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Opposing Effects of Glucocorticoids and
Wnt Signaling on Krox20 and Mineral
Deposition in Osteoblast Cultures
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Abstract Krox20 is expressed in osteoblasts and chondrocytes, and is required for trabecular bone formation during
embryogenesis. Here we show by RT-qPCR and Western blot analysis that Krox20 is up-regulated during late stages of
osteoblast differentiation in culture. Glucocorticoids (GCs) rapidly inhibit the expression of Krox20 as well its co-activator,
HCF-1, resulting in inhibition of the Osteocalcin Krox20-binding Enhancer (OKE). GCs also inhibit expression of EGR1,
EGR3, and EGR4. OKE activity, which is dependent on the presence of Runx2, was independent of the osteocalcin
promoter Runx2 binding site. In contrast to GCs, activation of the Wnt, but not the BMP or the PTH signaling pathways,
stimulated Krox20 expression as well as activity of the OKE. GC-mediated suppression of Krox20 expression was
compromised, albeit not completely, in the presence of DKK1, suggesting that the inhibition occurs in both Wnt-
dependent and Wnt-independent manners. Furthermore, Wnt3A partially rescued Krox20 expression in GC-arrested
osteoblast cultures and this was accompanied by rescue of mineralization. These findings are consistent with a role for
Krox20 in osteoblast function and suggest that this transcription factor may contribute to the opposing effects of GCs and
Wnt signaling on bone formation. J. Cell. Biochem. 103: 1938–1951, 2008. � 2007 Wiley-Liss, Inc.
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The family of early growth response (EGR)
genes consists of four members, EGR1/Krox24,
EGR2/Krox20, EGR3, and EGR4 (reviewed in
Gashler and Sukhatme [1995]). Their expres-
sion is rapidly induced by serum and growth
factors, such as nerve growth factor, epidermal
growth factor, and platelet-derived growth
factor [Milbrandt, 1987; Christy et al., 1988;
Lemaire et al., 1988]. The four EGR proteins are
transcription factors with a highly conserved
DNA-binding domain composed of three zinc-
fingers, which recognize G:C-rich DNA motifs
[Chavrier et al., 1988; Gashler and Sukhatme,

1995; Swirnoff and Milbrandt, 1995; O’Donovan
et al., 1999] in the promoters of target genes
such as Hox-1.4 [Chavrier et al., 1990], Hoxa-2
and Hoxb-2 [Nonchev et al., 1996], thymidine
kinase [Chavrier et al., 1990; Molnar et al.,
1994], and synapsin I and II [Petersohn et al.,
1995; Thiel and Cibelli, 2002]. The transactiva-
tion activity of EGR factors is modulated by co-
activators such as HCF-1 [Luciano and Wilson,
2003], and co-repressors such as NAB1 [Russo
et al., 1995], NAB2 [Svaren et al., 1996], and
Ddx20 [Gillian and Svaren, 2004].

Whereas early studies highlighted the role of
EGR genes in cell proliferation [Lemaire et al.,
1988], more recent investigations using knock-
out mice assigned roles for the EGR genes in
specific organ systems (reviewed in O’Donovan
et al. [1999]). EGR1-deficient mice present
endocrine abnormalities, in particular a mark-
ed reduction in pituitary luteinizing hormone
and lack of luteinizing hormone receptor
expression in ovaries, resulting in male and
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female infertility [Lee et al., 1996; Topilko et al.,
1998]. EGR2 knockout mice have severe abnor-
malities in hindbrain development [Wilkinson
et al., 1989; Schneider-Maunoury et al., 1993]
and impaired peripheral nerve myelination
[Topilko et al., 1994]. Mice lacking EGR3
display severe motor abnormalities due to the
absence of muscle spindles [Tourtellotte and
Milbrandt, 1998], and deficiency in EGR4 dram-
atically alters sperm production and matura-
tion resulting in male infertility [Tourtellotte
et al., 1999].

Little is known about the role of EGRs in
bone. EGR1-deficient mice have low bone mass,
attributable to hypogonadism and increased
bone turnover [Cenci et al., 2000]. Additionally,
retinoic acid and prostaglandin E2, which
stimulate osteoblastic cell proliferation and
differentiation, increase the expression of EGR1
[Suva et al., 1991; Fang et al., 1996]. EGR2 is
expressed in long bone chondrocytes and osteo-
blasts [Levi et al., 1996] and EGR2 deficiency
results in a severe defect in trabecular bone
formation [Levi et al., 1996]. Moreover, EGR2
binds an enhancer element at the Osteocalcin
(OC) promoter, which is operative in osteoblasts
as well as fibroblasts that forcibly express
Runx2 [Leclerc et al., 2005].

The Wnt signaling pathway plays a critical
role in bone mass control. Inactivating muta-
tions in the Wnt co-receptor LRP5 cause
osteoporosis in humans [Gong et al., 2001] and
LRP5-deficient mice also have low bone mass
[Kato et al., 2002]. Furthermore, mutations in
LRP5 that increase Wnt signaling are associ-
ated with high bone mass in both humans and
mice [Boyden et al., 2002; Little et al., 2002;
Babij et al., 2003]. Alterations in other compo-
nents of the Wnt signaling pathway also affect
bone mass (reviewed in Glass and Karsenty
[2006]). Several studies suggest that the Wnt
signaling pathway controls bone mass by stim-
ulating osteoblast proliferation, survival, and
differentiation (reviewed in Westendorf et al.
[2004] and Glass and Karsenty [2006]). How-
ever, Wnt target genes that mediate its bone
anabolic effect are largely unknown.

Glucocorticoids (GCs) are anti-inflammatory
drugs widely prescribed for the management of
rheumatoid arthritis, lupus erythematosus,
asthma, cancer, and organ transplantation.
However, the beneficial properties of GCs are
accompanied by rapid bone loss and increased
risk of fractures [Van Staa et al., 2000]. The

primary cause of long-term GC-induced osteo-
porosis (GIO) is the inhibition of bone formation
due to impaired osteoblast function (reviewed in
Canalis [2005] and Mazziotti et al. [2006]). GCs
inhibit Wnt signaling in osteoblasts by activat-
ing glycogen synthase kinase 3b [Smith et al.,
2002], inhibiting the transcriptional activity
of LEF/TCF [Smith and Frenkel, 2005] and
enhancing the expression of Wnt inhibitors
[Ohnaka et al., 2004; Ohnaka et al., 2005; Wang
et al., 2005]. GCs also inhibit the expression of
EGR genes in osteoblasts [Leclerc et al., 2004,
2005] as well as immune cells [Kharbanda
et al., 1991; Hass et al., 1992; Mittelstadt and
Ashwell, 2001].

In the present study, we pursued a possible
link between GCs, Wnt signaling and EGR2/
Krox20 in osteoblasts. We show that Krox20 is
stimulated by the Wnt signaling pathway and is
rapidly inhibited by GCs partly via inhibition of
the Wnt pathway. Furthermore, Wnt3A parti-
ally reverses the inhibitory effect of GCs on both
Krox20 expression and mineral deposition.

MATERIALS AND METHODS

Cell Culture

MC3T3-E1 cells, isolated based on their
robust mineralization and the strong inhibitory
effect of dexamethasone (DEX) [Smith et al.,
2000], were plated in 12-well plates for lucifer-
ase assays and alizarin red staining, and in
6-well plates for mRNA expression analysis.
Newborn mouse calvarial osteoblast (NeMCO)
cultures were prepared from one day-old pups.
The parietal bones were cleaned from all
sutures and subjected to sequential digestion
with 1% Collagenase P (Roche Applied Science,
Indianapolis, IN) and 0.25% Trypsin (Invitro-
gen, Carlsbad, CA) in phosphate buffer saline.
The first and second digestions were discarded
and cells obtained from the last digestion were
plated in 6-well plates for mRNA expression
analysis and in 12-well plates for alizarin red
staining. Both MC3T3-E1 cells and NeMCOs
were plated at a density of 8,000 cells/cm2 and
maintained in a-minimum essential medium
(Invitrogen) supplemented with 10% fetal bo-
vine serum (Invitrogen). When indicated, cells
were treated with DEX (Sigma), recombinant
mouse Wnt3A (rmWnt3A, R&D Systems, Min-
neapolis, MN), lithium chloride (LiCl, Sigma),
potassium chloride (KCl, Sigma), recombinant
human BMP2 (rhBMP2, Wyeth Research,
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Cambridge, MA), recombinant human DKK1
(rhDKK1, R&D Systems), and rat PTH(1-34)
(Bachem, Torrance, CA). In short-term experi-
ments, reagents were gently added to the
cultures drop wise without feeding, to minimize
response of EGRs to mitogenic stimuli and/or
fluid shear stress. To facilitate osteogenic differ-
entiation, the culture medium was supple-
mented with 50 mg/ml ascorbic acid (Sigma)
and 10 mM b-glycerophosphate (Sigma) when
cultures reached confluency.

Plasmid Construction

To construct OKE3-147-OC-Runx2m-Luc, we
initially mutated the OSE2 site in�147-OC-Luc
[Ducy and Karsenty, 1995]. The CAACCACA
sequence (core Runx2 motif underlined) was
replaced by CtgCagCA, thus generating a
unique PstI site (italicized). The forward primer
used for PCR mutagenesis was 50-GCCCAGG-
TACCTGCAATCACCtgCagCAGCATCCTTT-
GGG-30. The reverse primer, which overlaps the
transcription start site and contains a SalI site,
was 50-CTGTGGTCGACTTGTCTGTTCTGC-30.
The resultant construct, �147-OC-Runx2m-Luc
was digested with PstI and KpnI, the latter
recognizing a restriction site in the vector
immediately upstream of the PstI site. A PCR
fragment containing three copies of the OKE
was amplified from the OKE3-147-OC-Luc
[Leclerc et al., 2005] using a forward primer
containing a KpnI restriction site (50-CCCC-
GGGTACCGAGCCTTGCCCAGGCAAG-30) and
a reverse primer containing a PstI restriction
site (50-TGCTGCTGCAGGTGATTGCAGGAC-
CTCGAG-30). The PCR product was digested
with KpnI and PstI, and ligated with the KpnI/
PstI-digested �147-OC-Runx2m-Luc. Correct
construction of both plasmids was verified by
restriction digestions and sequencing.

Transfection and Luciferase Assays

MC3T3-E1 cells were transiently trans-
fected using the Lipofectamin LTX reagent
(Invitrogen) according to the manufacturer’s
instructions or using the calcium phosphate
co-precipitation method as previously described
[Leclerc et al., 2005]. Stable transfection of
MC3T3-E1 cells was performed essentially as
described previously [Frenkel et al., 1996] using
the calcium phosphate co-precipitation method
and hygromycin (100 ng/ml) as the selection
drug. Luciferase activity was measured using

the Luciferase Assay System kit (Promega,
Madison, WI).

RNA Analysis

Total RNA was isolated using Aurum Total
RNA kit (Bio-Rad, Hercules, CA) following the
manufacturer’s recommendations. One micro-
gram of total RNA was reverse-transcribed
(Invitrogen) and the cDNA was subjected to
real-time PCR amplification (RT-qPCR) using
IQ SYBR Green (Bio-Rad), unless otherwise
stated. The following forward (F) and reverse (R)
PCR primers were designed using the Primer3
program (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi): EGR1/Krox24: F 50-CCCTG-
ACTATCTGTTTCC-30, R 50-TCTGCTTTCTTG-
TCCTTC30; EGR2/Krox20: F 50-ATCACAGG-
CAGGAGAGAGTC-30, R 50-AGGCTGTGGTT-
GAAGCTG-30; EGR3: F 50-CCTCCTTATTCCA-
ACTGC-30, R 50-AGAACTC-ACAGGCAAAGG-
30; EGR4: F 50-ACAGCGGCAGCTTCTTCAT-
C-30, R 50-GACCTTGGTCCCTACTGCAGAG-
30; HCF-1: F 50-ATCACTT-CCCCAAGAGCTG-
A-30, R 50-CTCAGTGGGAAGATGGTGCT-30;
Ddx20: F 50-GGCTCCCACAAGAGAAATTG-30,
R 50-TGCCAACATCT-GCTTACTCG-30; NAB1:
F 50-CTGCAGCAGGAGAGGAGACT-30, R 50-G-
GACTTGGCCTCACTGGAG-30; NAB2: F 50-G-
AAATCCAGCA-GCCTCCTC-30, R 50-CCACAC-
GATCATGGGAGAC-30; rpL10A: F 50-CGCCG-
CAAGTTTCTGGAGAC-30, R 50-CTTGCCAGC-
CTTGTTTAG-GC-30.

Western Blot Analysis

NeMCOs were washed, collected and centri-
fuged in phosphate-buffered saline, and pellets
were resuspended in 1.5 packed cells volume of
lysis buffer (60 mM Tris–Cl pH 6.8, 2% SDS).
Lysates were boiled for 5 min and further
dissociated by several passes through 23-gauge
needles, followed by centrifugation at 16,000 rpm
for 30 min at 48C to remove cell debris. The
protein concentration was determined using the
micro BCA Protein Assay kit (Pierce, Rockford,
IL) and 20 mg were subjected to electrophoresis
in a 10% polyacrylamide denaturating gel.
Equal loading was verified by Coomassie stain-
ing and Krox20 was detected as described
previously [Leclerc et al., 2004].

Inhibition of Translation

MC3T3-E1 cells were pre-treated for 30 min
with 10 mM of the translational inhibitor
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cycloheximide (CHX), and then 1 mM DEX was
added to the cultures for 4 h. Total RNA was
isolated from the cells using Triazol reagent
(Invitrogen) and cDNA was synthetized using
the SuperScript III First Strand Synthesis
System (Invitrogen). Following DNAse I treat-
ment, EGR2/Krox20 and ribosomal protein
L10A (rpL10A) mRNA levels were assessed
using PCR, electrophoresis on 1% agarose gel
and densitometric analysis using the Gene
Genius Bio Imaging System (Syngene).

Histological Assessment of Calcium Deposition

Culture wells were washed once with cold
phosphate-buffer saline and fixed for 1 h at 48C
in 70% ethanol. Calcium deposits were stained
for 10 min at room temperature with filtered
alizarin red solution (40 mM, pH 4.2). Non-
specific staining was removed by several washes
in water.

Statistical Analysis

Mean values from quantitative assays were
compared by the unpaired t-test using Graph-
Pad Instat version 3.0 for PC. Differences were
considered significant when P� 0.05.

RESULTS

Krox20 is Up-Regulated During Terminal
Osteoblast Differentiation and Repressed by GCs

Microarray analysis of GC-arrested MC3T3-
E1 osteoblastic cells disclosed strong repression
of Krox20 [Leclerc et al., 2004], a gene pre-
viously implicated in osteogenesis [Levi et al.,
1996]. We initially followed Krox20 expression
as a function of time during development of the
osteoblast phenotype in MC3T3-E1 cultures.

As shown in Figure 1A, Krox20 mRNA pro-
gressively increased, reaching on Day 12 levels
that were 1.6-fold higher than those observed
on Day 3. Treatment with 1 mM DEX, which

Fig. 1. Basal and GC-regulated expression of EGR genes during
osteoblast differentiation. A–E: Cells were plated and treated,
commencing on Day 2, with osteogenic medium containing
either 1mM DEX (closed circles) or ethanol vehicle (open circles).
Expression of the indicated EGR genes was measured by RT-
qPCR between Days 3 and 13 of MC3T3-E1 (A) and primary
NeMCO (B–E) cultures. Results were corrected for the respective
ribosomal protein L10A (rpL10A) mRNA levels, which them-
selves did not significantly change in response to culture progres-
sion or DEX treatment. Data (mean� SD, n¼3) is normalized to
the Day-3 control levels, defined in each case as 100. Inset in
Panel C shows Western analysis of Krox20 in NeMCO cultures
treated as above and harvested on Days 3, 9 and 13. F: NeMCO
cultures were treated as above with DEX (right) or vehicle (left).
Micrographs show alizarin red staining of fully differentiated
cultures (100�). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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strongly suppresses differentiation [Smith et al.,
2000; Leclerc et al., 2004] inhibited Krox20
expression at each of the time points tested
(Fig. 1A). Notably, DEX inhibited Krox20
expression even in pre-confluent uncommitted
cultures, when it does not inhibit cell cycle
progression [Smith et al., 2000] (data not
shown). Similar to the MC3T3-E1 model, anal-
ysis of primary Newborn Mouse Calvarial
Osteoblast (NeMCO) cultures demonstrated a
differentiation-related up-regulation of Krox20
expression, with a 2.1-fold increase in Krox20
mRNA between Days 11 and 13 (Fig. 1C),
concomitant with mineralization of the extrac-
ellular matrix (data not shown). DEX signifi-
cantly inhibited Krox20 mRNA expression in
NeMCO cultures at every time point tested
between Days 3 and 13. Western analysis
confirmed a progressive increase in Krox20
protein levels during development of the osteo-
blast phenotype, with DEX displaying an
inhibitory effect at all stages. These results are
consistent with a role for Krox20 in terminal
osteoblast differentiation.

We also followed expression of the other
members of the EGR gene family in NeMCO
cultures. Interestingly, each of EGR1, 3, and 4
also displayed a differentiation-related increase
in gene expression, amounting to 1.6-, 1.7-, and
2.1-fold, respectively, between Days 11 and 13
(Fig. 1B,D,E). However, EGR1 and EGR4
mRNA levels did not reach their respective
Day-3 levels. The expression pattern of all EGR
genes also shared a decrease during the
first days of culture (Fig. 1B–E), possibly
related to the down-regulation of proliferation.
DEX strongly inhibited expression of all EGR
family members at every time point tested
(Fig. 1B–E), paralleling the inhibitory effect of
GCs on both osteoblast proliferation and differ-
entiation. Figure 1F demonstrates, by alizarin
red staining, the inhibitory effect of DEX on
calcium deposition in NEMCO cultures.

DEX Rapidly Inhibits Krox20 mRNA Expression

The up-regulation of Krox20 during terminal
osteoblast differentiation, along with the in vivo
Krox20 knockout bone phenotype [Levi et al.,
1996], suggest a role for this gene in osteoblasto-
genesis, abrogation of which could potentially
contribute to GC-induced osteoporosis (GIO).

To investigate whether GCs inhibit Krox20
expression in osteoblasts directly, we initially
measured Krox20 mRNA in MC3T3-E1 cultures

1, 2, 4, and 8 h after addition of either 1 mM DEX
or ethanol vehicle. In response to the addition of
vehicle, Krox20 mRNA increased by 46% within
1 h, followed by a time-dependent decrease to
14% of the initial level at 8 h (Fig. 2A). The other
three EGR genes responded to the addition of
vehicle in a similar manner (data not shown).
The up-regulation of the EGR mRNAs observed
in the control cultures, presumably a response
to physical manipulation (see Materials and
Methods Section), was not observed in the
DEX-treated cultures. In these cultures, DEX
significantly inhibited the expression of the
EGRs at all time points tested. Specifically, as
shown in Figure 2A for Krox20, the transcript
level was immediately and strongly repressed,
reaching within 1 h 53% of the initial level, or
32% of the level observed in the control cultures.
At this time point, DEX repressed all EGR
mRNAs (Fig. 2A, inset). Overall, the DEX-
mediated inhibition of EGR3 followed a pattern
similar to that of Krox20, and EGR4 was the
least inhibited (Fig. 2A, inset). In a subsequent,
shorter time course experiment, DEX signifi-
cantly inhibited Krox20 expression to 50% the
initial control level within as little as 15 min
(Fig. 2B). This rapid inhibition suggests a direct
effect of GCs on Krox20 expression.

To confirm that the inhibition of Krox20 by
GCs does not require de novo protein synthesis,
and to test whether such a direct effect persists
beyond a few minutes, we measured Krox20
expression in cultures treated with DEX for 4 h
in the presence of the translational inhibitor
cycloheximide (CHX). As shown in Figure 2C,
DEX significantly decreased Krox20 mRNA in
the presence of CHX, suggesting a direct effect.
However, the inhibition in the presence of CHX
amounted to only 28%, much less than the 81%
inhibition measured in the absence of CHX
(Fig. 2C). The compromised effect of GCs in the
presence of CHX may suggest that their long-
term (hours) inhibitory effect is in part indirect,
requiring new protein synthesis. Alternatively,
CHX could stabilize Krox20 mRNA, partially
masking a stronger, direct effect of GCs on
Krox20 transcription.

GCs Modulate the Expression of Krox20
Co-Regulators

We next tested whether Krox20 co-activators
and co-repressors were also regulated by DEX.
Unlike Krox20 itself (Fig. 2A), expression of its
co-regulators was not as sensitive to physical
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manipulation of the cultures, and did not
significantly change after addition of vehicle
(data not shown). DEX halved the expression of
HCF-1, the only known Krox20 co-activator
[Luciano and Wilson, 2003], within 2 h, and this
effect was sustained and remained significant
for the entire 24-h time course (Fig. 3). The
expression of Ddx20, one of three known Krox20

co-repressors [Gillian and Svaren, 2004], was
stimulated by 50% after 4 h of DEX treatment,
but then decreased to 60–70% of the control
level (Fig. 3). The EGR co-repressors NAB1 and
NAB2 [Russo et al., 1995] were inhibited in a
cyclical fashion. In the case of NAB2, the cyclical
repression could reflect the fact that it is not
only a regulator, but also a transcriptional
target of Krox20 [Gillian and Svaren, 2004].
Thus, the repression of NAB2 after 2 h of DEX
treatment (Fig. 3) could result from the rapid
inhibition of Krox20 expression (Fig. 2A,B),
while the ensuing increase in NAB2 mRNA
levels could result from its negative auto-
regulation. By 8 h, both NAB1 and NAB2
reached new steady state levels that were 30%
and 20% lower than the respective control levels
(Fig. 3). In all, the transient 50% stimulation
of Ddx20 and the sustained 50% repression of
HCF-1, along with the sevenfold repression of
Krox20 itself (Fig. 2A), appear to be the major
events contributing to the GC-mediated 50%
loss in Krox20 transcriptional activity [Leclerc
et al., 2005].

Wnt Signaling Stimulates Krox20

Krox20 expression is linked to osteoblast
differentiation (Fig. 1). Consistent with this,

Fig. 2. DEX inhibits Krox20 mRNA expression rapidly and
directly. A: Krox20 mRNA was measured by RT-qPCR in Day-4
MC3T3-E1 cultures that were treated for 1, 2, 4, and 8 h with
either 1 mM DEX (closed circles) or vehicle (open circles).
Treatment was delivered without medium change. Inset shows
the inhibitory effect at each time point as the DEX/Vehicle ratio
for Krox20 as well as the other EGR mRNAs measured in the same

samples. B: Krox20 mRNA was measured as in Panel A after
shorter (up to 1-h) treatment periods. C: MC3T3-E1 cultures were
pre-incubated for 30 min with 10 mM cycloheximide, followed
by 4 h of treatment with either 1 mM DEX or vehicle. Krox20
mRNA was measured as described in Materials and Methods
Section and corrected for rpL10A mRNA. Mean� SD, n¼3;
*P�0.05.

Fig. 3. DEX modulates the expression of Krox20 co-
regulators. Day-4 MC3T3-E1 cultures were treated with 1 mM
DEX or vehicle and the mRNAs for HCF-1, Ddx20, NAB1 and
NAB2 were measured by RT-qPCR. Values were corrected for the
expression of rpL10A mRNA. Results (Mean� SD, n¼ 3)
represent ratios of the corrected mRNA levels in the DEX-treated
with respect to the control cultures.
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activity of the recently discovered Osteocalcin
Krox20-binding Enhancer (OKE), located just
11-bp upstream of the classical Runx2-binding
OSE2 element [Ducy and Karsenty, 1995;
Banerjee et al., 1996], was demonstrable in
MC3T3-E1 osteoblastic cells and in C310T1/2
mouse embryo fibroblasts transfected with
Runx2, but not in naı̈ve C310T1/2 cells [Leclerc
et al., 2005]. To explore the interaction between
Krox20 and Runx2, we transfected MC3T3-E1
cells with an OKE reporter construct in which
the OSE2 site was mutated. As shown in
Figure 4A, OKE significantly enhanced tran-
scription from the proximal OC promoter by 5-
to 6.6-fold, regardless of whether OSE2 was
mutated. Thus, although the OKE activity is
dependent on Runx2 expression [Leclerc et al.,
2005], it is independent of the adjacent Runx2-
binding OSE2 site. Because OKE activity in
MC3T3-E1 cells requires that the cultures enter
a specific developmental stage [Leclerc et al.,
2005], we believe that the role of Runx2 is to
provide a permissive environment for the OKE
activity.

Among the most important drivers of osteo-
blast growth and differentiation is the Wnt
signaling pathway, and inhibition of the Wnt
pathway by GCs plays an important role in
abrogation of the osteoblast phenotype [Smith
et al., 2002; Ohnaka et al., 2004; Smith and
Frenkel, 2005; Wang et al., 2005]. GCs also
suppress Krox20 mRNA (Figs. 1A,C and 2), and
inhibit by 50% the activity of both the OKE
[Leclerc et al., 2005] and the Krox reporter
4�Egr.syn (data not shown), which contains
four consensus EGR motifs [Gillian and Svaren,
2004]. We therefore examined whether the Wnt
pathway regulates Krox20, initially by trans-
fecting MC3T3-E1 cells with the Krox reporter
plasmids OKE3-147-OC-Luc (illustrated in
Fig. 4A) and 4�Egr.syn [Gillian and Svaren,
2004]. As control, MC3T3-E1 cells were also
transfected with OKEm3-147-OC-Luc, in which
each of the three OKE sequences in OKE3-147-
OC-Luc was mutated to abolish Krox20 binding
[Leclerc et al., 2005]. The Wnt pathway was
stimulated either with recombinant Wnt3A or
with LiCl, a GSK3b inhibitor. LiCl-mediated
stimulation was assessed after correction for ion
effects measured in parallel cultures using KCl.

Activation of the Wnt signaling pathway by
LiCl significantly increased transcription from
both the OKE3-147-OC-Luc (Fig. 4B) and the
4�Egr.syn (Fig. 4D) reporters. Recombinant

Wnt3A similarly enhanced activity of these
Krox reporters, although the activation of
OKE3-147-OC-Luc by Wnt3A did not reach
statistical significance, possibly due to the
influence of non-EGR transcription factors on
this reporter. Interestingly, stimulation of the
Krox reporters occurred only upon activation of
the Wnt signaling pathway and not in response
to other bone anabolic agents tested. Specifi-
cally, PTH(1-34) did not increase transcription
from either Krox reporter (Fig. 4B,D), while
significantly stimulating transcription from a
CREB reporter [Miguel et al., 2005] used as
positive control (Fig. 4D, inset). Similarly,
BMP2 significantly stimulated its classical
reporter, 12�SBE [Zhao et al., 2003] (Fig. 4D,
inset), but not 4�Egr.syn (Fig. 4D). OKE3-147-
OC-Luc (Fig. 4B) was not stimulated by BMP2
beyond the level observed with the correspond-
ing OKE mutant construct (Fig. 4C), which is
attributable to the Runx2 site (see Fig. 4A).
Thus, results using both the OKE3-147-OC-Luc
and the 4�Egr.syn reporters suggest that
Krox20 may play a role specifically downstream
of the Wnt signaling pathway in osteoblasts.
Stimulation of Krox20 activity could be
accounted for by the increase in Krox20 mRNA,
which was observed already 0.5 h after treat-
ment of MC3T3-E1 cultures with Wnt3A, and
became significant at 2 and 4 h (Fig. 4E).
Notably, however, the effect of Wnt3A was
transient; it was followed by down-regulation
of Krox20 mRNA to levels significantly lower
than the respective controls, reflecting tight
regulation of this gene (Fig. 4E). Altogether, a
role for Krox20 in osteoblast function is sup-
ported by the following observations: (i) it is
up-regulated during terminal osteoblast differ-
entiation (Fig. 1A,C); (ii) it is stimulated by
Wnt3A (Fig. 4B–E); (iii) it is repressed by GCs
(Figs. 1A,C and 2); (iv) it enhances OC tran-
scription [Leclerc et al., 2005]; and (v) it contri-
butes to embryonic trabecular bone formation
[Levi et al., 1996].

Involvement of the Wnt Signaling Pathway in
DEX-Mediated Krox20 Repression

We previously reported that GCs inhibit Wnt
signaling in osteoblasts [Smith et al., 2002;
Smith and Frenkel, 2005]. Because GCs inhibit,
and Wnt3A stimulates Krox20 expression
([Leclerc et al., 2004, 2005] and Figs. 1, 2,
and 4), we asked whether the repression of
Krox20 by GCs is attributable to the inhibition
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Fig. 4. Wnt stimulates Krox20. A: MC3T3-E1 cells were
subjected to long-term transient transfection as previously
described [Leclerc et al., 2005] and luciferase activity was
measured on Day 6. Representative results (mean� SEM) are
shown from one of three independent experiments performed
in triplicate wells. The constructs, illustrated on the left, were
-147-OC-luc (top), OKE3-147-OC-luc, -147-OC-Runx2m-luc,
and OKE3-147-OC-Runx2m-luc; *P� 0.05. B–D: MC3T3-E1
cultures were stably (B,C) or transiently (D) transfected with
the indicated Krox reporter constructs as described in Materials
and Methods Section. On Day 3, cells were treated for 24 h
in serum-free medium with either Vehicle, 10 ng/ml
rmWnt3A, 40 mM LiCl, 40 mM KCl, 100 ng/ml rhBMP2, and
50 nM PTH(1-34) as indicated. Each bar represents luciferase

activity (Mean� SEM; n¼3) normalized for the mean Vehicle
value, which itself is defined as 1. The values measured in the
LiCl-treated cultures were corrected for those measured in KCl-
treated cultures to account for ion effects. Inset in Panel D
demonstrates the effects of rhBMP2 and PTH(1-34) on their
classical response elements, which bind SMAD (12� SBE) and
CREB (CRE4-Luc), respectively; *P�0.05. E: Krox20 mRNA
levels were measured by RT-qPCR in MC3T3-E1 cells untreated
or treated with 40 ng/ml rmWnt3A for the indicated time periods.
Values were corrected for the expression of rpL10A mRNA,
which itself did not respond to treatment. Each data point is the
ratio between the value measured in Wnt3A-treated versus the
respective control culture (mean� SEM; n¼3); *P�0.05.
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of the Wnt signaling pathway. To this end, we
measured the extent of Krox20 inhibition by
DEX after activation of the Wnt pathway with
Wnt3A and after repression of the pathway with
the Wnt antagonist DKK1. When Wnt signaling
was activated with Wnt3A, DEX significantly
inhibited Krox20 expression by more than
six-fold (Fig. 5A). As expected, co-treatment
with DKK1 almost completely negated the
Wnt3A-mediated activation of the pathway, as
evidenced by the prevention of Cyclin D1 up-
regulation (Fig. 5B). In the presence of DKK1,
Krox20 expression decreased to levels close to
those observed in the absence of Wnt3A, and
the DEX-mediated repression of Krox20 was
reduced from 6-fold to 3.7-fold. Thus, GCs
inhibit both the mechanisms driving Krox20
expression in Wnt-deprived cells (presence of
DKK1) and the additional mechanisms respon-
sible for augmentation of Krox20 expression
by Wnt (Fig. 5C).

Wnt3A Partially Rescues DEX-Inhibited Krox20
Expression and Extracellular Matrix

Mineralization

Because the Wnt signaling pathway is
involved in GC-mediated inhibition of Krox20
(Fig. 5), and because Krox20 is implicated in

osteogenesis ([Levi et al., 1996] and Fig. 1), we
asked whether treatment with Wnt3A could
antagonize the inhibitory effects of GCs on both
Krox20 and the osteoblast phenotype. Initially,
we treated MC3T3-E1 cultures for 4 h with
DEX, Wnt3A, or both reagents combined. As
shown in Figure 6, DEX treatment decreased
Krox20 mRNA to 28% of the control level.
Co-treatment with Wnt3A partially rescued
Krox20 expression up to 46% the control level,
which was a significant 68% increase compared
to the level measured with DEX alone (Fig. 6).
On a side note, shorter treatments with Wnt3A
were insufficient to rescue Krox20 expression in
the presence of DEX.

We next tested whether Wnt3A could also
counteract the inhibitory effect of GCs on the
osteoblast phenotype. MC3T3-E1 cultures were
chronically treated with DEX, commencing
on Day 3, and Wnt3A was co-administered
either chronically, between Days 3 and 11, or
briefly, for 48-h between Days 3 and 5. Calcium
deposition was assessed by alizarin red stain-
ing. Whereas chronic Wnt3A treatment did
not counteract the inhibitory effect of DEX
(Fig. 7A), brief exposure of the GC-treated
cultures to Wnt3A rescued mineralization
(Fig. 7B). However, microscopic evaluation

Fig. 5. DEX inhibits Krox20 expression via DKK1-sensitive and
-insensitive mechanisms. A: MC3T3-E1 cultures were treated for
2.5 h with 1 mM DEX in the presence or absence of 10 ng/ml
rmWnt3A alone or in combination with 25 ng/ml rhDKK1. Total
mRNA was collected and Krox20 mRNA was measured by
RT-qPCR. Data (mean� SEM) are from one representative of 3
experiments, and are expressed as DEX-mediated fold repres-

sion. B: Cyclin D1 mRNA was measured by RT-qPCR in the
Wnt3A-treated and Wnt3A/DKK1-co-treated cultures to control
for the inhibition of Wnt signaling by DKK1. C: Schematic
illustration describing the dual inhibitory mechanism, direct and
indirect, by which GCs inhibit Krox20. *P�0.05 when
compared to each of the other two conditions.
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revealed a clear difference between the miner-
alization patterns in the control versus the
Wnt3A-rescued cultures (Fig. 7D). Whereas
the mineralized nodules in the control (and the
Wnt3A-treated) cultures were small and abun-
dant, they were fewer but much larger after
co-treatment with DEX and Wnt3A, suggesting
enhanced development of the osteoblast pheno-
type in fewer foci as compared to the untreated
cultures.

DISCUSSION

While best studied in the context of the
nervous system, Krox20 is also expressed else-
where, including in osteoblasts and chondro-
cytes [Levi et al., 1996; Voiculescu et al., 2000].
A role for Krox20 in osteogenesis is suggested
by the arrest of trabecular bone formation
observed in Krox20 knockout mouse embryos
[Levi et al., 1996]. Further supporting a role for
this gene in osteoblasts, the present study
demonstrates regulation of Krox20 by the Wnt
signaling pathway, among the most important
in controlling osteoblast growth and differ-
entiation (reviewed in Westendorf et al. [2004]
and Glass and Karsenty [2006]). These obser-
vations suggest that the strong inhibition of
Krox20 in response to GCs contributes to
glucocorticoid-induced osteoporosis (GIO). Con-
sistent with this notion, we show in the present
study that GCs very strongly and rapidly
suppress Krox20 expression and that treatment
with Wnt3A partially rescues both Krox20

expression and mineralized nodule formation
in GC-arrested osteoblast cultures.

EGR transcription factors have been impli-
cated in mediating the mitogenic activities of
growth factors [Milbrandt, 1987; Lemaire et al.,
1988]. Therefore, the respective positive and
negative regulation of Krox20 by Wnt signaling
and GCs is likely related to their activities on
the osteoblast cell cycle, in particular a uniquely
controlled cell cycle that occurs during commit-
ment to the bone phenotype [Smith et al., 2000].
Like Krox20, this cell cycle is inhibited by GCs
and rescued by activation of the Wnt signaling
pathway [Smith et al., 2002]. Indeed, there is
evidence that the so-called differentiation-
related cell cycle directly contributes to develop-
ment of the bone phenotype [Smith et al., 2000].

Fig. 6. Wnt3A partially rescues Krox20 expression in DEX-
treated cultures. MC3T3-E1 cultures were treated for 4 h with
10 ng/ml rmWnt3A or vehicle in the presence or absence of 1 mM
DEX. Total mRNA was collected and Krox20 mRNA was
measured by RT-qPCR. Results (mean� SD, n¼ 3) are corrected
for rpL10A mRNA; *P�0.05.

Fig. 7. Wnt3A induces formation of large mineralized nodules
in DEX-treated cultures. MC3T3-E1 cultures were treated with 10
ng/ml rmWnt3A or vehicle in the presence or absence of 1 mM
DEX commencing on Day 3. A,C: DEX and Wnt3A were
administered chronically, and alizarin red staining was per-
formed on Day 11. B,D: DEX was chronically administered
between Days 3 and 13 and Wnt3A was administered
between Day 3 and Day 5. Alizarin red staining was performed
on Day 13. Panels C,D are representative bright-field micro-
graphs (100�) of the cultures scanned in Panels A,B, respec-
tively. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Such a role for Krox20 in osteoblasts would add
to the growing evidence that Krox20 is essential
for the specification of various cell lineages
including Schwann cells [Topilko et al., 1994;
Zorick et al., 1996; Warner et al., 1998],
chondrocytes undergoing chondro-osteoblastic
transformation [Levi et al., 1996], and adipo-
cytes [Chen et al., 2005]. Further supporting a
role for Krox20 in cell type-specific events,
activity of the OKE is differentiation-related
and dependent on Runx2 expression [Leclerc
et al., 2005].

All EGR mRNAs were readily detectable in
primary osteoblast cultures, and the four genes
displayed similar expression patterns. Initially
their levels dropped during early stages of cell
proliferation and condensation, likely reflect-
ing down-regulation of cell cycle progression.
Thereafter, the EGR mRNAs increased as the
cultures started to deposit a bony matrix.
Although the late increase in EGR mRNAs
suggest that they may play a role in osteoblast
differentiation, Krox20-deficient osteoblast cul-
tures deposited mineralized extracellular
matrix in a manner undistinguishable from
control cultures (data not shown). Possibly,
functional redundancy allowed other EGR
family members to compensate for the defi-
ciency in Krox20. However, such redundancy
would not secure EGR function in the presence
of GCs, because GCs strongly suppress all EGR
genes. The molecular mechanisms underlying
GC-mediated repression may be unique to each
of the four EGR genes because alignment of
�100-kb surrounding each gene did not reveal
any region with significant homology across the
four genes, with the exception of the sequences
encoding the DNA-binding domains.

In addition to repression of Krox20 itself,
GCs also repressed expression of the Krox20
co-activator HCF-1 more than they did to the
EGR co-repressors NAB1, NAB2, and Ddx20.
The multi-pronged repression of the EGR
network may participate in all or some of the
deleterious skeletal effects of GCs. These
include: (1) inhibition of pre-osteoblast prolifer-
ation, as EGRs are classically implicated in cell
growth [Milbrandt, 1987; Christy et al., 1988;
Lemaire et al., 1988]; (2) impairment of osteo-
blast differentiation, as EGRs have been impli-
cated in cellular specification [Topilko et al.,
1994; Levi et al., 1996; Zorick et al., 1996;
Warner et al., 1998; Chen et al., 2005];
(3) attenuation of a1(I) collagen synthesis, as

c-Krox, a relative of the EGR family, has been
implicated in this promoter’s activity [Galera
et al., 1994; Galera et al., 1996]; (4) promotion of
apoptosis [Zalavras et al., 2003; O’Brien et al.,
2004], as EGRs have been implicated in the
control of cell survival [Tourtellotte et al., 1999;
Thiel and Cibelli, 2002; Parkinson et al., 2004];
and (5) stimulation of bone resorption [Jia et al.,
2006; Kim et al., 2006], as mice lacking EGR1
display high bone turnover and low bone mass
[Cenci et al., 2000].

Multiple signal transduction pathways are
necessary for development of the osteoblast
phenotype, and many of them are abrogated
by GCs. Besides Wnt, these include the FGF,
IGF, Notch, and the BMP signaling pathways
[Delany et al., 2001; Pereira et al., 2002; Luppen
et al., 2003a,b; Leclerc et al., 2004]. Several
recent studies focused on GC-mediated inhib-
ition of the Wnt signaling pathway, which
occurs via GSK3b activation [Smith et al.,
2002], GSK3b-independent inhibition of LEF/
TCF activity [Smith and Frenkel, 2005], and
stimulation of the Wnt antagonists DKK1
[Ohnaka et al., 2004] and sFRP-1 [Wang et al.,
2005]. The variety of mechanisms by which
GCs adversely affect the skeleton renders
the task of GIO treatment extremely difficult.
Administration of recombinant BMP2 restores
mineralization in GC-arrested osteoblast cul-
tures but does not rescue Krox20 expression
(data not shown) or collagen accumulation
[Luppen et al., 2003a,b]. In the present study
we show that the partial rescue of Krox20 by
recombinant Wnt3A is associated with partial
rescue of mineralization in focal but highly
developed bony nodules. It will be interesting to
see whether co-treatment of GC-arrested cul-
tures with both BMPs and Wnts results in a
more complete rescue. Such an approach, how-
ever, must take into consideration that, unlike
BMP2, which delivers positive results whether
administered acutely [Luppen et al., 2003a] or
chronically [Luppen et al., 2003b], Wnt3A must
be administered for only a short period of time.
The negative outcome of chronic administration
(Fig. 7A) possibly reflects the requirement for
down-regulation of the Wnt signaling pathway
at very late stages of osteoblast differentiation
[de Boer et al., 2004; Li et al., 2005; van der
Horst et al., 2005], although such requirement
in the present study was only apparent in the
presence of DEX (Fig. 7). Interestingly, miner-
alization was not perturbed by prolonged Wnt
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treatment in the absence of DEX (Fig. 7).
Possibly, the rescued mineralization in the
DEX/Wnt3A co-treated cultures occurred via
molecular mechanisms different from those
operative in control cultures. Such notion is
supported by the different morphology of the
mineralized nodules under the two conditions.

In summary, we show that GCs rapidly
inhibit expression of all four EGR genes. The
inhibition of Krox20 is mediated, at least in
part, by a direct, CHX-resistant mechanism,
and is attributable in part to the inhibition of the
Wnt signaling pathway. Recombinant Wnt3A
partially rescues both Krox20 expression and
mineralized nodule formation, advocating the
development of therapies for GIO that take
advantage of the anti-GC activities of Wnts.
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