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Plumbagin exhibits an anti-proliferative effect in human
osteosarcoma cells by downregulating FHL2 and
interfering with Wnt/p-catenin signalling
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Abstract. Plumbagin, a naphthoquinone constituent of
Plumbago zeylanica L. (Plumbaginaceae) is widely used in
traditional Chinese medicine as an antifungal, antibacterial
and anti-inflammatory agent. Plumbagin is known to exhibit
proapoptotic, antiangiogenic and antimetastatic effects in
cancer cells. The transcriptional co-factor four and a half LIM
domains 2 (FHL2) is a multifunctional adaptor protein that is
involved in the regulation of gene expression, signal transduc-
tion and cell proliferation and differentiation, and also acts
as a tumor suppressor or oncoprotein depending on the tissue
microenvironment. The present study investigated the effect of
plumbagin on FHL2 expression, Wnt/f3-catenin signalling and
its anti-proliferative activity in various human osteosarcoma
cell lines, including SaOS2, MG63, HOS and U20S. The
cells were exposed to plumbagin and the expression of FHL2
was evaluated using western blot analysis. Furthermore, the
anti-proliferative effect of plumbagin was evaluated using a
3-(4,5 dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay. In addition, since FHL2 is involved in Wnt/f-catenin
signaling, the effect of plumbagin on 3-catenin and its primary
target genes, including v-myc avian myelocytomatosis viral
oncogene homolog (c-Myc) and WNTI1 inducible signaling
pathway protein-1 (WISP-1), was evaluated using western
blot analysis. It was observed that plumbagin suppressed the
expression of FHL?2 and exhibited significant anti-proliferative
activity in osteosarcoma cells. It also attenuated Wnt/B-catenin
signalling by downregulating [3-catenin and its target genes,
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including c-Myc and WISP-1. In conclusion, plumbagin
demonstrated anti-proliferative activity in osteosarcoma cells
by downregulating FHL2 and interfering with Wnt/f-catenin
signalling.

Introduction

Osteosarcoma, a primary bone sarcoma, is generally observed
in children and adolescents and comprises ~5% of pediatric
tumors and ~20% of bone tumors with a predominance in
males (1). The tumour commonly originates in the metaphy-
seal regions of the distal femur, proximal humerus and
proximal tibia. Osteosarcoma presents with high metastasis
that is generally characterized by local invasion to the bone
and soft tissue, and it most often affects the lung in distant
metastasis (2). Conventional therapeutic approaches for osteo-
sarcoma may cause drug-resistance and yield a variety of side
effects, including cardiotoxicity, hearing loss, nephrotoxicity
and risk of local relapse (3). An improved understanding of
the molecular mechanisms involved in oncogenesis of osteo-
sarcoma may enable identification and development of novel
strategies for therapy in this disease.

Several studies have reported the aberrant activa-
tion of Wnt signaling in a variety of bone and soft-tissue
sarcomas (4-8). Wnt signalling cascades regulate various
biological processes, including cell-cycle regulation and stem
cell maintenance (9-11), and are also involved in bone develop-
ment and homeostasis (12,13). The Wnt/p-catenin signalling
cascade is the best characterized of the Wnt pathways. An
accumulation of B-catenin in the nucleus or cytoplasm of a
cell is key for Wnt signal activation, and has been reported in
osteosarcoma (14). Upon activation of Wnt signal, [3-catenin
translocates to the nucleus and binds to the transcription
factors T-cell factor (TCF)/ lymphoid enhancer factor, which
activates genes involved in cell proliferation, including v-myc
avian myelocytomatosis viral oncogene homolog (c-Myc),
mettatoproteinases and cyclin D1 (15,16).

WNTI inducible signaling pathway protein-1 (WISP-1)
has been reported to be significant in the invasion and migra-
tion capabilities of osteosarcoma cells. Studies have reported
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that increased WISP-1 expression is associated with tumor
stage. WISP-1 enhances the migration of osteosarcoma cells
by upregulating the expression of matrix metalloproteinase
(MMP)-2 and MMP-9 with increasing tumor stage (17). Four
and a half LIM domains protein 2 (FHL-2) is a member
of the LIM-only protein family. LIM-domain containing
proteins are key in protein-protein interactions in vital
cellular processes, including cytoskeletal organization, and
have cellular roles as regulators of gene expression, cell
adhesion, cell motility and signal transduction (18). Studies
also suggest that FHL-2 is involved in various types of
cancer, including metastatic melanoma, prostate, breast,
lung, colon, gastric and bladder cancer (19-21), and a mecha-
nism by which FHL-2 induces oncogenesis is by binding to
[-catenin (22). However, the effect of FHL-2 on bone cancer
tumorigenesis remains unclear. Targeting the Wnt/f-catenin
signaling pathway may be of important clinical value in
osteosarcoma therapy. Recent studies have reported the
effective modulation of the Wnt/B-catenin signaling pathway
by phytochemicals (23,24).

Plumbagin is a naphthoquinone constituent of
Plumbago zeylanica L. (Plumbaginaceae) (Fig. 1), and has
been used as an antifungal, antibacterial, and anti-inflam-
matory agent in traditional medicine (25). Plumbagin is
known to exhibit proapoptotic (26), antiangiogenic (27) and
antimetastatic effects in cancer cells (28). In addition, plum-
bagin is known to inhibit NF-kB (29), c-Jun-NH(2)-terminal
kinase (30), protein kinase C & (31) and signal transducer
and activator of transcription 3 (31). Plumbagin activates
glycogen synthase kinase 33 by inhibiting its phosphorylation
at serine 9 (32), decreases the expression of cyclin DI (33) and
modulates the acetyltransferase activity of p300 protein (34).
Consequently, the present study investigated the effect of
plumbagin on FHL2 expression in various osteosarcoma cell
lines, and it's effect on cell proliferation and Wnt/p-catenin
signaling in these cells.

Materials and methods

Cell culture. Cancer cell lines derived from various human
osteosarcoma tumors (human p53-deficient SaOS2, p53
mutant MG63 and human osteosarcoma HOS and U20S
cells) (35) were obtained from American Type Culture Collec-
tion (Manassas, VA, USA). The cells were cultured according
to the company's protocol in Dulbecco's Modified Eagle
Medium (Gibco®; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing 10% heat inactivated fetal calf serum
(Sigma-Aldrich, St. Louis, MO, USA), 1% L-glutamine
(Sigma-Aldrich) and penicillin/streptomycin (10,000 U/ml,;
Sigma-Aldrich) at 37°C in a humidified atmosphere with 5%
CO,.

Cell proliferation assay. The effect of plumbagin on the prolif-
eration of human osteosarcoma Sa0OS2, MG63, HOS and U20S
cells was assessed using a 3-(4,5 dimethyl-thiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay. Briefly, the cells were
seeded into 96-well plates (Thermo Fisher Scientific, Inc.) at
a density of 5-8x10° cells/well. The cells were subsequently
treated with various concentration of plumbagin (0, 10, 20 or
40 pg; Sigma-Aldrich) or dimethyl sulfoxide (DMSO; vehicle
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Figure 1. Chemical structure of plumbagin. Molecular formula, 5-hydroxy-
2-methyl-1,4-naphthoquinone; molecular weight, 188.18.

control; Sigma-Aldrich) for 72 h at 37°C. Following treatment,
100 ul MTT (1 mg/ml; Sigma-Aldrich) was added to each well
to analyze cell growth. DMSO was added following an incuba-
tion period of 4 h at 37°C, to lyse the cells and dissolve the
purple formazan crystals that had formed. Absorbance of the
formed formazan product was determined at A max of 595 nm
using a fluorescence spectrophotometer (HTS 7000 Reader;
MTX Lab Systems Inc., Vienna, VA, USA). By plotting the
percentage survival of cells against the concentration of plum-
bagin, the half maximal inhibitory concentration (ICs,) values
were obtained from the sigmoidal curve.

Western blot analysis. The human osteosarcoma Sa0OS2,
MG63, HOS and U20S cells were exposed to various
concentrations of plumbagin (10, 20 and 40 pg/ml) or DMSO
(vehicle control) at 37°C for 24 h, and following incubation the
cells were lysed. The cells were treated with ice-cold hypo-
tonic lysis buffer (10 mM HEPES, pH 7.9; 1.5 mM MgCl,,
0.2 mM KCI; 0.5 mM dithiothreitol; 0.2 mM phenylmeth-
ylsulfonylfluoride; Sigma-Aldrich), vortexed for 2 min and
were centrifuged for 10-15 min at 12,000 rpm, followed by
collection of the supernatants and assaying for protein concen-
tration using Lowry's method (36-38) using a Pierce Modified
Lowry Protein Assay kit (Thermo Fisher Scientific, Inc.).
The proteins (40-45 ug) were then subjected to 12% sodium
dodecyl sulfate polyacrylamide gel-electrophoresis. 3-actin
was used as a loading control. The gels were transferred onto
polyvinylidene difluoride membranes by electro-blotting
and membranes were treated for 1 h with blocking buffer
(5% non-fat dry milk) at room temperature. Subsequently,
the membranes were incubated with the following primary
antibodies overnight at 4°C, at dilutions according to the
manufacturer's protocol: Rabbit polyclonal anti-FHL2 (dilu-
tion, 1:1,000; catalog no., ab12327; Abcam, Cambridge,
MA, USA), rabbit monoclonal anti-f-catenin (dilution,
1:1,000; catalog no., 8480; Cell Signaling Technology, Inc.,
Danvers, MA, USA), rabbit monoclonal anti-f3-actin (dilu-
tion, 1:1,000; catalog no., 4970; Cell Signaling Technology,
Inc.), rabbit monoclonal anti-c-Myc (dilution, 1:1,000; catalog
no., 13987; Cell Signaling Technology, Inc.), and rabbit
polyclonal anti-WISP1 (dilution, 1:1,000; catalog no., Santa
Cruz Biotechnology, Inc., Dallas, TX, USA). After incuba-
tion with primary antibodies, the membranes were wahsed
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Figure 2. (A) Normal expression of FHL2 in various human osteosarcoma
cells. (B) Effect of plumbagin (10, 20, 40 ug/ml) on the expression of FHL2
in human osteosarcoma cells. FHL2, four and a half LIM domains protein 2;
control, dimethyl sulfoxide.
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with TBST 3-4 times and incubated with goat anti-rabbit
polyclonal horseradish peroxidase-conjugated secondary
antibody (dilution, 10,000; catalog no., ab6721; Abcam) for
1 h at room temperature. The membranes were washed three
times for 5 min with phosphate-buffered saline with Tween 20
(Thermo Fisher Scientific, Inc.) and bands were visualized
using hydrogen peroxidase-chemiluminescent detection kit
(Frontier Laboratories, Koriyama, Japan) using Luminescent
Image Analyzer LAS-3000 (Fujifilm Corp., Tokyo, Japan).

Statistical analysis. The experiments were performed three
times and data are expressed as the mean + standard devia-
tion. SPSS version 17 (SPSS, Inc., Chicago, IL, USA) was used
to perform statistical analyses. Results were analyzed using
Student's t-test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Overexpression of FHL2 in osteosarcoma cells. The expres-
sion of FHL2 in osteosarcoma U20S, HOS, SaOS2 and MG63
cells was determined by western blot analysis. A single band
was observed at the predicted molecular weight in all osteo-
sarcoma cells (Fig. 2A). FHL2 expressions in HOS and SaOS2
cells were decreased compared to the expressions observed
in MG63 and U20S cells. These results suggest that there
is expression of FHL2 in certain human osteosarcoma cells
in vitro.
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Plumbagin downregulates the expression of FHL2 in human
osteosarcoma cells. The osteosarcoma cells were exposed to
various concentrations of plumbagin (10, 20, 40 pg/ml) for
24 h. It was observed that plumbagin inhibited the expression
of FHL2 in a dose-dependent manner in MG63, U20S and
Sa0S2 cells compared with the control (DMSO) (Fig. 2B).
Plumbagin also effectively inhibited the expression of FHL-2
in HOS cells, which exhibited mild expressions of FHL2.

Effect of plumbagin on cell proliferation. The anti-proliferative
effect of plumbagin on U20S (Fig. 3A), SaOS2 (Fig. 3B), HOS
(Fig. 3C) and MG-63 (Fig. 3D) cells was evaluated by MTT
assay. A 72 h exposure of U20S, SaOS2, HOS and MG-63
cells to various concentrations of plumbagin (0, 10, 20 and
40 pug/ml) induced a dose-dependent inhibition in cell prolif-
eration. The effect was clearer in U20S, SaOS2 and MG-63
cells compared with HOS cells.

Effect of plumbagin on Wnt/f3-catenin signaling. Similarly
to the plumbagin-induced downregulation of FHL2, the
nuclear translocation of B-catenin was also attenuated
dose-dependently in cells treated with plumbagin (Fig. 4A).
To additionally confirm the effect of FHL2 inhibition on
Wnt signaling, the expression of WISP-1 and c-Myc, which
are Wnt/B-catenin-target genes, in cells treated with various
concentrations of plumbagin (10, 20 and 40 ug/ml) were
assessed. Plumbagin dose-dependently inhibited the expres-
sions of WISP-1 and c-Myc (Fig. 4B and C).

Discussion

In the present study, the effect of plumbagin on the expres-
sion of FHL2 and Wnt/B-catenin signaling were assessed. An
altered FHL2 expression was observed in osteosarcoma cells
treated with plumbagin, similarly to the results reported in
previous studies (35,39). In addition, previous studies have
demonstrated that FHL2 gene expression in human soft
tissue cancers is variable depending on the cell type; FHL2
was revealed to be overexpressed in breast cancer (40),
glioma (41), lung cancer (42), colon carcinoma (20) and
gastrointestinal cancer (43) cells compared with cells from
normal tissue.

FHL2 has been reported to effectively interact with
numerous transcription factors, including androgen receptor,
activator protein 1, cCAMP response element-binding (CREB)
protein, SKI proto-oncogene and [-catenin (43,44-46), and
FHL?2 functions as a coactivator or corepressor, depending
on the cell type and the promoter that is present (22,46).
Furthermore, FHL2 binds with various transcription factors
concurrently and participates in multiprotein complex assem-
blies (47,48). As a coactivator of -catenin it cooperates with
CREB-binding protein/p300 to enhance transcription driven
by the B-catenin/TCF complex (46,47).

The present study focused on the effect of plumbagin on
Wnt/p-catenin signaling cascade, since FHL?2 interacts with
this pathway in various cells (22,49), including osteoblast
progenitor cells (46). In addition, dysregulation of the pathway
has been reported in osteosarcoma cells (14,50). In the present
study, plumbagin dose-dependently reduced the expression of
FHL2 in osteosarcoma U20S, HOS, SaOS2 and MG63 cells
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Figure 3. Anti-proliferative effect of plumbagin in human osteosarcoma (A) U20S, (B) SaOS2, (C) HOS and (D) MG-63 cells at various concentrations. Data
is represented as the mean * standard deviation of three different experiments. "P<0.05, “P<0.01 vs. control.
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Figure 4. Effect of plumbagin on the expression of (A) f3-catenin, (B) c-Myc and (C) WIST-1 in human osteosarcoma U20S, SaOS2, HOS and MG63 cells.
c-Myc, v-myc avian myelocytomatosis viral oncogene homolog; WIST-1, WNT1 inducible signaling pathway protein-1; control, dimethyl sulfoxide.

and reduced the proliferation of the cells. Plumbagin-induced  cells, which was evidenced by the reduction in the expression
inhibition of FHL?2 in the osteosarcoma cells also led to a  of c-Myc, a key target protein and onco-protein. The expres-
reduction of B-catenin translocation into the nucleus of these  sion of WISP-1, a direct Wnt/B-catenin target gene (51), was
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also effectively downregulated by plumbagin in the present
study. A dose-dependent decrease in the expression of c-Myc
and WIST-1 was observed. Additionally, the decrease in the
expressions of c-Myc and WISP was similar to the expression
levels of FHL2 in U20S, SaOS2 and MGG63 cells. By contrast,
HOS cells expressed a lower amount of FHL2 and exhibited
almost insignificant levels of FHL2 following plumbagin
exposure and negligible expression of c-Myc and WISP-1. The
underlying cause of this requires additional investigation.

Overall in the present study, plumbagin significantly
reduced the proliferation of osteosarcoma cells via the inhibi-
tion of Wnt/p-catenin signalling by downregulating the Wnt
co-regulator FHL2, an oncoprotein in osteosarcoma cells.
Therefore, following additional preclinical and clinical evalu-
ations, plumbagin may be effectively used in osteosarcoma
therapeutics.
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