28-oyl)-L-proline methyl ester; STAT3, signal transducers and activators of transcription 3;

RT-PCR, reverse transcription polymerase chain reaction.

significantly decreased in AA-PMe-treated cells relative to
AA-treated cells (Figure 2C).

AA-PMe inhibited STAT3
phosphorylation by regulating JAK2

in human gastric cancer cells

Next, the effects of AA-PMe on the activation of STAT3
in the case of JAK2 blockade were investigated. Cancer
cells were incubated with pyridine 6 (1 uM), a specific
inhibitor of JAK2 for 12 h, and then treated with different
concentrations of AA-PMe, and the protein expression was
subsequently analyzed. As shown in Figure 3A, inhibition
of JAK?2 significantly downregulated the expression of both

pJAK2 and pSTATS3, suggesting that AA-PMe might have
inhibited the activation of JAK2 and STAT3 by blocking
JAK2 in SGC7901 cells.

AA-PMe-induced inhibition of STAT3
phosphorylation is reversible in human
gastric cancer cells

The study next examined whether AA-induced inhibition of
STAT3 phosphorylation is reversible. SGC7901 cells were
treated with AA-PMe for 60 min, washed with PBS to remove
any remaining then cultured in fresh medium for different dura-
tions, and the levels of pPSTAT3 were measured. Results indi-
cated that AA-PMe suppressed STAT3 phosphorylation after
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Figure 3 AA-PMe regulated JAK2-STAT3 pathway in gastric cancer cells.

0 4 8 12 16 20 24
T(h)
-= STAT3 -= pSTAT3 |

Notes: (A) Gastric cancer cells were treated with a JAK2 inhibitor, lysed, and subjected to immunoblotting. SGC7901 cells (2x10¢mL) were treated with 10 UM AA-PMe
for the indicated duration (B) or for | h and washed with PBS twice to remove AA-PMe before resuspension in fresh medium. Cells were removed at the indicated time
points and lysed to prepare the whole-cell extract. (C) Whole-cell extracts (50 1g) were resolved on 10% SDS-PAGE, transferred to a nitrocellulose membrane, probed for
phosphorylated STAT3, and stripped and reprobed with STAT3 antibodies. Histogram presented the relative expression levels of STAT3 and pSTAT3. Representative of
three independent experiments. Significant differences are denoted by *P<0.05, **P<<0.01, and ***P<<0.001.

Abbreviations: AA-PMe, asiatic acid-N-(20,3[,23-acetoxyurs-12-en-28-oyl)-L-proline methyl ester; STAT3, signal transducers and activators of transcription 3; JAK2,
Janus-activated kinase 2; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis.

2 h of incubation (Figure 3B). Furthermore, the removal of AA-
PMe resulted in a gradual increase of phosphorylated STAT3
(Figure 3C). The reversal in pSTAT3 levels was completed
by 12 h before gradually increasing until 24 h post-incubation.
Alterations in the pSTAT3 levels were not paralleled by any
changes in STAT3 protein levels (Figure 3B and C).

Knockdown and overexpression of stat3
changed the expression of downstream
targets induced by AA-PMe

It has been shown that STAT3 activation regulates the
expression of a variety of gene products involved in cell
survival, proliferation, and mobility, for example, the cell
cycle regulatory protein cyclin D1, the proapoptotic pro-
tein Bax, the antiapoptotic protein Bcl-2, and MMP-2 and
MMP_9.16,18,29,30

In previous studies, it has been found that expression
of cyclin D1, Bcl-2, Bax, MMP-2, and MMP-9 were all
regulated by AA-PMe.*! Thus, whether AA-PMe might
regulate these proteins via STAT3 was investigated. To bet-
ter understand the effects of AA-PMe on STAT3 in gastric
cancer cells, SGC7901 cells were transfected with either
a stat3 overexpressed or interfered plasmid. Western blot
analysis showed that the levels of both STAT3 and pSTAT3
were significantly increased in cells transfected with the
stat3 overexpressed plasmid, while levels were significantly
decreased with the stat3 interfered plasmid.

Simultaneously, it was also found that compared to the
un-transfected group, AA-PMe-induced expression changes
in cyclin D1, Bax, Bcl-2, c-Myc, MMP-9, and MMP-2 were
effectively reversed upon transfection with stat3 shRNA and
the overexpressed plasmid (Figure 4).
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Figure 4 Transfection with STAT3 shRNA and STAT3 expression plasmid in SGC7901 modulated the expression of proteins, which were induced by AA-PMe.

Notes: SGC7901 cells (2x10¢/mL) were transfected with either shSTAT3 or STAT3 plasmid. After 24 h, cells were treated with 5, 10, and 50 UM AA-PMe for another 24 h
and the whole-cell extracts were subjected to Western blot analysis for STAT3, pSTATS3, Bax, Bcl-2, c-Myc, cyclin DI, and MMP-2, and MMP-9 (A). The density of A was
analyzed according to GAPDH (B). Representative of three independent experiments. Significant differences are denoted by *P<0.05, **P<<0.01, and **P<0.001.
Abbreviations: AA-PMe, asiatic acid-N-(20,3[,23-acetoxyurs-12-en-28-oyl)-L-proline methyl ester; STAT3, signal transducers and activators of transcription 3;

MMP, matrix metalloproteinase.

JAK2-STAT3 pathway regulated AA-PMe-

induced cellular viability

To better understand the role of star3 in cell survival of
SGC7901 cells treated by AA-PMe, the effects of both
stat3 overexpression and knockdown were tested. Using a
trypan blue assay, it was found that cells transfected with
stat3 shRNA had a significantly higher survival ratio. Those
transfected with the szaf3 mimic had a significantly lower
survival ratio when compared to the un-transfected group,
AA-PMe-treated cells (Figure 5). These results suggest that
STAT3 contributes to the survival of gastric cancer cells
treated with AA-PMe.

JAK2-STAT3 pathway regulated AA-PMe-
induced cell cycle arrest

Results showed that incubation with AA-PMe dose depend-
ently arrested cell cycle at GO/G1 phase. Without AA-PMe

mm AA-PMe
STAT3-AA-PMe
120 . | ™m STAT3-shRNA-AA-PMe
g % sk
© 80- '_|
g
©
£ 59
©
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Figure 5 AA-PMe modulated proliferation by inhibiting STAT3 in gastric cancer
cells.

Notes: STAT3 confers AA-PMe inhibition in SGC7901 cells. SGC7901 cells 48 h
after transfection with stat3 mimic and inhibitor were subsequently treated with
various doses of AA-PMe (5, 10, and 50 uM) for 24 h. Cell viability was determined
using a trypan blue assay. Significant differences are denoted by *P<<0.05, **P<<0.01.
Abbreviations: AA-PMe, asiatic acid-N-(20,30,23-acetoxyurs-12-en-28-oyl)-L-
proline methyl ester; STAT3, signal transducers and activators of transcription 3.
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treatment, the cells in the GO/G1 phase decreased from
51.31% to 41.25% after being transfected with STAT3
shRNA. However, upon transfection with the STAT3 over-
expressed plasmid, the cells in the GO/G1 phase increased
from 51.31% to 55.84% (Figure 6). These results indicate
that STAT3 plays crucial roles in the cell cycle arrest induced
by treatment with AA-PMe.

JAK2-STAT3 pathway regulated AA-PMe-

induced cellular apoptosis

To investigate whether STAT3 signaling has an influence
on AA-PMe-induced apoptosis, Annexin V-FITC/PI stain-
ing assays were performed in drug-treated cells. The ratio
of AA-PMe-induced apoptosis decreased markedly after

transfection with STAT3 shRNA in SGC7901 cells, while
the ratio increased upon transfection with the STAT3 mimic
(Figure 7A and B). These data suggest that either inhibition
or overexpression of STAT3 signaling can impact AA-PMe-
induced apoptosis in gastric cancer cells.

JAK2-STAT3 pathway regulated AA-PMe-

induced cellular invasion

A transwell study was then carried out to verify the function
of STAT3 in AA-PMe-mediated SGC7901 invasion. In the
invasion assay, it was found that STAT3 stimulation could
significantly promote the invasion of SGC7901. However,
comparing both STAT3 and the control group, STAT3
shRNA group exhibited lower motility as quantified by
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Figure 6 AA-PMe modulated cell cycle by inhibiting STAT3 in gastric cancer cells.
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Figure 7 AA-PMe modulated apoptosis by inhibiting STAT3 in gastric cancer cells.

10 50

Notes: (A) Overexpression of stat3 induces SGC7901 cells to tend to AA-PMe-induced apoptosis after 24 h in a dose-dependent manner, while knockdown stat3 induces
SGC7901 cells to become resistant to AA-PMe-induced apoptosis after 24 h in a dose-dependent manner. Cells were incubated with Annexin V and Pl and then analyzed
with a flow cytometer. (B) Apoptosis rate of Annexin V-FITC/PI assay. Significant differences are denoted by **P<<0.001 and ***P<<0.001.

Abbreviations: AA-PMe, asiatic acid-N-(20,38,23-acetoxyurs-12-en-28-oyl)-L-proline
fluorescein isothiocyanate; Pl, propidium iodide.

both invasive cells amounts and inhibitive invasion rate, and
also had a suppressive effect on the invasive ability of cells
(Figure 8A—C). Collectively, these data suggest that STAT3
plays a vital role in AA-PMe-induced invasion and mobility
of gastric cancer cells.

Discussion

It has been previously shown that AA-PMe decreases the
expression of a series of STAT3-regulated gene products,
including the proliferative (cyclin D1), antiapoptotic (Bcl-2),

methyl ester; STAT3, signal transducers and activators of transcription 3; FITC,

proapoptotic (Bax), and tumor invasive (MMP-2 and MMP-9)
factors. Constitutively active STAT3 plays critical roles in the
induction of resistance to apoptosis,’ probably by increasing
the expression of cyclin D1 and Bel-2.3233 AA-PMe-induced
suppression of cell proliferation and cell cycle arrest at the
GO0/G1 phase were closely associated with the downregula-
tion of cyclin D1 expression, which was consistent with the
requirement of cyclin D1 for cell cycle transition from G1
to S phase. AA-PMe-induced apoptosis of gastric cancer
cells was likely to link with downregulation of Bcl-2 and
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upregulation of Bax. In addition, constitutively active STAT3
was increased in highly invasive and metastatic melanoma
cells, which directly contributed to the overexpression of
MMP-2. On the other hand, blockage of STAT3 activation
has been shown to inhibit MMP-2 expression in invasive and
metastatic melanoma cells.*® This study aimed to explore
whether AA-PMe exerted its anticancer effects through
the abrogation of the STAT3 signaling pathway in gastric
cancer cells.

Construction and transfection into SGC7901 cells of
either a STAT3 shRNA or expression plasmid enabled us to
either knockdown or overexpress STAT3. These transfected
cells were then treated to different concentrations of AA-PMe
to elucidate any changes in cell cycle, apoptosis, invasion,
and/or STAT3-regulated proteins. It was found that this
dietary factor suppressed constitutive STAT3 activation at
both the protein and mRNA levels (Figure 2A—C). Results
also showed that in human gastric cancer SGC7901 cells,
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the specific inhibition of JAK2 attenuated the activation
of both JAK2 and STAT3 (Figure 3A). The knockdown or
overexpression of STAT3 reversed survival rate (Figure 5),
cell cycle arrest (Figure 6), apoptosis (Figure 7), and inva-
sive phenotype (Figure 8) — all induced by AA-PMe. In
addition to this, transfection of either a STAT3 mimic or
inhibitor also changed the effect of STAT3 downstream
gene products, which were affected by the application of
AA-PMe (Figure 4).

The results presented a novel and significant finding
in the demonstration of AA-PMe-induced downregulation
of STAT3. This downregulation thereby inhibited JAK2-
STATS3 signaling and was the proposed mechanism for how
AA-PMe inhibited gastric cancer cell growth. Although the
mechanisms of JAK2-STAT3-mediated cancer apoptosis
are well understood, the development of therapeutic drugs
directly targeting this pathway remains unexplored. The pres-
ent in vitro study showed that AA-PMe was able to inhibit
STATS3, block JAK2-STATS3 signaling, and ultimately modu-
late cell survival and apoptotic downstream gene products of
STATS3. These results suggest that blockade of STAT3 might
be a crucial mechanism by which AA-PMe suppresses cell
proliferation and induces apoptosis. This was supported by
the finding that knockdown of STAT3 protected SGC7901
cells from apoptosis and weakened the effect of AA-PMe
on gastric cancer cells. Contrastingly, overexpression of
STAT3 seemed to amplify the influence of AA-PMe on
gastric cancer cells.

Gastric cancer is the second most common cause of
cancer-related death and its treatment options remain lim-
ited.3* To this end, current treatment plans with systemic
chemotherapy have led to disappointing outcomes, with both
low response rates and high toxicity. Moreover, prolonged
exposure to chemotherapies leads to the development of
drug resistance and toxicity, shortening progression-free
and overall survival times of patients. In summary, the low
toxic AA-PMe, its capabilities to suppress STAT3 activa-
tion, downregulate the expression of cyclin DI, c-Myc,
Bcl-2, MMP-9, and MMP-2, inhibit cell proliferation, induce
cellular apoptosis, and restrain cell mobility, all warrant its
further preclinical study preceding human trials.
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