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Background: Diarylheptanoid (ASPP 049) isolated from C. comosa exhibits high estrogenic activity.
Results: ASPP 049 rapidly induced �-catenin accumulation in the nucleus and activated TCF/LEF-mediated activation of
Wnt/�-catenin signaling.
Conclusion: ASPP 049 from C. comosa induces preosteoblastic cell proliferation and differentiation through activation of
Wnt/�-catenin signaling.
Significance: Providing a scientific rationale for using C. comosa as a dietary supplement to prevent bone loss in postmeno-
pausal women.

Estrogen promotes growth inmany tissues by activatingWnt/
�-catenin signaling. Recently, ASPP 049, a diarylheptanoid iso-
lated fromCurcuma comosaRoxb., has been identified as a phy-
toestrogen. This investigation determined the involvement of
Wnt/�-catenin signaling in the estrogenic activity of this diaryl-
heptanoid in transfectedHEK 293T and inmouse preosteoblas-
tic (MC3T3-E1) cells using a TOPflash luciferase assay and
immunofluorescence. ASPP 049 rapidly activated T-cell-spe-
cific transcription factor/lymphoid enhancer binding factor-
mediated transcription activity and induced�-catenin accumu-
lation in the nucleus. Interestingly, the effects of ASPP 049 on
the transcriptional activity and induction and accumulation of
�-catenin protein in the nucleus of MC3T3-E1 cells were
greater compared with estradiol. Activation of �-catenin in
MC3T3-E1 cellswas inhibitedby ICI 182,780, suggesting that an
estrogen receptor is required. In addition, ASPP 049 induced
phosphorylations at serine 473 of Akt and serine 9 of GSK-3�.
Moreover, ASPP 049 also induced proliferation and expressions
of Wnt target genes Axin2 and Runx2 in MC3T3-E1 cells. In
addition, ASPP 049 increased alkaline phosphatase expression,
and activity that was abolished by DKK-1, a blocker of theWnt/
�-catenin receptor. Taken together, these results suggest that
ASPP 049 from C. comosa induced osteoblastic cell prolifera-
tion and differentiation through ER�-, Akt-, and GSK-3�-de-
pendent activation of �-catenin signaling. Our findings provide
a scientific rationale for usingC. comosa as a dietary supplement
to prevent bone loss in postmenopausal women.

The Wnt/�-catenin signaling pathway has been demon-
strated to be responsible for a variety of biological processes,
including tissue homeostasis and cancer. Cytosolic �-catenin
protein is the principal mediator of Wnt signaling (1). In the
absence of extracellularWnt ligands,�-catenin is recruited into
a destruction complex comprising Axin, adenomatous polypo-
sis coli (APC),2 and glycogen synthase kinase 3� (GSK-3�) (2).
Axin and APC act as the scaffolding proteins that facilitate
GSK-3� to phosphorylate �-catenin at amino acid residues 33,
37, and 41 and target it for ubiquitination by �-transducin
repeat-containing homologue protein (�-TrCP) in protea-
some. Thus, the cytosolic �-catenin level is kept low. In the
presence ofWnt ligands, on the other hand,Wnt protein binds
to its coreceptors Frizzled (Fz) receptor, a seven-transmem-
brane protein, and a low-density lipoprotein receptor-related
protein (LRP). This binding activates Dishevelled (Dvl) protein,
which then inhibits the formation of Axin-APC-GSK-3�
destruction complex. Therefore, GSK-3�-mediated phos-
phorylation of �-catenin is inhibited. Non-phosphorylated
�-catenin is not targeted for degradation and is accumulated in
the cytoplasm. �t translocates into the nucleus, binds with
T-cell-specific transcription factor/lymphoid enhancer bind-
ing factor (TCF/LEF), and activates target gene expression.
Many of theWnt target genes are responsible for several cellu-
lar processes such as cell proliferation, differentiation, transfor-
mation, migration, and adhesion (3).
Wnt and estrogen signaling play critical roles both in normal

development and diseases. The interactions between these two
signaling pathways have been reported in many tissues. Several
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physiological consequences associated with estrogen signaling,
such as neuronal development (4) and bone formation (5), are
mediated through the activation of the Wnt/�-catenin signal-
ing pathway. Thus, in neuroblastoma cells and primary cortical
neurons, estradiol increased cytosolic �-catenin protein levels
and activated the transcriptional activity ofWnt/�-catenin sig-
naling by an inhibition of GSK-3� functions (4). Also, in bone
cells, the transcriptional activity of Wnt/�-catenin signaling
was activated by binding between the TCF and estrogen recep-
tor (6). Mutation in low-density lipoprotein receptor-related
protein 5 (LRP5) was shown to cause osteoporosis pseu-
doglioma syndrome (7), which is characterized by low bone
mass. In contrast, mutant mice that overexpressed the consti-
tutive active LRP5 (G171V) in osteoblasts exhibited an
enhanced osteoblastic activity, a reduction in osteoblast apo-
ptosis, and high bone mass phenotype (8). It is well established
that estrogen deficiency is associated with bone loss (9),
whereas administration of estrogen inhibits bone resorption by
reducing osteoclasts number and is mediated via the estrogen
receptor (10). Thus, both estrogen and Wnt/�-catenin signal-
ing pathways play an important role in bone remodeling.
Therefore, the regulation of theWnt/�-catenin signaling path-
way and estrogen replacement therapy are considered as the
effective treatments for bone loss. However, long-term supple-
mentationwith estrogen increased the risk of breast cancer (11)
and endometrial cancer (12). In view of these undesirable
effects, the development of drugs with a lower risk of cancer is
needed.
Phytoestrogens are a diverse group of naturally occurring

non-steroidal plant compounds that exert estrogenic-like
activity and become one of the alternative interventions for
treatment of menopausal symptoms. Curcuma comosa Roxb.
(C. comosa) has long been used in Thai traditional medicine for
treatments of illness in the uterus and ovarian hormone defi-
ciency (13). C. comosa exhibits an estrogen-like activity and
induces cornification of the vaginal epithelium in the smear and
keratinization of the mucosal surface of the vagina (13).
Recently, a study reported that the hexane extract of this plant
prevented bone loss induced by estrogen deficiency (14). How-
ever, the molecular mechanism underlying the effect of
C. comosa in protecting bone loss is still unknown. A number of
diarylheptanoids have been isolated from C. comosa. Of these,
ASPP 049 ((3R)-1,7-diphenyl-(4E,6E)-4,6-heptadien-3-ol) is
the major component (15), which exhibits high estrogenic
activity (16). ASPP 049 mediated transcriptional activation
through a ligand-dependent ER�-estrogen-responsive ele-
ment-driven pathway (17) and a non-genomic action on vascu-
lar relaxation through the ER-Akt-endothelium nitric oxide
synthase pathway (18). However, the estrogenic activity of this
compound in relation with Wnt/�-catenin signaling, which is
associated with bone cell proliferation and differentiation, has
not yet been investigated.
In this study, we reported for the first time the non-genomic

action of a novel phytoestrogen, ASPP 049, from C. comosa on
Wnt/�-catenin signaling and osteogenesis. ASPP 049 mediates
the ER/Akt/GSK-3�-dependent activation of the Wnt/�-
catenin signaling pathway and induces preosteoblastic cell pro-
liferation and differentiation. Therefore, this compound may

have a potential use as an osteogenic agent to protect osteopo-
rosis in postmenopausal women.

MATERIALS AND METHODS

Cell Culture and Transfection—HEK 293T cells and mouse
preosteoblastic (MC3T3-E1) cells were obtained from the
ATCC and cultured in minimal essential medium andminimal
essential medium � modification supplemented with 10% fetal
bovine serum (Invitrogen), respectively. Cellswere incubated at
37 °C under a 5% CO2 incubator. HEK 293T and MC3T3-E1
cells were transfected using Lipofectamine 2000 (Invitrogen)
according to the instructions of the manufacturer. For the dif-
ferentiation assay, cells were cultured in differentiation
medium, which was growth medium containing �-glycero-
phosphase (10 mM), ascorbic acid (50 �g/ml), and CaCl2 (2
mM), for 5 days prior to treatments with test compounds.
Plasmids, Antibodies, Reagents, and ASPP 049 from C.

comosa—�-catenin-FLAG was generated as described previ-
ously (19). The following reagentswere used: 17�-estradiol (E2)
from Sigma-Aldrich; ICI 182,780 from Tocris Cookson, Inc;
charcoal-stripped fetal bovine serum, TRIzol reagent from
Invitrogen; BCA from Pierce; complete Mini EDTA-free from
Roche; dual luciferase reporter assay from Promega; cDNA kit
from Bio-Rad; SYBR kit from Biosystem, SuperSignal West
Pico chemiluminescent from ThermoScientific; and recombi-
nant human Dickkopf-related protein 1 (DKK-1) from R&D
Systems. The following antibodies were used: anti-�-catenin
(H-102) from Santa Cruz Biotechnology, Inc.; anti-dephospho-
rylated �-catenin (anti-ABC) clone 8E7 monoclonal antibody
from Millipore; anti-�-actin from Sigma-Aldrich; anti-phos-
pho-GSK-3� (Ser-9), anti-GSK-3�, anti-phospho-Akt (Ser-
473), and anti-Akt from Cell Signaling Technology; HRP goat
anti-mouse IgG (H�L), and HRP goat anti-rabbit IgG (H�L)
antibodies from Jackson Immuno Research Laboratories, Inc;
and goat anti-mouse IgG (H�L) Alexa Fluor 568, goat anti-
rabbit IgG (H�L) Alexa Fluor 488, and TO-PRO3 from Invit-
rogen. ASPP 049 was isolated and purified as described previ-
ously (15).
Luciferase Reporter Assay—HEK 293T cells were maintained

in phenol red-free minimal essential medium containing 10%
dextran-coated charcoal FBS (stripped FBS, SFBS) for 48 h
prior to use in the experiments. At 60–70% confluence, HEK
293T cells grown in 96-well culture plates were transiently
transfected with 0.2 �g of mER� plasmid. After 24 h, the trans-
fected cells were then transiently transfected with 0.1 �g of
TOPflash TCF reporter plasmid, 0.01 �g of Renilla luciferase
reporter plasmid, which was used to evaluate the efficiency of
transfection, and 0.1 �g of �-catenin-FLAG plasmid using
Lipofectamine 2000 according to the instructions of the man-
ufacturer. 48 h after the first transfection, cells were treated
with different concentrations of E2 and ASPP 049 and incu-
bated for various times, as indicated in the individual experi-
ments. Luciferase activities were measured using the dual-lu-
ciferase reporter assay system (Promega) according to the
recommendations of the manufacturer. The firefly luciferase
activity was normalized to Renilla luciferase activity and
expressed as the fold change compared with the cells trans-
fected with the pcDNA3.1 empty vector alone.
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Western Blot Analysis—Cells were lysedwithmodified radio-
immunoprecipitation assay lysis buffer (50 mM Tris-HCl
(pH7.4), 150 mM NaCl, 1 mM EDTA, 1% TritonX-100, 1 mM

NaF, 1 mM Na3VO4, 1 mM PMSF, and protease inhibitor mix-
ture (Roche)). After 20-min incubation on ice, cells were sub-
jected to brief sonication and centrifugation at 14,000� g for 20
min. The supernatants were collected, and the protein concen-
tration wasmeasured. An equal amount of protein was used for
Western blot analysis. Proteinwas resolved by SDS-PAGE; sub-
sequently transferred to a nitrocellulose membrane by electro-
blotting; and probed with indicated antibodies, anti-�-catenin,
anti-phospho-GSK3 (Ser-9), anti-GSK-3�, anti-phospho-Akt
(Ser-473), anti-Akt, and anti-�-actin antibodies. The signal
was detected using the enhanced SuperSignal West Pico
chemiluminescent.
Immunofluorescence Microscopy—MC3T3-E1 cells were

grown on glass coverslips in 24-well culture plates. At 60–70%
confluence, cells were treated with 0.1 �M ASPP 049 or E2 for
60 min. Cells were washed with cold PBS containing Ca2�/
Mg2� (PBS2�), fixed with cold methanol for 10 min, and per-
meabilized with permeabilizing buffers (0.3%Triton X-100 and
0.3% BSA) for 30 min. The samples were then incubated with
mouse anti-dephosphorylated �-catenin and rabbit anti-�-
catenin diluted in 5% normal goat serum and left overnight at
4°C. Cells were washed with 0.3% Triton X-100 in PBS2� five
times and then incubated with Alexa Fluor 488 goat anti-rabbit
IgG (H�L) and Alexa Fluor 568 goat anti-mouse IgG (H�L)
diluted in 5%normal goat serum for 1 h. Cells werewashedwith
0.3% Triton X-100 in PBS2� five times, stained with TO-PRO3
for 10 min at room temperature, and then washed again with
PBS2� three times. The stained coverslips were mounted and
visualized at room temperature with a confocal laser micros-
copy (FV10i/w, Olympus).
Total RNA Isolation and RT-PCR Quantification—MC3T3-E1

cells were treated with 0.1 �M E2 or ASPP 049 at various time
points. Total RNAs were extracted from treated MC3T3-E1
cells using TRIzol reagent according to the recommenda-
tions of the manufacturer with a slight modification. Briefly,
cells (1 � 106) were homogenized in 1 ml of TRIzol reagent,
and cell lysate was cleared by centrifugation at 14,000 � g for
10 min. Supernatants were then added to 200 �l of chloro-
form and followed by centrifugation at 14,000 � g for 15min.
The clear supernatants were transferred to a new tube, and the
RNA was precipitated by adding 500 �l of isopropanol, fol-
lowed by centrifugation at 14,000 � g for 10 min. The obtained
RNA pellets were washed with ethanol and dried at room tem-
perature for 10–15min before dissolving in 50�l of RNase-free
water. The quality and quantity of total RNA were determined
using NanoDrop 2000C (Thermo Scientific). Equal amounts of
total RNA samples were incubated with deoxyribonuclease I
(DNase I) at 25 °C for 15 min. cDNA synthesis was conducted
using the iScriptTM Select cDNA synthesis kit according to the
protocol of themanufacturer (Bio-Rad). Quantitative real-time
PCRs of Axin2, RUNX2, ALP, andCOL1A1were performed on
an equal amount of cDNA using KAPA SYBR� FAST quantita-
tive PCR kit according to the instructions of the manufacturer
(Kapa Biosystems) with the ABI PRISM 7500 sequence detec-
tion system and analysis software (Applied Biosystems). The

primers used were as follows: Axin2, 5�-TGACTCTCCTTCC-
AGATCCCA-3� and 5�-TGCCCACACTAGGTCGACA-3�,
NM_015732; Runx2, 5�-CTGACGTGCCCAGGCGTATT-3�
and 5�-GCACCTGCCTGGCTCTTCTT-3�, NM_0001145920;
ALP, 5�-AGAGCGCACGCGATGCAACA-3� and 5�-AATGC-
CCACGGACTTCCCAGC-3�, NM_007431; COL1A1, 5�-TC-
GAGCTCAGAGGCGAAGGCA-3� and 5�-CGTGTGACTC-
GTGCAGCCGT-3�, NM_007742; and GAPDH, 5�-CGAGAC-
CCCACTAACATCAAA-3� and 5�-TTTGGCTCCACC-
CTTCAAG-3�, NM_008084.
Alkaline Phosphatase Assay—For the ALP staining assay,

MC3T3-E1 cells were cultured in differentiation medium and
treated with 0.1 �M E2 or various concentrations of ASPP 049
for 21 days. After treatments, cells were washed with PBS con-
taining Ca2�/Mg2� (PBS2�), fixed with a fixative solution for 1
min, and washed three times with deionized water. Cells were
incubated in buffer containing 0.4 mg/ml Naphthol AS-MX
phosphate disodium salt (Sigma) and 1mg/ml Fast Blue RR salt
(Sigma) for 15min, washed with deionized water, and observed
under a light microscope. For the ALP activity assay,
MC3T3-E1 cells were cultured in differentiation medium for 5
days and then treated with 0.1 �M E2 or various concentrations
of ASPP 049 in differentiation medium for 7 days. Cells were
harvested with lysis buffer containing 0.2% Triton X-100, 1 mM

DTT, and 100 mM potassium phosphate buffer (pH 7.8). ALP
activity was determined by mixing the cell extract with 5 mM

freshly prepared p-nitrophenyl phosphate (Sigma) substrate in
0.1 M glycine (pH 10.4), 1 mM MgCl2, and 1 mM ZnCl2 at room
temperature for 60min, the enzymatic reaction was stopped by
adding 3 M NaOH solution, and absorbance was measured at
405 nm. ALP activity was normalized to total protein concen-
tration by using the BCA method. For the DKK-1 inhibition
study, cells were pretreated with 0.2 �g/ml of DKK-1 for 3 h
before the application of ASPP 049 or E2.
Statistical Analysis—Statistical significance was determined

by a two-tailed unpaired Student’s t test or one-way ANOVA
followed by post hoc (Bonferroni) multiple comparisons
between treatment groups using GraphPad Prism version 4.0
for Windows (GraphPad Software, San Diego, CA). p � 0.05
was considered statistically significant.

RESULTS

ASPP 049 Activates the Canonical Wnt/�-Catenin Signaling
Pathway—Estradiol (E2) has been reported to activate TCF/
LEF-mediated transcription activity in neuronal cells (20) and
bone cells (8). To evaluatewhetherASPP 049, which exhibits an
estrogenic-like activity (17), activates the Wnt/�-catenin sig-
naling pathway, a TOPflash reporter assay in HEK 293T cells
was employed by transient transfection with TOPflash, mER�,
�-catenin-FLAG, and Renilla plasmids. As shown in Fig. 1A,
expression of�-catenin induced an up-regulation of the canon-
icalWnt/�-catenin activity as indicated by enhanced luciferase
activity. ASPP 049 exhibited both time- and concentration-de-
pendent activations of Wnt/�-catenin signaling. At a concen-
tration of 50 �M, the increase in TOPflash luciferase activity
peaked at 60 min after treatment (Fig. 1A), whereas maximum
activation occurred in the presence of ASPP 049 at 0.1 �M (B).
The molecular mechanisms by which this diarylheptanoid and

Diarylheptanoid Activates Wnt/�-Catenin Signaling Pathway

36170 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 43 • OCTOBER 19, 2012



E2 regulate TCF/LEF-dependent activation of Wnt/�-catenin
activity were evaluated in HEK 293T cells transfected with
TOPflash and FOPflash, the LEFmutant reporter plasmid, after
treatment with 0.1�MASPP 049 or 0.1�ME2 for 60min. In the
TOPflash-transfected cells, �-catenin expression led to an up-
regulation of theWnt/�-catenin activity. TreatmentwithASPP
049 or E2 further enhanced the increase in luciferase activity
induced by �-catenin expression. In contrast, the activation of
Wnt/�-catenin activity was not observed in FOPflash-trans-
fected HEK 293T cells (Fig. 1C). These data suggest that ASPP
049 from C. comosa mediates TCF/LEF-dependent activation
of the canonical Wnt/�-catenin signaling, similar to that of E2.
Interestingly, ASPP 049 had a greater (p� 0.001) effect than E2
at the same concentration.
ASPP 049 Induces TCF/LEF-dependent Activation ofWnt/�-

Catenin Signaling through Up-regulation of the �-Catenin Pro-
tein in Preosteoblastic Cells—The Wnt/�-catenin signaling
pathway plays an important role in bone mass homeostasis.
Recently, we have demonstrated that the hexane extract of
C. comosa prevents bone loss induced by estrogen deficiency in
a mouse model (14). To test whether ASPP 049 activates Wnt
signaling in bone cells as in transfected HEK 293T cells, we
examined the effects of this compound and E2 on endogenous
Wnt/�-catenin signaling in preosteoblastic cells (MC3T3-E1).
As shown in Fig. 2A, ASPP 049 (50 �M) induced a significant
increase in the �-catenin protein level, which peaked at 60–90
min and declined substantially by 120 min after treatment. In
contrast, E2 (0.1 �M) induced a progressive increase in
�-catenin protein expression until 120 min after treatment.
In addition, ASPP 049 andE2 exhibited a concentration-depen-
dent induction of �-catenin protein (Fig. 2B). ASPP 049 and E2
exhibited a maximum induction at 50 �M and 0.01 �M, respec-
tively. To determine whether the increased accumulations of
�-catenin by ASPP 049 and E2 induce �-catenin-mediated
transcription activity, a luciferase reporter assaywas performed
in MC3T3-E1 transiently transfected with TOPflash or FOP-
flash luciferase constructs. Consistent with HEK 293T cells,
only the TOPflash-transfected MC3T3-E1 cells demonstrated
a significant increase in luciferase signal, whereas the activity
was not altered in the FOPflash-transfected cells.Of note, ASPP
049 exerted a greater effect than E2 at the same concentration
(Fig. 2C). Collectively, these results suggest that ASPP 049 and
E2 mediate TCF/LEF-dependent activation of Wnt/�-catenin
signaling by promoting the accumulation of intracellular levels
of the �-catenin protein in preosteoblastic cells.
An accumulation of �-catenin in the nucleus is an important

step in the activation of the Wnt/�-catenin signaling pathway.
The effect of ASPP 049 and E2 on subcellular localization of
�-catenin was further explored by immunofluorescence in
MC3T3-E1 cells. After treatmentwith 0.1�MASPP 049 and 0.1
�M E2 for 60 min, �-catenin immunostaining was increased
significantly (Fig. 3A). Interestingly, the staining was more
intense and localized in the nucleus upon treatment with ASPP
049 compared with E2, in which the immunostaining was pre-
dominantly found in the cytosol and perinuclear regions (Fig.
3A). To investigate whether these compounds induced nuclear
accumulation of the activated �-catenin, immunofluorescence
was performed in MC3T3-E1 cells using anti-dephosphory-

FIGURE 1. ASPP 049 and E2 activate TCF/LEF reporter activity. A, time-de-
pendent activation of TCF/LEF reporter activity by ASPP 049. HEK 293T cells
were transiently cotransfected with TOPflash, �-catenin-FLAG, ER�, and
Renilla luciferase vectors. After 48 h, cells were treated with ASPP 049 for the
indicated time. Activity of the �-catenin signaling was quantified by meas-
uring the relative firefly luciferase activity units normalized to Renilla lucifer-
ase activity. Data are expressed as the fold change compared with the cells
transfected with pcDNA3.1 empty vector. B, concentration-dependent acti-
vation of TCF/LEF reporter activity by ASPP 049. HEK 293T cells were tran-
siently cotransfected with TOPflash, �-catenin-FLAG, ER�, and Renilla lucifer-
ase vectors. After 48 h, cells were treated with the indicated concentration of
ASPP 049 for 60 min and harvested for luciferase-based TOPflash assay for
Wnt signaling. C, ASPP 049 and E2 activate TCF/LEF-driven luciferase activity.
HEK 293T cells were transfected with the indicated plasmids. Treatment with
ASPP 049 or E2 (60 min, 0.1 �M) selectively increased transcription from the
TOPflash reporter plasmid compared with FOPflash. Data are represented as
corrected luciferase; means � S.E. (n � 4). *, p � 0.05; **, p � 0.01; ***, p �
0.001 compared with �-catenin-FLAG-transfected cells and treatment with
vehicle (ANOVA). ###, p � 0.001 compared with �-catenin-FLAG-transfected
cells and treatment with E2 (Student’s t test).
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lated �-catenin. As illustrated in Fig. 3B, MC3T3-E1 cells
treated with ASPP 049 and E2 showed nuclear accumulation of
the activated �-catenin. Again, ASPP 049 exhibited a greater
effect than that of E2. These data demonstrate that both com-
pounds activateWnt/�-catenin signaling by promoting nuclear
localization of �-catenin protein.
GSK-3�-, Akt- and ER-dependent Activation of Canonical

Wnt Signaling byASPP049andE2 inPreosteoblasticCells—Be-
cause GSK-3� phosphorylates �-catenin and prevents TCF-
activated transcription activity, we next determined whether
the activation of Wnt/�-catenin signaling mediated by ASPP

FIGURE 2. ASPP 049 and E2 increase �-catenin protein expression and
transactivation in mouse preosteoblastic (MC3T3-E1) cells. A, represent-
ative blot showing time-dependent effects of ASPP 049 and E2 on �-catenin
protein expression. MC3T3-E1 cells were treated with ASPP 049 (50 �M) or E2
(0.1 �M) for different times (30 –120 min) and harvested for immunoblotting
using anti-�-catenin and anti-�-actin antibodies. Maximum increase in
�-catenin protein occurred by 60 min and then markedly decreased by 120
min after treatment with ASPP 049, whereas E2 induced a gradual increment
of �-catenin up to 120 min. B, representative blot showing concentration-de-
pendent effects of ASPP 049 and E2 on �-catenin protein expression.
MC3T3-E1 cells were treated with various concentrations of ASPP 049
(0.01–50 �M) or E2 (0.001–1 �M) for 60 min and harvested for immunoblotting
using anti-�-catenin and anti-�-actin antibodies. C, ASPP 049 and E2 aug-
ment TCF/LEF-dependent transcription in MC3T3-E1 cells. After 24 h of trans-
fection with the indicated reporter plasmids, cells were treated with 0.1 �M

ASPP 049 or 0.1 �M E2 for 60 min. Activity of the �-catenin signaling pathway
was quantified by measuring the relative firefly luciferase activity units nor-
malized to Renilla luciferase activity. ASPP 049 and E2 selectively increased
transcription only from the TOPflash reporter plasmid. Data are represented
as mean � S.E. (n � 4). ***, p � 0.001 compared with vehicle control treat-
ments (ANOVA); #, p � 0.05 compared with E2-treated cells (Student’s t test).

FIGURE 3. ASPP 049 and E2 increase nuclear localization of �-catenin.
MC3T3-E1 cells were treated with 0.1 �M ASPP 049 or 0.1 �M E2 for 60 min.
Cells were fixed and immunostained for �-catenin using anti-�-catenin
(A) and anti-dephosphorylated �-catenin (anti-ABC) (B) antibodies (red). TO-
PRO3 was used as a nuclear marker (blue). Samples were visualized with con-
focal laser microscopy. �-catenin immunostaining was predominantly local-
ized in the nucleus after treatments with ASPP 049 and E2. Scale bar � 20 �m.
DMSO, dimethyl sulfoxide.
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049 involves GSK-3�. To address this question, we used the
constitutively active �-catenin mutant S33Y, which is insensi-
tive to GSK-3�-mediated phosphorylation and, therefore, is
not a substrate for proteasome-induced protein degradation.
As shown in Fig. 4A, overexpression of the �-catenin mutant
(S33Y) resulted in a greater activation of the TOPflash lucifer-
ase activity compared with the �-catenin wild type. ASPP 049
andE2 further increased theWnt/�-catenin activity in theHEK
293T cells expressing the�-cateninwild type. In contrast,Wnt/
�-catenin activity induced by �-catenin mutant was not sus-
ceptible to activation by ASPP 049 and E2. The involvement of
GSK-3� in�-catenin protein expression activated by ASPP 049
and E2 in preosteoblastic cells after inhibition of GSK-3� activ-
ity by LiCl was also determined. LiCl itself caused an accumu-

lation of�-catenin inMC3T3-E1 cells. Addition ofASPP 049 or
E2 failed to further enhance the accumulation of�-catenin pro-
tein. In contrast, both compounds significantly increased
�-catenin protein levels in the cells treated with NaCl (Fig. 4B).
These data suggest that the activation ofWnt/�-catenin signal-
ing induced by ASPP 049 and E2 is dependent on GSK-3�
activity.
The phosphorylation of Akt at serine 473 residues resulted in

its activation and, therefore, promoted GSK-3� phosphoryla-
tion at serine 9 (21). Moreover, it has recently been shown that
E2 inhibited GSK-3� activity via the PI3K/Akt signaling path-
way in neurons (22). To test whether ASPP 049-mediatedGSK-
3�-dependent activation of Wnt/�-catenin signaling proceeds
through the activation of the PI3K/Akt pathway, MC3T3-E1

FIGURE 4. Activation of Wnt/�-catenin signaling by ASPP 049 and E2 is GSK-3�- and Akt-dependent. A, GSK-3�-dependent activation of Wnt/�-catenin
signaling. The activation of Wnt/�-catenin signaling by ASPP 049 or E2 was measured in the presence of constitutively active �-catenin mutant S33Y, which is
insensitive to GSK-3�-mediated phosphorylation. HEK 293T cells were transiently cotransfected with TOPflash, Renilla luciferase vector, and the indicated
plasmids. After 24 h, cells were incubated with 0.1 �M ASPP 049 or 0.1 �M E2 for 60 min. Activity of the �-catenin signaling pathway was quantified by measuring
the relative firefly luciferase activity units normalized to Renilla luciferase activity. Data is expressed as fold change compared with pcDNA3.1-transfected cells
and represented as mean � S.E. (n � 4). **, p � 0.01; ***, p � 0.001 compared with �-catenin-FLAG-transfected cells treated with vehicle (ANOVA); #, p � 0.05
compared with �-catenin-FLAG-transfected cells and treatment with E2 (Student’s t test). B, ASPP 049 and E2 induce GSK-3�-dependent �-catenin expression.
MC3T3-E1 cells were pretreated with 40 mM LiCl or 40 mM NaCl for 16 h and then incubated in medium containing 0.1 �M ASPP 049 or 0.1 �M E2 for 60 min. Cells
were harvested and analyzed by Western blotting using anti-�-catenin and anti-�-actin antibodies. ASPP 049 and E2 failed to increase �-catenin expression
after LiCl pretreatment. C, ASPP 049 and E2 increase GSK-3� and Akt phosphorylation in MC3T3-E1 cells. MC3T3-E1 cells were treated with 0.1 �M ASPP 049 or
0.1 �M E2 for different times (30 –120 min) and then harvested for Western blotting using anti-phospho-GSK-3� (Ser-9), anti-GSK-3�, anti-phospho-Akt
(Ser-473), and anti-�kt antibodies. DMSO, dimethyl sulfoxide. D, LY 294002 blocks ASPP 049- and E2-induced GSK-3� and Akt phosphorylation. MC3T3-E1 cells
were treated with 0.1 �M ASPP 049 or 0.1 �M E2 for 60 min with or without pretreatment with LY 294002, a specific PI3 Kinase inhibitor (10 �M for 3 h), and then
harvested for Western blotting using the indicated antibodies.
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cells were treated with 0.1 �M ASPP 049 or 0.1 �M E2 for
30–120 min, lysed for immunoblotting using anti-phospho-
GSK-3� (Ser-9) and anti-phospho-Akt (Ser-473) antibodies. As
shown in Fig. 4C and supplemental Fig. S1, E2 and ASPP 049
induced phosphorylations of GSK-3� andAkt in a time-depen-
dent manner. In addition, E2 and ASPP 049 failed to induce
phosphorylations of GSK-3� (Ser-9) and Akt (Ser-473) in the
cells preincubated with LY 294002, a PI3K inhibitor (Fig. 4D).
These observations indicate that ASPP 049 and E2 induced the
phosphorylation of Akt at serine 473 and subsequently acti-
vated the phosphorylation of GSK-3� at serine 9, leading to
inhibition of GSK-3� activity and, hence, activation of Wnt/�-
catenin signaling.
A previous study showed the involvement of ER� in Wnt/�-

catenin signaling in osteoblastic cells (5). To determine
whether ER� plays a role in the regulation of �-catenin in
preosteoblastic cells, we treated MC3T3-E1 cells with ICI
182,780 (an ER blocker) for 2 h prior to treatment with ASPP
049 or E2. As shown in Fig. 5, both compounds significantly
increased the level of �-catenin protein, but the expression was
decreased by pretreatment with ICI 182,780. Moreover, the

induction of Akt and GSK-3� phosphorylations mediated by
ASPP 049 and E2 was abolished in the presence of ICI 182,780
(supplemental Fig. S2). These data strongly suggest that ER� is
required for the activation ofWnt signaling byASPP049 andE2
in MC3T3-E1 cells.
ASPP 049 and E2 Induce Preosteoblastic Cell Proliferation

and the Expression of Wnt Target Genes—Because Wnt/�-
catenin signaling regulates cell proliferation and differentiation
of multiple tissues, including bone cells, we then assessed the
proliferative effects of ASPP 049 and E2 on preosteoblastic cells
using an MTT assay. Only a slight increase in cell proliferation
occurred after treatment with E2 for 24 h, whereas a marked
enhancement was observed after ASPP 049 treatment. In addi-
tion, activation of Wnt/�-catenin signaling by specific inhibi-
tion of GSK-3� activity using LiCl produced a profound and
sustained increase in preosteoblastic cell proliferation from 24
to 120 h (Fig. 6A). The results suggest that ASPP 049-mediated
Wnt/�-catenin activation induces bone cell proliferation. This
effect was further confirmed by the expression of Wnt target
genes. MC3T3-E1 cells were treated with 0.1 �M ASPP 049 or
0.1 �M E2 at various time points (1–48 h), and quantitative real

FIGURE 5. Induction of �-catenin protein expression by ASPP 049 and E2 requires estrogen receptors. MC3T3-E1 cells were preincubated with ER
antagonist ICI 182,780 (1 �M) for 2 h prior to treatment with 0.1 �M ASPP 049 or 0.1 �M E2 for 60 min. Cells were harvested and immunoblotted for �-catenin
protein expression using anti-�-catenin and anti-�-actin antibodies. Bar graphs show the mean normalized densitometry values and the corresponding
standard deviations from four independent experiments. Data are represented as means � S.E. (n � 4). *, p � 0.05 and ***, p � 0.001 compared with vehicle
control treatments (ANOVA); ##, p � 0.01; ###, p � 0.001 compared with E2 and ASPP 049 treatments (Student’s t test). DMSO, dimethyl sulfoxide.
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time PCR was performed to determine Axin2 and RUNX2
mRNA expression. As shown in Fig. 6B, both E2 and ASPP 049
induced a transient elevation of Axin2 mRNA at 1 h, followed
by a reduction during 6–24 h and then a marked increase at
48 h. Interestingly, the effect of ASPP 049 at 1 h was signifi-
cantly greater, but at 48 h it was not different from that of E2.
The expression profiles of RUNX2mRNA following treatment
with these two estrogenic compounds were similar to those of
Axin2. Thus, transient increases at 1 h followed by decreases at
6 h were also observed (Fig. 6C). Nonetheless, the level of
expression returned to control (after E2) or was higher than
control (after ASPP 049) at 24 h. Because RUNX2 plays a role as
an early transcription factor essential for osteoblast differenti-
ation, our data suggest that ASPP 049-activatedWnt/�-catenin

signaling may enhance differentiation of preosteoblast cells.
Collectively, our results indicate that ASPP 049 and E2 increase
preosteoblastic cell proliferation and may enhance differentia-
tion through the mechanisms related to activation of Wnt tar-
get gene expression, including Axin2 and Runx2.
ASPP 049 and E2 Induce Preosteoblastic Cell Differentiation

via Wnt/�-Catenin Signaling—To determine the effect of
ASPP 049 in promoting preosteoblastic cell differentiation,
MC3T3-E1 cells were cultured in differentiation medium with
ASPP 049 (0.1–10 �M) for 21 days. As shown in Fig. 7A, ASPP
049 induced the expression of ALP, a bone differentiation
marker, in a dose-dependentmanner. To confirm the induction
of ALP expression, ALP activity was assayed inMC3T3-E1 cells
after treatment with ASPP 049 at various concentrations
(0.01–10 �M) or E2 (0.1 �M) for 7 days. Consistent with ALP
staining, ASPP 049 induced a dose-dependent increase in ALP
activity (Fig. 7B). In addition, the expression of ALP and its
activity were increased significantly after treatment with E2.
This effect was further confirmed by the up-regulation of bone
differentiation marker genes, including ALP and COL1A1.
MC3T3-E1 cells were treated with various concentrations of
ASPP 049 or 0.1 �M E2 for 14 days, and the quantitative real-
time PCR was performed to determine the effect on ALP and
COL1A1mRNA expression. As shown in supplemental Fig. S3,
A and B, both E2 and ASPP 049 induced significant increases in
ALP and COL1A1 mRNA expression. To investigate whether
the estrogenic compounds induced MC3T3-E1 cell differenti-
ation through activation of the Wnt/�-catenin signaling path-
way, MC3T3-E1 cells were pretreated with DKK-1, a blocker
that prevents the binding of Wnt ligands to its receptors for
signal induction, for 3 h before treatment with ASPP 049 or E2.
Indeed, the ASPP 049- and E2-induced ALP activity was signif-
icantly inhibited by DKK-1 (Fig. 7C), indicating that ASPP 049
and E2 could act on theWnt receptors. Collectively, our results
strongly suggest that ASPP 049 and E2 increase preosteoblastic
cell differentiation through the activation of theWnt/�-catenin
signaling pathway.

DISCUSSION

Wnt/�-catenin signaling has currently been recognized as an
important regulator of bonemass and bone cell differentiation.
It cross-talks with other signaling pathways, including estrogen
receptor signaling (24). Both Wnt/�-catenin and estrogen
receptor signaling pathways play an important role in bone
remodeling, particularly in menopausal women (25). The main
purpose of this study was to investigate the mechanisms by
which a phytoestrogen isolated fromC. comosa, ASPP 049, pre-
vents bone loss in estrogen deficiency, with a specific emphasis
on the activation ofWnt/�-catenin signaling. By using the ER�-
Wnt/�-catenin expression system in HEK 293T cells and
mouse preosteoblastic (MC3T3-E1) cells, we demonstrated
that, indeed, this phytoestrogen activated the Wnt/�-catenin
signaling pathway. The activation of Wnt/�-catenin signaling
was ER�-/Akt-/GSK-3�-dependent. In addition, the com-
pound increased the expressions of Wnt target genes (Axin2
and Runx2) and enhanced proliferation and differentiation of
MC3T3-E1 cells. Taken together, our results strongly suggest
that ASPP 049 promotes preosteoblastic cell proliferation and

FIGURE 6. ASPP 049 and E2 enhance cell proliferation and Wnt target
gene expression. A, ASPP 049 increases MC3T3-E1 cell proliferation.
MC3T3-E1 cells were treated with 0.1 �M ASPP 049, 0.1 �M E2 or 10 mM LiCl for
the indicated times. The proliferation of MC3T3-E1 cells was observed by MTT
assay. Cell proliferation is expressed as % of control group (dimethyl sulfox-
ide, DMSO). B and C, ASPP 049 and E2 increase Wnt target gene expression.
MC3T3-E1 cells were treated with 0.1 �M ASPP 049 or 0.1 �M E2 for the indi-
cated times (1, 6, 24, and 48 h). Total RNAs were extracted for quantitative PCR
of the Wnt target genes: Axin2 (B) and RUNX2 (C). Data are represented as
mean � S.E. (n � 3). *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with
vehicle control treatments (ANOVA).
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differentiation through the activation ofWnt/�-catenin signal-
ing, which is mediated through a non-genomic estrogenic
action. To our knowledge, this is the first study reporting the
action of diarylheptanoid from C. comosa on the Wnt/�-
catenin signaling pathway.
In preosteoblastic MC3T3-E1 cells, both E2 and ASPP 049

increased the expression of �-catenin protein, which was pre-
dominantly localized in the nucleus. It is known that in the
absence ofWnt ligands, cytosolic�-catenin is kept low byGSK-
3�-induced phosphorylation and subsequent degradation in
the proteasome (2). Our finding that LiCl, which is a specific
inhibitor of GSK-3�, and transfection with S33Y (a �-catenin
mutant) in HEK 293T cells increased the expression of
�-catenin protein and activity support the above notion. In
addition, we also found that E2 and ASPP 049 induced phos-
phorylation ofGSK-3� at the serine 9 residue. Furthermore, the
activation of Wnt/�-catenin signaling by these estrogens was
associated with phosphorylation of Akt at the serine 473 resi-
due, suggesting that PI3K/Akt signaling is also involved, as in
the neuroblastomaN2a-m cells (20). However, it is noteworthy
that some differences exist between the effects of these two
estrogens. Thus, ASPP 049 is more potent than E2 in activating
cytosolic �-catenin expression, although it has weaker effects
on Akt and GSK-3� phosphorylation. This is likely due to the

fact that ASPP 049 has only a weak estrogenic activity com-
pared with E2 (16). Another possible explanation for the differ-
ent potency might be that the stabilization of �-catenin by
ASPP 049 is mediated through additional signaling events that
are independent of the canonicalWnt/�-catenin signaling. The
canonical pathway is regulated by PI3K/Akt and involves the
GSK-3�-induced phosphorylation of �-catenin and subse-
quent proteasome-mediated degradation. The alternative
pathway for regulation of�-catenin levels is Akt/GSK-3�-inde-
pendent. It is mediated by p53-induced expression of Siah-1
protein. Siah-1 interacts with Siah-interacting protein, Skp1,
and Ebi. The latter protein binds and recruits �-catenin to the
complex for proteasome-mediated degradation (26, 27). In
addition, the cytosolic level of �-catenin is also regulated by the
GSK-3�/Siah-independent pathway. Our previous study
reported that tetraspanins reduced the cellular pool of
�-catenin by enhancing the exosome-associated export of
�-catenin from cells (28). Conversely, ASPP 049might increase
cytosolic �-catenin by reducing the exosomal transport from
the cells. Alternatively, ASPP 049 is more efficient in translo-
cating �-catenin into the nucleus. However, further experi-
ments are required to completely understand the precisemech-
anisms throughwhich activation ofWnt/�-catenin ismediated
by ASPP 049.

FIGURE 7. ASPP 049-induced preosteoblastic cell differentiation is mediated by Wnt/�-catenin signaling. A, ASPP 049 induces ALP expression. MC3T3-E1
cells were cultured in differentiation medium and treated with various concentrations of ASPP 049 or E2 for 21 days. The ALP expression was stained with
Naphthol AS-MX phosphate. DMSO, dimethyl sulfoxide. B, ASPP 049 induces ALP activity. MC3T3-E1 cells were cultured in differentiation medium and treated
with indicated concentrations of ASPP 049 or E2 for 7 days. Cells were harvested, and ALP activity was measured at 405 nm and normalized with total protein.
C, DKK-1 blocks ASPP 049-induced ALP activity. MC3T3-E1 cells were cultured in differentiation medium and treated with 1 �M ASPP 049 or 0.1 �M E2 for 7 days
with or without pretreatment with DKK-1 (0.2 �g/ml) for 3 h, as indicated. Cells were harvested, and ALP activity was measured at 405 nm and normalized with
total protein. Data are expressed as fold change compared with the cells treated with vehicle control and are mean � S.E. (n � 4). **, p � 0.01; ***, p � 0.001
compared with treatments (ANOVA). ##, p � 0.01; ###, p � 0.001 compared with the presence and absence of DKK-1 (Student’s t test).
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ASPP 049 slightly increased the phosphorylation levels of
Akt on serine 473 as early as 30 min. However, marked stimu-
lation of Akt phosphorylation was observed at 90 and 120 min
(supplemental Fig. S1). The time course ofAkt phosphorylation
coincided with phosphorylation of GSK-3� (Fig. 4C). These
effects of ASPP 049 resemble those of E2. Of interest, ASPP
049-induced phospho-Akt was less than that enhanced by E2,
suggesting that additional mechanisms are involved in the
effect of ASPP 049. Consistent with this notion, Akt-indepen-
dent phosphorylation of GSK-3� has been reported. 8-Br-
cAMP and forskolin treatments resulted in the phosphoryla-
tion of GSK-3� at serine 9 residue in Rat1 and NIH3T3 cell
lines, which were not altered by pretreatment with PI3K inhib-
itors, wortmannin, and LY294002 (29). A study in cerebellar
granule neurons also showed that forskolin stimulated GSK-3�
phosphorylation at serine 9 but not Akt phosphorylation at ser-
ine 473 (30). In addition, in humanmyoblasts, amino acids rap-
idly inactivated GSK-3�, demonstrated by increased serine 9
phosphorylation, whereas no significant change in protein
kinase B/Akt activity was observed (31). Taken together, our
results indicate that inactivation of GSK-3� induced by ASPP
049 occurred, at least in part, through the Akt-dependent
mechanism.
Previously, our group has shown that ASPP 049 is the major

phytoestrogen found in C. comosa and that the hexane extract
of C. comosa protected bone loss in ovariectomized mice (14,
15).Our data, therefore, provide evidence suggesting thatASPP
049 may prevent bone loss by activatingWnt/�-catenin signal-
ing as E2 does (5). However, a previous study reported that, in
the absence of mechanical strain, E2 failed to induce �-catenin
protein expression and transcription activity in ROS17/2.8 cells
(5). This discrepancy could be due to the difference in the cell
type used. It has recently been shown in preosteoblastic
MC3T3-E1 cells that mechanically induced Cox-2 expression,
which is involved in the synthesis of prostaglandins (a modula-
tor of bone remodeling), is sensitized by E2 via ER�, whereas
activation of Wnt signaling is diminished in the absence of
mechanical stress (25). On the other hand, the synergy between
activation of Wnt/�-catenin signaling by inhibition of GSK-3�
and mechanical loading has been demonstrated in osteoblastic
cells (5). Whether ASPP 049-induced activation of Wnt/�-
catenin is modulated by mechanical force warrants further
investigation. We have also shown in this study that activation
of Wnt/�-catenin signaling by both E2 and ASPP 049 was
diminished in the presence of a specific ER antagonist, ICI
182,780. The results corroborate well with the previous study
showing that ER� is required for the E2-stimulated bone for-
mation (32) and suggest that ASPP 049 activated Wnt/�-
catenin signaling via the non-genomic estrogenic action.
Axin2 is a negative regulator of Wnt/�-catenin signaling by

promoting the degradation of�-catenin in the proteasome (33).
Activation of Wnt/�-catenin through TCF/LEF sites induces
the transcription of Axin2 (33). In our study, Axin2 mRNAwas
rapidly (within 1 h) up-regulated by ASPP 049, followed by a
suppression from 6 to 24 h. Then, the expression was again
increased at 48 h. This pattern of Axin2 expression is consistent
with the role of this protein in maintaining the cytosolic
�-catenin at a steady state by a negative feedback mechanism,

and that the Axin2 gene is the downstream target of �-catenin
(33). Loss of Axin2 was associated with increased proliferation
of osteoblast cells (34). The enhanced proliferation of
MC3T3-E1 cells by ASPP 049 as early as 24 h in this study is
likely related with the decrease in Axin2 expression. On the
other hand, RUNX2 is a transcription factor that plays a major
role in chondrocyte and osteoblast differentiation (35). How-
ever, it is still unclear how this protein regulates these pro-
cesses. Activation of Wnt signaling up-regulates Runx2 gene
expression and activates RUNX2 protein (36). Our finding that
ASPP 049 markedly increases RUNX2 mRNA expression fur-
ther confirms the action of this diarylheptanoid through Wnt/
�-catenin signaling. That the expression of this gene is down-
regulated at 6 h and then again up-regulated could be explained
by mutual regulations between RUNX2 and Wnt/�-catenin
signaling (35).
The mechanism underlying the effect of ASPP 049 on bone

formation is not known at present. However, it has been shown
inMC3T3-E1 cells that E2 and genistein induce the production
of bone formation markers through estrogen receptors (37).
E2-induced prevention of bone loss is mediated through the
suppression of osteoclastogenesis by stimulating the produc-
tion of insulin-like growth factor 1 (IGF-1), modulating the
expressions of osteoprotegerin and receptor activator ofNF-�B
ligand (RANKL) in osteoblastic cells (38). Indeed, Wnt signal-
ing regulates the expression of receptor activator of NF-�B
ligand and inhibits osteoclastogenesis (23). Therefore, it is
likely that ASPP 049 exerts its action on osteoblastic cell prolif-
eration and differentiation via similar mechanisms.
In conclusion, the diarylheptanoid, ASPP 049, from

C. comosa, mediated its estrogenic activity through the ER�/
Akt signaling pathway to activate Wnt/�-catenin signaling,
which, in turn, induced osteoblastic cell proliferation and dif-
ferentiation. Our findings shed light on the action of ASPP 049
on bone cells and provide a scientific rationale for using
C. comosa as a dietary supplement to prevent bone loss in post-
menopausal women.
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