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Abstract
Osterix (Osx, Sp7) is a zinc-finger transcription factor belonging to the specificity protein (Sp)

family expressed in cells of the osteoblast lineage in the developing skeleton where it

regulates expression of a number of osteoblastic genes. We previously reported inhibition of

osterix mRNA and protein by parathyroid hormone (PTH) stimulation of cAMP in osteoblasts.

We here show that Osx expression in osteoblasts is regulated by Sp proteins as demonstrated

by mithramycin A inhibition of Osx mRNA and OSX protein levels. Mutation of putative

transcription factor binding sites within the Osx promoter demonstrated a tandem repeat

sequence that selectively binds OSX but not other Sp factors expressed in osteoblasts

(Sp1, Sp3, or Tieg (Klf10)). Mutation of either or both the repeat sequences inhibited 90% of

the promoter activity and also abrogated some of the PTH-mediated inhibition of the

promoter. Previous studies have shown growth factor regulation of Osx expression by MAPK

proteins, particularly p38 phosphorylation of OSX that increases its transcriptional activity.

PTH stimulation of osteoblasts inhibits MAPK components (ERK, JNK, and p38) but inhibition

of Osx mRNA and protein expression by PTH was selectively mimicked by p38 inhibition and

expression of constitutively active MKK6, which stimulates p38, blocked PTH inhibition of

OSX. Together, our studies suggest that OSX autoregulation is a major mechanism in

osteoblasts and that PTH stimulation inhibits osterix by inhibition of p38 MAPK

regulation of OSX.
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Introduction
Osterix (Osx, Sp7) is a zinc-finger containing transcription

factor of the specificity protein (Sp) family that is essential

for osteoblast differentiation and embryonic skeletal

development. Osx-deficient mice accumulate preosteo-

blasts, arrested in their differentiation and unable to

express key osteoblastic genes, such as osteocalcin, bone

sialoprotein, and osteopontin (Nakashima et al. 2002). In

the absence of OSX, the prenatal cartilaginous skeleton
fails to mineralize, and these mice die at birth (Nakashima

et al. 2002). There is also increasing evidence to suggest

that OSX plays a role in the homeostasis of adult bones.

When Osx is knocked down in postnatal mice, the animals

accumulate bone microfractures, have decreased osteo-

blastic activity, and impaired osteocyte maturation and

function (Baek et al. 2009, Zhou et al. 2010). In humans,

several genome-wide association studies have correlated
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certain polymorphisms of the OSX gene with decreased

bone mineral density in children and adults (Timpson

et al. 2009, Lapunzina et al. 2010).

OSX is a transcriptional activator that drives the

expression of target genes through its association with

Sp binding motifs. Forced expression of OSX in vitro

induces the expression of several osteoblastic genes,

including collagen type 1A1 and osteocalcin (Fu et al.

2007, Kurata et al. 2007). The Osx gene is organized into

two exons and one intron and is driven by a TATA-less

promoter (Gao et al. 2004). Mouse and rat OSX proteins are

expressed as both long and short isoforms that appear as

two major bands of 56 and 46 kDa on immunoblots of

bone protein extracts (Hong et al. 2009). It is not clear

whether there are any differences in the activities of these

isoforms. There is also evidence that OSX can undergo

posttranslational modification. Ser-73 and Ser-77 on OSX

can be phosphorylated by p38 MAPK, resulting in greater

activation of two target promoters, fibromodulin and

bone sialoprotein (Ortuno et al. 2010).

A number of factors regulate OSX levels and as such

may contribute to the regulation of osteoblast differen-

tiation. Bone morphogenic protein-2 (BMP2), one of the

several BMPs important in osteoblast differentiation, can

directly induce OSX expression through a number of

pathways. BMP2 can induce expression of the runt-

domain factor Runx2, a transcription factor expressed

before OSX in the osteoblast lineage and shown to

stimulate OSX expression (Lee et al. 1999). In addition,

BMP2 can also activate the homeodomain-containing

transcription factor Dlx5, which can then bind and

activate the Osx promoter (Lee et al. 2003, Ulsamer et al.

2008). IGFs acting through IGF1 tyrosine kinase receptors

can also stimulate OSX levels in human mesenchymal

cells (Celil & Campbell 2005).

Other factors have been shown to inhibit OSX

expression. The inflammatory cytokine tumor necrosis

factor a (TNF-a) inhibits osteoblast differentiation and

negatively regulates the expression of OSX (Gilbert et al.

2000, Lu et al. 2006). The effects of TNF-a on the Osx

promoter have recently been shown to be mediated

through EGF receptors by regulation of the transcription

factor paired related homeobox protein (Prx1 (Prrx1);

Lu et al. 2011). Parathyroid hormone (PTH), which is

both catabolic and anabolic to bone, has receptors on

osteoblasts and can regulate both osteoblast activity and

osteoblast differentiation. We have reported that pro-

longed stimulation with PTH inhibits Osx mRNA and

protein expression in osteoblastic UMR106-01 cells and

murine calvaria via a cAMP-dependent pathway that
http://jme.endocrinology-journals.org
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causes downstream transcriptional repression (Hong

et al. 2009). PTH responses were localized to the proximal

K304/C91 region of the Osx promoter. Within the PTH-

responsive region, NFkB, Ets1, and NF-Y sites and two

contiguous putative Sp binding sites were identified.

We have shown that deletion of the NFkB site had no

effect on PTH regulation of the Osx promoter (Hong et al.

2009). The aim of this study was to identify transcriptional

regulators of Osx within the PTH-responsive region and to

further determine the mechanisms by which PTH inhibits

OSX expression.
Materials and methods

Materials

Rat PTH(1–34) was from Bachem Bioscience, Inc. (King of

Prussia, PA, USA). Mithramycin A (MA) and forskolin were

from Tocris Bioscience (Ellisville, MO, USA). Primers were

synthesized by Integrated DNA Technologies (IDT, Coral-

ville, IA, USA). MAPK inhibitors U0126, SP600125, and

SB203580 were from Selleck Chemicals (Burlington, ON,

Canada). The luciferase Osx promoter plasmid K1269/

C91 was kindly provided by Dr Mark Nanes (Emory

University, Atlanta, GA, USA), and the cDNA encoding

constitutively active MKK6(Glu) (Raingeaud et al. 1996)

was developed by Dr Roger Davis (University of Massa-

chusetts, Worcester, MA, USA) and obtained from

Addgene (Cambridge, MA, USA). The cDNA encoding

constitutively active JNKK2-JNK1 (Zheng et al. 1999)

was kindly provided by Dr Anning Lin (The University

of Chicago, Chicago, IL, USA). Antibodies used were as

follows: osterix (ab22552) and actin (ab1801) from Abcam

(Boston, MA, USA); Sp1 (07-645) from EMD Millipore

(Billerica, MA, USA); Sp3 (sc-644), TIEG (sc-67062), MKP-1

(sc-2027), and IgG (sc-2027) from Santa Cruz Technology

Santa Cruz, CA, USA; and Erk1/2 (9102), pERK1/2 (9101),

JNK (9252), pJNK (9251), p38 (9212), and phospho-p38

(9211) from Cell Signaling Technology (Danvers,

MA, USA).

Cell preparations and treatments

UMR106-01 osteosarcoma cells (from Dr Nicola Partridge

UMDNJ-Robert Wood Johnson Medical School, Piscat-

away, NJ, USA) were cultured as described previously

(Hong et al. 2009). Primary mouse osteoblasts were

prepared from calvaria of neonatal CD1 mice by collagen-

ase digestion as described previously (Wong & Cohn

1975). In some experiments, whole calvaria were dissected

and cultured as described previously (Hong et al. 2009).
Published by Bioscientifica Ltd.
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Cells were plated at a density of 5!105 cells/well in

6-well plates for RNA or protein extractions, at 2!105

cells/well in 12-well plates for luciferase assays or 106 cells

in 100 mm dishes for chromatin preparations. Following

treatments, cells were lysed and proteins were extracted

as described previously (Lai et al. 2005) or RNA was

extracted using TRIzol (Life Technologies) according to

the manufacturer’s instructions.
–1269/+91 (m34/38)
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Real-time PCR

RNA samples were reverse transcribed and real-time PCR

was performed as described previously (Hong et al. 2009).

Primers used were glyceraldehyde-3-phosphate dehydro-

genase (GAPDH): rat forward, 5 0-CAT GGC CTT CCG TGT

TCC TA-3 0 and reverse, 5 0-GCG GCA CGT CAG ATC CA-3 0;

mouse GAPDH forward, 5 0-CAG CCT CCC GTA GAC A-3 0

and reverse: 5 0-CGC CCA ATA CGG CCA AA-3 0; rat Osx

forward, 5 0-CAG CCT GCA GCA AGT TT GG-3 0 and

reverse, 5 0-TTT TCC CAG GGC TGT TGA GT-3 0; mouse

Osx forward, 5 0-GGT CCC CAG TCG AGG AT-3 0 and

reverse, 5 0-CTA GAG CCG CCA AAT TTG CT-3 0. The

quantified individual RNA expression was normalized

to GAPDH.
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Figure 1

Mutational analysis of the Osx promoter. (A) Schematic representation of

the relative positions of putative transcription factor binding sites in the

K1269/C91 Osx promoter. (B) UMR106-01 cells transfected with the

K1269/C91 Osx promoter reporter; promoter constructs with mutations in
Immunoblotting

Designated amounts of protein were separated on 11%

SDS–PAGE gels, transferred to nitrocellulose membranes,

and probed with antibodies to specific proteins followed

by HRP-labeled anti-rabbit IgG antibody (GE Healthcare,

Mississauga, ON, Canada). Proteins were visualized using

ECL reagent (GE Healthcare) and exposed to X-ray film.

Protein bands were quantified by densitometry imaging

using ImageQuant software (Molecular Dynamics,

Sunnyvale, CA, USA). All target protein expression levels

were normalized to the amount of a-actin detected in

the same sample.

the regions indicated in brackets or empty vector (PGL3basic). Cells were

assayed for luciferase and b-galactosidase activities 24 h after transfection.

Corrected luciferase activities expressed relative to the wild-type promoter

are shown. (C) PTH regulation of the indicated promoter luciferase

constructs or empty vector was assessed using 10 nM rPTH(1–34) for 16 h

before measuring luciferase activity. The values shown indicate luciferase

activity in the presence of PTH relative to that in the basal state.

(D) Luciferase activity of K1269/C91 Osx promoter reporter and the

mutation of the first Sp site (K40/K44) reporter were tested for basal and

PTH-regulated activity in primary mouse osteoblasts. Cells were treated

with or without 10 nM rPTH(1–34) for 16 h before measuring luciferase

activity. The values shown indicate luciferase activity in the presence of PTH

relative to that in the basal state, cells transfected with empty vector were

assessed without PTH stimulation. Statistical significance in B and C:

*P!0.001 relative to K1269/C91; in D, statistical differences between bars

are indicated by differences in letters P!0.05.
Site-directed mutagenesis of reporter constructs and

luciferase assays

Osx promoter reporter mutants were made using Quik-

Change II XL Site-Directed Mutagenesis Kit (Agilent

Technologies, Palo Alto, CA, USA) according to the

manufacturer’s guidelines. Mutations that were intro-

duced are highlighted in bold: m34/38, CAC CCC CAC

CCC CAA AAA CCA CCC C; m34/44, CAC CCC CAC

CCC CAC CCC AAA AAC C; m40/44, CAC CCC CAC

CCC CAA AAA CAA AAC C; m114/118: TCA TTG GAT
http://jme.endocrinology-journals.org
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TCT CGC TAT; and m155/159, AGG AAA TAA CTA. All

constructs were verified by DNA sequencing. The base pair

numbering is in reference to the predicted transcription

start site of the Osx promoter (Lu et al. 2006). Luciferase

assays were performed as described previously (Hong

et al. 2009) using a luciferin reagent (Promega). All

luciferase results were corrected for transfection efficiency

using b-gal activity assessed as described previously (Hong

et al. 2009).
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Chromatin immunoprecipitation assays

Cells were treated with either vehicle or 1 nM rPTH(1–34)

for 2–24 h. Following treatment, cellular proteins were

cross-linked and chromatin was prepared and immuno-

precipitated as described previously (Matthews et al. 2005).

To measure total input of DNA, 5 ml of each sample were

incubated in the same buffer. DNA was uncross-linked

by incubating overnight at 66 8C and purified on spin

columns (Life Technologies). Osx promoter fragments

were quantified by real-time PCR using Power SYBR

Green, 300 nM forward and reverse ChIP primers (Osx

promoter primer: forward, CTC ATT GGA TCC GGA GTC

TTC T; reverse, TGT CTG TAG GGA TCC ACC CTC TA),

and 2 ml DNA sample, in a final volume of 15 ml. Input

DNA and immunoprecipitated samples were assayed

in triplicate. Total amounts of binding by a specific

antibody were determined by expressing the amount of

DNA obtained for each immunoprecipitated sample as a

percentage of total DNA using the following formula:

% of inputZ2ðKDCt antibodyÞ!100, where DCt antibodyZCt

total DNAKCt Ab.
Actin

Figure 2

Mithramycin A (MA) inhibits Osx promoter activity and OSX expression.

(A) UMR106-01 cells were transfected with K1269/C91 Osx promoter and

incubated in the presence of increasing concentrations of MA or vehicle

control for 8 h before assessment of luciferase activity corrected for

b-galactosidase activity in the same cells. (B) UMR106-01 cells or neonatal

mouse calvaria were incubated in the presence of 10 nM rPTH(1–34) (PTH),

2 mM MA (MA), or vehicle control (Con) for 16 h before extraction of RNA

and assessment of Osx mRNA levels by real-time PCR relative to the levels of
Statistical analysis

Data from three independent experiments are expressed

with bars indicating S.E.M. Statistical analyses were

performed using the GraphPad Prism software (San

Diego, CA, USA). One-way ANOVA, where P!0.05 was

considered statistically significant, followed by Bonferroni

post hoc analysis was used to determine the effect of

reagents on Osx expression. Statistical significance was

considered with P!0.05.
GAPDH in each sample. Bars indicate Osx mRNA levels relative to Con for

each cell/tissue type. Statistical significance in A and B: *P!0.001 relative to

control values. (C) The effect of incubation of UMR106-01 cells with 1 mM

MA (CMA), 10 nM rPTH(1–34) (CPTH), 1 mM MA and 10 nM rPTH(1–34)

(CMACP) or vehicle control (Con) for 16 h on OSX and a-actin protein

expression were assessed by SDS–PAGE and immunoblot. Two isoforms

of OSX were expressed and both were suppressed by MA or PTH by 50%.

Duplicate samples were assessed in each experiment and each experiment

was repeated twice with representative blots shown.
Results

Sp binding sites are important for Osx promoter activity

To examine the importance of the potential transcrip-

tion factor binding sites on Osx promoter activity,
http://jme.endocrinology-journals.org
DOI: 10.1530/JME-12-0251
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luciferase constructs containing the entire Osx promoter

(K1269/C91) were mutated sequentially at each of the

identified sites (Fig. 1A). Mutation of the NF-Y site

(m114/118) increased promoter activity by 60%, while

mutation of the Ets1 site (m155/159) had no effect.
Published by Bioscientifica Ltd.
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Conversely, mutation of either or both of the two Sp sites

resulted in O90% decrease in basal promoter activity

(Fig. 1B). This indicated that the two Sp sites in the

proximal region of the Osx promoter were vital for

promoter activity. All the three Sp site mutants displayed

significantly higher activity than the baseline activity

of empty PGL3 vector-transfected cells (PGL3basic),

suggesting that promoter activity was not completely

abolished. To determine whether mutation of the Sp

sites altered PTH responsiveness of the Osx promoter,

cells were treated with 1 nM PTH for 16 h. PTH inhibited
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the activity of the wild-type Osx promoter luciferase

construct by w70%. Disruption of either or both the

Sp sites resulted in significant impairment of PTH

inhibition of Osx promoter activity, although activity

was still reduced by as much as 50% by PTH (Fig. 1C).

To determine whether the importance of the Sp sites on

promoter activity could also be seen in primary

osteoblasts, neonatal mouse osteoblasts were transfected

with either the wild-type K1269/C91 Osx promoter or

the promoter with one Sp site mutated (m40/44) and

activity assessed with or without treatment with PTH.

As shown in Fig. 1D, mutation of the Sp site reduced

promoter activity by 70% and completely blocked PTH

inhibition in these cells.
MA inhibits Osx transcription

To further investigate the importance of Sp factors in

osterix expression, cells were treated with MA, a reagent

that blocks interaction of Sp factors with their recognition

sequences (Miller et al. 1987, Blume et al. 1991). MA

decreased the activity of the wild-type K1269/C91

luciferase construct in a concentration-dependent manner

(Fig. 2A). Moreover, similar to PTH, MA treatment also

resulted in decreased expression of Osx mRNA in both

UMR cells and in whole calvaria (Fig. 2B). Western blots

also showed that cells treated with MA, PTH, or the

combination of both decreased both OSX isoforms to

similar levels, while actin levels in the cells were

unaffected (Fig. 2C).
Figure 3

Osterix but not other Sp factors bind to the Osx promoter. (A) Chromatin

prepared from UMR106-01 cells was assessed for transcription factor

binding to the Osx promoter proximal to the two Sp binding sites

(K44/K34). Following immunoprecipitation with antibodies specific to

the indicated transcription factors, the amount of Osx promoter binding

to each factor was assessed by real-time PCR. Bars indicate the amount of

Osx DNA in each sample relative to the total input amount in the assay.

Nonspecific binding was assessed using IgG in the immunoprecipitation

assay. *Statistical significance: P!0.0001 relative to IgG. (B) UMR106-01

cells were incubated with 10 nM rPTH(1–34) for the indicated times before

cell extraction and chromatin preparation. PTH stimulation significantly

decreased OSX binding to its own promoter within 2 h of stimulation and

this continued to decrease over 24 h. Statistical significance: *P!0.05

relative to control values. (C) Immunoblots of 25 mg samples of UMR106-01

cell extracts showing expression of each of the transcription factors

assessed in the ChIP assays. Incubation of the cells with 10 nM rPTH(1–34)

for 8 h had no effect on the levels of any of these proteins. (D) Immunoblots

of OSX expression in UMR106-01 cells treated with 10 nM rPTH(1–34) over

the same time periods as used for ChIP assays show that OSX protein was

decreased with treatments of 4 h or longer.

Published by Bioscientifica Ltd.
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Figure 4

Effect of PTH stimulation on the levels of MAPKs and the effect of MAPK

inhibitors on Osx mRNA and Osx promoter luciferase activity.

(A) UMR106-01 cells were incubated for the indicated times with 10 nM

rPTH(1–34) before extraction of cellular proteins. 10 mg samples of cellular

extracts were analyzed by SDS–PAGE and immunoblots using specific

antibodies to each of the indicated MAPKs and their activated

(phosphorylated) forms as shown on the side of each blot. Levels of MKP-1,

a phosphatase that can dephosphorylate MAPKs, are also shown in the

bottom panel. (B) UMR106-01 cells were incubated with 10 mM concen-

trations of U0126, a specific inhibitor of ERK1/2; SP600125, a specific

inhibitor of JNK (SP); SB203580, a specific inhibitor of p38 MAPK (SB), or

vehicle control for 16 h before extraction of cellular RNA and assessment of

Osx mRNA by real-time PCR. (C) UMR106-01 cells were transfected with

K1269/C91 promoter luciferase construct and the cells were then

incubated with either 10 mM SB203580 for the indicated times or 10 nM

rPTH(1–34) for 24 h before assessment of luciferase activity. Statistical

significance in B and C indicated by *P!0.05 relative to control values.
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Osterix binds to its own promoter

As the Sp sites were responsible for much of the activity of

the Osx promoter, it is likely that transcription factors

acting at these sites are crucial for basal OSX expression.

We assessed Sp1, Sp3, and TIEG1 expression and binding

to the Osx promoter. In UMR cells, immunoblotting

showed expression of Sp1, Sp3, and TIEG1, and this was

unaffected by treatment with PTH for 8 h (Fig. 3C).

Association of Sp1, Sp3, TIEG1 (KLF10), or OSX with the

Osx promoter at the Sp sites was assessed by ChIP assays.

As shown in Fig. 3A, OSX was the only one of these

transcription factors that was significantly associated with

the Osx promoter in the area proximal to the two Sp sites,

indicating that OSX may drive its own expression in

osteoblasts. Furthermore, OSX binding to its own

promoter was significantly reduced following 2–24 h of

PTH treatment. The decrease in Osx ChIP (Fig. 3B)

preceded the reduction in OSX protein that is seen with

PTH treatment (Fig. 3D), suggesting some additional

mechanism of regulation by PTH.

Previous studies showing OSX phosphorylation by

p38 MAPK suggested a potential mechanism by which

PTH could be regulating Osx. As shown in Fig. 4A, PTH

treatment rapidly inhibited the levels of activated,

phosphorylated, ERK1/2, JNK, and p38, while increasing

the expression of the MAPK phosphatase MKP-1. We

therefore examined the effects of pharmacological

inhibitors of MAPKs on the levels of Osx mRNA. As

shown in Fig. 4B, incubation with the MEK1/2 inhibitor

U0126 or the JNK inhibitor SP600125 had no effect on Osx

RNA, indicating that the loss of pERK or pJNK by PTH was

not likely to mediate its inhibition of Osx. However,

incubation of the cells with SB203580, an inhibitor of p38

MAPK, significantly inhibited Osx mRNA (Fig. 4B) and

inhibited luciferase activity of the wild-type Osx promoter

K1269/C91 construct (Fig. 4C). Our previous work

showed that the effect of PTH on OSX is mediated through

the cAMP pathway (Hong et al. 2009), and we further

explored here whether stimulation of adenylyl cyclase

through forskolin could also mimic the effects of PTH. As

shown in Fig. 5, forskolin produced similar effect on the

Osx promoter, OSX expression at the mRNA and protein

levels, and also inhibited pp38 levels to a similar degree as

PTH treatment of the same cells. Thus, PTH inhibition of

p38 MAPK through a cAMP-mediated mechanism could

contribute to the inhibition of Osx in these cells. To

further test this possibility, we transfected UMR cells with

constitutively active MKK6 to stimulate p38 MAPK and

tested whether this blocked the inhibition of Osx by PTH.
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Figure 5

Effects of PTH on OSX and p38MAPK are also seen with forskolin

stimulation of UMR cells. (A) UMR106-01 cells were transfected with the

K1269/C91 Osx promoter reporter construct and treated with 10 nM

rPTH(1–34), 10 mM forskolin, or vehicle control for 16 h before measuring

luciferase activity. The values shown indicate luciferase activity relative to

that in the basal state. (B) UMR106-01 cells were incubated in the presence

of 10 nM rPTH(1–34) (PTH), 10 mM forskolin (FSK), or vehicle control (Con)

for 16 h before extraction of RNA and assessment of Osx mRNA levels by

real-time PCR relative to the levels of GAPDH in each sample. Bars indicate

Osx mRNA levels relative to Con for each cell/tissue type. Statistical

significance in A and B *P!0.001 relative to control values. (C) UMR106-01

cells were incubated in the presence of 10 nM rPTH(1–34) (PTH), 10 mM

forskolin (FSK), or vehicle control (Con) for 16 h before extraction of

protein and assessment of OSX protein levels by immunoblot relative to the

levels of actin in each sample. (D) UMR106-01 cells were incubated for the

90 min with 10 nM rPTH(1–34) (PTH), 10 mM forskolin (FSK), or vehicle

control (Con) before extraction of cellular proteins. Samples of cellular

extracts were analyzed by SDS–PAGE and immunoblots using specific

antibodies to the indicated p38MAPK and its activated form (pp38) as

shown on the side of each blot.Jo
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As shown in Fig. 6A, caMKK6 but not caJNK did block

some of the PTH inhibition of Osx mRNA. Similar to the

effects of the MAPK regulators on PTH inhibition of OSX

protein and as seen in Fig. 6B, caMKK6 blocked most of the

effect of PTH while caJNK had no effect. When we

examined the effects on PTH regulation of the wild-type

Osx promoter, again caMKK6 but not caJNK blocked some

of the PTH inhibition of the promoter, particularly at the

early time point (Fig. 6C). Finally, we examined whether

increasing pp38 could increase expression of the full-

length Osx promoter, and indeed, this was the case in the

UMR cells where cells transfected with caMKK6 showed

40% increase in basal luciferase activity compared with

cells transfected with a control plasmid (Fig. 6D). The

promoter construct in which the two Sp binding sites were

mutated (K1269/C91m34/44) was also stimulated by

co-expression of caMKK6, demonstrating that sites in the

promoter outside the K34/44 domain also likely contrib-

ute to stimulation by p38MAPK. Together, these results
http://jme.endocrinology-journals.org
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suggest that PTH regulation of OSX is at least partially

mediated by its effects on p38 MAPK.
Discussion

In this study, we examined areas in the murine Osx

promoter that might be important for its expression and

regulation by PTH in osteoblasts. We provide evidence for

the importance of a domain containing tandem CCACCC

elements within the murine proximal promoter that are

crucial for Osx expression in osteoblasts. This sequence

motif does not conform to the traditional Sp consensus

sequence (GGGCGGG), and using ChIP assays, we found

no evidence of other Sp factors binding to this area of the

Osx promoter. However, Osx binding to this area was quite

strong and OSX has been previously reported to bind to

these unorthodox Sp sites to drive the transcription of

collagen 5a1 (Wu et al. 2010). Thus, the CCACCC motif is

emerging as a preferred OSX binding site in some

osteoblastic gene promoters. A comparison of the rat,

mouse, and human Osx promoters revealed that the

upstream CCACCC site is highly conserved across all the

three species, indicating a requirement for at least one of

these elements within the Osx promoter. However, in the

mouse promoter used in our studies, mutation of either of

the CCACCC sites eliminated similar amounts of basal

promoter activity, suggesting that both sites are required

for full expression of the murine gene. It will be important

to test whether this positive OSX feedback mechanism is

also observed in human osteoblasts and whether it is

regulated in a similar manner through the single CCACCC

site in the human OSX promoter.

Our previous work, as well as data shown here, has

demonstrated that activation of the PTH receptor for 3 h

or longer results in inhibition of Osx mRNA and later

protein levels in osteoblasts are also decreased. Using ChIP

assays, we here show that PTH decreased OSX binding to

its own promoter within 2 h. This consequently leads to

significant loss of Osx mRNA first seen after 3 h and later

loss of OSX protein 4–6 h after initiation of PTH

stimulation (Hong et al. 2009). This temporal pattern

suggested that there must be a signal downstream of the

PTH receptor that initiates loss of stimulation on the Osx

promoter or recruitment of an inhibitor. Rapid inhibition

of multiple MAPKs, particularly phospho-p38 MAPK that

has been shown to activate OSX, emerged as one such

pathway that could begin inhibiting Osx. Indeed, PTH

inhibition of Osx was blocked when cells were transfected

with the constitutively active MKK6 (MKK6Glu) that is a

selective activator of p38 MAPK (Raingeaud et al. 1996).
Published by Bioscientifica Ltd.
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Four isoforms of p38 MAPKa-d have been identified in

mammalian cells. Inhibition of p38a and p38b in mouse

calvaria by daily s.c. injection of the p38 inhibitor

SB203580 over the calvaria for 1 week or selective deletion

of either p38a or p38b or the upstream kinases MKK3 and

MKK6 resulted in reduced osteoblast differentiation and

bone mineralization that included reduced expression of

Osx (Greenblatt et al. 2010). Stimulation by PTH resulted

in increased expression of MKP-1, one of the four MAPK

phosphatases that can dephosphorylate and thus
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inactivate p38a and p38b (Cuadrado & Nebreda 2010).

Thus, our data are consistent with PTH stimulation

leading to dephosphorylation of p38 MAPK resulting in

diminished Osx transcriptional activity. Over several

hours, this would lead to loss of OSX protein binding to

its own promoter leading to further loss of its own

autoregulation. Our data demonstrate an inhibitory effect

of PTH on p38 as well as ERK and JNK MAPKs in the

UMR106-01 cells, which is likely mediated by cAMP, in

agreement with studies shown here with direct activation

of adenylyl cyclases by forskolin and in previous studies by

our laboratory and others using this cell line (Doggett et al.

2002, Lai & Mitchell 2009) and others (Zhen et al. 2001, Lai

et al. 2005). Others have reported positive effects of PTH on

p38 MAPK in differentiating MC3T3 osteoblastic cells by

mechanisms that have not been identified (Rey et al.

2007). p38 MAPK signaling was also increased in primary

mouse calvarial osteoblasts that were treated with PTH

intermittently over a 2-week period (Bianchi & Ferrari

2009). In both these experimental paradigms, Osx

expression was increased by the anabolic effects of PTH;

however, this is likely the result of increased osteogenesis

that occurs with long-term intermittent PTH treatment

in vivo. It is not clear whether p38 or other MAPKs play a

direct role in regulating Osx expression in mature

osteoblasts; however, UMR106-01 cells express osteocal-

cin, a protein expressed by mature osteoblasts. Thus, it is

possible that PTH regulates p38 MAPK differently in

osteoblasts at different stages of differentiation and

depending on the mode of PTH delivery in either a

continuous catabolic or an intermittent anabolic fashion.

Our data showing that inhibitors of p38 MAPK
Figure 6

Expression of constitutively active MKK6 but not JNK abrogates PTH

inhibition of Osx mRNA, protein, and Osx promoter activity. (A) UMR106-01

cells were transfected with cDNAs encoding caMKK6, an upstream kinase

that activated p38 MAPK or JNKK2-JNK1, a constitutively active JNK1. The

following day, cells were incubated with or without 10 nM rPTH(1–34) for

8 h before RNA extraction and assessment of Osx mRNA by real-time PCR.

*Values significantly different from basal levels, P!0.05; ¶values signi-

ficantly different from control CPTH, P!0.05. (C and D) UMR106-01 cells

were transfected with caMKK6, JNKK2-JNK1 (caJNK), or a control cDNA

(control) in addition to K1269/C91 promoter luciferase construct. Cells

were then incubated with 10 nM rPTH(1–34) for 8 or 16 h and compared

with cells incubated without PTH (Basal). Luciferase activities relative to

control basal are plotted. *Values significantly different from control basal

levels, P!0.01. (B) UMR106-01 cells were transfected with caMKK6, JNKK2-

JNK1 (caJNK), or a control cDNA (control) and then incubated with 10 nM

rPTH(1–34) for 8 h before extraction of cellular proteins. 25 mg samples of

protein extracts were run on SDS–PAGE followed by immunoblot for OSX

or actin. The numbers on top of the blots indicate the levels of OSX protein

relative to control basal levels.
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downregulate Osx expression are consistent with the

reported essential role of p38 MAPK on skeletogenesis

in mice (Greenblatt et al. 2010).

In summary, we have demonstrated for the first time

an autoregulatory pathway in which OSX stimulates its

own promoter through a tandem repeat CCACCC element

in its proximal promoter. Inhibition of Osx by PTH

decreases OSX binding to these elements in its promoter

and this appears to be initiated through stimulation of

cAMP and inhibition of p38 MAPK.
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