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Abstract
Parathyroid hormone (PTH) and PTH-related protein (PTHrP) activate one single receptor (PTH1R)
which mediates catabolic and anabolic actions in bone. Activation of PTH1R modulates multiple
intracellular signaling responses. We previously reported that PTH and PTHrP downregulate
pERK1/2 and cyclin D1 in differentiated osteoblasts. In this study we investigate the role of MAPK
phosphatase-1 (MKP-1) in PTHrP regulation of ERK1/2 activity in relation to osteoblast
proliferation, differentiation and bone formation. Here we show that PTHrP increases MKP-1
expression in differentiated osteoblastic MC3T3-E1 cells, primary cultures of differentiated bone
marrow stromal cells (BMSCs) and calvarial osteoblasts. PTHrP had no effect on MKP-1 expression
in proliferating osteoblastic cells. Overexpression of MKP-1 in MC-4 cells inhibited osteoblastic cell
proliferation. Cell extracts from differentiated MC-4 cells treated with PTHrP inactivate/
dephosphorylate pERK1/2 in vitro; immunodepletion of MKP-1 blocked the ability of the extract to
dephosphorylate pERK1/2; these data indicate that MKP-1 is involved in PTHrP induced pERK1/2
dephosphorylation in the differentiated osteoblastic cells. PTHrP regulation of MKP-1 expression is
partially dependent on PKA and PKC pathways. Treatment of nude mice, bearing ectopic ossicles,
with intermittent PTH for 3-weeks, upregulated MKP-1 and osteocalcin, a bone formation marker,
with an increase in bone formation. These data indicate that PTH and PTHrP increase MKP-1
expression in differentiated osteoblasts; and that MKP-1 induces growth arrest of osteoblasts, via
inactivating pERK1/2 and downregulating cyclin D1; and identify MKP-1 as a possible mediator of
the anabolic actions of PTH1R in mature osteoblasts.
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1.1 INTRODUCTION
Bone is a dynamic tissue being continuously destroyed by osteoclasts and renewed by
osteoblasts. During skeletal development and remodeling, parathyroid hormone (PTH) and
PTH-related protein (PTHrP) play crucial roles documented by PTH, PTHrP and PTH/PTHrP
receptor (or PTH1R) knockout studies [1–3], and by targeted overexpresion of PTHrP [4], or
constitutively active PTH1R [5,6]. These data suggest that PTH and PTHrP are important
physiologically for the maturation and differentiation of osteoblasts.

In vivo, PTH and PTHrP can be both catabolic and anabolic depending on their method of
administration [7]. The anabolic effects of PTH and PTHrP have been well established yet their
exact mechanisms of action are not clearly delineated [7]. Increased proliferation and
differentiation of bone forming osteoblastic cells in vitro and in vivo, decreased osteoblast
apoptosis, and activation of bone lining cells are among the several mechanisms that have been
proposed for PTH anabolic actions (for review please see [8]).

Important crosstalks between the cAMP signaling cascade and mitogen-activated protein
kinases (MAPKs) have been described in several hormonal systems in relation to proliferation
and differentiation of various cell types [9,10]. PTH shows both up- and down-regulation of
MAPK during osteoblast proliferation and differentiation respectively [11–15]. PTH
stimulates ERK1/2 by multiple mechanisms in cell lines transfected with recombinant PTH1R
[16]. Our previous study demonstrated a bidirectional effect of PTHrP on MAPK in osteoblasts,
increasing phosphorylated ERK1/2 (pERK1/2) in undifferentiated MC3T3-E1 cells but
decreasing pERK1/2 in differentiated cells [17]. In proliferating osteoblastic cells PTHrP
upregulates pERK1/2, increases cyclin D1 expression and promotes cell proliferation [18]. In
contrast, in differentiated osteoblasts, PTHrP downregulates pERK1/2, decreases cyclin D1
expression and induces osteoblastic cell growth arrest, allowing more cellular differentiation
and bone matrix formation [19].

MAPKs are activated by a cascade of phosphorylation and inactivated by dephosphorylation.
A number of protein phosphatases deactivate MAPKs, including tyrosine, serine/threonine,
and dual- specificity phosphatases [20–22]. In mammalian cells, the dual-specificity protein
phosphatases, the MAP Kinase Phosphatases (MKPs), are the primary phosphatases
responsible for dephosphorylation/deactivation of ERK1/2 [20]. Ten MKPs have been
identified, one of which, MKP-1, is activated by PTHrP in pancreatic beta-cells [23], murine
osteoblastic cells [24] and UMR cells [25,26]. MKP-1 expression has been shown to be induced
by agents that increase intracellular cAMP in PC12 cells [27].

In this paper we show that the activation of PTH1R induces MKP-1 expression in three different
osteoblastic cell models, MC3T3-E1 clone 4 (MC-4) cells, primary cultures of bone marrow
stromal cells (BMSCs), and mouse calvarial osteoblasts. Using a tissue engineered bone growth
model, derived from BMSCs implanted in mice, we demonstrate that the anabolic response of
PTH involves developmental stage specific up-regulation of MKP-1.

2.1 MATERIALS AND METHODS
2.1.1 Antibodies and Reagents

Antibodies to cyclin D1, MKP-1 and actin were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti phospho-ERK and total ERK antibodies were from Cell Signaling
(Beverly, MA). Secondary antibody HRP conjugates to rabbit, mouse or goat immunoglobulins
were obtained from Amersham (Piscataway, NJ) and Santa Cruz Biotechnology. Human PTH
and PTHrP (1-34) were purchased from Bachem (Torrance, CA). Forskolin, PMA,
GF109203X and H-89 were obtained from Calbiochem (San Diego, CA) and Lipofectamine
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reagent was from Invitrogen (Carlsbad, CA). A PTH analog, Gly1, Arg19-hPTH(1-28) NH2,
which is more selective for cAMP stimulation [28] was kindly provided by Dr. Thomas
Gardella of Mass General Hospital. 3-(4,5 Dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) was obtained from Sigma-Aldrich (St. Louis, MO).

2.1.2 Cell Culture, Differentiation and Treatments
MC3T3-E1 subclone 4 cells (MC-4) with high osteoblast differentiation potential were
maintained and passaged every 4–5 days as previously described [18,19]. Briefly, cells were
cultured in minimum essential medium alpha (αMEM) (Invitrogen, Carlsbad, CA) containing
100 units/ml penicillin and streptomycin and 10% fetal bovine serum. For proliferation studies
MC-4 cells were plated at a less than 5,000 cells/cm2 overnight followed by synchronization
via serum starvation for 36– 48 h prior to 100 nM PTHrP (1-34) treatment as described
previously [18]. Cells were plated at 40–50,000 cells/cm2 and differentiation was induced with
the addition of ascorbic acid (50 μg/ml) for 7 days [19]. The culture medium was changed at
days 1, 3, 5, and 7. Cells were subsequently treated with vehicle or PTHrP at 5– 1000 nM for
30 – 240 min as indicated. For some experiments cells were pretreated with H-89 (20 μM) or
GF109203X (1μM) for 30 min before the addition of PTHrP (100 nM). In additional
experiments the cAMP agonist Forskolin (10 μM) or PKC agonist PMA (0.1μM) was added
to the cells for 1h without PTHrP treatment [18,19]. The cell layers were harvested [19], and
subsequent experiments were performed. Primary mouse calvarial cells were isolated as
previously described [19]. Briefly, calvaria of mice were dissected, isolated and subjected to
sequential digestions in collagenase A (2mg/ml) and 0.25% trypsin for 20, 40, and 90 min.
Cells from the third digest were washed, counted and plated in αMEM with 10% FBS
containing 100 U/ml of penicillin and streptomycin. Harvesting of BMSCs was performed as
described [18,29]. Primary cultures were used without passage.

2.1.3 MKP-1 Overexpression
A mammalian expression vector encoding MKP-1 (pSRα-Flag-Srf 1/MKP-1) construct was
created by replacing the HA-JNK1 coding sequence with a Flag-MKP-1 sequence PCR-
amplified from rat MKP-1 cDNA [30], kindly provided by Yusen Liu (Department of
Pediatrics, The Ohio State University) and Keith L Kirkwood (Medical University of South
Carolina). Proliferating MC-4 cells were seeded in 6 well plates at a density of 1×105cells/well
in 10% FBS and α-MEM without penicillin and streptomycin. Cells were grown to 80%
confluence before transfection. Cells were transfected with pSRα-Flag-Srf 1/MKP-1
expression vector or control empty vector in 1ml with Lipofectamine reagent (Invitrogen) and
OPTI-MEM (Invitrogen) according to manufacturer’s instructions replacing the growth media.
Stable transfections were performed along with a puro plasmid, pSELECT-puro-mcs
(InvivoGen, San Diego, CA) to allow the selection of transfected clones. Transfections were
performed at a concentration of 0.9–1.0 μg per 105 cells. Each transfection contained a
combination of 0.7 μg of the MKP-1 or vector control plasmid and 0.2 μg of puro plasmid.
Transfection was done by incubation for 6–8 hours at 37° C and 5% CO2 before adding
additional 1ml of growth media with 20% FBS. Medium was changed with 10% FBS
containing media after 24 h transfection. Selection was made with 4 μg/ml puromycin and the
stable cells were maintained in the same selection media. Stable colonies were developed
within 6 to 8 weeks and overexpression of MKP-1 was confirmed by quantitative real-time
PCR with MKP-1 specific primers and by Western, using antibodies to MKP-1 protein.
Selected highly expressed clones were then seeded in 12 well plates at equal densities (5000
cells/well) for MKP-1 and empty vector transfected cells. Cell growth was monitored over 8
days and viable cell growth rate was determined using MTT reduction activity as an index of
the cellular proliferation.
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2.1.4 MTT assay
Cell proliferation analysis was performed by the MTT reduction to formazan in living cells as
a measure of mitochondrial activity. PBS solution of MTT (0.5 mg/ml) was incubated with
cells in 12 well plates for 4 hours. The resulting formazan crystals were dissolved by the
addition of 1 ml isopropyl alcohol to each well and optical density read at a wavelength of 595
nm.

2.1.5 Analysis of mRNA by Real-time PCR
mRNA isolation of cells were performed with TRIZOL reagent (Invitrogen), and cDNAs were
prepared using the TaqMan® Reverse Transcription assay system (Applied Biosystems, Foster
City, CA). Real- time PCR was performed using StepOne Plus real-time PCR system (Applied
Biosystems) with FAM labeled primers assay systems (cyclin D1 #Mm00432359; MKP-1 #
Mm01309842; ALKP # 01187117; OCN part# 4331348; GAPDH # 99999915) from Applied
Biosystems. GAPDH was used as an internal control.

2.1.6 SDS-PAGE and Western Analysis
SDS-PAGE and Western analysis were performed as described previously [18,19]. Cells were
washed twice with cold PBS, scraped and lysed for 30 min at 4°C following sonication with
RIPA buffer containing protease inhibitors (Sigma). Cell lysates were cleared by centrifugation
at 14,000 × g for 45 min. An aliquot of each lysate was removed for protein concentration
determination. SDS-PAGE was performed in 10–12% polyacrylamide. Each lane contained
between 40–80 μg of cell (lysate) protein. For a given western analysis each lane received
equal protein loads. Pre-stained molecular weight standards were run in parallel lanes. After
electrophoresis, the proteins were transferred to PVDF membrane (Bio-Rad laboratories, Inc.,
Hercules, CA) in buffer containing 25 mM Tris-HCL, 192 mM glycine, 20% v/v methanol,
0.01% SDS (pH 8.5). Residual protein binding sites on the membrane were blocked by
incubation for 3 hr to overnight in TBST buffer (20 mM Tris-HCL, pH7.6, 137 mM NaCl,
0.5% Tween-20) containing 5% nonfat dry milk. The membrane was then incubated with
primary antibody for 2 to 12 hr. After washing with TBST, secondary antibody (anti IgG
conjugated with horseradish peroxidase) was added and incubated for 20–60 min. Finally the
proteins were visualized by autoradiography using an enhanced chemiluminescence (ECL)
detection system (Pierce, Rockford, IL, USA). The protein band intensities on ECL Western
autoradiograms (all with exposures within the linear range of the film) were quantitated using
Scion software (Frederick, MD).

2.1.7 In Vitro De-phosphorylation Assay
Both proliferating and differentiated MC-4 cells were used for this study. Proliferating cells
were serum starved and treated with 100 nM PTHrP (1-34) or PMA for 10 min [18] to induce
pERK1/2 and generate the substrate lysate. Differentiated MC-4 cells were treated with 100
nM PTHrP (1-34) for 1h to induce MKP-1 expression and generate the phosphatase lysate.
After treatment, cellular extracts were prepared as above and protein concentrations measured.
For in vitro de-phosphorylation, equal quantities of protein (50 μg) from phosphatase lysate
and substrate lysate were mixed and incubated at 30° C for 45 min. De-phosphorylation reaction
was stopped by addition of sample buffer and heating at 95° C for 10 min. For some experiments
MKP-1 was immunodepleted from the phosphatase lysate. Immunodepletion was carried out
with agarose conjugated MKP-1 antibody (Santa Cruz) and immune complexes were removed
by centrifugation. For complete depletion the procedure was repeated three times and loss of
MKP-1 protein was verified by Western blot analysis of the depleted lysate. The MKP-1
depleted lysate was incubated with the substrate lysate and reaction terminated as above. As a
negative control phosphatase lysate were incubated with an unrelated antibody (anti JunB) and
immune complexes were removed before the dephosphorylation reaction as above. Samples
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were resolved by SDS-PAGE and Western analysis was performed with antibodies to p-
ERK1/2 and total ERK. To determine the basal MKP-1 activity in differentiated lysate, MC-4
cell lysates were prepared after differentiation without PTHrP treatment, incubated with
substrate lysate and processed as above.

2.1.8 Generation of Ectopic Ossicles (Tissue Engineered Bone)
Harvesting of BMSCs, cell implantation and generation of ectopic ossicles was performed as
described [18,29]. Four to 8 week old C57BL/6 mice were used to isolate BMSC. Bone marrow
flushed with αMEM from the femoral, tibial, and humeral cavities, was placed into a 75-cm2

culture flask in 30 ml of growth media and maintained at 37°C. When an adherent confluent
layer was formed, the cells were passaged and maintained for 5–7 days before implantation.
BMSC pellets were incorporated into pre- soaked 3–5mm gelatin sponges and implanted
subcutaneously in 4–6 week old male nude mice (NIH III Nude; Charles River Laboratories,
Wilmington, MA) following anesthesia. Blunt dissection was used to form subcutaneous
pouches and each animal received four implants. All animal protocols were performed in
compliance with the Institutional Animal Care and Use Committee for the Use and Care of
Animals.

2.1.9 In vivo Injection of PTH and Harvesting Ossicle
At one week post-implantation the animals were either injected subcutaneously with a single
dose of recombinant human PTH (20 μg/kg) for 8h or 12h to evaluate the acute effects, or,
administered daily subcutaneous injection of either PTH (40 μg/kg) or vehicle (0.9% sodium
chloride) for one week or three weeks. Mice were then sacrificed at the end of each treatment
period and ectopic ossicles were harvested. Ossicles were flash-frozen in liquid nitrogen and
total RNA was isolated as previously described [18,29]. Finally, cDNA was prepared using
the TaqMan® Reverse Transcription assay system (Applied Biosystems). Real time PCR was
performed using either the ABI PRISM 7700 or StepOne Plus real-time PCR system (Applied
Biosystems) with a FAM labeled primer assay system (Applied Biosystems) as above. GAPDH
was used as an internal control.

2.1.10 Micro-computed tomography (microCT)
Ossicles were scanned on a 3D microCT scanner (eXplore Locus, GE Healthcare Biosciences,
London, ON) located at John D. Dingell VA Medical Center. Images were reconstructed with
an isotropic resolution of 27 μm. Scanning procedure also included the use of a calibration
phantom (array of materials at known densities). Analysis of bone parameters was performed
using MicroView software (MicroView, GE Healthcare Biosciences). Bone regions of interest
were manually segmented using the Advanced Region of Interest (ROI) tool in MicroView.
Contours were drawn around ossicles in sequential 2D image sections. The contours were then
interpolated and a 3D ROI was created. Histograms were then generated to select a global
mineralized tissue threshold that delineated bone from all other tissues. Bone volume (BV) and
total volume (TV) was analyzed within this ROI using the Bone analysis module in MicroView.

2.1.11 Densitometry and Statistical Analysis
Autoradiograms (all with exposures within the linear range of the film) were quantitated using
Scion software (Frederick, MD). Results were analyzed using ANOVA followed by a Tukey-
Kramer multiple comparison test or Student’s t test, with the Instat 2.1 biostatistics program
(GraphPad Software, San Diego, CA) and data expressed as mean ± SEM.
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3.1 RESULTS
3.1.1 PTHrP up-regulates MKP-1 protein in a dose and time dependent manner in
differentiated MC- 4 osteoblasts

To assess the role of MKP-1 in PTHrP regulation of ERK1/2 activity we examined the effects
of PTHrP on MKP-1 expression in differentiated MC-4 cells. The cells were differentiated in
the presence of ascorbic acid for 7 days then challenged with increasing concentrations of
PTHrP for different time periods. Western blot analyses of cellular extracts from differentiated
and proliferating MC-4 cells showed that PTHrP increases MKP-1 protein in differentiated
MC-4 (Fig. 1A). PTHrP had no effect on MKP-1 expression in the proliferating MC-4 cells
(Fig 1A). While the basal expression of MKP-1 is increased 3–5 fold in differentiaed
osteoblasts compared to proliferating cells, PTHrP induction of differentiated osteoblasts
further upregulates the relative abundance of MKP-1 protein (Fig. 1A). Incubation of MC-4
cells with increasing concentrations of PTHrP (5–1000 nM) for 1 h dose-dependently increased
MKP-1 protein level with a maximum effect at 100 nM (Fig 1B). To determine the optimal
time point of MKP-1 up-regulation by PTHrP, differentiated MC-4 cells were treated with 100
nM PTHrP for different time periods (30 min – 4h, Fig 1C). MKP-1 levels increased at 30 min
with maximum up-regulation at 1–2 h. Incubation with PTHrP for shorter time periods, 10 and
20 min, had no significant effect on MKP-1 (data not shown). Finally, Western blot analysis
was performed with cellular extracts from 7 day differentiated primary BMSCs or calvarial
osteoblasts following 1h PTHrP or vehicle treatment. Results demonstrate significant increase
in MKP-1 protein in PTHrP induced BMSCs (Fig 1D) and in calvarial osteoblasts (Fig 1E)
compared to vehicle reatment.

3.1.2 Effects of PTHrP on MKP-1 mRNA expression
To further understand MKP-1 regulation by PTHrP, the levels of MKP-1 mRNA were
evaluated by real- time PCR. MC-4 cells were differentiated for 7-day and treated with PTHrP
(100 nM) for different time periods (5 min – 2 h). MKP-1 mRNA levels in differentiated MC-4
cells were up-regulated by 15 min PTHrP treatment with a maximal level at 60 min of
incubation and remained elevated up to 2h (Fig. 2A). In contrast, PTHrP has no effects on
MKP-1 mRNA levels in the proliferating MC-4 cells (Fig. 2B). We then examined PTHrP
regulation of MKP-1 expression in primary mouse BMSCs and calvarial osteoblasts
differentiated for 7 days. Incubation of the cells with PTHrP for 1 h increased MKP-1 mRNA
levels in both BMSCs (Fig. 2C) and calvarial osteoblasts (Fig. 2D).

3.1.3 Intracellular Signals Involved in PTHrP up-regulation of MKP-1
To gain insight into the signaling events involved in MKP-1 up-regulation by PTHrP in
differentiated MC-4 cells, inhibitors and/or activators of PTHrP signaling pathways were used.
The effect of PTHrP on MKP-1 was mimicked by Forskolin (Fig. 3A, lanes 6, 7) and PMA
(Fig. 3B lanes 4, 6). Inhibitors of PKA (Fig. 3A, lane 4) and PKC (Fig. 3B, lanes 5, 7) partially
blocked the effect of PTHrP on MKP-1. These data suggest involvement of both PKA and
PKC signaling in PTHrP stimulation of MKP-1 expression in differentiated MC-4 osteoblastic
cells.

PTH analogs with selective signaling properties are useful for probing the signaling pathways
involved in PTHrP action on MKP-1. [Gly1,Arg19]hPTH(1-29)NH2 (GR-PTH) selectively
increases cAMP accumulation in PTH1R expressing cells with little effects, if any, on the
phospholipase C and protein kinase C signaling cascade [28]. Both hPTH(1-34) and GR-PTH
augmented (5–8 fold) MKP-1 protein expression in differentiated MC-4 cells (Fig. 3C). To
gain insight into the signaling events that link PTHrP induced MKP-1 to the cell cycle
regulatory machinery the effects of GR-PTH on cyclin D1 was determined in differentiated
MC-4 cells. PTH and GR-PTH decreased cyclin D1 protein in these cells (Fig. 3D).
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3.1.4 MKP-1 overexpression in MC-4 cells induces growth arrest
To determine the effect of MKP-1 on the growth of MC-4 cells, cells were stably transfected
with an MKP-1 expression vector pSRα-Flag-MKP-1 and subclones over-expressing MKP-1
were generated and screened for MKP-1 mRNA and protein expression levels. The subclones
showed 4–6 fold increase in MKP-1 mRNA (Fig. 4A) and 2–5 fold increase in MKP-1 protein
levels (Fig. 4B).

We used the highest expressing cell lines to evaluate the possible role of MKP-1 in osteoblast
proliferation. Monitoring cultures for 8 days showed decreased cell density in MKP-1
overexpressing cells (Fig. 4C) compared to vector transfected cells (Fig. 4D). The MTT
reduction activity was significantly decreased with increasing culture periods in MKP-1
overexpressing clones (Fig. 4E). This observation suggests that overexpression of MKP-1
decreases osteoblastic cell proliferation.

3.1.5 MKP-1 is responsible for PTHrP-induced dephosphorylation of p-ERK1/2
To examine if PTHrP induced up-regulation of MKP-1 accounts for the PTHrP induced
dephosphorylation of pERK1/2, we performed an in vitro dephosphorylation assay by
incubating cell lysate rich in pERK1/2 with cell lysate rich in MKP-1 from PTHrP treated cells.
The pERK1/2 rich lysate was obtained from proliferating MC-4 cells challenged with PTHrP
for 10 min whereas the MKP- 1- rich lysate was obtained from differentiated MC-4 cells
challenged with PTHrP for 1 h. Equal quantities of MKP-1- rich and p-ERK-rich lysates were
mixed and incubated at 30° C for 45 min (Fig. 5A). Compared to a control lysate, the MKP-1-
rich lysate caused dephosphorylation of the pERK1/2- rich lysate (Fig 5A, lanes 3 and 6). Using
a specific antiserum, we immunodepleted MKP-1 from the MKP-1- rich lysate (Fig. 5B, lane
4) and examined its effects on pERK1/2 dephosphorylation. The MKP- 1- depleted lysate did
not cause any significant dephosphorylation of the pERK1/2- rich lysate (compare lanes 2 and
1, Fig 5A). In contrast, MKP-1-rich lysate incubated with an unrelated antibody, anti JunB,
caused dephosphorylation of the pERK1/2-rich lysate (Fig. 5A, lanes 7 and 8); the presence
of MKP-1 was confirmed in the JunB immune-depleted lysate (Fig. 5B, lane 3). These data
suggest that MKP-1 upregulation by PTHrP is responsible for PTHrP-induced
dephosphorylation of pERK1/2 in the differentiated osteoblasts.

3.1.6 MKP-1 expression is induced in PTH treated mature ectopic ossicles implanted in nude
mice

We have previously used ectopic ossicles as a model to study the anabolic effects of PTH in
vivo and showed PTH regulation of cyclin D1 [18]. To further examine in vivo the biological
effects of PTH during osteoblast proliferation and differentiation we studied the effects of PTH
on ossicles generated in nude mice. Two groups of animals were subcutaneously injected with
daily PTH (40 μg/kg) or vehicle, for one week or three weeks (Fig. 6A). Ectopic ossicles were
collected and MicroCT and Microradiographic images of ossicles harvested from PTH or
vehicle- treated mice were taken to evaluate the extent of mineralization and bone formation.
Similar to previous observations [29] there was an increase in bone formation and a marked
increase in radiopacity in the ossicles from 3 week PTH treated animals (Fig. 6B and 6C)
compared to vehicle or one week PTH treatment (data not shown); these data confirm increased
mineral content and bone formation.

MKP-1 mRNA levels were measured by real-time PCR in total RNA prepared from the ectopic
ossicles. Studies with 1 week old immature ossicles showed no significant difference in MKP-1
mRNA levels at 8 hour or 12 hour after single dose of PTH treatment (data not shown), or after
daily PTH administration for 1 week (Fig. 6D, Group 1). In the more mature ossicles, MKP1
mRNA expression was significantly increased after 3 week daily PTH administrations (Fig.
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6D, Group 2). On the other hand, the mRNA level of cyclin D1 was only increased in group 1
immature ossicles (Fig. 6D).

Real-time PCR was also performed for alkaline phosphatase and osteocalcin mRNA expression
after 8 and 12 hour acute injection with PTH. There was no PTH effect on osteocalcin or
alkaline phosphatase mRNA levels at 8 or 12h after one single injection (data not shown). In
contrast, a significant rise in osteocalcin expression was noted only in group 2 after 3 weeks
of daily PTH injections (Fig. 6D, Group 2).

4.1 DISCUSSION
Osteoblast differentiation is a critical step in the process of bone formation. PTH is known to
increase net bone mass when administered intermittently, whereas when administered
continuously PTH results in the opposite net effect on bone mass (reviewed in [31]). However,
the molecular mechanism regulating this process remains unclear. Work from several
laboratories established the involvement of several cell cycle regulatory proteins, but the
definitive mechanism of PTH-induced bone formation remains controversial. Our previous
studies in osteoblasts demonstrated that PTH and PTHrP regulate ERK-MAPK and several
cell cycle regulatory proteins including cyclin D1, CDK1 and p27 [17–19]. PTH1R stimulation
of ERK1/2 phosphorylation was observed in proliferating osteoblastic cells not in mature
differentiated osteoblasts, even though the abundance of total ERK1/2 did not differ between
the two states. Our data indicate that increased ERK1/2 signaling and cyclin D1 level are
important for PTH1R regulation of early osteoblastic cells and that decreased ERK activation
is required to induce osteoblastic cell growth arrest in mature cells and increased bone
formation.

The role of ERK activation in osteoblast differentiation has been the subject of extensive
investigation. ERK activation was reported to be required for osteoblast differentiation by
several investigators [32,33] whereas others have shown that ERK activation inhibits
osteoblastic differentiation [13,34]. Consistent with our data, studies showed that osteogenesis
induced by the bone morphogenetic protein (BMP) and PTH is associated with down-
regulation of pERK in BMSCs and MC3T3-E1 cells [35,36].

MAPK activities are regulated by two opposing events (i.e. phosphorylation and
dephosphorylation). Activation occurs through the reversible phosphorylation of both
threonine and tyrosine residues of the TXY motif in the catalytic domain by upstream kinases
(MEKs) [37,38]. On the other hand, MAPKs are deactivated by members of the MAPK
phosphatases such as MKP-1 [20]. The MKP-1 gene is an immediate early response gene whose
expression is induced rapidly by a variety of extracellular stimuli. We hypothesized that MKP-1
may be involved in PTH1R regulation of pERK1/2 and cyclin D1 in osteoblastic cells. This
study supports our hypothesis by demonstrating increased MKP- 1 protein and mRNA levels
in differentiated MC-4, BMSCs, and calvarial osteoblasts following PTHrP treatment. We also
found that MKP-1 up-regulation is sufficient to account for the decreased ERK1/2 activity in
differentiated osteoblasts and that overexpression of MKP-1 in proliferating MC-4 cells
induces growth arrest mimicking the effects of PTHrP, supporting the involvement of MKP-1
in PTH1R regulation of osteoblast functions.

PTH1R is known to signal primarily through PKA, which governs majority of its effects on
osteoblasts. Here we show that pharamacological inhibition of PKA partially blocked MKP-1
up- regulation by PTHrP and that a signal-specific PTH analog, which selectively increases
cAMP, increased MKP-1 maximally. In addition, using GF109203X, a pharmacological
inhibitor of PKC, our studies also show that up-regulation of MKP-1 was partially dependent
on PKC pathway. We previously reported p- ERK down-regulation by PTHrP in differentiated

Datta et al. Page 8

Cell Signal. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MC-4 cells [17]. In a preliminary study we also demonstrated a temporal regulation of p38
following PTHrP induction, being increased in earlier time points and down-regulated at later
time points [39]. Taken together these data suggest a crosstalk between cAMP/PKA, PKC and
MAPK pathways in PTH1R regulation of MKP-1 expression in differentiated osteoblasts.

The regulated dephosphorylation of MAPKs plays a key role in determining the magnitude
and duration of kinase activation and hence the physiological outcome of signaling. By immune
depletion experiments, we demonstrated that MKP-1 is responsible for the effects of PTHrP
on pERK dephosphorylation in differentiated MC-4 cell lysates. We also found that the basal
MKP-1 level in differentiated cells partly abrogated PTHrP induced ERK1/2 phosphorylation.
One possible mechanism could be that, as osteoblasts begin to mature the level of basal MKP-1
increases, which dephosphorylates ERK, slows cell growth and promotes osteoblastic
differentiation; such a mechanism is augmented by PTH1R. This is conistent with the
hypothesis that ERK dephosphorylation is essential for osteoblast differentiation [13,34].

Our previous study suggested cyclin D1 as a target for the proliferative effects of PTH and
PTHrP in early osteoblastic cells both in vitro and in vivo [17–19]. BrdU incorporation also
demonstrated osteoblast proliferation in early ectopic ossicles confirming PTH regulation of
osteoblast proliferation in immature osteoblasts [40]. In this study intermittent PTH
administration for 1 week in nude mice bearing oscicles did not cause significant increase in
osteoblast differentiation markers, alkaline phosphatase or osteocalcin, and did not show any
increase in MKP-1 expression, while cyclin D1 expression was increased. In contrast,
intermittent PTH administration for 3 weeks increased bone formation and MKP1 expression.
An increase in bone mass following PTH administration for 3-week in 1-week post
implantation ossicles was also demonstrated previously determined by histological analysis
(H & E staining), histomorphometry and osteocalcin gene expression [18,29]. Taken together,
our findings suggests that PTH1R regulation of MKP-1 and anabolic action in osteoblasts is
developmental stage specific.

It has been shown that MKP-1 can inactivate all three major MAPKs, including ERK, JNK,
and p38 [41–43]. Because ERK, JNK, and p38 are capable of inducing either apoptosis or cell
proliferation, MKP-1 is believed to be involved in regulating the cell cycle or apoptosis [44–
48]. We and others have shown that PTH1R regulates p38 in differentiating osteoblastic cells
[39,49]. Also, a constitutively active MKK6 transgene, that specifically activate p38, inhibits
proliferation, cyclin D1 expression and delays endochondral bone formation [50]. Finally,
MKP-1 knock out mice have confirmed the central function of MKP-1 in the feedback control
of p38 and JNK activity as a negative regulator of the synthesis of pro-inflammatory cytokines
in vivo [51]. Inflammation-induced bone loss [52], and PTH regulation of IL-6 [17], IL-18
[53] and high mobility group box 1 (HMGB1), an immunomodulatory cytokine in osteoblasts
[54], raises the possibility that MKP-1 may play a role in inflammation-induced bone
resorption.

In summary, we have shown that PTH induced MKP-1 is an important regulator of osteoblast
cell cycle and may be involved in bone formation. Importantly, we showed that upregulation
of MKP-1 by PTH and PTHrP is dependent on the maturation stage of osteoblasts thus promotes
cell proliferation of immature pre-osteoblasts and further advances cell differentiation and bone
formation in mature osteoblastic cells. Based on the data presented here and those in the
literature we propose that modulation of MKP-1 may be an effective approach for the
development of new treatments for osseous defects and bone regeneration.
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Abbreviations

PTH parathyroid hormone

PTHrP PTH related protein

PTH1R PTH/PTHrP receptor

MC-4 MC3T3-E1 clone-4

BMSC Bone marrow stromal cell

MAPK Mitogen Activated Protein Kinase

MKP-1 MAPK Phosphatase-1, ERK, extracellular signal-regulated kinase

MTT 3-(4,5 Dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide

OCN osteocalcin

GAPDH glyceraldehyde-3-phosphate dehydrogenase
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Figure 1. Relative protein abundance of MKP-1 protein after PTHrP treatment
Representative Western blots from three to four independent experiments are shown. Cell
plating, differentiation and PTHrP (1-34) (P) treatment were done as described [19]. A. MKP-1
protein levels in proliferating and differentiated MC-4 cells. Dose- dependence and time-course
analysis of MKP-1 protein expression in differentiated MC-4 cells were performed in response
to B. various concentrations (5 – 1000 nM) of P or vehicle (V) for 1 hour, and C. with 100 nM
P or V for 30 min –4h. MKP-1 protein levels were also determined in primary cultures of D.
BMSCs, and E. Calvarial osteoblasts following 1 hour of 100 nM P or V treatments. Total
cellular protein was harvested and subjected to SDS-PAGE with equal protein loads. Western
blot analysis was performed as described in materials and methods, using the anti MKP-1
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antibody and visualized by an enhanced chemiluminescence (ECL) –based detection method.
Whole cell lysates were also probed with anti Actin antibody as a protein loading control.
Densitometric values were normalized with actin and plotted. Representative data from three
to four independent experiments are shown. Values are mean ± SEM. ***p<0.001; **p< 0.05;
*p<0.02 vs V.
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Figure 2. Effect of PTHrP on MKP-1 mRNA in differentiated MC-4 cells and primary osteoblasts
Real-time PCR were used to analyze RNA extracted from A. 7-day differentiated MC-4 cells,
B. Proliferating MC-4 cells, C. BMSCs and D. calvarial osteoblasts. Cells treated with 100
nM PTHrP or vehicle either for different time points (A, B) or for 1h (C, D). GAPDH was
used as an internal control. Representative data from three independent experiments are shown.
Results are expressed as mean ± SEM. ***p<0.001, **p<.01 vs vehicle. P, PTHrP (1-34); V,
vehicle.
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Figure 3. Up-regulation of MKP-1 by PTHrP is cAMP, PKA and PKC dependent
MC-4 cells were induced to differentiate with ascorbic acid for 7 days and differentiated cells
were (A) pretreated with PKA inhibitor H-89 (20 μM) for 30 min, (B) pretreated with
GF109203X (1 μM) for 30 min, followed by treatment with or without 100 nM PTHrP or
vehicle for 1hr, To determine the effects of cAMP or PKC agonists on MKP-1 protein
expression, differentiated cells were also exposed to (A) Forskolin (10 μM) or (B) PMA (0.1
μM) for 1h. Differentiated cells were also treated with either 100 nM PTH or PTH analog or
vehicle for (C) 1h or (D) 4–5 h. Total cellular extracts prepared, SDS PAGE and Western blot
analysis performed with anti MKP-1 or anti cyclin D1 or anti actin (as a loading control) as
indicated. Representative data from three to four independent experiments are shown.
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Densitometric values were normalized to actin and plotted. Values are mean ± SEM.
***p<0.001; **p<0.002; *p<0.01 vs vehicle.
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Figure 4. Overexpression of MKP-1 induces MC-4 osteoblastic cell growth arrest
MC-4 cells were transfected with an expression vector for MKP-1 (pSRα-Flag-MKP-1) or an
empty vector control. (A) Real time PCR analysis of MKP-1 mRNA levels from MC-4 cell
transfectants. Datta shown are mean ± SEM from six individual clones. Each clone was assayed
in triplicates. (B) Representative Western Blot for MKP-1 protein levels in extracts from MC-4
cell transfectants. MKP-1 overexpressing cells showed higher mRNA and protein as compared
with the respective controls. Growth of (C) pSRα-Flag-MKP-1 tranfected MC-4 cells or (D)
empty pSRα-plasmid transfected cells cultured for 8 days. (E) MTT reduction activity.
Representative data from three independent clones are shown. Values are mean ± SEM (n=4).
***p<0.001.
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Figure 5. MKP-1 is the phosphatase responsible for PTHrP induced ERK-MAPK
dephosphorylation
A. PTHrP induced ERK dephosphorylation. P (Pro+P): Lysate from proliferating cells treated
with PTHrP, Q (Diff, basal): Lysate from differentiated cells without PTHrP treatment, R (Diff
+P): Lysate from differentiated cells treated with PTHrP, S (Diff+P+ID): Lysate from
differentiated cells treated with PTHrP followed by 3 round of MKP-1 immunodepletion. T
(Diff+P+X): Lysate from differentiated cells treated with PTHrP followed by incubation with
unrelated antibody. Mixing lysate (P) from proliferating cells with lysate (R) from
differentiated cells treated with PTHrP dephosphorylate ERK (lanes 3 and 6). MKP-1 immune
depletions prevent ERK dephosphorylation (lane 2). Mixing lysate (P) from proliferating cells
with lysate (Q) from basal differentiated cells partially dephosphorylate ERK (lane 5).
Incubation with unrelated antibody does not prevent ERK dephosphorylation. (lanes 7 and 8).
Representative data from three independent experiments are shown. Densitometric values were
normalized to Total ERK and plotted. Values are mean ± SEM. ***p<0.001; *p<0.05 vs P
(Pro+P). B. Western blot analysis of lysate from differentiated cells treated with PTHrP (lane
1), lysate from proliferating cells treated with PTHrP (lane 2), lysate from differentiated cells
treated with PTHrP followed by incubation with unrelated antibody beads as a negative control
(lane 3), Lysate from differentiated cells treated with PTHrP followed by 3 rounds of MKP-1
immunodepletion (lane 4).
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Figure 6. Effect of anabolic PTH in vivo on ossicles of bone
A. Experimental design used to characterize the response of BMSC-derived ectopic ossicles.
Subcutaneous anabolic injections (1 or 3 week) of PTH (1-34) or vehicle (0.9% saline) were
administered to immunocompromised mice one week after the implantation procedure. The
animals were sacrificed at the end of the treatment period and RNA isolated. B. Micro-
computed tomography (microCT) and C. Micro-radiographic images were obtained for
representative group 2 ossicles harvested from PTH or vehicle treated mice. D. Real-time PCR
were performed for mRNA quantity of MKP-1, cyclin D1 and OCN in Group 1 and Group 2
ossicles, normalized to GAPDH. Results are expressed as mean ± SEM (n = 10–15). BV, bone
volume; TV, total volume; V, vehicle; P, PTH; ***p<0.001; **p<0.01; *p<0.02 vs. vehicle.
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