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Introduction: Previously, we have reported a withanolide-type steroid, named tubocapsenolide A (TA),
which shows potent anti-proliferative activity in several cancer cell lines. However, its inhibitory effect
on the Janus kinase/signal transducer and activator of transcription 3 (JAK/STAT3) pathway and therapeu-
tic potential on osteosarcoma have not been reported.
Objectives: In the present study, we aimed to investigate the effect and molecular mechanism of TA in
osteosarcoma.
Methods: The biological functions of TA in U2OS cells were investigated using colony formation, 5-
ethynyl-20-deoxyuridine (EDU) staining, and cell cycle/apoptosis assays. The interaction between TA
and Src homology 2 phosphatase 2 (SHP-2) was detected by enzyme activity and validated by target-
identification methods such as drug affinity responsive target stability (DARTS), cellular thermal shift
assay (CETSA), and biolayer interferometry (BLI). The in vivo anti-tumor efficacy of TA was analyzed in
the xenograft tumor model. Western blotting analysis was performed to detect the protein expression
levels.
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Results: TA exhibited antitumor activity against osteosarcoma both in vitro and in vivo by regulating the
JAK/STAT3 signaling pathway. Mechanically, TA interacted with SHP-2 directly and activated its phos-
phatase activity. Importantly, protein tyrosine phosphatase (PTP) inhibitor, SHP-2 inhibitor, and SHP-2
siRNA could reverse the inhibitory effect of TA on the JAK/STAT3 signaling pathway and restored the
TA-induced cell death.
Conclusion: TA activated the phosphatase activity of SHP-2, which resulted in the inhibition of the JAK/
STAT3 pathway and contributed to the antitumor efficacy of TA. Collectively, these findings suggested
that TA could serve as a novel therapeutic agent for the treatment of osteosarcoma.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

As the most frequently diagnosed primary tumor in bone,
osteosarcoma has a high incidence in pediatric patients [1]. The
major cause of osteosarcoma progression is attributed to the lack
of response to the standard chemotherapy regimen. To date, some
chemotherapeutic drugs including high-dose methotrexate, dox-
orubicin, cisplatin, and ifosfamide, are used to eradicate osteosar-
coma [2]. These drugs are widely used in various cancers with
severe adverse effects. Therefore, it is urgently necessary to
develop new drug candidates for the treatment of osteosarcoma.

Constitutively activated STAT3 plays important role in tumor
cell growth, apoptosis, and metastasis [3–5]. Therefore, STAT3 is
considered an attractive target for antitumor drug development.
Compelling evidence from previous studies has revealed that
JAK/STAT3 pathway plays a key role in the development of
osteosarcoma, and STAT3 may become an attractive potential drug
target for drug discovery of human osteosarcoma [6–8]. Therefore,
agents that can suppress JAK/STAT3 activation have the potential
as osteosarcoma therapeutics. Interestingly, tyrosine phosphatase
family Src homology 2 phosphatase 1 (SHP-1), SHP-2, and protein
tyrosine phosphatase 1B (PTP-1B) are the most important negative
regulatory factors involved in JAK/STAT3 signaling through direct
dephosphorylation of receptors or JAK tyrosine residues [9]. Addi-
tionally, several natural agents such as capillarisin [10], geranyl-
naringenin [11], and cryptotanshinone [12], have shown
anticancer potentials in various cancers via SHP-1/SHP-2-
mediated inhibition of the JAK/STAT3 signaling pathway.
Nevertheless, such suppressive effect remains elusive in the pro-
gression of osteosarcoma, and there is a dearth of small-molecule
that inhibits the JAK/STAT3 signaling pathway mediated by tyro-
sine phosphatases.

A great deal of attention has been paid to withanolides, a class
of steroid compounds, due to their multiple bioactivities, such as
immunosuppressive, anti-inflammation, antimicrobial, and antitu-
mor properties [13–15]. Extensive studies have been carried out on
the anticancer activity of the above-mentioned compounds. Espe-
cially, previous studies have shown that some withanolides can
inhibit JAK/STAT3 signaling to exhibit the antitumor effect
[16,17]. However, the specific mechanism underlying the suppres-
sive effects of these agents on STAT3 remains largely unexplored.
TA, a withanolide isolated from Tubocapsicum anomalum, has been
shown to possess potent anti-proliferative activity in several can-
cer cell lines [18,19]. However, its in vitro and in vitro effects on
osteosarcoma remain largely unknown. Particularly, whether it
has effects on the JAK/STAT3 signaling pathway has not yet been
documented. In the present study, we aimed to investigate the
antitumor effect of TA on osteosarcoma and explore the underlying
mechanisms. We found that TA exhibited potent cytotoxicity in
osteosarcoma cells in vitro and in vivo. TA bound to SHP-2 directly
and activated its phosphatase activity, leading to the inhibitory
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effect on the JAK/STAT3 signaling pathway, which contributed to
the anti-proliferative effect in osteosarcoma.
Materials and methods

Reagents

TA (Fig. 1A) was isolated from Tubocapsicum anomalum in our
laboratory [18]. The compound was identified by MS, 1H NMR,
and 13C NMR spectroscopy. TA was dissolved in dimethyl sulfoxide
(DMSO) to obtain a stock solution of 50 mM and diluted in cell cul-
ture medium for use. RPMI 1640, DMEMA, and fetal bovine serum
were obtained from Thermo Fischer Scientific (Waltham, MA, USA).
3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bro-
mide (MTT), and Doxorubicin hydrochloride (DOX) were pur-
chased from Sigma–Aldrich (St. Louis, MO, USA). Rabbit IgG HRP,
Mouse IgG HRP, Cell Cycle Regulation Antibody Sampler Kit
9932 T (CDK2, p27, Cyclin D1, CDK6, Cyclin D3, p21, CDK4),
Cleaved Caspase Antibody Sampler Kit 9929 T (cleaved caspase-3,
7, 9 and cleaved PARP), Procaspase Antibody Sampler Kit 12742 T
(Caspase-3, 7, 9; PARP), Bcl-2 (3498 T), Bax (2772 T), STAT3
(9139 T), Phospho-STAT3 (Tyr705)(9145 T), Phospho-Src (Tyr416)
(6943 T), Src (2109 T), Phospho-JAK Family Antibody Sampler Kit
97999 T [JAK1/2/3, Phospho-JAK1(Tyr1034/1035), Phospho-JAK2
(Tyr1008), Phospho-JAK3 (Tyr980/981)], SHP-1(3759S), SHP-2
(3397 T), PTP1B (5311S), PTEN(9188 T), SOCS-1(3950 T), and
SOCS-3(52113S) were purchased from Cell Signaling Technology
(Beverly, MA, USA).

Cell culture

The osteosarcoma cancer cell lines of MG63, U2OS, HOS, and
143B, were purchased from the Cell Bank of Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). All cells had been authenticated and tested for
Mycoplasma. MG63, U2OS, and 143B cells were cultured in PRMI-
1640, and HOS cells were cultured in DMEM, supplemented with
10% fetal bovine serum, 100U/ml penicillin, and 100 mg/ml strep-
tomycin at 37 �C with 5% CO2.

Cell viability

The cell viability was measured by MTT assay. Cells
(5 � 103/well) were seeded into a 96-well culture plate for 24 h.
Then cells were incubated with or without serial dilutions of TA
for 12, 24, and 36 h. After treatment, 20 mL of MTT (5 mg/mL)
was added and incubated for 4 h. After the medium was removed,
150 mL DMSO was added to dissolve the formazan crystals. Shaking
for 5 min, the absorbance at 570 nmwas measured by a microplate
reader.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. TA suppresses constitutive tyrosine phosphorylation of STAT3 and the proliferation of osteosarcoma cells (A) Chemical structure of TA. (B) 143B, U2OS, MG63, and HOS
cells were treated with the indicated concentrations of TA for 12, 24, and 36 h. Cell viability was determined by MTT assay. (C) U2OS cells were incubated with TA at indicated
concentrations for 24 h, replaced with fresh medium, and grow into colonies for 10 days. The cells were fixed, stained with crystal violet, and photographed. (D) U2OS cells
were incubated with TA and then EdU staining was observed using confocal microscopy. (E) Osteosarcoma cell lines were treated with 2 lM TA for 24 h. Whole-cell extracts
were prepared and immunoblotted with p-STAT3/STAT3 antibodies. (F) STAT3 inhibition activity by TA was measured by Western blotting. (G) U2OS cells were incubated
with or without 2 lM TA for 24 h and then analyzed for the distribution of p-STAT3 by immunocytochemistry, Bars, 20 mm. (H) Effect of TA (IL6 or EGF as positive control) on
the DNA-binding activity of STAT3. Nuclear extracts were incubated with a 32P-labeled STAT3 consensus oligonucleotide and subjected to 6% PAGE.
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Colony-forming and EdU assays

Colony formation and EdU assays were performed to analyze
cell proliferation as described in suppl. (1.1).
Flow cytometry

The apoptosis and cell cycle distribution were detected by flow
cytometry as described previously [20], which is conducted as
described suppl. (1.2).
Immunocytochemistry for STAT3 localization

Immunocytochemistry was performed as reported previously
[21], which is described in the suppl. (1.3).
EMSA for STAT3-DNA binding

Electrophoretic mobility shift assay (EMSA) for STAT3-DNA
binding was performed as described previously [22]. The detailed
procedure is shown in the suppl. (1.4).
Detection of SHP-2 phosphatase activity

After treatment of TA, U2OS or xenograft tumor tissue protein
extract were incubated with anti-SHP-2 antibody (Ab) in immuno-
precipitation (IP) buffer (20 mM of Tris-HCl, 150 mM of NaCl, 1 mM
of ethylenediaminetetraacetic acid, 1 mM DTT, 1% beta-
mercaptoethanol, 1% TritonX-100, 1 mM MgCl2 and 0.1% BSA, 1%
Protease inhibitor, pH 7.5) overnight. Protein A/G-Agarose Resin
(Yeasen, Shanghai, China) was added to each group, followed by
incubation for 3 h at 4 �C with rotation. After centrifugation,
SHP-2 PTP activity was measured using the Tyrosine Phosphatase
Assay Kit (Promega, Madison, WI, USA) as specified by its manufac-
turer. The purified recombinant SHP-2 proteins (Novus Biologicals,
Littleton, CO, USA) were preincubated with different concentra-
tions of TA in the reaction mixture. The detection method of puri-
fied SHP-2 PTP activity was as same as the IP samples.
Western blotting

Western or IP cell lysate was used to lyse the collected cells or
RIPA buffer was used for tumor tissues and then centrifuged to
obtain supernate. The lysates were analyzed by Western blotting
according to the method described previously [11]. The detailed
procedure is shown suppl. (1.5).
Coomassie blue staining

After electrophoresis, the gels were stained for 1 h at room tem-
perature with gentle shaking. After protein bands become blue,
discard the stain, the gels were left in the water and detected using
the ChemiDOC system (Bio-Rad, Hercules, CA).
Transfection with siRNA

The sequence of the negative control (NC), SHP-1, SHP-2, PTEN,
and PTP1B siRNA duplexes (General biosystems, Nanjing, Jiangsu,
China) were as shown in the Supplementary Table S1. For RNA
interference, cells were seeded in 6-well plates, siRNA duplexes
designed against conserved targeting sequences were transfected
into the cells using Lipofectamine 3000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions.
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DARTS and CETSA assay

DARTS was performed according to the previously described
protocol [23] and CETSA was conducted using cell lysates as previ-
ously described [24]. The detailed procedure is conducted as
described in the suppl. (1.6).

BLI assay

Binding kinetics measurements were performed by BLI assay
using ForteBio Octet Red System (ForteBio, Inc., Menlo Park,
USA). The purified recombinant his-tagged SHP-2 was immobilized
onto NTA-Ni Biosensors, and the association and dissociation of TA
were monitored in parallel to save time. The light shift distance
(nm) corresponding to association/dissociation time. The constant
Kd is calculated from the association and dissociation curve of TA
binding with SHP-2.

Animal study

Ethical committee number for the study: CCPU 2019–094. All
animal experimental procedures followed the National Institutes
of Health guide for the care and use of laboratory animals and were
performed under protocols approved by the Institutional Animal
Care and Use Committee (IACUC) of China Pharmaceutical Univer-
sity Experimental Animal Center.

Xenograft tumor model Five-week-old male BALB/c-nu/nu mice
were purchased from the Model Animal Research Center of Nanjing
University (Nanjing, China). For the tumor xenograft assay, 5 � 106

U2OS cells were suspended in 200 lL PBS and subcutaneously
injected into the right flank of the mice. When the tumors reached
approximately 100 mm3, the tumor-bearing mice were randomly
divided into four groups. Then, TA (5 or 10 mg/kg) and DOX
(5 mg/kg) were intraperitoneally administered every two days
for 20 days. When the tumor volume of the control group reached
about 1000–2000 mm3, all of the mice were euthanized by
intraperitoneal injection of pentobarbital sodium. Then, the tumors
and visceral organs of each group were collected and fixed in 4%
paraformaldehyde.

Immunohistochemistry

Solid tumors from control and various treatment groups were
fixed with 4% formaldehyde solution, processed as described in
the suppl. (1.7).

Statistical analysis

Statistical analysis was performed with ANOVA or Student’s t-
test by using GraphPad Prism version 5.0 (GraphPad Software,
San Diego, CA). For all the tests, P < 0.05 was considered statisti-
cally significant, the level of significance was *P < 0.05,
**P < 0.01, ***P < 0.001.

Results

TA suppresses constitutive tyrosine phosphorylation of STAT3 and the
proliferation of osteosarcoma cells

Due to the important roles of the JAK/STAT3 signaling pathway
in the development and progression of osteosarcoma, we aimed to
screen the inhibitors of STAT3 signaling, which might be developed
as a novel strategy for the treatment of osteosarcoma. TA was
selected in our study as it effectively decreased both the viability
and STAT3 activity of osteosarcoma cells. For 143B, U2OS, MG63,
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and HOS cells, the IC50 value was 5.26 ± 1.04, 0.61 ± 0.13,
2.18 ± 0.31, and 1.14 ± 0.24 lM, respectively after TA treatment
for 24 h (Fig. 1B). Since colony formation mimics tumor physiology
and growth in vivo, we studied the effect of TA on colony forma-
tion. The colony formation of U2OS cells was greatly impeded by
TA exposure, indicating that TA-treated cells lost their proliferative
capacity (Fig. 1C). Correspondingly, EdU labeling assays also
revealed that the cell viability of U2OS cells was suppressed by
TA (Fig. 1D). To further investigate whether the STAT3 signaling
was involved in the TA-induced anti-proliferative effect, STAT3
phosphorylation in different osteosarcoma cells was assessed.
Fig. 1E shows that TA significantly blocked p-STAT3 activation in
U2OS cells with hyperactive STAT3, which might explain different
cytotoxicity in osteosarcoma cell lines. Because it possesses hyper-
active STAT3, we further investigated the inhibitory effect of TA on
STAT3 phosphorylation in U2OS cells. Western blotting analysis
showed that TA decreased STAT3 phosphorylation in a time- and
dose-dependent manner, while the protein level of total STAT3
remained unchanged (Fig. 1F). To regulate the expressions of its
target genes, STAT3 must translocate from the cytoplasm to the
nucleus. U2OS cells were exposed to TA for 24 h, followed by
detection using immunofluorescence, and the nuclear transloca-
tion of STAT3 was largely inhibited when exposed to TA
(Fig. 1G). Besides, EMSA assay demonstrated that TA treatment sig-
nificantly inhibited the STAT3 DNA-binding activity in U2OS cells
(Fig. 1H). Taken together, these results suggested that TA inhibited
cell viability and STAT3 signaling in U2OS cells.
TA prevents IL-6/EGF-induced tyrosine phosphorylation of STAT3

STAT3 is phosphorylated by upstream kinases in response to
cytokines and growth factors, including interleukin 6 (IL-6), and
epidermal growth factor (EGF) [25,26]. Therefore, we examined
whether TA could inhibit IL-6/EGF-stimulated STAT3 phosphoryla-
tion. Fig. 2A illustrates that IL-6 treatment resulted in STAT3 acti-
vation, while pretreatment with TA significantly inhibited IL-6-
induced STAT3 activation (Fig. 2B). Similar to IL-6, EGF stimulation
increased the phosphorylated STAT3 level (Fig. 2C), and such
increase was dampened by TA (Fig. 2D). Consistent with these data,
the IL-6/EGF-increased density of the STAT3-probe-DNA band was
significantly decreased when the cells were treated with TA
(Fig. 2E). Therefore, TA could inhibit IL-6/EGF-induced activation
of STAT3 in U2OS cells.
TA inhibits phosphorylation of JAKs

Since JAKs, Src, and extracellular-signal-regulated kinase (ERK)
are major upstream tyrosine families that regulate STAT3
activation [9], we examined the upstream signaling involved in
TA-mediated STAT3 inactivation. The results showed that TA sup-
pressed the constitutive activation of JAK1, JAK2, and JAK3 in a
dose- and time-dependent manner (Fig. 2F). However, under the
same condition, both the phosphorylated and total protein levels
of Src were not affected by TA treatment (Fig. S1). Interestingly,
the total protein levels of JAK1 and JAK2 were also altered by TA
treatment, while the level of JAK3 was not changed, indicating that
there might be other molecular mechanisms regulating this signal-
ing pathway. Furthermore, we detected ERK to determine whether
it was involved in the inhibitory effect of STAT3. Fig. S2 shows that
pretreatment of 50 mM U0126 could not rescue TA-induced inacti-
vation of STAT3, indicating that the inhibited STAT3 activation was
not mediated by ERK. In conclusion, our results demonstrated that
the inhibition of STAT3 phosphorylation was likely due to the
inhibition of JAK activity.
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Tyrosine phosphatase SHP-2 is involved in the TA-induced inactivation
of STAT3

Because suppressors of cytokine signaling (SOCS) and PTPs have
been reported to be negative regulators of the JAK/STAT3 signaling
pathway [9], we assessed the potential role of upstream SOCS and
PTPs in TA-induced inhibition of STAT3 in U2OS cells. TA did not
significantly affect SOCS protein levels (Fig. S3), similar results
were obtained in all known PTPs (SHP-1, SHP-2, PTEN, and PTP-
1B) mediating STAT3 activity (Fig. S4). However, treatment with
pervanadate (Na3VO4), a broad-acting tyrosine phosphatase inhibi-
tor, prevented TA-induced suppression of STAT3 activation
(Fig. 2G). These results suggested that PTPs played important roles
in STAT3 inactivation by TA. To identify which PTP was affected by
TA, the PTP activity was analyzed in U2OS cells. The dephosphory-
lation capacity of SHP-1 and PTEN remained unchanged, the PTP-
1B activity was slightly elevated, while the SHP-2 activity was sig-
nificantly enhanced by TA treatment under the same experiment
conditions (Fig. 2H). Next, the effects of PTP gene silencing were
explored. The U2OS cells were transfected with siRNAs of SHP-1,
SHP-2, PTEN, and PTP-1B, or negative control, respectively, fol-
lowed by treatment with 2 lM TA for 24 h. Fig. 2I shows that
depletion of SHP-2 dramatically reversed the inhibitory effect of
TA on STAT3, while the siRNAs of SHP-1, PTP-1B, and PTEN had
no obvious effect on the reduction of dephosphorylated STAT3 by
TA. Subsequently, we employed the SHP-1/2 inhibitor to confirm
whether SHP-2 activation was essential for TA-mediated inhibition
of STAT3. Indeed, treatment with NSC 87,877 significantly
increased the levels of phosphorylated STAT3 (Fig. 2J). Further-
more, we found that Na3VO4, SHP-1/2 inhibitor, and SHP-2 deple-
tion by siRNA efficiently abrogated TA-induced dephosphorylation
of JAKs (Fig. S5-7). These results confirmed that TA directly inter-
acted with SHP-2, leading to the inactivation of the JAK/STAT3 sig-
naling pathway.

TA activates SHP-2 PTP activity by interacting with SHP-2 directly

DARTS and CETSA assay have been widely used to identify tar-
get proteins of drugs [27,28]. Thereby, they were applied to deter-
mine the interaction between TA and SHP-2. Compared with the
control lysates, TA-treated lanes showed a band with enhanced
intensity between 60 and 75 kD (Fig. 3A). Immunoblotting was car-
ried out to confirm whether the present band was SHP-2. Results
showed that TA partially prevented the pronase-mediated diges-
tion of SHP-2 in a dose-dependent manner (Fig. 3B). In contrast,
the stability of other potential signaling proteins involved in the
JAK/STAT3 signaling pathway was not affected in TA-treated cell
lysate (Fig. S8). Next, CETSA was performed in U2OS cell lysate.
Compared with DMSO-treated cell lysate, the thermal stability of
SHP-2 was increased in TA-treated cells between 52 �C and 64 �C
(Fig. 3C). We also tested whether SHP-2 stability was dose-
dependent. Fig. 3D reveals that in contrast with the stability of
GAPDH, SHP-2 accumulation was markedly increased as the TA
concentration was increased. These results confirmed that TA
directly interacted with SHP-2 in cells and enhanced the SHP-2
affinity target stability.

The kinetic parameters of the interaction between TA and
SHP-2 were further determined by biolayer interferometry.
Fig. 4A shows that TA was bound to SHP-2 with Kd = 4.7 ± 0.
69 lM. To further determine the action mode of TA on SHP-2,
the SHP-2 activity in vitro and in vivo was detected. TA effec-
tively up-regulated the SHP-2 activity both in SHP-2-
containing cell extracts (Fig. 4B) and purified recombinant
SHP-2 proteins (Fig. 4C), suggesting that TA activated SHP-2
through direct interaction with SHP-2. Consistent with this
observation, the PTP inhibitors or the siRNAs effectively



Fig. 2. TA prevents IL-6/EGF-induced tyrosine phosphorylation of STAT3. (A, C) Cells were stimulated with different concentrations of IL-6 (A) or EGF (C) for 30 min, p-STAT3/
STAT3 were detected. (B, D) Cells were pretreated with TA for 12 h and stimulated with IL-6 (B) or EGF (D) for 30 min, cell lysates were subjected to Western blotting to
determine the p-STAT3/STAT3 level. (E) The DNA-binding activity of STAT3 was detected by EMSA. (F) U2OS cells were treated with indicated concentrations of TA, p-JAK1/2/
3, and total JAK1/2/3 were examined by Western blotting. (G) U2OS cells were treated with the indicated concentration of pervanadate for 30 min, followed by 2 lM TA for
24 h, and the cell lysates were subjected to Western blotting. (H) The cells were treated with or without TA for 24 h and cell lysates were subjected to IP assay to determine
the PTP activity of SHP-1, SHP-2, PTEN, and PTP1B, *P < 0.05, ***P < 0.001 versus control. (I) U2OS cells were transfected with negative control siRNA or SHP-1, SHP-2, PTEN,
and PTP1B specific siRNA (100 nM). After 24 h, cells were treated with 2 lM TA for 24 h. Whole-cell extracts were prepared and immunoblotted with p-STAT3/STAT3
antibodies. (J) U2OS cells were pretreated with 25 lM NSC-87877 for 30 min, followed by 2 lM TA treatment for 24 h. Cell lysates were prepared and subjected to western
blotting analysis.
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Fig. 3. TA interacts with SHP-2 directly. (A, B) U2OS cell lysates were incubated in the presence or absence of TA for 1 h at room temperature, followed by proteolysis with
indicated ratios of pronase for 20 min, the lysates were analyzed by Western blotting (A) The SDS-PAGE gels were stained by coomassie blue. (B) The content of SHP-2 was
analyzed by SHP-2 antibody, *P < 0.05, **P < 0.01, ***P < 0.001 versus control. (C) The stabilizing effects of TA on SHP-2 at increasing temperature up to 64 �C were analyzed by
Western blotting. (D) TA increased the thermal stability of SHP-2 compared with DMSO-treated U2OS cell lysates. U2OS lysates were mixed with the indicated doses of TA at
50 or 37 �C to evaluate the thermal stability of SHP-2.

D. Zhu, C. Chen, X. Liu et al. Journal of Advanced Research 34 (2021) 79–91
attenuated the SHP-2 phosphatase activity (Fig. 4D) and restored
TA-induced cell death (Fig. 4E). Collectively, we demonstrated
that TA activated SHP-2, which negatively regulated JAK/STAT3
phosphorylation, whereas inhibition of phosphatase SHP-2 res-
cued TA-induced cell death. Taken together, these results con-
firmed that TA directly interacted with SHP-2 and SHP-2 was
a target protein of TA for modulation of JAK/STAT3 activation.
85
TA induces cell cycle arrest and apoptosis

TA suppressed both the constitutive and inducible STAT3 acti-
vation, which regulates the expressions of various genes involved
in the cell cycle and apoptosis [3,17,21]. Therefore, cell cycle anal-
ysis was used to test the effect of TA on cell cycle progression in
U2OS cells. Fig. 5A and B show that 3 h and 6 h treatment resulted



Fig. 4. TA activates SHP-2 PTP activity and mediates the cell death induced by TA. (A) The kinetic curve of the interaction between TA and SHP-2 was determined by BLI. (B)
Cell lysates from U2OS cells treated with TA for 24 h were subjected to SHP-2 phosphatase activity assay, *P < 0.05, ***P < 0.001 versus 0 lM TA group. (C) Purified SHP-2
protein was incubated with TA for 2 h at 25 �C, and then its phosphatase activity was detected. (D) SHP-2 phosphatase activity assay was detected by IP, #P < 0.05 versus
inhibitors treatment, ***P < 0.001 versus control (E) Cell viability was assessed by MTT. ***P < 0.001 versus TA treatment group.

D. Zhu, C. Chen, X. Liu et al. Journal of Advanced Research 34 (2021) 79–91
in a cell-cycle arrest at the G0-G1 phase, whereas the G2/M arrest
was continuously increased in a time-dependent manner, suggest-
ing that TA induced moderate sub-G1 accumulation and cell cycle
arrest at the G2/M phase. Moreover, we examined cell cycle-
related proteins by Western blotting analysis. Fig. 5C shows that
TA induced the expressions of p21 and p27 and reduced the pro-
tein levels of CDK2/4/6 and cyclin D1/D3/E1. These results revealed
that TA suppressed cell proliferation in human osteosarcoma cells
by blocking cell cycle progress. Cell apoptosis plays a significant
role in the anti-proliferative effect by external factors. Fig. 5D
reveals that TA treatment time-dependently increased the propor-
tion of apoptotic cells, suggesting that TA induced apoptosis in
U2OS cells. Bcl-2 family proteins, caspase proteins, and PARP play
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important roles in the apoptosis pathway. To further explore the
mechanism of TA in apoptosis, we examined the expressions of
these proteins. TA up-regulated the ratio of Bax/Bcl-2, reduced
the inactive enzymatic form of caspase-9/7/3/PARP, and increased
the cleavage of caspase-9/7/3/PARP in a dose- and time-dependent
manner (Fig. 5E). These results further confirmed that the antitu-
mor effect of TA was mediated through activation of the apoptotic
signaling pathway in human osteosarcoma cells.
TA inhibits the growth of xenograft tumors

To evaluate the antitumor capacity of TA in vivo, we established
a xenograft model by subcutaneously injecting U2OS cells into



Fig. 5. TA induces cell cycle arrest and apoptosis. (A) U2OS cells were treated with TA (2 lM) for different periods and the cell cycle distribution was examined by flow
cytometry. (B) The histogram represents the percentage of cells in each phase of the cell cycle. (C) Cells were treated with indicated concentrations and periods of TA and
evaluated for the expression of CDK2/4/6, cyclin D1/D3/E1, p21, and p27 proteins. (D) The apoptotic rate of U2OS cells after treatment with indicated periods of TA (2 lM) was
determined by Annexin V- FITC and PI staining. **P < 0.01, ***P < 0.001 versus 0 lM treatment group. (E) Cells were treated with indicated concentrations and times of TA, the
proteolytic activation of procaspase-7, �9, �3, cleavage of PARP, Bcl-2, and Bax was detected.
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nude mice. Fig. 6A shows that the growth of the xenograft tumor
was significantly inhibited by TA. Tumor weight and tumor volume
were decreased observably after treatment with TA (Fig. 6B and C).
Furthermore, TA did not significantly change the body weight of
mice (Fig. 6D), whereas the DOX group showed a bodyweight loss,
suggesting that TA had few side effects on the mouse body at our
therapeutic concentration. Pathologically, no obvious morphologi-
cal changes were observed in the organs of the tumor-bearing mice
treated with TA (Fig. 6E), while animals treated with DOX showed
cardiac toxicity and hepatic steatosis, which is consistent with the
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previous study [29,30]. All of these results revealed that TA exerted
antitumor activity with less toxicity compared with the DOX group
in vivo.

To further confirmthe tumor inhibitorymechanismofTA,wecar-
ried out H&E and IHC staining against Ki67 in the tumor tissue. The
resultsdemonstrated thedensityof osteosarcomacells inxenografts
wasmuch lowercomparedwith thecontrolgroupwhentreatedwith
TA. Consistently, the expression of Ki67 was also reduced after TA
treatment (Fig. 7A), indicating that TA suppressed the proliferation
of tumor cells. Moreover, the expression of p-STAT3 was



Fig. 6. TA inhibits the growth of xenograft tumors. (A-E) U2OS tumor-bearing mice treated with TA (10 and 5 mg/kg) or DOX (5 mg/kg) for 21 days. **P < 0.01, ***P < 0.001
versus control group (A) Tumor volume (B) Morphology of tumor (C) Changes of tumor weight (D) body weight (E) Hearts, livers, spleen, lungs, and kidneys were harvested
and sectioned for H&E staining. Scale bars = 50 lm.
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down-regulated in theTAtreatmentgroups (Fig. 7B),whichwascon-
sistent with the Western blotting analysis. Accordingly, the STAT3
target proteins such as Cyclin D1, p21, and Bcl-2 were also affected
by TA administration (Fig. 7C). To confirm the in vivo effect of TA on
SHP-2, we measured its tyrosine phosphatase activity in tumor
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tissues.We found that after TA treatment, the tyrosine phosphatase
activityofSHP-2wassignificantlyincreased(Fig.7D).Takentogether,
theseresultsprovedthatTAsignificantlysuppressedU2OSxenograft
tumor growth via SHP-2-mediated regulation of STAT3 target
proteins in vivo.



Fig. 7. TA activates SHP-2 and regulates the expression of STAT3 target proteins in tumor tissue. (A) Tumor sections were subjected to H&E staining and IHC against Ki-67.
Scale bars = 50 lm. ***P < 0.001 versus control group. (B) Representative images of p-STAT3 IHC staining. Scale bars = 50 lm. ***P < 0.001 versus control group. (C) Western
blotting analysis of p-STAT3, STAT3, CyclinD1, p21, Bcl-2 in tumor tissues. (D) The samples from the tumor tissue on day 21 were used in detecting the tyrosine phosphatase
activity of SHP-2. **P < 0.01, ***P < 0.001 versus control group.
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Discussion

SHP-2 is an important negative regulator of the JAK/STAT3
pathway which is involved in many pro-oncogenic signals to pro-
mote tumor development [31]. Therefore, agents that can inhibit
STAT3 signal can be used in the treatment and prevention of can-
cer. TA is identified as a withanolide exhibiting cytotoxicity against
a variety of human tumor cell lines [19]. However, the molecular
mechanism and inhibitory effect of TA on JAK/STAT3 signaling
remain largely unknown. In the present study, we showed that
TA had powerful antitumor activity against osteosarcoma cells by
suppressing the JAK/STAT3 pathway. Further results demonstrated
that such inhibitory effect was mediated by activating SHP-2 tyro-
sine phosphatase activity. TA bound to SHP-2 directly and resulted
in the inactivation of JAK/STAT3-related proteins, contributing to
the antitumor efficacy of TA in osteosarcoma.
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Constitutive STAT3 activation has been shown to prevent
apoptosis. Some natural products and derivatives have been
found to possess inhibitory effects on STAT3 activation such as
curcumin [32], resveratrol [33], and others. In our study, we
found that TA could suppress both constitutive and inducible
STAT3 phosphorylation in osteosarcoma cells and these effects
were especially significant in U2OS cells with hyperactive STAT3.
We also observed that TA suppressed nuclear translocation and
DNA binding activity of STAT3. Furthermore, we showed that
TA inhibited the proliferation of osteosarcoma cells and such inhi-
bition was correlated with the reduced STAT3 activation. The
downregulation of STAT3 activation led to the suppression of var-
ious proteins such as Cyclin D1, p21, Bcl-2, which are involved in
the survival and proliferation of tumor cells. As a result, TA
induced osteosarcoma and the accumulation of cells in the G2/
M phase of the cell cycle.
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Inhibitors of STAT3 can be split into direct and indirect cate-
gories. Direct inhibitors interact with the STAT3 protein itself. Indi-
rect inhibitors interfere with its ligands or upstream kinases that
phosphorylate STAT3 or activate its negative regulators such as
SOCS, ERK kinases, and phosphatase (SHP-1, SHP-2, PTP1B, PTEN,
and so on) [9,34–36]. To investigate the mechanism of TA-
induced STAT3 inhibition in osteosarcoma cells, we analyzed the
upstream signals involved in the inactivation of STAT3. Results
showed that TA inhibited the phosphorylation of JAK1/2/3 in a
concentration- and time-dependent manner. However, the p-Src
or SOCS levels remained unchanged after TA treatment, while the
TA-induced inhibition of the STAT3 signaling pathway could not
be rescued by U0126, indicating that all these known upstream sig-
nals did not contribute to the inhibition of STAT3 by TA.

PTPs, such as SHP-1, SHP-2, and PTEN, negatively regulate
JAK/STAT3 activation. PTPs can directly dephosphorylate the recep-
tor tyrosine kinases, thus ensuring STAT3 signaling termination
[36]. Previous studies have documented that natural products,
such as farnesol and diosgenin, regulate STAT3 activation through
up-regulating SHP-1 and SHP-2 [21,37]. Given the critical role of
PTPs in STAT3 activation and function, it has been considered an
attractive targetable site in STAT3 inhibition. In our present study,
a suppressed p-STAT3 level was rescued by pervanadate treatment,
suggesting that PTPs played important roles in the action of TA.
However, TA-induced suppression of p-STAT3 was not linked to
the induced expression of SHP-1 or SHP-2 (Fig. S4). This finding
suggested that TA regulated STAT3 activation via different modes
of action. Interestingly, we noted that the transfection with SHP-
2 siRNA reversed the inhibitory effect of TA on STAT3 (Fig. 2I),
indicating that TA should modulate the level of p-STAT3 in an
SHP-2-dependent manner. Our results were consistent with previ-
ous reports that SHP-2 is a negative regulator of JAK/STAT3 and a
tumor suppressor in hepatocellular carcinogenesis and metachon-
dromatosis [38,39].

Furthermore, we applied target identification approaches, such
as DARTS, CETSA, and BLI, to validate the direct interactions
between SHP-2 and TA. After incubation with TA, the hydrolysis
of SHP-2 by pronase was prevented, and the thermal stability of
SHP-2 was increased in a dose-dependent manner. Moreover, the
kinetic parameters of the interaction between TA and SHP-2
showed a Kd = 4.7 ± 0.69 lM. These results provided evidence that
TA directly interacted with SHP-2. To confirm the specific action of
TA on SHP-2, the enzyme activity in vitro and in vivo was detected.
TA dramatically activated SHP-2 PTP activity both in SHP-2-
containing cell extracts and purified recombinant SHP-2 proteins.

One of the important findings in this study was that TA inhib-
ited xenograft tumor cell growth and suppressed the expression
of genes known to drive uncontrolled cellular growth of cancer,
such as Cyclin D1, p21, and Bcl-2. Previous studies indicated STAT3
activation is rapid and transient in non-cancerous cells, but consti-
tutively activated in the majority of cancers [4]. This implies con-
stitutively activated STAT3 is essential for cancer development at
different levels. In line with this, our work uncovered TA signifi-
cantly inhibited osteosarcoma cell proliferation by inhibiting the
target genes of STAT3. Notably, TA displayed a satisfactory thera-
peutic effect in an osteosarcoma xenograft model without clear
organ toxicity at our therapeutic concentration and showed a
much better therapeutic effect compared with the DOX group.
These results provided strong evidence that TA possessed potential
therapeutic effects on osteosarcoma. However, it is still plausible
that TA may have other targets involved in tumor progression.
For example, the total protein level of JAK2 and JAK1 also altered
by TA treatment could not be explained in the current study. Fur-
ther investigations are still required to explore its other targets in
the anti-proliferative activity of cancer cells. Besides, combination
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with standard-of-care agents for osteosarcoma therapy will be
interesting to study if they complement each other.

Conclusions

We confirmed the direct interactions between TA and SHP-2
using target identification methods and measurements of the
enzymatic activity. TA significantly suppressed osteosarcoma cell
proliferation in vitro and in vivo through regulating the expressions
of various JAK/STAT3 target proteins, such as Cyclin D1, p21, and
Bcl-2, resulting in cell cycle arrest and apoptosis. These results
demonstrated that TA suppressed osteosarcoma cell proliferation
via SHP-2-mediated inhibition of the JAK/STAT3 signaling path-
way. Thereby, our findings highlighted the important potential of
TA as a drug candidate for the treatment of osteosarcoma.
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