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Abstract

Osteoblasts are controlled by the individual and combined effects of systemic and local growth
regulators. Here we show functional and physical interactions between estradiol (17BE) and Wnt
activated pathways in osteoblasts. 173E increased gene promoter activity by the Wnt pathway
transcriptional effector T cell factor (TCF) in an estrogen receptor (ER) dependent way. This
occurred independently of its activity through traditional estrogen response elements and was not
replicated by androgen receptor activation. 17BE also increased the stimulatory effect of LiCl on
TCF activity, LiCl increased the stimulatory effect of 17BE through estrogen response elements,
and both were further enhanced by a noncanonical Wnt receptor agonist (WAQ) that functions
independently of B-catenin stabilization. In contrast to LiCl, WAg increased DNA synthesis and
reduced relative collagen synthesis and alkaline phosphatase activity in otherwise untreated or
17pBE stimulated cells. In addition, WAg suppressed Runx2, osterix, and alkaline phosphatase
MRNA levels, and potently induced osteoprotegerin mMRNA, whereas LiCl was ineffective alone
and inhibitory in combination with 17BE. A definitive intersection between the 173E and Wnt
pathways occurred at the protein level, where ERa physically associated with TCF-4
independently of its B-catenin binding domain. This interaction required ligand dependent
exposure of a TCF binding region that mapped to ERa domain E and was further enhanced by
Whnt pathway activation. Our studies reveal highly focused co-regulatory effects between the 173E
and Wnt pathways in osteoblasts that involve activated ERa and TCF-4, and downstream changes
in gene expression, osteoblast proliferation, and differentiated cell function.
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1. Introduction

Sex steroids elicit their effects through specific intracellular receptors that drive changes in
gene expression in direct and indirect ways. Importantly, the latter are thought to integrate
combinatorial events with other regulatory systems, accounting in part for their tissue
restricted diversity (Barkhem et al., 2004; Centrella et al., 2004a; Centrella et al., 2004b;
Manolagas et al., 2004; Syed et al., 2005; Boonyaratanakornkit and Edwards, 2007). The
skeleton is a key sex steroid sensitive tissue. As such, bone loss accelerates when sex
steroids levels decline in the elderly or after sex organ ablation (Windahl et al., 2002; Rosen,
2003; McClung, 2005; Sorensen et al., 2007; Windahl et al., 2007). In these situations, an
imbalance in bone remodeling occurs in response to a decrease in the otherwise normal
constraints on bone resorption imposed by endogenous sex steroids (Ray et al., 1994; Stein
and Yang, 1995; McCarthy et al., 1997; Suda et al., 1997; Jilka et al., 2007) and can be
restored by sex hormone replacement therapy. Several of the indirect sex steroid sensitive
events which are now thought to control bone cell activity include physical and functional
interactions between hormone-activated estrogen receptor a (ERa) and the CCAAT
enhancer binding protein (C/EBP) and Runx2 transcription factors in osteoblasts. These
interactions can limit access of ERa to DNA containing consensus estrogen response
elements (ERE) due to an association between the DNA binding domain (DBD) of ERa with
C/EBPS or Runx2, severely limiting direct transcriptional effects by ERa modulating
compounds. At the same time, expression of certain C/EBP sensitive target genes including
insulin-like growth factor (IGF)-I are also suppressed, whereas certain Runx2 sensitive
genes including TGF-p type | receptor are enhanced (McCarthy et al., 1997; McCarthy,
2003; Centrella et al., 2004a; Chang et al., 2005). As a result, these interactions may help to
define local growth factor actions in bone in highly focused ways.

In addition to IGF-I and TGF-B, another growth factor system essential for bone growth and
remodeling is driven by the several Wnt ligands. One of the better appreciated events
induced by Wnt pathway activation is inhibition of GSK3 activity. This results in p-catenin
stabilization, its nuclear accumulation, and its stimulatory effect on transcription by
members of the lymphoid enhancing factor/T cell factor (TCF) gene family (Arce et al.,
2006; Cadigan, 2008a; Cadigan, 2008b; MacDonald et al., 2009). Indeed, expression of
canonical Wnt ligands and B-catenin stabilization appear essential for some aspects of Wnt
pathway activation in osteoblasts. Still, other Wnt dependent events may require only select
Whnt ligands or transcriptional components, driving separate downstream events (Bennett et
al., 2005; Gaur et al., 2005; Kulkarni et al., 2005; Tobimatsu et al., 2006; Bergenstock and
Partridge, 2007; Chen et al., 2007). In these contexts, osteoblasts express several Whnts that
act in complex ways during early and late stages of skeletal formation (Kato et al., 2002;
Hoang et al., 2004; Zhang et al., 2004). Transgenic expression or mutation of genes
encoding a subset of Wnt ligands may re-direct precursor cells between the osteoblast and
adipocyte lineages, regulate the expression of genes associated with osteoblast function, and
favor early aspects of osteogenesis (Gong et al., 2001; Bennett et al., 2005; Glass et al.,
2005; Takada et al., 2007). Accordingly, targeted deletion of Wnt co-receptor genes LRP-6
during development and LRP-5 post partum are linked with osteopenia and osteoporosis.
Moreover, transgenic animals with aberrant expression of native Wnt antagonists also
exhibit disrupted skeletal integrity. This too occurs in complex and differentiation dependent
ways, suggesting that, despite a clear relationship with bone formation, the Wnt system is
naturally limited in highly differentiated osteoblasts (Kato et al., 2002; Vaes et al., 2002;
Holmen et al., 2004; van Bezooijen et al., 2004; Glass et al., 2005; Vaes et al., 2005; Mani et
al., 2007; Yadav et al., 2008).

Recently we reported that osteoblasts develop independent and co-dependent Wnt pathway
responses which relate to their state of differentiation and to their expression of Runx2
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(McCarthy and Centrella, 2010). These studies revealed that individual aspects of Wnt
pathway activation can drive canonical effects that parallel B-catenin stabilization, and some
noncanonical effects through Runx2 activation and its complex formation with TCF-4 in a
jB-catenin independent way. Given earlier evidence for interactions between ERa and Runx2
(McCarthy, 2003; Juttner and Perry, 2007; McCarthy et al., 2007; Khalid et al., 2008;
MccCarthy et al., 2008), more recent evidence for interactions between Runx2 and TCF-4
(McCarthy and Centrella, 2010), and the possibility that some ERa modulators might
develop their effects in part through Wnt signaling (El-Tanani et al., 2001; Kouzmenko et
al., 2004; Kousteni et al., 2007; Sunters et al., 2010; Varea et al., 2010), we asked whether
the ERa and Wnt pathways might intersect through any of these components in
differentiating osteoblasts. Our results support clear connections among these systems and
now reveal novel cross-control between the ERo and Whnt pathways in osteoblasts, involving
direct interactions between ERa and TCF transcription factors.

2. Materials and Methods

2.1 Cells

Primary osteoblast-enriched cultures were isolated from parietal bones of 22 day old
Sprague-Dawley rat fetuses (Charles River Laboratories), as approved by Yale Institutional
Animal Care and Use Committee. Sutures were dissected and cells were released by 5
sequential collagenase digestions. Cells from the last 3 digestions express features of
differentiating osteoblasts, including high levels of transcription factor Runx2, parathyroid
hormone receptor, type | collagen synthesis, and alkaline phosphatase. They also increase
osteocalcin expression in response to dihydroxyvitamin D3, display differential sensitivity to
TGF-B, BMP-2, and various prostaglandins (PGs), and form mineralized nodules under
conditions that promote long term differentiation in vitro. (Centrella et al., 1987; McCarthy
et al., 1988; Centrella et al., 1994; Centrella et al., 1995; Centrella et al., 1996; Ji et al.,
1997; Carpenter et al., 1998; Ji et al., 1998). Cells were plated at 4,000/cm? in Dulbecco’s
modified Eagle’s medium supplemented with 100 pg/ml ascorbic acid, nonessential amino
acids, antibiotics, and 10% fetal bovine serum, and grown for at least 6 days before
transfection or treatments.

2.2 Plasmids

Whnt dependent gene expression was assessed with a firefly luciferase reporter plasmid TOP-
Flash containing four TCFRE. ERo dependent gene expression was assessed with a
luciferase reporter plasmid driven by an ERE from the frog vitellogenin promoter cloned
upstream of a minimal prolactin gene promoter, or a 0.94 kb fragment of the rat oxytocin
gene promoter (NCBI reference sequence NC_005102.2) that contains multiple TCFRE and
ERE, as revealed by Matlnspector (http://www.genomatix.de) analysis. AR dependent gene
expression was assessed with luciferase reporter plasmid driven by four consensus ARE
cloned upstream of a minimal RSV promoter. Cells were co-transfected with expression
plasmids encoding native or mutated ERa, ERp, or AR. Runx2 transcriptional activation
was assessed with expression plasmids encoding full length Runx2 fused to a GAL4
promoter DBD within vector M (M-Runx2), and luciferase reporter plasmid containing five
GAL4 REs (5XGAL4) (McCarthy et al., 2000b; McCarthy, 2003; Centrella et al., 2004b;
McCarthy et al., 2007). Runx dependent gene expression was assessed with luciferase
reporter plasmid SXN1C containing two copies of a Runx RE from the rat TBRI gene
promoter cloned into reporter plasmid pGL3-Promoter (Ji et al., 1998; Zawel et al., 1998; Ji
et al., 2001; McCarthy, 2003). Endogenous Runx2 levels were reduced with an expression
plasmid containing restriction fragments of mouse Runx2 cloned in reversed orientation
within vector pSV7d (McCarthy et al., 2000b; Ji et al., 2001; McCarthy, 2003; McCarthy et
al., 2007). The ERa DNA-binding domain mutant ERa203/204p was engineered by site-
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directed mutagenesis (GeneTailor, Invitrogen) of wild type coding sequence to produce two
substitutions in the first zinc finger at residues E203A and G204A, analogous to another
well characterized ERo mutant protein (Jakacka et al., 2001). Local Wnt expression was
induced with expression plasmids encoding prototypical Wntl (McCarthy and Centrella,
2010). Physical interactions between ERa and TCF4 were assessed by co-transfection with
expression plasmids encoding M-ERa. or its fragments (Chang et al., 2005), a B-catenin
independent derivative of TCF4 (Liu et al., 2005) fused to the transactivation domain of
Herpes virus protein 16 (VP16) within vector MVN (MVN-TFCt) (McCarthy and Centrella,
2010), and luciferase reporter plasmid 5XGALA4. Functional interactions between ERo and
TCF4 were further assessed with expression plasmids encoding untagged proteins and 17pE
or Wnt sensitive reporter plasmids.

2.3 Transfections and treatments

Reporter plasmids, expression plasmids, and empty vector plasmids were pre-titrated for
optimal expression efficiency and transfected with reagent TransIT LT1 (Mirus). Cell
cultures at least 70% confluent (~35,000 cells per cm?) were exposed to 25 ng per cm? of
expression plasmid DNA and/or 37.5 to 75 ng per cm? of reporter plasmid DNA for 16 h or
longer in medium containing 4% charcoal stripped fetal bovine serum. Cells were then
treated as indicated in each figure in serum free and phenol red free medium. In studies to
determine steroid activity, untreated cells were supplemented with equivalent dilution of
ethanol vehicle. In studies to determine Wnt pathway activation, cells not treated with LiCl
were supplemented with an equivalent of NaCl, and cells not treated with WAg
(Calbiochem) or the GSK3 inhibitor SB 415286 (Sigma) were supplemented with an of
equivalent DMSO vehicle. Cells were lysed and extracts were analyzed by comparison to
positive and negative control plasmids, and where appropriate, corrected for differences in
total protein or 18s rRNA content (McCarthy et al., 2000b; Ji et al., 2001; McCarthy, 2003;
McCarthy et al., 2007).

2.4 Western blots

After treatments culture medium was removed, and cell layers were washed three times with
buffer. Cells were collected by scraping, lysed in 1% Triton X-100 supplemented with
protease, phosphatase, and kinase inhibitors, and nuclei were collected by centrifugation.
Equal total protein levels from medium, nuclear, and cytoplasmic extracts were fractionated
by electrophoresis on SDS 7.5-12% polyacrylamide gradient gels, and blotted onto
polyvinylidene fluoride membranes (NEN Life Sciences) along with pre-stained molecular
weight markers. Blots were blocked in 5% fat-free powdered milk, probed with a 1:1000 or
1:3000 dilution of primary antibody (Santa Cruz Biotechnologies or BD Transduction
Laboratories). Reactive bands were visualized with a 1:2,500 dilution of species specific
anti-1gG linked to horseradish peroxidase (Jackson Laboratories, Inc.) and
chemiluminescence (Western Lightning, PerkinElImer Life Sciences). Inasmuch as protein
levels differ in relative abundance, exposure times or image intensities were varied to
produce linear stain to background ratios (Kim et al., 2006; McCarthy and Centrella, 2010).

2.5 mRNA analysis

Total RNA was extracted with acid guanidine monothiocyanate, precipitated with isopropyl
alcohol, dissolved in sterile water (Centrella et al., 1995), and purified further using the
RNeasy™ Plus Mini Kit (Qiagen). RNA was reverse transcribed with the iScript™ cDNA
Synthesis Kit and products were amplified and quantified using specific primers (eurofins
mwg/operon; supplemental Table 1) and the iQ™ SYBR® Green Supermix in a CFX96
Real Time polymerase chain reaction (RT-PCR) detection system (Bio-Rad Laboratories,
Inc.).
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2.6 DNA synthesis

Cells were incubated with 5 pCi/ml [methyl-3H]thymidine (80 Ci/mmol) for the last two
hours of culture. Cells were lysed in 0.1 M sodium dodecyl sulfate and 0.1 M sodium
hydroxide, collecting the precipitate formed with 10% trichloroacetic acid, and scintillation
counting (Centrella et al., 1987; Centrella et al., 1995).

2.7 Collagen synthesis

Cells were incubated with 5 uCi/ml, mole) for the last two hours of culture. Cell layers were
lysed by freeze thawing and extracted with 0.5% Triton X-100. Samples were precipitated
with cold 10% trichloroacetic acid, and acid insoluble material was collected by
centrifugation. Precipitates were extracted with acetone, dried, and rehydrated.
[3H-2,3]proline incorporated into collagenase digestible protein (collagen) or noncollagen
proteins was determined by differential sensitivity to bacterial collagenase free of
nonspecific protease activity. Percent collagen synthesis was calculated by correcting for the
5.4-fold enrichment of proline content in collagen (Centrella et al., 1987; Centrella et al.,
1995).

2.8 Alkaline phosphatase activity

Cell layers were lysed by freeze thawing and extracted with 0.5% Triton X-100. Enzyme
specific activity was assessed in cell extracts by hydrolysis of p-nitrophenol phosphate,
measured at 410 nm after 30 minutes of incubation at 37°C. Data are expressed as pmol of
p-nitrophenol released per minute per ug protein (Centrella et al., 1987; Centrella et al.,
1995).

2.9 Statistical analysis

Differences were assessed by one way analysis of variance with post hoc analysis when
comparing multiple treatments simultaneously, using SigmaStat software (Jandel
Corporation), which defaults to Student’s t test when assessing single treatments, from data
derived from nine or more replicate samples and three or more independent cell
preparations. Western blots were from at least two studies and mRNA levels were from
three or more studies. A significant difference was assumed by a P value of <0.05.

3. Results

3.1 Estrogen dependent activation of the Wnt and ERa pathways in osteoblasts

Previous studies in mouse pre-osteoblast cultures showed that the stimulatory effect of LiCl
through TCF response elements (TCFRE) with TOP-Flash reporter, a well defined marker
system of Wnt pathway induction, is mimicked by some steroid-like compounds including
4-estren-3a,17B-diol (estren), but not by estradiol (17BE) (Kousteni et al., 2007). LiCl,
which also readily induces TCF activity in primary cultures of differentiating rat osteoblasts
(McCarthy and Centrella, 2010), is similarly active without or with ERa or androgen
receptor (AR) expression (Fig. 1A). However, unlike its relative lack of effect in mouse pre-
osteoblasts (Kousteni et al., 2007) or in rat osteosarcoma derived cells (Armstrong et al.,
2007), 17BE at 10 nM induced significant ERa dependent TCF activity in normal
differentiating rat osteoblasts. By contrast, estren, even at 100 nM, or the AR agonist
dihydrotestosterone (DHT) at 10 nM, which each fully activate gene expression through AR
sensitive RE (ARE) (Centrella et al., 2004b), did not increase TCF activity. Neither LiCl nor
17BE significantly increased gene promoter activity when the TCFRE sites were mutated
(FOP-Flash) (Fig. 1B). The amount of 17BE needed to activate TCFRE by comparison to
conventional ERE differed by at least two orders of magnitude (Fig. 1C), predicting
different mechanisms of action. In agreement with this, the stimulatory effects of 17pE
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through TCFRE persisted in cells that express ERa with DBD point mutations that severely
limit gene activation through ERE (Fig. 1D), whereas estren remained ineffective through
either TCFRE or ERE. These findings confirm that TCF activation, in this case by 17BE,
does not derive from a direct ERa dependent genomic effect through ERE (Kousteni et al.,
2007). Low affinity ligands that bind and partially activate ERa such raloxifene, tamoxifen,
and 17a-estradiol, or other agents with estrogen-like effects such as resveratrol, did not
induce significant TCF activation. However, the ERa ligand 1CI 182780, which at high
concentrations can antagonize the stimulatory effect of 173E in osteoblasts, potently
activated TCF dependent gene promoter activity in these cells (left panels, Fig. 1E).
Whereas the stimulatory effect of 17BE through ERE was, as expected, suppressed by ICI
182780 (Centrella et al., 2004b), TCF dependent gene expression remained high with both
ligands (right panels, Fig. 1E). Thus, TCF can be activated by the Wnt pathway as well as by
activated ERa in both pre-osteoblasts and differentiated osteoblasts, albeit with ligand
selectivity.

3.2 Canonical Wnt pathway activation enhances ERa activity

In addition to their individual effects shown in Fig. 1, 17pE and LiCl co-enhanced gene
expression through TCFRE and ERE, as well as through the oxytocin gene promoter which
contains intrinsic TCFRE and ERE that are functional in osteoblasts (McCarthy et al.,
2008;McCarthy and Centrella, 2010). Consistent with earlier studies (McCarthy and
Centrella, 2010), transgenic expression Wnt1, a canonical Wnt receptor ligand (Huelsken
and Behrens, 2002), replicated the response to LiCl treatment through TCFRE. With Wntl
expression, however, the synergistic effect of 17pE was only evident on gene expression
through ERE and the oxytocin gene promoter (Fig. 2A). In an attempt to stabilize p-catenin
and drive canonical Wnt pathway activation independently of Wnt1 expression (McCarthy
and Centrella, 2010), osteoblasts were treated with SB-415286, a potent GSK3 inhibitor
(Coghlan et al., 2000;Smith et al., 2001). As much as 6 uM of SB-415286, a concentration
that effectively suppresses GSK3 activity (Coghlan et al., 2000), did not by itself induce
significant TCF activity (left panel, Fig. 2B) and did not increase the individual or combined
responses to 17BE or LiCl (right panel, Fig. 2B). Similar to LiCl and transgenic Wntl
expression, however, SB-415286 enhanced the response to 17BE through ERE (lower
panels, Fig. 2B). SB-415286 marginally increased nuclear -catenin levels in untreated
osteoblasts, but as with LiCl treatment, this did not persist in 17BE co-treated cells (Fig. 2C).
Furthermore, the amounts of nuclear or cytoplasmic GSK3 dependent phospho-B-catenin (at
serines 33 and 37 and threonine 41 (Yost et al., 1996); supplemental Fig. 1), could not
explain the stimulatory or co-stimulatory effects of 17pE and LiCl. Therefore, the increase
in TCF dependent gene expression in response to 17BE did not invariably correlate with
changes in nuclear B-catenin and, consistent with evidence in Figs. 1 C and D, did not
coincide with the direct effect of 17BE on ERa through ERE.

3.3 Influence of Runx2

Previous studies revealed that Wnt pathway dependent activation of TCF is highly limited in
differentiating osteoblasts in the absence of endogenous Runx2, which can directly interact
with TCF-4 (McCarthy and Centrella, 2010). Similarly, the stimulatory effects of 17pE and
LiCl on TCF activity were suppressed when Runx2 levels were silenced (left panel, Fig.
3A). In addition, the gene promoter fragment SXN1C (right panel, Fig. 3A), which is driven
by endogenous Runx2 (Chang et al., 1998; Ji et al., 1998; Ji et al., 2001; McCarthy, 2003),
and transgenic GAL4-DBD tagged Runx2 (M-Runx2) dependent gene transactivation
through GAL4 RE (McCarthy, 2003) (center four lanes, Fig. 3B), were potently co-induced
by 17BE and LiCl. These results were unlikely due to nonspecific effects by LiCl on either
Runx2, ERa, or reporter protein stability since LiCl alone did not significantly increase
basal reporter enzyme activity in empty vector transfected cells (M-vector), through M-
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Runx2, or through GAL4-DBD tagged ERa (M-ERa) (Fig. 3B), and it did not increase total
protein content in control or 17BE induced cultures (Fig. 3C). Thus, whereas the ERa and
Whnt pathways coalesce in differentiating osteoblasts without an apparent involvement by (-
catenin, in select cases this intersection can occur in a Runx2 restricted way.

3.4 Further ERa dependent co-activation in combination with a noncanonical Wnt pathway

agonist

We then tested the possibility that 17pE interacted with a noncanonical Wnt pathway, using
the synthetic noncanonical agonist (WAQ), 2-amino-4-[3,4-(methylenedioxy) benzyl-
amino]-6-(3-methoxy phenyl) pyrimidine (Liu et al., 2005; McCarthy and Centrella, 2010).
17BE enhanced the stimulatory effect of WAg through TCFRE in osteoblasts, as well as its
synergistic interaction with canonical Wnt signaling by LiCl (upper panel, Fig. 4A). WAg
also increased 17BE induced gene expression through ERE by ERa (lower panel, Fig. 4A).
This interaction also occurred with ERp, although basal gene promoter activity was higher
with ERp expression (supplemental Fig. 2). In contrast, activation of AR by DHT failed to
enhance TCF activity in LiCl plus WAg activated osteoblasts (upper left panel, Fig. 4B).
Moreover, co-treatment with LiCl plus WAg failed to induce AR activity through ARE,
although together these agents increased the stimulatory effect of DHT (lower left panel,
Fig. 4B). This effect was modest, however, relative to ERa activation (lower right panel,
Fig. 4B). Notably, the stimulatory effect of LiCl plus WAg on TCF activity in the absence of
sex steroid treatment was attenuated in osteoblasts that express AR by comparison to those
that express ERa (upper panels, Fig. 4B), revealing that AR can arrest TCF activity and may
thus distinguish some estrogen and androgen dependent effects. Consistent with earlier
evidence (McCarthy and Centrella, 2010), nuclear B-catenin levels increased in response to
LiCl but appeared largely unchanged in WAg activated osteoblasts without or with LiCl co-
treatment (Fig. 4C). Similarly, the relative increase in nuclear B-catenin that occurred with
17BE treatment (here and Fig. 2C) did not persist in Wnt pathway co-activated cells where
their co-stimulatory effects on gene expression were maximal (left panels, Fig. 4D). By
contrast to p-catenin, TCF-4 is predominantly nuclear in osteoblasts, but it is also relatively
enriched in 17BE treated cells (center panels, Fig. 4D). Whereas Wnt pathway activation
increased ERa dependent gene expression, it did not significantly enhance ERa stability or
its relative distribution between the nuclei and the cytoplasm (right panels, Fig. 4D). There
was also an apparent decline in nuclear TCF-4 and ERa. in response to Wnt pathway
activation, which may relate in part to correction for a 1.65-fold enrichment in total nuclear
protein as a result of treatment. Even so, 17BE also enhanced the relative amounts of nuclear
TCF-4 and ERa in Wnt pathway activated osteoblasts. Therefore, 17BE may promote the
assembly of these and other relevant proteins in the nucleus, and contribute to in part to the
potent stimulatory effects that occur through TCFRE and ERE when the Wnt and ERo.
pathways are co-activated.

3.5 ERa activation does not modify basal or Wnt dependent effects on osteoblast
differentiation

After 24 hours of treatment, LiCl did not directly affect DNA synthesis but suppressed the
mitogenic effect of WAg (Fig. 5A). Whereas WAg stimulated DNA synthesis, it did not
increase the rate of new collagen synthesis. However, by comparison to its stimulatory effect
on noncollagenous protein synthesis, the percent of newly synthesized collagen was
suppressed (Fig. 5B). In this short time frame WAg increased total cellular protein content
(Fig. 5C), whereas LiCl and WAg, individually and together, reduced alkaline phosphatase
specific activity (Fig. 5D). In addition, Wnt pathway activation increased the relative
expression of osteoprotegerin, a potent inhibitor of RANK activation and osteoclast activity
secreted by osteoblasts into the culture medium (Fig. 5E). Despite these somewhat rapid
effects, 17BE did not modify the metabolic response of osteoblasts to Wnt pathway
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activation in this time frame (Figs. 5A, B, D, E). Similarly, total protein content remained
stable or modestly increased in 17pE induced cells (Fig. 5C), consistent with its overall
effect on newly synthesized noncollagenous protein. Thus, short term exposure to WAg,
which can activate the Wnt pathway in noncanonical ways in differentiating osteoblasts
(McCarthy and Centrella, 2010), increases replication and limits some early aspects of
differentiation, whereas these same events are relatively insensitive to 17BE in this time
frame.

3.6 ERa activation selectively alters canonical Wnt pathway dependent effects on mRNA
expression by osteoblasts

To address the possibility that the ERa and Wnt pathways intersected in ways not yet
apparent on basal aspects of differentiated osteoblast function, steady state mMRNA levels of
several genes associated with osteoblast activity and Wnt pathway activation were measured
by real time (RT)-PCR. Of the several osteoblast related gene products that we measured,
the most abundant were mRNAs encoding the a1 chain of type I collagen («1A1) and
alkaline phosphatase, which differed by 2 orders of magnitude from each other. Other less
well expressed but still highly abundant mRNAs were those encoding the bone remodeling
regulators osteocalcin and osteoprotegerin, and the osteoblast enriched transcription factors
Runx2 and osterix (Fig. 6A). Treatment with vehicle, LiCl, WAg, or 17BE in any
combination had no effect on 18s rRNA levels (upper left panel, Fig. 6B) or osteocalcin
mRNA (not shown) after 24 hours of exposure, indicating equivalent RNA extraction and
recovery, and a lack of generalized or nonspecific stimulatory or inhibitory effects in this
time period. Analogous to the relatively high and stable levels of new collagen protein
synthesis, mMRNA encoding a1Al differed by 1.5 to 2-fold in response to 17BE or Wnt
pathway activators, but no effects were significant. By contrast, and in agreement with its
effect on alkaline phosphatase activity, WAg rapidly suppressed alkaline phosphatase
mMRNA alone and in combination with LiCl. WAg also suppressed mRNA encoding Runx2
and osterix. By comparison, WAg strongly enhanced osteoprotegerin mRNA. WAg
therefore rapidly down regulated the mRNA levels of some genes associated with osteoblast
differentiation and increased the mMRNA encoding a powerful inhibitor of osteoclast-
dependent bone resorption. None of these MRNAs was significantly changed by LiCl alone.
With the exception of a 40% reduction in alkaline phosphatase MRNA, exposure to 17BE by
itself did not significantly affect the levels of these several gene products. However, other
than a 1Al chain of type | collagen and osteoprotegerin, which, of all the mRNASs examined,
were not suppressed by WAg, co-treatment with 17BE was inhibitory in combination with
LiCl (Fig. 6B). Thus, there appears to be separate sets of genes whose expression parallel
individual Wnt pathways, some of which are revealed by 17BE treatment.

Steady state levels of mMRNA encoding a panel of Wnt signaling components were also
readily measured. Of these, all but mMRNA encoding secreted frizzled related protein 1
(SFRP1), a decoy binding component that among other functions, can limit Wnt signaling
through cell membrane receptors (Bovolenta et al., 2008; MacDonald et al., 2009) were
highly expressed within three orders of magnitude relative to each other (Fig. 7A) and to
several osteoblast related genes (Fig 6A). No significant variations were evident in mMRNAs
encoding Wnt receptor components Frizzled 2 or LRP5, the Wnt1 inducible signaling
pathway protein WISP1, GSK3p, Wnt binding protein WIF1, the Wnt signaling inhibitor
Dickkopfl (DKKZ1) or SFRP1 within 24 hours of treatment (not shown). Treatment with
LiCl suppressed the levels of WISP2, LRP6, and SFRP2 mRNAs, and treatment with WAg
suppressed these as well as B-catenin, TCF-4, and Frizzled 1 mRNAs. 17BE alone
suppressed LRP6 mRNA and, in combination with LiCl, suppressed p-catenin and TCF-4
mRNAs (Fig. 7B). Therefore, the effect of 17BE on Wnt pathway activation cannot be
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explained by rapid increases the expression of either Wnt receptors or these several
regulatory components of TCF dependent gene expression.

3.7 ERa physically associates with TCF-4

In the absence of evidence supporting a functional role for p-catenin or an increase in the
expression of MRNAs encoding several principal regulators of Wnt pathway activation in
response to 17BE, we hypothesized that the rapid, potent and bifunctional transcriptional
effects that occur by 17BE and Wnt pathway activation might rather derive from molecular
interactions between ERa and TCF-4 proteins. This was assessed in osteoblasts by a two-
hybrid gene expression assay comprising GAL4-DBD tagged ERa and a large fragment of
TCF-4 (TCFt) fused to the herpes virus protein 16 gene transactivation domain (M-ERa and
MVN-TCFt, Figs. 8A,B) in combination with reporter plasmid 5XGAL4. The ERo and
TCFt fusion constructs included highly efficient nuclear localization sequences to ensure
appropriate nuclear accumulation. Importantly, TCFt lacked its amino terminal -catenin
binding domain to test our hypothesis that B-catenin is dispensable for functional
interactions between ERa and TCFs. Predictably, empty M-vector (no ERa) generated no
gene activation without or with 17pE treatment, either alone or in combination with MVN-
TCFt (left four lanes, Fig. 8C). However, co-expression of MVN-TCFt significantly
increased M-ERa dependent gene activation in 17BE treated osteoblasts (right four lanes,
Fig. 8C), revealing a physical interaction between these proteins that required ligand
dependent activation of ERa. To determine possible TCF binding domains on ERa,
osteoblasts were transfected with GAL4-DBD tagged ERa truncation fragments which
correspond to several of its well defined functional regions, including: its ligand independent
gene transactivation domain [M-AB]; its hinge region required for homodimerization with
another molecule of activated ERa and its DBD required for binding to ERE [M-CD]; its
ligand binding and ligand dependent gene transactivation domains [M-EF]; domain E alone
[M-E]; or ERa lacking only its own DBD [M-AC] to eliminate possible compromising
downstream effects by activation of gene expression through ERE. As with intact M-ERa,
all regions except the ligand independent transactivation domain AB were inactive in the
absence of 17BE. Notably, MVN-TCFt significantly interacted with all ERa fragments
which contained domain E in 17BE treated cells, and highly significant interaction occurred
with ERa domain E alone (Fig. 8D).

3.8 Wnt pathway activation enhances physical and functional interactions between ERa

and TCF-4

In agreement with their combined effects on ligand activated ERa through ERE (Fig. 4A),
LiCl plus WAg enhanced M-ERa dependent gene transactivation in 17pE treated cell
cultures, and this was further increased by MVN-TCFt expression (Fig. 9A). An analogous
and highly potent co-induction also occurred with the M-fusion protein containing ERa
domain E alone (Fig. 9B). To eliminate possible contributions by the GAL4 DBD on ERa or
by the herpes virus protein 16 gene transactivation domain on TCFt to functional
interactions between the parental proteins, the cells were instead transfected with M-ERa
and the ERE driven reporter plasmid, or with untagged ERa and either the ERE or TCFRE
driven reporter plasmids, alone or in combination with an expression vector encoding
untagged, B-catenin independent, TCFt. Regarding ERE, gene expression again required
17BE and was further enhanced by LiCl plus WAg. Moreover, this effect was potently
increased by transgenic TCFt expression (left and middle panels, Fig. 9C). Regarding
TCFRE, the stimulatory effect of LiCl plus WAg was also enhanced by transgenic TCFt
expression, and their combined effect was further increased by 17BE (right panel, Fig. 9C).
Therefore, endogenous (Fig. 4) and transgenic (Figs. 8 and 9) Wnt pathway activated
transcription factors interact with ERa. A physical association between TCF-4, which is
expressed at the mRNA and protein levels by differentiating osteoblasts (McCarthy and

Gene. Author manuscript; available in PMC 2012 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McCarthy et al.

Page 10

Centrella, 2010), with ERa principally involves ERa domain E. This can occur in a B-
catenin independent manner in these cells since LiCl by itself has no effect on ERa
activation (Figs. 1 and 2) and, consistent with the lack of response to the GSK3 inhibitor
SB-415286 (Fig. 2B), functional gene transactivation through TCFRE is potentiated in
combination with transgenic TCFt that lacks B-catenin binding potential.

Discussion

Estrogens have clear positive and negative, direct and combinatorial, effects on gene
expression and biochemical activity, by which they can integrate the effects of local growth
factor systems in osteoblasts (Centrella et al., 2004a). Of these, components of the Wnt
growth factor pathway are now considered requisite during earlier and later aspects of bone
formation and remodeling (Milat and Ng, 2009). Like the many regulatory systems that
modulate bone growth and repair, the Wnt pathway cooperates, coordinates, or antagonizes
the response to other local and systemic bone growth regulators (Lian et al., 2006;
Bergenstock and Partridge, 2007; Kugimiya et al., 2007; Reinhold and Naski, 2007; Milat
and Ng, 2009; Sunters et al., 2010). We recently reported that differentiating osteoblasts
react in both B-catenin dependent (so-called canonical) and B-catenin independent
noncanonical ways to Wnt pathway restricted activators. Moreover, by comparison to
fibroblasts, Wnt pathway activation is highly dependent on the essential osteogenic
transcription factor Runx2 (McCarthy and Centrella, 2010). We and others demonstrated
that the Wnt pathway targeted transcription factor TCF-4 physically associates with Runx2
(Reinhold and Naski, 2007; McCarthy and Centrella, 2010). We extended this to show that
their interaction increases Runx2 activity, which is enhanced by biochemical co-activation
of Runx2 and the Wnt pathway independently of B-catenin (McCarthy and Centrella, 2010).

In the present study we further show that the 17BE and Wnt induced pathways are linked in
osteoblasts. We find physical and functional interactions between ERa and TCF-4 that
require hormone dependent ERa activation. The co-stimulatory effect of 173E and Wnt
pathway activation occurs without preferential nuclear re-localization of ERa, which
presides in both the cytoplasm and the nucleus even in the absence of ligand (Htun et al.,
1999), or the involvement of B-catenin stabilization or binding. The intersection between the
17BE and Wnt pathways is at least in part cross-inductive, and differs notably from the
physical and functional interactions that occur between ERa and either Runx2 or C/EBPS. In
the latter instances, hormone dependent complex formation with ERa enhances Runx2
activity but reduces nuclear C/EBPS levels and C/EBPS dependent gene expression. Domain
mapping studies reveal that Runx2 and C/EBP$ each associate with the ERo. DBD and
accordingly suppress ERa dependent gene expression (McCarthy, 2003; Chang et al., 2005).
By contrast, our current studies show that TCF-4 binds hormone activated ERa principally
within ERa domain E in parallel with greater ERa activity in Wnt pathway co-induced cells.
Thus, the combinatorial effects of ERa activation with Runx2, C/EBP3, and TCF4 are
functionally distinct and focused in part through different ERa domains. Although the 173E
and Wnt pathways are each highly influenced by Runx2 expression, it remains unclear at
this point if they are distinct or involve complex interactions by Runx2 with ERa
(McCarthy, 2003), C/EBPS (McCarthy et al., 2000b), or TCF-4 (McCarthy and Centrella,
2010). It remains important to emphasize that each of these signaling systems exhibits both
feed-forward and also counter-regulatory or compensatory responses that may be temporally
and spacially regulated. For example, high levels of Runx2 feed back to suppress ERa
activity (McCarthy, 2003), and high levels of C/EBPS feed back to suppress Runx2 activity
(McCarthy et al., 2000b). As shown in these studies, honcanonical Wnt pathway activation
can potently suppress new Runx2 mRNA expression, and 17BE drives or supports decreases
in the steady state levels of mMRNAs encoding the Wnt receptor component LRP6 and
TCF-4. Nevertheless, the stimulatory effect of 17BE on Wnt pathway activation does not
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appear directly related to rapid changes in mRNAs encoding well characterized Wnt
receptors, or to the multiple downstream regulatory or transcriptional components of TCF
dependent gene expression that we measured. Still, future studies may reveal that other Wnt
pathway related components or TCF gene family members may contribute these overall
effects. A model related to some of these interactions is shown in Fig. 10.

Our current results in osteoblasts both concur and also differ in part with those in other
tissue derived cells. Previous studies in a noninvasive rat mammary epithelial cell line
predicted an intersection between ERa and TCFs by the use of complex expression,
sequestration, and 17pE induced reporter plasmid systems, and by physical interactions
between ERs and TCFs synthesized in reticulocyte lysates (EI-Tanani et al., 2001). In that
cell context, 17pE enhanced downstream gene expression by TCF-1 through the osteopontin
gene promoter independently of canonical ERE, whereas endogenous TCF-4 appeared
inhibitory, even though both TCFs bound ERa or ERB. In agreement with those studies, we
detected a significant albeit relatively attenuated response to 17BE in cells that express ERp
versus ERa and the involvement of the E domain (also called AF2) within ERa. In contrast,
however, we found a positive functional interaction with TCF-4 in osteoblasts. Our current
results may thus differ in part from those findings due to cell lineage differences.
Surprisingly, the mammary epithelial cell studies offered no evidence for the importance of
this interaction on Wnt pathway activation (El-Tanani et al., 2001). In addition, while we
found minimal evidence for interactions between the androgen/AR and Wnt pathways in
osteoblasts, earlier studies in prostate cancer cells showed cross-control between these
systems, engendered by competition between the DBDs of AR and TCF for B-catenin and by
TCF-4 dependent suppression of AR activity (Chesire and Isaacs, 2002). Thus, these results
also differ distinctly from the ERa and TCF-4 interactions that we found with regard to both
steroid receptor domain interactions and to the influence of B-catenin. Still, they may help to
explain our finding that AR expression can potently limit TCF dependent gene expression in
osteoblasts when they are co-stimulated by LiCl and WAg.

In contrast to the influence of the Wnt pathway on ERa activity, the regulatory effect of
17BE on TCF dependent gene expression does not require direct ERa dependent gene
activation through its own DBD. Even so, ligand induced activation of ERa was clearly an
essential component of the interaction between ERa and TCF-4. However, only two of the
several ERa ligands in our test panel, 17BE and the purported ERa antagonist IC1 182780,
enhanced TCF dependent gene expression. Specific conformational changes in ERa. in
response to ligand binding may therefore be necessary for its association with TCF-4,
presumably to reconfigure and properly present ERa domain E, and may only occur with
certain ligands. In addition, they may involve Runx2 which can be transcriptionally co-
activated by either 17BE (McCarthy, 2003) or ICI 182780 (supplemental Fig. 3). Thus, some
ER agonists or antagonists may cause previously unrecognized or unanticipated responses
that involve interactions with other transcriptional components like the TCF, Runx, or C/
EBP transcription factors, and account in part for their specificity in various tissues where
individual binding partners have restricted expression or biological effects.

Finally, of the several biochemical responses or mRNA levels that we examined, we found
highly focused effects by 17BE, alone or in combination with canonical or noncanonical
Whnt pathway activation, within the 24 hour treatment interval that we employed. In most
instances, neither 17BE nor canonical Wnt signaling by LiCl directly affected general
osteoblast activity in this relatively short time frame, whereas p-catenin independent Wnt
pathway activation by WAg enhanced DNA synthesis and limited the expression of
differentiated cell function. By and large, 17BE also had minimal direct effects on the panels
of mRNAs that we examined. In some instances, however, it suppressed steady state mMRNA
levels in combination with canonical Wnt signaling, and maintained or enforced the
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response to WAg. Curiously, Wnt pathway activation suppressed Runx2 mRNA as well
some mRNAs thought to be under direct control of Runx2, even while it directly enhanced
Runx2 transcriptional activity (these studies and (McCarthy and Centrella, 2010)),
confirming that in many instances the expression of Runx2 dependent genes are controlled
post-transcriptionally by effects on the activation potential of pre-existing Runx2 protein, on
its association with other proteins, or on its stability (Chang et al., 1998; Tintut et al., 1999;
MccCarthy et al., 2000b; Selvamurugan et al., 2000; McCarthy, 2003; Selvamurugan et al.,
2004; McCarthy et al., 2007). Even so, our results verify that Runx2 competent cells drive or
prime osteoblasts to respond to Wnt signaling (McCarthy and Centrella, 2010) and predict
the possible involvement of one or more, still unknown, Runx2 sensitive genes.

In summary, our studies reveal cross-control between metabolic pathways activated by 17pE
and Whnt signaling in differentiated osteoblasts replete for Runx2 expression. They further
demonstrate selective interactions by 17BE with so-called canonical and noncanonical Wnt
pathways at the biochemical level, and define a functional ERo domain restricted interaction
with TCF-4 which can occur without the involvement of B-catenin. We extended the
importance of this interaction to show that it requires 17BE activation of ERa, is enhanced
by full Wnt pathway activation, is functionally consequential on both ERa. and TCF
dependent gene expression, and occurs within a cell where both pathways have clear
physiological importance. These interactions may account for pathway selective effects on
gene expression and biological activity in bone by circulating 17BE, and perhaps tissue
restricted effects by some local (McCarthy et al., 2008) or pharmacological SERMs that can
activate ERa, and thereby sustain skeletal integrity.
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Fig. 1.

Estrogen dependent activation of the Wnt and ERa pathways in osteoblasts. Fetal rat
osteoblasts were transfected for 24 hours to express reporter plasmids TOP-Flash with

Page 18

native TCF RE, FOP-Flash with mutated TCF RE, or ERE or ARE driven reporter plasmids
in combination with empty vector (no receptor), native ERa or AR, or ERa mutated in its
DBD (ERa203/204p). The cells were treated with vehicle (0), 20 mM LiCl, 0.1 to 10 nM of

17BE, 10 nM of DHT, or 100 nM of estren (En), raloxifene (Ral), tamoxifene (Tam),

resveratrol (Res), 17aE, or IC1 128780 (ICl) as indicated, and reporter gene enzyme activity
was measured after 24 hours. LiCl significantly increased TOP-Flash activity without or
with steroid receptor expression (A,D); 17BE at 10 nM significantly increased TOP-Flash

activity with native (A,C,E) or mutated ERa (D); 17BE at 0.1 to 10 nM significantly

increased ERE driven reporter only with native ERa (A,C,E); DHT and En significantly
increased ARE activity only with AR (A); ICI significantly increased TOP-Flash activity
alone or in combination with 17BE, and Ral, Tam, and 17aE significantly increased ERE

driven reporter activity (E); (* = P <0.05).
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Fig. 2.

Canonical Wnt pathway activation co-stimulates ERa activity. Fetal rat osteoblasts were
transfected for 24 hours to express reporter plasmid TOP-Flash, or ERE driven reporter
plasmid, or the oxytocin gene promoter in combination with expression vectors encoding
native ERa and Wntl (A,B) or with ERa alone (C). The cells were treated with vehicle (0),
10 nM 17BE, 20 mM LiCl, and/or 0.6 to 6 uM of the GSK3 inhibitor SB 415286 (SB)
(bottom left panel, B) or 6 uM of SB (bottom right panel, B; C) as indicated, and reporter
gene enzyme activity was measured after 24 hours (A,B), or nuclear and cytoplasmic
extracts, corrected for total protein content, were probed by Western blot analysis with
antibody to B-catenin or cyclophilin B (loading controls) (C). LiCl (A,B) and Wnt 1
expression significantly (A) increased TOP-Flash activity alone, and 17BE significantly
increased TOP-Flash activity alone and enhanced the effect of LiCl (A,B). 173E at 10 nM
significantly increased the ERE (A,B) or oxytocin promoter (A) driven reporters alone, and
LiCl (A,B) or Wntl expression (A) enhanced the effect of 17BE. SB at 6 uM significantly
increased the effect of 17BE through ERE in control and LiCl treated cells (B); (* =P
<0.05).
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Fig. 3.

Runx2 is required for efficient Wnt pathway activation in ERa activated osteoblasts. Fetal
rat osteoblasts were transfected for 24 hours to express reporter plasmids TOP-Flash, the
Runx sensitive reporter SXN1C, or 5XGAL4 in combination with expression plasmid
encoding native ERa (A), vector pSV7d or pSV7d encoding Runx2 in antisense orientation
(aSR2) (Ji et al., 2001; McCarthy, 2003; McCarthy and Centrella, 2010), empty vector M
driving the expression of GALADBD or vector M fused to full length Runx2 (M-Runx2;
center panel B) or ERa (M-ERa, right panel B) as indicated, or with expression vector
encoding native ERa (C). The cells were treated with vehicle (0), 10 nM 17BE and/or 20
mM LiCl as indicated, and reporter gene enzyme activity was measured after 24 hours. 17pE
significantly increased reporter gene expression through TOP-Flash, SXN1C, and 5XGAL4
in combination with M-Runx2 or M-ERa (A,B); LiCl significantly increased reporter gene
expression through TOP-Flash, SXN1C, and 5XGAL4 in combination with M-ERa (A,B);
17BE and/or LiCl together significantly co-increased reporter gene expression through TOP-
Flash, SXN1C, and 5XGAL4 in combination with M-Runx2 (A,B); aSR2 expression
significantly suppressed TOP-Flash activity in 17BE and/or LiCl activated cells (left panel,
A); (* = P <0.05).
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Fig. 4.

Further ERa dependent co-activation in combination with a noncanonical Wnt pathway
agonist. Fetal rat osteoblasts were transfected for 24 hours to express reporter plasmids
TOP-Flash, or ERE or ARE driven reporter plasmids in combination with expression
plasmids encoding native ERa, ERp, or AR (A,B), or native ERa alone (C,D). The cells
were treated with vehicle (0), 20 mM LiCl and/or 10 pM WAg alone or in combination with
10 nM of 17BE or 10 nM of DHT as indicated, and reporter gene enzyme activity was
measured after 24 hours (A,B), or nuclear and cytoplasmic extracts, corrected for total
protein content, were probed by Western blot analysis with antibody to g-catenin (C,D),
TCF-4, ERa (D), or cyclophilin B (loading controls) (C,D), as shown. LiCl and WAg
together significantly increased reporter gene expression through TOP-Flash and ERE by
comparison to either agent alone; LiCl plus WAg significantly increased the stimulatory
effect of 17BE on TOP-Flash and ERE activity in ERa and ERp transfected cells (A,B); and
LiCl plus WAg significantly increased the stimulatory effect of DHT on ARE activity in AR
transfected cells (B); (* = P <0.05).
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Fig. 5.

ERa activation does not modify the basal or immediate Wnt dependent effects on osteoblast
differentiation. Fetal rat osteoblasts were transfected for 24 hours to express native ERa.
The cells were treated for 24 hours with vehicle (0), 20 mM LiCl and/or 10 uM WAg alone
or in combination with 10 nM of 17BE as indicated. DNA synthesis measured by pulse
labeling with [2H]thymidine during the last 2 hours of treatment, and assaying acid insoluble
[3H]thymidine incorporation (A). Collagen and noncellagen protein synthesis was measured
by pulse labeling with [3H]proline during the last 2 hours of treatment, and assaying acid
insoluble [3H]proline incorporation into collagenase digestible and collagenase insensitive
cell extracts. Collagen/total protein synthesis was calculated by correcting for the 5.4 fold
relative enrichment of proline in collagen (Peterkofsky and Diegelmann, 1971; Centrella et
al., 1992) (B). Total protein content was measured with Bradford reagent (Bradford, 1976)
(C). Alkaline phosphatase specific activity was measured by p-nitrophenol phosphate
hydrolysis and correcting for protein content (Centrella et al., 1995) (D). Osteoprotegerin
secretion was determined in conditioned medium extracts (McCarthy et al., 1994), corrected
for total protein content, by Western blot (E). WAg significantly increased DNA synthesis
rate (A), and suppressed percent collagen synthesis (B) and alkaline phosphatase activity (D)
in vehicle or 17BE treated cells, and significantly increased total protein content in 17BE
treated cells (C); (* = P <0.05).
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Fig. 6.

Whnt pathway activation selectively regulates differentiation related mRNA expression by
osteoblasts. Fetal rat osteoblasts were transfected for 24 hours to express native ERa. The
cells were treated for 24 hours with vehicle (0), 20 mM LiCl and/or 10 pM WAg alone or in
combination with 10 nM of 17pBE as indicated, and mRNA levels were measured by RT-
PCR. *s designate significant differences from untreated cells; (* = P <0.05).
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Fig. 7.

ERa activation selectively alters canonical Wnt pathway dependent effects on mRNA

Real time PCR, Wnt pathway related mRNAs
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expression by osteoblasts. Fetal rat osteoblasts were transfected for 24 hours to express
native ERa. The cells were treated for 24 hours with vehicle (0), 20 mM LiCl and/or 10 pM
WAQg alone or in combination with 10 nM of 178E as indicated, and mRNA levels were
measured by RT-PCR. *s designate significant differences from untreated cells; (* =P

<0.05).
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Fig. 8.

ERa physically associates with TCF-4. Fetal rat osteoblasts were transfected for 24 hours to
express reporter plasmid 5XGAL4 in combination with expression plasmids encoding empty
vector M driving the expression of GAL4DBD or vector M fused to full length ERa or the
ERa fragments indicated (A), and/or empty vector MV N driving the expression of the
herpes virus protein 16 transactivation domain or MVN fused to transcription factor TCF-4
lacking its B-catenin binding domain (TCFt) (B). The cells were treated vehicle (0) or 10 nM
17BE and reporter gene enzyme activity was measured after 24 hours. 17BE significantly
increased reporter gene expression through 5XGAL4 and MVN-TCTt significantly
enhanced ERa dependent gene expression in 173E treated cells (C). ERa fragment AB
significantly enhanced reporter gene expression through 5XGALA4 relative to empty vector
M but was not further increased by 17BE or MVVN-TCFt co-expression, whereas all ERa
fragments retaining domain E were significantly activated by 17BE and further enhanced by
MVN-TCFt co-expression (D); (* = P <0.05).
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Fig. 9.

Whnt pathway activation enhances physical and functional interactions between ERa and
TCF-4. Fetal rat osteoblasts were transfected for 24 hours to express reporter plasmids
5XGAL4, ERE driven reporter plasmid, or TOP-Flash reporter plasmid in combination with
expression plasmids encoding vector M driving the expression of GAL4DBD fused to full
length ERa (A, left panel C), ERa fragment E (B), vector MVN driving the expression of
the herpes virus protein 16 transactivation domain or MV N fused to B-catenin independent
TCF-4 (A,B), or B-catenin independent TCF-4 driven by expression plasmid pcDNA3
(pcTCFt) (C). The cells were treated vehicle (0), 20 mM LiCl and/or 10 uM WAg alone or
in combination with 10 nM of 17BE as indicated, and reporter gene enzyme activity was
measured after 24 hours. 17BE significantly increased reporter gene expression through
5XGAL4 (A,B), ERE, or TOP-Flash (C); LiCl plus WAg significantly increased the effect
of 17BE; MVN-TCTt expression significantly enhanced ERa (A) or ERa fragment E (B)
dependent gene expression in 17BE treated cells through 5XGAL4 (A,B), and pcTCFt
expression significantly enhanced ERa activity in 17BE treated cells through ERE or TOP-
Flash reporters (C); (* = P <0.05).
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Fig. 10.

Transcription factor restricted functional interactions with ERa. in osteoblasts. A model
based on results from these studies proposes that, in differentiating osteoblasts, 17pE
activated ERa enhances gene expression through TCF response elements (TCF RE), and
Whnt pathway induction enhances the transcriptional effect of 17BE activated ERa through
ERE response elements in a B-catenin independent way through a functional complex
formation between ERo and TCF-4 (right half of figure). These co-stimulatory events
contrast with earlier studies revealing that an interaction between ERo and Runx2 that
enhances Runx2 dependent gene expression through Runx response elements (Runx RE)
and suppresses ERa dependent gene expression through ERE (McCarthy, 2003); and
between ERao and C/EBP that co-suppresses gene expression by ERa through ERE and C/
EBP through C/EBP response elements (C/EBP RE) (Chang et al., 2005) (left half of
figure). Perhaps imposed on this, but not detailed in this figure, and the physical and
functional interactions between TCF-4 and Runx2 (McCarthy and Centrella, 2010), and
between Runx2 and C/EBP (McCarthy et al., 2000b), and the interactions between these
factors by the osteoblast growth factor TGF-f and/or IGF-I pathways (McCarthy et al.,
1997; McCarthy et al., 2000a; Centrella et al., 2004a; McCarthy and Centrella, 2010). The
importance of changes in specific downstream genes regulated by the individual or
combined effects of ERa and TCF activation and the mechanisms by which they occur, now
just initiated here (Figs. 6,7), await further studies.
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