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Abstract

Osteogenic differentiation from mesenchymal progenitor cells (MPCs) are initiated and regulated by a cascade of
signaling events. Either Wnt/B-catenin or estrogen signaling pathway has been shown to play an important role in
regulating skeletal development and maintaining adult tissue homeostasis. Here, we investigate the potential
crosstalk and synergy of these two signaling pathways in regulating osteogenic differentiation of MPCs. We find that
the activation of estrogen receptor (ER) signaling by estradiol (E2) or exogenously expressed ERa in MPCs
synergistically enhances Wnt3A-induced early and late osteogenic markers, as well as matrix mineralization. The E2
or ERa-mediated synergy can be effectively blocked by ERa antagonist tamoxifen. E2 stimulation can enhance
endochondral ossification of Wnt3A-transduced mouse fetal limb explants. Furthermore, exogenously expressed
ERa significantly enhances the maturity and mineralization of Wnt3A-induced subcutaneous and intramuscular
ectopic bone formation. Mechanistically, we demonstrate that E2 does not exert any detectable effect on B-
catenin/Tcf reporter activity. However, ERa expression is up-regulated within the first 48h in AdWnt3A-transduced
MPCs, whereas ER[ expression is significantly inhibited within 24h. Moreover, the key enzyme for the biosynthesis
of estrogens aromatase is modulated by Wnt3A in a biphasic manner, up-regulated at 24h but reduced after 48h. Our
results demonstrate that, while ER signaling acts synergistically with Wnt3A in promoting osteogenic differentiation,
Wnt3A may crosstalk with ER signaling by up-regulating ERa expression and down-regulating ERB expression in
MPCs. Thus, the signaling crosstalk and synergy between these two pathways should be further explored as a
potential therapeutic approach to combating bone and skeletal disorders, such as fracture healing and osteoporosis.
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Introduction

Osteogenic differentiation and bone formation from
mesenchymal progenitor cells (MPCs) are initiated and
regulated by a cascade of signaling pathways. MPCs are
multipotent progenitors and can be isolated from numerous
tissues, but mostly from bone marrow stromal cells. MPCs can
undergo self-renewal and differentiate into multiple lineages,
including osteogenic, chondrogenic, and adipogenic lineages
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[1-3]. Osteogenic differentiation is a sequential cascade of
events that recapitulates most of the skeletal development [4].
Maintaining bone homeostasis involves in bone formation and
remodeling, which is regulated by numerous signaling
pathways. For example, we identified BMP9 as one of the most
potent BMPs among the 14 types of BMPs in inducing
osteogenic differentiation of MPCs both in vitro and in vivo
[5-8]. We have further found that BMP9-mediated osteogenic
signaling cross-talks with several major signaling pathways,
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including Wnt, IGF2, retinoic acids, EGF, growth hormone,
hypoxia, and MAPK pathways [9-19].

Whnt signaling plays a critical role in embryonic development,
postnatal development, and adult tissue homeostasis [20,21].
The hallmark of canonical Wnt signaling is the stabilization of
B-catenin in the cytoplasm upon activation. The canonical Wnt
ligands bind to Fzd receptors and co-receptors LRPS or LRPG6,
causing phosphorylation of Dvl, which inhibits GSK3p from
phosphorylating -catenin. As a result, B-catenin is stabilized
and translocated into the nucleus, where B-catenin forms a
transcriptional complex with Tcf/Lef to regulate the expression
of target genes, such as c-myc, PPARS, cyclin D1, and axin2
[21-24]. The role of Wnt signaling pathway in bone biology has
gained considerable attention as several human pathologies of
bone such as osteoporosis pseudoglioma syndrome,
sclerosteosis and van Buchem'’s disease have been associated
with aberrant Wnt signaling [18,19,25-27]. Activating and
inactivating aberrations of the canonical Wnt signaling pathway
in osteogenesis result in sclerosteosis and osteoporosis,
respectively [18,19,25-27]. Thus, recent studies have sought to
target Wnt signaling pathway to treat osteogenic disorders.
Antibodies against endogenous antagonists, such as sclerostin
and Dkk-1, have shown promising results in promoting bone
formation and fracture healing [18,19,26,27]. Thus,
understanding the role of Wnt signaling in bone formation has
not only helped elucidate the pathogenesis of bone disorders
but has also led to the development of potential therapeutic
avenues to treat these disorders.

Estrogen is essential in both genders, not only for the
pubertal growth spurt and skeletal maturation, but also for the
accrual and maintenance of bone mass throughout adult life
[28-30]. The biological actions of estrogens are mediated by
estrogen binding to one of two estrogen receptors (ERs) ERa
and ERB (ERB), which belong to the nuclear receptor
superfamily [31-33]. Upon ligand binding, the ERs dimerize and
bind to estrogen response elements (EREs) in the promoters of
target genes [31-34]. ERs may also regulate gene expression
through protein-protein interactions with other DNA-binding
transcription  factors in the nucleus [31-33]. The
characterization of mice lacking ERa, ERPB, or both has
revealed that the receptor subtypes have overlapping but
distinct roles in estrogen-dependent action in vivo [31-33].
Estrogen is now considered as a major hormonal regulator of
bone metabolism in both women and men [35]. The major
consequence of the loss of estrogen is an increase in bone
resorption although estrogen deficiency is associated with an
imbalance between bone resorption and formation, suggesting
that estrogen may be also important for regulating bone
formation at the cellular level [35].

Here, we investigate the possible crosstalk and synergy
between ER signaling and canonical Wnt signaling in
regulating osteogenic differentiation of MPCs. Using our
previously characterized mesenchymal progenitor cells iIMEFs
which are treated with either estradiol (E2) or adenovirus-
mediated exogenous expression of ERa, we find that the
activation of ER signaling synergistically enhances Wnt3A-
induced both early and late osteogenic markers, as well as
matrix mineralization. The E2 or ERa-mediated synergy can be
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effectively blocked by ERa antagonist tamoxifen. E2 stimulation
on Wnt3A-transduced mouse fetal limb explants leads to an
expansion of hypertrophic chondrocyte and ossification zones
and an increase in mean bone density. Ectopic bone formation
via subcutaneous and intramuscular injections of Wnt3A and/or
ERa-transduced MPCs reveals that ERa significantly enhances
the maturity and mineralization of Wnt3A-induced ectopic bone
masses. Mechanistically, we demonstrate that E2 does not
exert any detectable effect on Wnt/B-catenin reporter activity.
However, ERa expression is up-regulated within the first 48h in
AdWnt3A-transduced MPCs, whereas ERP expression is
significantly inhibited within 24h. Furthermore, the aromatase
(or estrogen synthase, Cyp19) exhibits a biphasic expression
pattern, up-regulated at 24h but reduced after 48h, upon
Wnt3A stimulation. Thus, our results demonstrate that while ER
signaling acts synergistically with Wnt3A in promoting
osteogenic differentiation, Wnt3A may crosstalk with ER
signaling by up-regulating ERa expression and down-regulating
ERPB expression in MPCs. It is conceivable that the signaling
crosstalk and synergy between these two pathways should be
further explored as a potential therapeutic approach to
combating bone and skeletal disorders, such as fracture
healing and osteoporosis.

Materials and Methods

Cell culture and chemicals

HEK293 cells were obtained from ATCC (Manassas, VA,
USA). Mouse mesenchymal progenitor cells iMEFs were
established in our lab and previously characterized [36]. Both
cell lines were maintained under conditions as described
[6,9,37,38]. Chemicals 17-B-estradiol (E2) and estrogen
receptor antagonist tamoxifen were purchased from Sigma-
Aldrich (St. Louis, MO), and prepared in DMSO. Unless
indicated otherwise, all chemicals were purchased from Fisher
Scientific (Pittsburgh, PA) or Sigma-Aldrich.

Construction and generation of recombinant
adenoviruses expressing Wnt3A, ERa, RFP, and GFP
The recombinant adenoviruses were constructed by using
AdEasy technology as described [5,6,39-41]. The coding
regions of mouse Wnt3A and human ERa were PCR amplified
and cloned into an adenoviral shuttle vector and subsequently
used to generate recombinant adenoviruses in HEK293 cells.
The resulting adenoviruses were designated as AdWnt3A and
AdERa. AdWnt3A also expresses GFP, whereas AdERa
expresses RFP as a marker for monitoring infection efficiency.
Analogous adenovirus expressing only RFP (AdRFP) or GFP
(AdGFP) were used as controls [9-11,22,23,39,41-43].

Alkaline phosphatase (ALP) assay

ALP activity was assessed using a modified Great Escape
SEAP Chemiluminescence Assay (BD Clontech, Mountain
View, CA) and/or histochemical staining assay (using a mixture
of 0.1 mg/mL of napthol AS-MX phosphate and 0.6 mg/mL of
Fast Blue BB salt), as described [5,6,9-13,15,37,40,43,44]. For
the chemiluminescence assays, each assay condition was
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performed in triplicate. The results were repeated in at least
three independent experiments. ALP activity was normalized
by total cellular protein concentrations among the samples.

Mineralization assay (Alizarin Red S staining)

Alizarin Red S staining was carried out as described
previously [5,6,9-11,37,40,42,43,45]. Briefly, the treated cells
were cultured in the presence of ascorbic acid (50 mg/mL) and
B-glycerophosphate (10mM). At 10 days after infection,
mineralized matrix nodules were stained for calcium
precipitation by means of alizarin red S staining. Cells were
fixed with 0.05% (v/v) glutaraldehyde at room temperature for
10min. After being washed with distilled water, fixed cells were
incubated with 0.4% Alizarin Red S for 5min, followed by
extensive washing with distilled water. The staining of calcium
mineral deposits was recorded under bright-field microscopy.

Immunohistochemical (IHC) staining

IHC staining was carried out as previously described
[13,46-49]. The cells were fixed with 10% formalin and washed
with PBS, permeabilized with 1% NP-40 and blocked with 10%
goat serum, followed by incubation with osteocalcin and
osteopontin antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA) for 1h. After washing, cells were incubated with biotin-
labeled secondary antibody for 30min, followed by incubating
cells with streptavidin-horseradish peroxidase (HRP) conjugate
for 20min. The presence of the expected proteins were
visualized by diaminobenzidine (DAB) staining and examined
under a microscope. Stains without the primary antibody or
with control IgG were used as negative controls.

Transfection and luciferase reporter assay

Exponentially growing cells were seeded in 25cm? cell
culture flasks and transfected with 2ug per flask of Tcf/B-
catenin responsive luciferase reporter pTop-Luc using
Lipofectamine (Invitrogen) as described [9,11,50-53]. At 16h
after transfection, cells were replated to 24-well plates and
treated with 10“mol/L to 10®mol/L estradiol. After 24h, cells
were lysed, and collected for luciferase assays using
Promega’s Luciferase Assay Kit (Madison, WI). Each assay
condition was performed in triplicate. Luciferase activity was
normalized by total cellular protein concentrations among the
samples. Relative Top-Luc reporter activity was expressed as
mean + SD.

RNA isolation and semi-quantitative RT-PCR (sqPCR)
analysis

Total RNA was isolated with the TRIzol Reagents
(Invitrogen) by following manufacturer’s instructions. The cDNA
synthesis was carried out by reverse-transcription reaction with
hexamer and M-MuLV Reverse Transcriptase (New England
Biolabs, Ipswich, MA). The cDNA products were further diluted
5 1010 fold and used as PCR templates. The sqPCR was
carried out as described [9,12,13,15,44,54,55]. PCR primers
(Table S1) were designed by using the Primer3 program to
amplify the genes of interest (approximately 150 to 180bp). A
touchdown cycling program was as follows: 94°C for 2min for 1
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cycle; 92°C for 20 seconds, 68°C for 30 seconds, and 72°C for
12 cycles decreasing 1°C per cycle; and then at 92°C for 20
seconds, 57°C for 30 seconds, and 72°C for 20 seconds for 20
to 25 cycles depending on the abundance of a given transcript.
PCR products were resolved on 1.5% agarose gels .All
samples were normalized by the expression level of GAPDH.

Mouse fetal limb explant culture

All animal experiments reported in this study were carried out
in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the
Institutional Animal Care and Use Committee (IACUC) of The
University of Chicago (protocol Number #71108). All surgery
was performed under anesthesia, and all efforts were made to
minimize suffering. The isolation and culture of mouse fetal
limb explants was carried out as previously described
[12,14,36]. Briefly, the forelimbs of mouse embryos (E18.5)
were skinned, dissected under sterile conditions, and incubated
in DMEM medium containing 0.5% bovine serum albumin,
50pg/mL ascorbic acid (Sigma), 1mM B-glycerophosphate, and
100ug/mL of penicillin-streptomycin at 37°C in humidified air
with 5% CO2 for up to 14 days. Medium was changed every 3
days. The cultured limb explants were directly infected
AdWnt3A and/or added with estradiol (10°mol/L) 24h after
dissection. At least five limb explants were included in each
assay group. On day 7, calcein (100mM) was added to the
medium. On day 10, the cultured tissues were harvested. Soft
tissues were removed. The samples were subjected to
fluorescence microscopy, micro-CT imaging, and histologic
evaluation.

Micro-computed tomographic (uCT) imaging analysis

Cultured mouse fetal limb specimens were imaged using the
MUCT component of a GE Triumph (GE Healthcare, Piscataway,
NJ) trimodality preclinical imaging system as described
[12-15,36,44,56]. All image data analysis was performed using
Amira 5.3 (Visage Imaging, Inc., San Diego, CA). The bone
mean density heat maps were calculated as
described[12,13,36,44,56].

Stem cell implantation for ectopic bone formation

The use and care of animals was approved by the
Institutional Animal Care and Use Committee. The
subcutaneous and intramuscular ectopic bone formation
assays were carried out as previously described
[6,12-15,36,44,56]. Briefly, subconfluent IMEFs were co-
infected with AdWnt3A, or AdGFP and AdERa for 24h.
Infection efficiency was confirmed by fluorescence microscopy.
The infected cells were collected for subcutaneous injection
(5%108/injection) into the flanks, or for intramuscular injection
into the quadriceps of athymic nude mice (n=5 per group, 4—6-
week old, male, Harlan Sprague Dawley). At 6 weeks after
implantation, animals were euthanized. The implant sites were
retrieved for histologic evaluation.
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Histologic evaluation

Retrieved and cultured tissues were fixed in 10% formalin,
decalcified, and paraffin-embedded. Serial sections of the
embedded specimens were stained with hematoxylin and eosin
(H & E) as described [6,9,12,13,37,40,43,56].

Statistical analysis

Quantitative data were expressed as mean + SD. Statistical
significances between treatment groups vs. control groups
were determined by one-way analysis of variance and the two-
tailed Student’s t test. A p-value of < 0.05 was defined as
statistically significance.

Results

Activation of ER signaling enhances Wnt3A-induced
early osteogenic differentiation of MPCs

To determine if estrogen receptor signaling pathway exerts
any effect on Wnt3A-induced osteogenic differentiation, we
tested the effect of estradiol (E2) on Wnt3A-stimulated MPC
line IMEFs. Exogenous expression of Wnt3A was mediated by
a recombinant adenoviral vector, which was shown to
transduce iIMEFs with high efficiency (Figure 1A). As previously
reported [9], Wnt3A was shown to induce early osteogenic
marker ALP activity, which was further enhanced by the
presence of E2 (0.1uM) (Figure 1A, bottom row) although E2
alone induced negligible ALP activity. To further demonstrate
that these results were caused by the activation of estrogen
receptor signaling pathway, we constructed an adenoviral
vector to expresses human ERa, namely AdERa, which co-
expresses RFP as a marker. The AdERa-mediated expression
of human ERa was confirmed by sqPCR and Western blot
(data not shown). When iMEFs were co-infected with Wnt3A
and ERa adenoviruses, there was a significant increase in ALP
activity in MPCs when compared with the Wnt3A alone group,
although ERa overexpression alone exerted minimal or
undetectable effect (Figure 1B).

We further analyzed that dose-dependent nature of E2 or
ERa on Wnt3A-induced ALP activity in MPCs, vice versa.
When IMEF cells were transduced with a fixed titer of
AdWnt3A, E2 was shown to enhance ALP activity in a dose-
dependent manner and plateaued at around 10®M (Figure 2A),
compared with that of the DMSO controls (at least p<0.05).
Accordingly, when iIMEFs were stimulated with E2 (107M),
transduction with increasing titers of AdWnt3A led to a dose-
dependent increase of ALP activity at day 5 and day 7 (except
the highest titer) (at least p<0.05) (Figure 2B). We obtained
slimier dose-dependent increases of ALP activity when
escalating titers of AdERa were used to co-infect iIMEFs with
AdWnt3A (Figure 2C), although we did observe a drop in ALP
activity at the highest virus titer, which might have been caused
by virus toxicity. Furthermore, we examined if the synergistic
effect exerted by E2 and ERa could be reversed by tamoxifen.
We found that E2-enhanced ALP activity in Wnt3A-stimulated
iIMEFs was significantly inhibited by tamoxifen at 5uM (p<0.05)
and 10uM (p<0.01) (Figure 2D). Similarly, the synergistic effect
between Wnt3A and ERa on ALP activity was effectively
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inhibited by tamoxifen at 2.5uM (p<0.05) and 5uM (p<0.01)
(Figure 2E). Taken together, these results suggest that E2
stimulation and exogenous ERa expression may enhance
Wn3A-induced osteogenic differentiation.

Activation of ER signaling pathway synergizes with
Wnt3A-induced late stage of osteogenic differentiation
in MPCs

We analyzed the effect of E2 stimulation and exogenous
ERa expression on Wnt3A-induced late osteogenic marker and
matrix mineralization. When Wnt3A-transduced iIMEFs were
treated 107M E2, the expression of late osteogenic markers
osteocalcin (Figure 3A) and osteopontin (Figure 3B) was
increased when compared with the Wnt3A alone groups, while
E2 alone did not exert any significant effect. Similar results
were also obtained when AdERa was used in the place of E2
stimulation (data not shown).

We also analyzed the synergistic effect of E2 and Wnt3A on
matrix mineralization, and found that E2 effectively enhanced
Wnt3A-induced mineral nodule formation compared with the
Wnt3A alone group (Figure 3C). Consistently with the findings
from ALP studies, E2 stimulation alone did not result in any
significant mineral nodule formation. These results further
indicate that E2 stimulation could significantly enhanced
Whnt3A-induced terminal osteogenic differentiation of MPCs.

Estradiol treatment enhances the mean bone density
and endochondral ossification in Wnt3A-treated mouse
fetal limb explants

To further test the synergistic effect of E2 and Wnt3A on
bone formation, we used an ex vivo mouse fetal limb culture
model. We and others have used such model to demonstrate
the biological effects of several important osteogenic factors on
bone formation and endochondral ossification [12,14,36]. The
dissected mouse fetal forelimbs were effectively transduced
with AdWnt3A (Figure 4A, panel a). Using fluorescence
labeling dye calcein, we were able to trace the new bone
formation (Figure 4, panel b). At the endpoint of assays the
limb cultures were fixed and subjected to micro-CT scanning.
We found that both Wnt3A and Wnt3A+E2 groups exhibited
significantly higher mean bone density than that of the GFP
+DMSO control (p<0.02 and p<0.01, respectively) (Figure 4B).
There was a trend that Wnt3A+E2 group had higher mean
bone density than that of Wnt3A alone group although the
difference  was not statistically significant (p=0.06).
Furthermore, the addition of tamoxifen nullified the significance
between Wnt3A+E2 group and GFP+DMSO control group
(Figure 4B). It is noteworthy that the GFP+E2 group exhibits
higher mean bone density than that of the DMSO+GFP group’s
although the difference is not statistically significant (p=0.09).
Histologic analysis revealed that the resting and proliferating
zones were reduced while the hypertrophic zone and
ossification zone were expanded in Wnt3A+E2 treatment group
(Figure 4C). Wnt3A group exhibits an expanded hypertrophic
zone, and E2 alone did not significantly affect the growth plate
(Figure 4C). These results suggest that the synergistic effect of
Wnt3A and E2 may lead to accelerated endochondral
ossification in the fetal limb culture model.
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Figure 1. Histochemical staining of estrogen and Wnt3A-stimulated ALP activity in MPCs. (A) Subconfluent iMEFs were
infected with AdWnt3A or AJGFP and treated with estradiol (E2, 0.1uM) or DMSO. Adenovirus infection efficiency was documented
at 24h post infection (top panel). At 5 days after infection/treatment, cells were fixed and subjected to ALP histochemical staining.
Representative results are shown. (B) ALP activity in MPCs co-expressing Wnt3A and estrogen receptor a (ERa). Subconfluent
iMEFs were co-infected with AdWnt3A and AdERa or AAGFP. Transduction efficiency was monitored for GFP (AdWnt3A and
AdGFP) or RFP (AdERa) at 24h. Cells were fixed and stained for ALP activity at day 5. Representative results are shown.

doi: 10.1371/journal.pone.0082436.g001

Exogenous expression of ERa and Wnt3A
synergistically induces ectopic bone formation

We next tested the synergistic effect of ERa and Wnt3A on
ectopic bone formation in vivo. The iIMEFs were first
transduced with AJWnt3A and AdERa, or AAGFP (Figure 5A),
and the transduced cells were used for either subcutaneous
injections or intramuscular injections of aythmic nude mice.
Bony masses were found in the Wnt3A+GFP group and Wnt3A
+ERa group, but not in GFP only or ERa+GFP group (Figure
5B). The retrieved masses were decalcified, paraffin-
embedded and subjected to H & E staining. We found that in
both subcutaneous and intramuscular injections, Wnt3A+ERa
group formed more mature and thicker trabecular bone
matrices than that of the Wnt3A alone group (Figure 5C).
These in vivo results are consistent with the above-mentioned
in vitro and ex vivo findings, and strongly suggest that
activation of estrogen receptor a signaling may exhibit strong
synergistic effect on canonical Wnt-induced osteogenic
differentiation of MPCs although ERa signaling per se may not
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be sufficient to induce robust osteogenic differentiation of
MPCs.

Wnt3A may crosstalk with ER signaling pathway by up-
regulating ERa expression at the early stage in MPCs
To explore the possible mechanistic underpinning of the
synergistic effect between ERa and Wnt3A on osteogenic
differentiation, we analyzed if E2 stimulation would affect
Whnt3A signaling activity, or vice versa. Utilizing the commonly-
used Tcf/B-catenin reporter pTop-Luc, we tested a broad range
of concentrations of E2 for its effect on pTop-Luc reporter
activity. As shown in Figure 6A, E2 stimulation did not
significantly affect the reporter activity, and furthermore, E2
stimulation did not act synergistically on Wnt3A-induced
reporter activity, suggesting that estrogen signaling may not act
as an upstream regulator of canonical Wnt pathway in MPCs.
We further tested if Wnt signaling regulates ERa pathway in
MPCs. We transduced iMEFs with AdWnt3A or AAGFP for 24h,
48h and 72h. The expression of ERa, ER(, aromatase, and
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Figure 2. Estrogen-mediated synergistic effect on Wnt3A-stimulated ALP activity can be blocked by tamoxifen. (A) E2
dose-dependent synergy with Wnt3A in MPCs. Subconfluent iIMEFs were infected with a fixed titer (MOI=5) of AdWnt3A or AdGFP,
and treated with various concentrations of estradiol or DMSO. ALP activity was determinedusing a modified Great Escape SEAP
chemiluminescence assay at the indicated time points (see Methods). D, DMSO solvent control; G, AdGFP control. (B) Wnt3A
dose-dependent synergy with E2 in MPCs. Subconfluent iMEFs were infected with varied titers of AdWnt3A or AAGFP, and treated
with estradiol (0.1uM) or DMSO. ALP activity was determined at the indicated time points. (C) ERa expression synergizes with
Wnt3A in MPCs. The iMEFs were co-infected with AdWnt3A (MOI=3) or AdGFP (MOI=3) and varied titers of AdERa. ALP activity
was determined at the indicated time points. (D) E2-induced synergy can be blocked by tamoxifen. The iIMEFs were infected with
AdWnt3A or AAGFP (MOI=3), and treated with estradiol (0.1uM) or DMSO in the presence or absence of tamoxifen (0 to 10uM).
ALP activity was determined at day 5. (E) ERa-induced synergy can be blocked by tamoxifen. The iIMEFs were co-infected with
AdWnt3A or AAGFP and AdERa (MOI=3 each) in the presence or absence of tamoxifen (2.5 and 5uM). ALP activity was
determined at day 5. All assay conditions were done in triplicate. “*”, p<0.05; “**”, p<0.01.

doi: 10.1371/journal.pone.0082436.g002

Hsd17b4 was determined by semi-quantitative RT-PCR. We returned to base level after 48h (Figure 6B). The expression of

found that ERa expression was up-regulated by Wnt3A at 24h aromatase (also known as estrogen synthase or CYP19), an
and 48h, but returned to baseline at 72h (Figure 6B). enzyme responsible for a key step in the biosynthesis of
Interestingly, the expression of ERB was significantly down- estrogens, was biphasic, up-regulated at 24h but reduced after

regulated at 24h upon Wnt3A stimulation, and gradually 48h, upon Wnt3A stimulation, indicating that there may be a
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Figure 3. Activation of estrogen signaling synergizes with Wnt3A-induced late stage of osteogenic differentiation. (A) &
(B) Estradiol synergizes with Wnt3A in induction of late osteogenic markers osteocalcin and osteopontin expression. Subconfluent
iIMEFs were infected with AdWnt3A (MOI=5) or AdGFP, and treated with estradiol (0.1uM) or DMSO.

At day 10, cells were fixed and subjected to immunohistochemical staining with antibodies against osteocalcin (A) or osteopontin
(B). Isotype IgG or no primary antibodies were used as negative controls (data not shown). Representative results are shown. (C)
E2 enhances Wnt3A-induced matrix mineralization. The iMEF cells were treated as described in (A) and maintained in
mineralization medium. At day 14, cells were fixed and subjected to Alizarin Red S staining. Macrographic images (a) and

microscopic images (b) were recorded. Representative results are shown.

doi: 10.1371/journal.pone.0082436.g003

feedback inhibition mechanism (Figure 6B). Lastly, we
examined the expression of Hsd17b4 gene that encodes an
enzyme involved in peroxisomal fatty acid beta-oxidation and
catalyzes the oxidation of estradiol with high preference over
the reduction of estrone [57]. We found that Hsd17b4 was
slightly up-regulated at later time point (72h) (Figure 6B),
suggesting Hsd17b4 expression may not be directly regulated
by Wnt3A. Although the detailed mechanism underlying the
ERa synergistic effect on Wnt3A-induced osteogenic
differentiation remains to be fully elucidated, our findings
strongly suggest that the signaling crosstalk and synergy of the
two pathways should be further explored as potential novel
approach to combating bone and skeletal disorders, such as
osteoporosis.

Discussion

Both estrogen and canonical Wnt signaling pathways play an
important role in regulating bone development and bone
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hemostasis. Here we investigate the possible crosstalk and
synergy of the two pathways in regulating osteogenic
differentiation of MPCs. Through either the administration of E2
or exogenous expression of ERa in MPCs, we find that the
activation of estrogen receptor signaling synergistically
enhances Wnt3A-induced both early and late osteogenic
markers, as well as matrix mineralization. The E2 or ERo-
mediated synergy can be effectively blocked by ERa antagonist
tamoxifen. E2 stimulation on Wnt3A-transduced mouse fetal
limb explants leads to an expansion of hypertrophic
chondrocyte zone and ossification and an increase in mean
bone density. Ectopic bone formation via subcutaneous and
intramuscular injections of Wnt3A and/or ERa-transduced
MPCs reveals that ERa significantly enhances the maturity and
mineralization of Wnt3A-induced ectopic bone masses,
compared with Wnt3A treatment alone. Mechanistically, we
demonstrate that E2 does not exert any detectable effect on
Whnt/B-catenin reporter activity. However, ERa expression is
up-regulated within the first 48h in AdWnt3A-transduced MPCs,
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Figure 4. Estradiol enhances the bone density in Wnt3A-treated mouse fetal limb explants. (A) Mouse fetal limb explant
culture and Wnt3A gene transfer. The skinned forelimbs of mouse embryos (E18.5) were dissected, and directly infected AdWnt3A,
or AdGFP (a). At 24h after dissection, the limb explants were treated with estradiol (10°M) or DMSO (n=5 each group). At day 7,
calcein (100mM) was added to the medium. The cultured tissues were harvested on day 10 and soft tissues were removed (b). (B)
The treated limb explants were subjected to fixed and subjected to uCT imaging. Mean bone density of was calculated. (C) H & E
staining of the cultured limb explants. The cultured limb samples were decalcified, paraffin-embedded and subjected to H & E

staining. The growth plate was indicated with boxes. Representative images are shown.
doi: 10.1371/journal.pone.0082436.9g004
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Figure 5. ERa and Wnt3A synergistically induce ectopic bone formation. (A) Co-expression of Wnt3A and ERa in MPCs.
Subconfluent iIMEFs were co-infected with AdWnt3A and AdERa, or AAGFP. Fluorescence signal was examined at 24h post
infection. (B) The transduced cells described in (A) were collected and injected into athymic nude mice subcutaneously and
intramuscularly. Ectopic bony masses were harvested after 6 weeks. The GFP only and ERa+GFP group did not form any masses
during the experimental period. Representative results for subcutaneous masses are shown. (C) H & E staining of the ectopic bony
masses. The retrieved masses were decalcified, paraffin-embedded and subjected to H & E staining. Representative images are

shown. “b”, osteoid matrix; “c”, injected/undifferentiated cells.
doi: 10.1371/journal.pone.0082436.g005

whereas ERB expression is significantly inhibited within 24h.
Furthermore, the aromatase (also known as estrogen
synthase, or Cyp19), a key enzyme for the biosynthesis of
estrogens, exhibits a biphasic expression pattern, up-regulated
at 24h but reduced after 48h, upon Wnt3A stimulation. Thus,
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our results demonstrate that estrogen signaling acts
synergistically with  Wnt3A in promoting osteogenic
differentiation and suggest that Wnt3A may crosstalk with
estrogen signaling by up-regulating ERa expression and down-
regulating ER( expression in MPCs.
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Figure 6. Wnt3A upregulates ERa, but not ERB, expression at the early stage in MPCs. (A) Estradiol does not affect Wnt/B3-
catenin signaling activity. Subconfluent iMEFs were transfected with the Tcf/B-catenin reporter TOP-Luc, and infected with AdWnt3A
or AdGFP, and then treated with varied concentrations of estradiol. Luciferase activity was measured at 48h post treatment. Each
assay condition was done in triplicate. (B) Wnt3A upregulates ERa expression in MPCs. Subconfluent iMEFs were infected with
AdWnt3A or AAGFP. Total RNA was collected at 24h, 48h, and 72h after infection and subjected to RT-PCR analysis using primers
specific for mouse ERa, ERB, Aromatase, and Hsd17b4. All samples were normalized with GAPDH expression level.

Representative results are sown.
doi: 10.1371/journal.pone.0082436.9g006

Our findings indicate that Wnt3A can regulate the expression
of ERa and ERP in an opposite fashion, which may be
consistent with numerous reports about the antagonist
relationship between the two receptors [28-30]. The biological
actions of estrogens are mediated by estrogen binding to ERa
or ERB. Mice lacking ERa, or ER, or both has revealed that
both receptor subtypes have overlapping but distinct functions
in estrogen-dependent action in vivo [31-33]. ERa and ERp
have different transcriptional activities under different ligand,
cell-type, and promoter contexts. Both receptors can form
functional heterodimers although the biological roles of ERa /B
heterodimers are unknown. When co-expressed, ERp inhibits
ERa-mediated gene expression and in many instances

PLOS ONE | www.plosone.org

10

opposes the actions of ERa [31-33], although the role of ERa in
osteoblast lineage cells has remained elusive. A recent study
indicated that ERa in osteoblast progenitors expressing
Osterix1 (Osx1) potentiates Wnt/B-catenin signaling, leading to
an increase in proliferation and differentiation of periosteal cells
and the optimal cortical bone accrual at the periosteum in mice
[58]. However, this ERa function does not require estrogens.

It was reported that ERa may directly interact with 3-catenin
in human colon and breast cancer cells [59]. However, it may
require further investigation about the direct feature of the
interaction because a polycomb group protein EZH2 was also
shown to interact directly with both ERa and B-catenin, thus
connecting the estrogen and Wnt signaling circuitries in breast
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and prostate cancer cells [60]. It remains to be determined if
ERa and B-catenin directly interact each other in MPCs and
osteoblast progenitor cells. Nonetheless, it was reported that,
in osteoblastic ROS 17/2.8 cells and primary osteoblast cells,
Whnt/B-catenin signaling was a component of osteoblastic cell
early responses to load-bearing and its effectiveness required
ERa [61]. In MC3T3-E1 osteoblastic cells, estrogen receptor
and Wnt signaling were shown to interact to regulate early
gene expression in response to mechanical strain [62]. It was
shown that E2 sensitized the effect on mechanically induced
Cox-2 expression, which could be abolished using the anti-
estrogen 1CI182780. However, mechanical strain in the
presence of Wnt signaling activators diminished both the E2
sensitizing effect and the stimulatory effect of Wnt signaling in
the absence of strain [62]. A more recent study focused on the
role of ERa in osteoblast lineage cells by deleting ERa at
different stages of differentiation in murine osteoblast lineage
cells [58]. It was found that ERa in osterix1-positive osteoblast
progenitors potentiates Wnt/B-catenin signaling, thereby
increasing proliferation and differentiation of periosteal cells
although this function did not require estrogens [58]. Thus, the
molecular mechanism underlying the interplay between
estrogen signaling and Wnt/B3-catenin pathway remains to be
thoroughly elucidated.

In summary, we investigate the possible crosstalk and
synergy between ER signaling and canonical Wnt signaling in
regulating osteogenic differentiation of MPCs. Our results
demonstrate that the activation of ER signaling via estradiol
and exogenously expressed ERa in MPCs synergistically
enhances Wnt3A-induced both early and late osteogenic
markers, as well as matrix mineralization. The E2 or ERa-
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