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ABSTRACT
Osteosarcoma represents one of the most devastating cancers due to its high metastatic potency and fatality.
Osteosarcoma is insensitive to traditional chemotherapy. Identification of a small molecule that blocks osteosarcoma
progression has been a challenge in drug development. Phillygenin, a plant-derived tetrahydrofurofuran lignin, has
shown to suppress cancer cell growth and inflammatory response. However, how phillygenin plays functional roles in
osteosarcoma has remained unveiled. In this study, we showed that phillygenin inhibited osteosarcoma cell growth and
motility in vitro. Further mechanistic studies indicated that phillygenin blocked STAT3 signaling pathway. Phillygenin led
to significant downregulation of Janus kinase 2 and upregulation of Src homology region 2 domain-containing
phosphatase 1. Gene products of STAT3 regulating cell survival and invasion were also inhibited by phillygenin.
Therefore, our studies provided the first evidence that phillygenin repressed osteosarcoma progression by interfering
STAT3 signaling pathway. Phillygenin is a potential candidate in osteosarcoma therapy.

Graphical Abstract

Phillygenin regulates SHP-1/JAK2/STAT3 signaling to suppress osteosarcoma growth and metastasis.
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Osteosarcoma, which arises primarily in children and adoles-
cents, represents themost commonprimarymalignancy of bone
(Isakoff et al. 2015). Surgery remains the vital modality for cura-
tive osteosarcoma treatment (Sluga et al. 1999). However, most
osteosarcoma patients still develop distant metastasis and the
survival of these patients is relative low, even after receiving
radical surgery (Weeden et al. 2001). Unfortunately, conventional
osteosarcoma is relatively resistant to standard chemotherapy.
Current osteosarcoma therapy combines surgical removal of the
primary tumor and chemotherapy (doxorubicin and cisplatin
with or without methotrexate) (Ferrari et al. 2005). However, over
the past few decades, the survival rate for patients with os-
teosarcoma has not improved.New therapies are time intensive.

Signal transducer and activator of transcription (STAT) pro-
teins participate in a variety of biological process including
growth, differentiation, immune response, and so on (Benekli
et al. 2003). STAT3 is among the most well studied member of
the STAT family (Jing and Tweardy 2005). Like other STAT fam-
ily proteins, STAT3 can be activated in response to cytokines,
growth factors, and other related ligands through the intrinsic
tyrosine kinases such as Janus-like kinases (JAKs) and c-Src ki-
nase (Yu et al. 1995). The JAK/STAT3 pathway is a canonical sig-
naling system that STAT3 participates in. Once the upstream
JAK kinase is activated, STAT3 is recruited to JAKs, whereupon
it is phosphorylated by JAKs on the tyrosine 705 (Yu et al. 1995).
STAT3 is then activated through tyrosine phosphorylation, lead-
ing to the SH2 domain-dependent dimerization, nuclear translo-
cation, and further activation of the transcription of its target
genes (Zhang et al. 2010). Persistent activation of STAT3 has been
detected in the clinical tumor samples, suggesting its involve-
ment in tumorigenesis. Preclinical studies have also demon-
strated that STAT3 inhibition led to tumor regression in vitro and
in vivo (Lee et al. 2014). These results imply that interfering STAT3
signaling is a promising approach for new targeted therapy.

Discovery of novel drugs fromplant-derived natural products
have attracted much more attention as many plant chemicals
exhibit potent activities that target human diseases including
cancer. Natural agents such as butein (Pandey et al. 2009), caf-
feic acid (Jung et al. 2007), and curcumin (Yang et al. 2012) have
shown significant activity in impairing tumor progression via in-
terfering STAT3 signaling, indicating that natural products are
suitable candidates for the discovery of STAT3 inhibitors. Philly-
genin (PHI) is an active metabolite of phillyrin from the fruits of
genus forsythia sp. from oleaceae family (Du et al. 2019). Previous
studies showed PHI exerted antioxidant and antiinflammatory
activity (Du et al. 2019). PHI was also found to inhibit esophageal
cancer growth in vitro and in vivo (He et al. 2019). However, the
role of PHI in STAT3 signaling and osteosarcoma progression
has remained elusive. In this study, we demonstrated PHI can be
considered as a STAT3 inhibitor and exhibits antiosteosarcoma
efficacy.

Materials and methods
Reagents and antibodies

Purified PHI (MF: C21H24O6, MW: 372.41, purity >98%) was
purchased from MedChemExpress (HY-N0483, NJ, USA). All
the cell culture reagents were purchased from Invitrogen

Life Technologies (Carlsbad, CA, USA). Dimethyl sulfoxide
(DMSO) was obtained from Sigma–Aldrich (St. Louis, MO, USA).
Antibodies against p-STAT3 (Y705), STAT3, JAK2, Phospho-
JAK2 (Tyr1007/1008), Bcl-2, survivin, matrix metalloproteinase-2
(MMP-2), and Src homology region 2 domain-containing phos-
phatase 1 (SHP-1) were purchased from Cell Signaling Tech-
nology Inc. (Danvers, MA, USA). Vanadate and antibody against
β-actin was purchased from Sigma–Aldrich (Sigma–Aldrich, Inc.,
Shanghai, China). The DMSO was used to dissolve phillygenin,
and the final concentration of DMSO in cell culture media is less
than 0.1%.

Cell cultures

The osteosarcoma cell lines 143B, HOS, and SJSA were obtained
from ATCC (Manassas, VA, USA), and were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin at
37 °C under a humidified 5% CO2 incubator. Normal osteoblasts
(hFOB1.19) were purchased from Cell Resource Center of Shang-
hai Institutes for Biological Sciences, Chinese Academy of Sci-
ences. hFOB1.19 cells were cultured in DMEM/F12 supplemented
with 10% FBS and G418 (0.3 mg/mL) and maintained in a 5% CO2

incubator at 34 °C.

Cell viability assay

Cell viability assay was performed according to the manufac-
ture’s guidelines (Promega,Madison,WI, USA). In brief, osteosar-
coma cells (5000 cells) were seeded in 96-well plate. 24 h after
seeding, different concentrations of PHI were added, followed
by 48 h incubation. The CellTiter 96® AQueous One Solution was
then added and the OD value at 490 nmwas obtained by a VERSA
max microplate reader.

Western blot assay

Osteosarcoma cells were lysed with modified radioimmunopre-
cipitation buffer supplemented with protease and phosphatase
inhibitors. Equal amount of the protein samples were subjected
to the SDS-PAGE.

Colony formation assay

Osteosarcoma cells (500 cells) were seeded in 6-well plate and
treated with the indicated concentrations of PHI. The culture
medium was replaced every 2 days. On day 7, cells were fixed
with 4% PFA and stained with 0.1% crystal violet. Representative
images were acquired with a microscope (Leica). Colony num-
bers were counted manually.

Cell cycle and apoptosis analysis

For cell-cycle assay, 143B cells were treated with PHI for 24 h
and then fixedwith 70% ethanol at−20 °C overnight, and stained
with propidium iodide (PI). For cell apoptosis analysis, 143B cells
were stained with the PE Annexin V apoptosis detection kit I (BD
Biosciences) according to the manufacturer’s explanations and
analyzed by flow cytometry after PHI treatment 48 h.
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Wound-healing assay

A wound-healing assay was performed as previously described
(Yi et al. 2008). Briefly, the cells were seeded into 6-well plate, and
created a confluent monolayer. Then create a wound by manu-
ally scraping the cell monolayer with a 200 μL pipette tip.

Boyden chamber invasion assay

The Boyden chamber assay was performed using a Transwell
filter (Millipore). The Boyden chamber was precoated with 10%
Matrigel. 5 × 104 cells pretreated with PHI were resuspended in
100 μL of serum-free medium, and were added into the upper
chamber of the transwell insert. 600 μL of cell culture medium
was added in the lower chamber. After 12 h, the noninvaded
cells on the inner side of the insert were removed by a cotton
swab. Cells on the underside of the transwell filter were fixed
with 4% PFA and stained with 0.1% crystal violet. Photographs of
3 random fields were acquired.

3D culture assay

Three-dimensional (3D) culture assay was performed as previ-
ously described (Zhang et al. 2018). In brief, 100 μL Matrigel so-
lution per well was added into 48-well plate and incubated in
37 °C for 45min to solidify. 143B cells (1 × 104) were resuspended
in 100 μL DMEM and seeded on solidified Matrigel. The top
Matrigel-medium mixture was refreshed every 2 days.

Q-PCR

The total RNA was extracted with the TRIZOL reagent
(Invitrogen). 1000 ng of total RNA was used for the synthe-
sis of first-strand cDNA using the PrimeScript RT reagent
kit (TaKaRa Biotechnology, Shiga, Japan). Quantitative real-
time PCR (Q-PCR) was performed according to the man-
ufacturer’s instructions of the SYBR® Premix Ex Taq kit
(TaKaRa) on an Mx3005P thermal cycler (Stratagene). The
forward and reverse primers for Bcl-2, survivin, and MMP-
2 were as follows: Bcl-2, 5′-TGCACCTGACGCCCTTCAC-
3′ and 5′- AGACAGCCAGGAGAAATCAAACAG-3′, survivin,
5′-CACCGCATCTCTACATTCAA-3′ and 5′-CACTTTCTTCGCAGTTT
CCT-3′ MMP-2, 5′-GGATGATGCCTTTGCTCG-3′ and 5′-ATCGGCG
TTCCCATACTT-3′, SHP-1, 5′-GAGAACGCTAAGACCTACATCG-
3′and 5′-CAGTATGGGACGCATTTGTT-3′.

Statistical analysis

Data are presented asmean ± SD.Comparison between 2 groups
was performed using Student’s t-test and group differenceswere
analyzed using one-way ANOVA analysis followed by Tukey
post-hoc test. P value of less than .05 was considered to indi-
cate statistical significance unless otherwise indicated. All ex-
periments were performed at least 3 times except animalmodel.

Results
PHI decreases osteosarcoma cell growth

To elucidate the effects of PHI (shown in Figure 1) on osteosar-
coma cells, we first examined the cytotoxic efficacy of PHI. The
result of cell viability assay was showed that PHI inhibited cell
viability in a panel of osteosarcoma cell lines,with the half max-
imal inhibitory concentrations of about 50 μmol/L (Figure 2a).We

Figure 1. The chemical structure of PHI.

also found phillygenin showed no significant inhibitory effect on
hFOB1.19 cells viability (Figure S1). There is a positive correla-
tion between cloning efficiency of the cells and the histological
involvement of the tumor. Consequently, we tested whether PHI
could inhibit the ability of osteosarcoma cells to form colonies.
In Figure 2b, PHI markedly impaired the colony formation by
143B, HOS, and SJSA osteosarcoma cells. We also performed
cell cycle and apoptosis analysis. The results demonstrated PHI
dose-dependent–induced cell cycle G2/M phase arrest and cell
apoptosis (Figure S2a and b). Western blot analysis further indi-
cated addition of PHI significantly decreased the level of PCNA
(Figure 2c), a proliferation marker of cancer cell. These results
implied that PHI inhibited osteosarcoma cell growth in vitro.

PHI inhibits motility of osteosarcoma cells

Cell motility is crucial for osteosarcomametastasis and progres-
sion. To investigate the antimotility function of PHI, the wound-
healing migration assay was used. As shown in Figure 3a, PHI
significantly inhibited osteosarcoma cell migration. We further
examined its inhibitory function on the motility by the Boyden
chamber invasion assay. Our results showed that invasive os-
teosarcoma cells in the PHI-treated groupwere dramatically less
than that of the control group, suggesting a potent inhibitory ef-
fect of PHI on cell motility (Figure 3b). Cancer cells are able to
form invasive stellar structures when cultured in the 3D envi-
ronment (Park et al. 2003). To further examine whether PHI re-
pressed the invasive stellar structure formation of osteosarcoma
cells, we performed a 3D culture assay. The result indicated the
invasive structure forming abilitywas greatly inhibitedwhen ex-
posure to PHI (Figure 3c). Collectively, our data demonstrated PHI
suppressed osteosarcoma cell motility in vitro.

PHI blocks STAT3 activation in osteosarcoma cells

To find out the antiosteosarcoma molecular basis of PHI, we ex-
amined the signaling pathways mediated by PHI using west-
ern blot analysis. We found 100 μmol/L of PHI could signif-
icantly inhibit the phosphorylation of STAT3 (Tyr705). When
noted, such inhibitory action of PHI on STAT3 was in paral-
lel with a dephosphorylation of JAK2, the upstream kinase of
STAT3 (Figure 4a). STAT3 activation results in target gene tran-
scription, and we next determined whether PHI impaired STAT3
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Figure 2. PHI inhibits osteosarcoma cells growth. (a) An MTS cell viability assay was performed to detect the inhibitory effect on cell viability. The osteosarcoma cells
were exposed to indicated concentrations of PHI for 48 h (*P < .05; ***P < .001). (b) PHI remarkably inhibited the colony formation of osteosarcoma cells (***P < .001).

(c) Cells were treated with PHI for 24 h. PHI dose-dependently downregulated PCNA expression in osteosarcoma cells.

target gene expression. Our results showed that addition of PHI
remarkably inhibited the expression of Bcl-2, survivin, andMMP-
2 (Figure 4b). In accordance with this, real-time PCR analysis in-
dicated themRNA level of STAT3 gene products was impaired by
PHI (Figure 4c). In sum, these data implied PHI interfered STAT3
signaling pathway.

PHI induces the level of SHP-1

Several phosphatases, including SHP-1, have been reported to
act as a negative mediator of JAK2/STAT3 signaling (Rhee et al.
2012). We set forth to explore whether PHI could upregulate
the expression of SHP-1. Intriguingly, we found addition of
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Figure 3. PHI suppresses osteosarcoma cells migration and invasion. (a) The wound-healing assay was conducted to detect the inhibitory effect of PHI on osteosarcoma
cells (143B and HOS) migration (***P < .001). (b) PHI remarkably inhibited osteosarcoma cells (143B and HOS) invasion (***P < .001). (c) 143B cells were grown in 3D culture

system and PHI suppressed invasive structures formation.
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Figure 4. PHI exerts the inhibitory effect on STAT3 cascade in osteosarcoma cells. (a) Cells were treated with PHI for 24 h. PHI diminished the activation of STAT3 and

JAK2 kinase in a dose-dependent manner in osteosarcoma cells. (b) The inhibitory effect of PHI on STAT3 target gene expression. (c) 143B cells were treated with PHI
for 24 h. The transcription levels of Bcl-2, survivin, and MMP-2 were detected by real-time PCR.

PHI-reduced STAT3 phosphorylation; whereas addition of vana-
date (100 μmol/L), a phosphatase inhibitor, in the present of
PHI partly rescued the level of STAT3 (Tyr705), indicating a cer-
tain phosphatase was involved in PHI-mediated STAT3 inhi-
bition (Figure 5a). Further western blot analysis revealed PHI

treatment led to significant upregulation of SHP-1 (Figure 5b).
We also found PHI induced the expression of SHP-1 at the tran-
scriptional level in a concentration-dependent manner (Figure
S3).These results indicated the PHI-induced depression of STAT3
signaling could be apparently reversed by blockade of SHP-1.
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Figure 5. PHI induces the expression of SHP-1. (a) Vanadate partly reverses the inhibitory effect of PHI on STAT3 activity. Osteosarcoma cells were treated with vanadate
(100 μmol/L) and PHI (50 μmol/L). Phospho-STAT3 was detected by western blotting assay. (b) PHI upregulated the total protein level of SHP-1 in a dose-dependent
manner.

Discussion

Natural chemicals are considered to be an important source
for anticancer drugs, and many of them are studied for effi-
cacy in vitro and in vivo. PHI has been demonstrated to inhibit
esophageal cancer growth through NF-KB signaling repression
(He et al. 2019); however, no conclusion has been made regard-
ing its antitumor activity in osteosarcoma.Here,we investigated
whether PHI could alter osteosarcoma carcinogenesis via other
molecular basis. We provide the first evidence that PHI blocks
STAT3 phosphorylation and activity in osteosarcoma cells.

Our results revealed that constitutive STAT3 activation was
suppressed by PHI. The activation of JAK2, the upstream ki-
nase of STAT3, was also blocked by PHI treatment. We also ob-
served PHI-induced STAT3 inhibition involves SHP-1. SHP-1, a
nontransmembrane phosphatase, acts as a negative regulator
for JAK2/STAT3 cascade (Liu et al. 2013). PHI treatment induces
the expression of SHP-1, indicating the inhibitory effect of PHI
on STAT3 signaling occurs through SHP-1 induction. However,
the mechanism through which PHI induces SHP-1 expression
needs further investigation. PHI may directly or indirectly affect
the binding of transcription factors to the SHP-1 promoter. Epi-
geneticmodification by PHImay be also involved (demethylation
of the SHP-1 promoter for example).

One interesting finding in our study is that PHI shows re-
markable efficacy in inhibiting osteosarcoma cell growth and
motility in vitro. STAT3 participate in a variety of biological pro-
cess including growth, STAT3, an important member of the
STAT family, is frequently associated with tumor growth and
metastasis. Previous study reported Stat3 was constitutively
overexpressed in osteosarcoma tissues and p-Stat3 was overex-
pressed in osteosarcoma tissues (75.0%) when compared with
osteoblast cell lines (Ryu et al. 2010). That would explain why
PHI’s more specific inhibition of osteosarcoma cells growth
in our result. In addition, various antiapoptotic and prolifer-
ative target genes downstream of STAT3, such as cyclin D1,
survivin, and Bcl-2, were significantly reduced by PHI. Ma-
trix metalloproteinases (MMPs) are crucial downstream tar-
get genes of STAT3 and associated with invasiveness. In our
study, we found PHI significantly downregulates the level of
MMP-2,which could partially explain the antimetastatic efficacy
of PHI.

Previous study has indicated PHI increases ROS levels and
inhibits NF-KB signaling in cancer cells (He et al. 2019). Al-
though we have demonstrated PHI interferes STAT3 signaling
in osteosarcoma, whether PHI could regulate NF-KB signaling
remains to be explored. We could not exclude the possibility
that PHI inhibits osteosarcoma progression via other molecular
mechanism. Further studies are needed to comprehensively re-
veal the antiosteosarcoma ability of PHI.
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and Biochemistry online.

Author contribution

J.F. designed the experiment and conducted data analysis. X.D.
conducted data analysis and wrote the paper. D.L. participated
in the experiments. All authors read and approved this paper.

Funding

This work was supported by grants from the National Natural
Science Foundation of China (81501866), Jiangsu Provincial Med-
ical Youth Talent Foundation (QNRC2016411), Jiangsu Six One
Project (LGY2018035), Jiangsu 333 Talent Peak Program (to J.F.),
and Nantong 226 High-Level Talents Project (to J.F.).

Disclosure statement

No potential conflict of interest was reported by the authors.

References

Benekli M, Baer MR, Baumann H et al. Signal transducer
and activator of transcription proteins in leukemias. Blood
2003;101:2940-54.

Du B, Zhang L, Sun Y et al. Phillygenin exhibits anti-
inflammatory activity through modulating multiple cellular
behaviors of mouse lymphocytes. Immunopharmacol Immuno-
toxicol 2019;41:76-85.

Ferrari S, Smeland S, Mercuri M et al. Neoadjuvant chemother-
apy with high-dose Ifosfamide, high-dose methotrexate,
cisplatin, and doxorubicin for patients with localized os-
teosarcoma of the extremity: a joint study by the Italian and
Scandinavian Sarcoma Groups. J Clin Oncol 2005;23:8845-52.

He J, Wei W, Yang Q et al. Phillygenin exerts in vitro and in
vivo antitumor effects in drug-resistant human esophageal
cancer cells by inducing mitochondrial-mediated apopto-
sis, ROS generation, and inhibition of the nuclear factor
kappa BNF-kappaB signalling pathway.Med Sci Monit 2019;25:
739-45.

Isakoff MS, Bielack SS, Meltzer P et al. Osteosarcoma: current
treatment and a collaborative pathway to success. J Clin Oncol
2015;33:3029-35.

Jing N, Tweardy DJ. Targeting Stat3 in cancer therapy. Anticancer
Drugs 2005;16:601-7.

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/85/2/307/6072535 by guest on 09 April 2024

https://academic.oup.com/ons/article-lookup/doi/10.1093/bbb/zbaa007#supplementary-data


314 Bioscience, Biotechnology, and Biochemistry, 2021, Vol. 85, No. 2

Jung JE, KimHS, Lee CS et al.Caffeic acid and its synthetic deriva-
tive CADPE suppress tumor angiogenesis by blocking STAT3-
mediated VEGF expression in human renal carcinoma cells.
Carcinogenesis 2007;28:1780-7.

Lee HJ, Zhuang G, Cao Y et al. Drug resistance via feedback acti-
vation of Stat3 in oncogene-addicted cancer cells. Cancer Cell
2014;26:207-21.

Liu CY, Tseng LM, Su JC et al. Novel sorafenib analogues in-
duce apoptosis through SHP-1 dependent STAT3 inactiva-
tion in human breast cancer cells. Breast Cancer Res 2013;15:
R63.

Pandey MK, Sung B, Ahn KS et al. Butein suppresses constitutive
and inducible signal transducer and activator of transcrip-
tion (STAT) 3 activation and STAT3-regulated gene products
through the induction of a protein tyrosine phosphatase SHP-
1.Mol Pharmacol 2009;75:525-33.

Park DW, Choi DS, Ryu HS et al. A well-defined in vitro
three-dimensional culture of human endometrium and its
applicability to endometrial cancer invasion. Cancer Lett
2003;195:185-92.

Rhee YH, Jeong SJ, Lee HJ et al. Inhibition of STAT3 signaling and
induction of SHP1 mediate antiangiogenic and antitumor ac-
tivities of ergosterol peroxide in U266multiplemyeloma cells.
BMC Cancer 2012;12:28.

Ryu K, Choy E, Yang C et al. Activation of signal transducer and
activator of transcription 3 (Stat3) pathway in osteosarcoma

cells and overexpression of phosphorylated-Stat3 correlates
with poor prognosis. J Orthop Res 2010;28:971-8.

Sluga M, Windhager R, Lang S et al. Local and systemic control
after ablative and limb sparing surgery in patients with os-
teosarcoma. Clin Orthop Relat Res 1999;120-7.

Weeden S, Grimer RJ, Cannon SR et al. The effect of local re-
currence on survival in resected osteosarcoma. Eur J Cancer
2001;37:39-46.

Yang CL, Liu YY, Ma YG et al. Curcumin blocks small cell lung
cancer cells migration, invasion, angiogenesis, cell cycle and
neoplasia through Janus kinase-STAT3 signalling pathway.
PLoS One 2012;7:e37960.

Yi T, Yi Z, Cho SG et al. Gambogic acid inhibits angiogenesis and
prostate tumor growth by suppressing vascular endothelial
growth factor receptor 2 signaling. Cancer Res 2008;68:1843-
50.

Yu CL,Meyer DJ, Campbell GS et al. Enhanced DNA-binding activ-
ity of a Stat3-related protein in cells transformed by the Src
oncoprotein. Science 1995;269:81-3.

Zhang T, Li J, He Y et al.A small molecule targeting myoferlin ex-
erts promising anti-tumor effects on breast cancer. Nat Com-
mun 2018;9:3726.

Zhang X, Yue P, Fletcher S et al. A novel small-molecule disrupts
Stat3 SH2 domain-phosphotyrosine interactions and Stat3-
dependent tumor processes. Biochem Pharmacol 2010;79:1398-
409.

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/85/2/307/6072535 by guest on 09 April 2024


