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Abstract
Bone mass is dependent on osteoblast proliferation, differentiation and life-span of osteoblasts.
Parathyroid hormone (PTH) controls osteoblast cell cycle regulatory proteins and suppresses
mature osteoblasts apoptosis. Intermittent administration of PTH increases bone mass but the
mechanism of action are complex and incompletely understood. Cell Cycle and Apoptosis
Regulatory Protein (CARP)-1 (aka CCAR1) is a novel transducer of signaling by diverse agents
including cell growth and differentiation factors. To gain further insight into the molecular
mechanism, we investigated involvement of CARP-1 in PTH signaling in osteoblasts.
Immunostaining studies revealed presence of CARP-1 in osteoblasts and osteocytes, while a
minimal to absent levels were noted in the chondrocytes of femora from 10-12-week old mice.
Treatment of 7-day differentiated MC3T3-E1 clone-4 (MC-4) mouse osteoblastic cells and
primary calvarial osteoblasts with PTH for 30 min to 5 hr followed by Western blot analysis
showed 2-3 fold down-regulation of CARP-1 protein expression in a dose- and time-dependent
manner compared to the respective vehicle treated control cells. H-89, a Protein Kinase A (PKA)
inhibitor, suppressed PTH action on CARP-1 protein expression indicating PKA-dependent
mechanism. PMA, a Protein Kinase C (PKC) agonist, mimicked PTH action, and the PKC
inhibitor, GF109203×, partially blocked PTH-dependent downregulation of CARP-1, implying
involvement of PKC. U0126, a Mitogen-Activated Protein Kinase (MAPK) Kinase (MEK)
inhibitor, failed to interfere with CARP-1 suppression by PTH. In contrast, SB203580, p38
inhibitor, attenuated PTH down-regulation of CARP-1 suggesting that PTH utilized an
Extracellular Signal Regulated Kinase (ERK)-independent but p38 dependent pathway to regulate
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CARP-1 protein expression in osteoblasts. Immunofluorescence staining of differentiated
osteoblasts further revealed nuclear to cytoplasmic translocation of CARP-1 protein following
PTH treatment. Collectively, our studies identified CARP-1 for the first time in osteoblasts and
suggest its potential role in PTH signaling and bone anabolic action.
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1. INTRODUCTION
Osteoblasts are bone forming cells that synthesize and mineralize the skeleton [1]. Bone
mass is dependent on proliferation, differentiation and life-span of mature osteoblasts.
Parathyroid hormone (PTH), secreted from parathyroid glands, is involved in calcium
homeostasis, and is a critical mediator of skeletal development and remodeling [2]. Daily
injection of PTH increases bone mass and reduces fracture incidence in osteoporotic patients
[3]. PTH mediates multiple signals that coordinate distinct cellular functions in bone
including osteoblast proliferation, differentiation and apoptosis [4,5,6,7]. While PTH is
critical for maintenance of bone homeostasis, the intracellular mechanisms of PTH
receptor-1 (PTHR1) signaling remains unclear and continued to be explored. The
therapeutic use of PTH is limited by the principal side effects of disruption of calcium
homeostasis [8] and possible bone cancer concerns [9]. Therefore, elucidating the molecular
mechanisms underlying the anabolic action of PTH is essential for understanding the
pathophysiology of bone loss, optimizing patient care and yielding novel therapeutic
strategies to promote bone formation.

Cell Cycle and Apoptosis Regulatory Protein (CARP)-1 (aka CCAR1) is a novel transducer
of cell growth and apoptosis signaling by diverse agents including cell growth and
differentiation factors [10]. CARP-1 was previously characterized as a peri-nuclear protein
that functions to regulate chemotherapy-dependent apoptosis signaling in breast cancer cells
[11], or demonstrated as a nuclear protein following UV-C irradiation in mouse embryonic
fibroblasts [12]. Recent studies revealed CARP-1 interaction with cell cycle regulatory
Anaphase-Promoting Complex/Cyclosome (APC/C) subunit APC-2 that regulates cell
growth and apoptosis [13]. CARP-1 binding with APC-2 causes G2M cell cycle arrest.
Depletion of CARP-1, however, interferes with agonist dependent cell growth inhibition
[13]. The fact that PTH prevents osteoblast apoptosis [6] and induces growth arrest in
differentiated osteoblasts by modulating cell cycle associated proteins [14,15,16] suggests
that CARP-1 could be important in the PTH regulation of osteoblast growth and
differentiation. We tested this hypothesis and revealed that CARP-1 is expressed in
osteoblasts and osteocytes, and involved in PTH/PTHR1 regulation of osteoblast growth and
differentiation.

2. MATERIALS AND METHODS
2.1. Experimental animals

The experiments in this study were performed with 10-12 week old male or female 129J/
C57BL6 mice, fed with rodent chow (Lab diet, Bentwood, MD). All animals were
maintained in facilities operated by Wayne State University, and all animal experimental
procedures were approved by the Institutional Animal Care and Use Committee for the Use
and Care of Animals.
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2.2. Antibodies and reagents
Generation of anti CARP-1 (α2) rabbit polyclonal antibodies was described previously [11].
Anti Glyceraldehyde 3-phospho Dehydrogenase (GAPDH) was from Sigma (St. Louis,
MO). Secondary antibody HRP conjugates to rabbit or mouse immunoglobulins were
obtained from GE Healthcare Life Sciences (Pittsburg, PA). Tissue culture minimum
essential medium alpha (αMEM) and fetal bovine serum were from Invitrogen (Carlsbad,
CA, USA). Human PTH (PTH1-34) was purchased from Bachem (Torrance, CA). U0126,
MEK inhibitor, was from Promega (Madison, WI, USA) and SB203580, phospho-p38
inhibitor, was obtained from EMD Biosciences (Darmstadt, Germany). H-89 was obtained
from EMD Biosciences (San Diego, CA, USA), PMA and GF109203× were from
Calbiochem (San Diego, CA, USA). Collagenase A was from Roche Diagnostics
(Indianapolis, IN). Trypsin was obtained from Life Technologies (Gaithersburg, MD, USA).

2.3. Primary osteoblast cell culture
Primary osteoblasts were isolated from calvaria (skull) by serial digestion [14]. Briefly,
calvaria were dissected, isolated and subjected to sequential digestions in collagenase A (2
mg/ml) and trypsin (0.25%) for 20, 40, and 90 min. Cells from the third digest were rinsed,
counted and plated in primary culture medium containing αMEM, 10% FBS, 100 U/ml
penicillin and 1 μg/ml streptomycin. Primary cultures were used without passage.

2.4. MC3T3-E1 subclone 4 (MC-4) cell culture, differentiation and treatments
MC-4 cells with high osteoblast differentiation potential were maintained and passaged
every 4-5 days as previously described [14,15]. Briefly, cells were cultured in αMEM
containing 100 units/ml penicillin and streptomycin and 10% fetal bovine serum. Cells were
plated at 40-50,000 cells/cm2 and differentiation was induced by the addition of ascorbic
acid (50 μg/ml) for 7 days [14]. The culture medium was changed every other day. Cells
were subsequently treated with vehicle or PTH at 5-400 nM for 30-300 min as indicated. For
some experiments cells were pretreated with U0126 (20 μM) for 2 hr, SB203580 (10 μM)
for 2 hr, H-89 (20 μM) for 30 min or GF109203× (1μM) for 30 min before the addition of
PTH (100 nM). In additional experiments the PKC agonist PMA (0.1μM) was added to the
cells for 2h without PTH treatment [14,15]. The cell layers were harvested [14], and
subsequent experiments were performed.

2.5. Histology and immunostaining
For immunostaining of histological sections, the femora of at least five mice were harvested,
fixed with 4% paraformaldehyde for 24 hours, decalcified with 10% EDTA (pH 6.5) in PBS,
dehydrated, infiltrated and paraffin-embedded. MC3T3-E1 cells or primary osteoblasts were
plated either on eight-well tissue culture chamber slides (Ibidi LLC, Verona, WI) or on poly
L-lysine (Sigma) treated coverslips in 6-well plates. Immunohistochemistry on paraffin
sections or immunocytochemistry of cultured cells were performed essentially as described
[10] using the CARP-1 primary antibodies in conjunction with Vecstatin Universal Quick
Kit (Vector Laboratories, Burlingame, CA) and AEC substrate (BioGenex, Fremont, CA).

2.6. Immunofluorescence microscopy and imaging
MC3T3-E1 cells were seeded on coverslips as above and allowed to attach overnight. Cells
were differentiated for 7-12 days and treated with vehicle or 100nM PTH for 2 hours. At the
end of the treatment the cells were fixed in chilled methanol and immunostaining was
performed utilizing CARP-1 primary antibodies as above. For immunofluorescence studies
Alexa Fluor 568 labeled goat anti rabbit IgG (Invitrogen) was used. After the final rinse in
PBS the cells were mounted on slides using DAPI Mounting Medium (Vector Laboratories,
Burlingame, CA). Immunostained specimens were examined with a Nikon Eclipse Ti
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fluorescent microscope with Sfluor 40× oil DIC H N2 objective, a Cool SNAP HQ 2 digital
camera (Roper Scientific), and NIS Element AR3.2 imaging software (Nikon). To evaluate
expression of CARP-1, red fluorescence signal from at least 3-4 separate fields/treatment
were acquired for differentiated cells in 3 independent experiments. Corresponding DAPI
signal was utilized to select nuclei and visualize subcellular distribution of CARP-1 with or
without PTH treatment.

2.7. SDS-PAGE and Western analysis
SDS-PAGE and Western analysis were performed as described previously [14,15]. 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 30 min. SDS-PAGE was performed in 10-12%
polyacrylamide with equal protein loads. Pre-stained molecular weight standards were run in
parallel lanes. 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 1 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 1 hour to overnight. After washing with TBST, secondary antibody
(anti IgG conjugated with horseradish peroxidase) was added and incubated for 20-60 min.
The proteins were visualized by autoradiography using an enhanced chemiluminescence
(ECL) detection system Super-Signal West Femto (Fisher Scientific, Pittsburg, PA).

2.8. Densitometry and statistical analyses
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). Results
were analyzed using unpaired two-tailed Student’s t test, with the Instat 2.1 biostatistics
program (GraphPad Software, San Diego, CA) and data expressed as mean ± SEM. p values
less than 0.05 were considered statistically significant.

3. RESULTS AND DISCUSSION
PTH has both anabolic and catabolic action in bone, but the downstream mediators of the
intracellular signaling pathways are not well defined relative to specific actions. Current
views of the anabolic action of PTH indicate that it acts on osteoblasts to promote their
proliferation or differentiation, while inhibiting osteoblast and osteocyte apoptosis
[14,15,17]. Despite the reported role of CARP-1 as a key intracellular transducer of
apoptosis and cell proliferation of normal as well as cancer cells in response to different
signals [11,18,19], the presence of CARP-1 in bone cells and involvement in PTH signaling
has not been described so far in the known literature. As a first step we conducted
immunostaining for the presence of CARP-1 in murine osteoblasts by utilizing adult mice
femora, primary calvarial osteoblasts and MC-4 osteoblastic cells. Results showed CARP-1
was highly expressed in vivo in osteocytes/osteoblasts (Fig. 1A, top row), primary calvarial
osteoblasts (Fig.1A, third row) and MC-4 cells (Fig.1A, bottom row). However, the
presence of this protein was absent or insignificant in chondrocytes (Fig.1A, second row).
To test our hypothesis that CARP-1 plays a key role in PTH signal transduction pathway and
serves as a regulator of osteoblast growth and differentiation, we next investigated PTH
action on CARP-1 expression in osteoblasts.

Our laboratory previously reported that PTH regulation in osteoblasts is maturation stage
specific [14,15,20,21]. PTH targets cell cycle machinery and is either proproliferative or
antiproliferative in immature cells and in more mature osteoblasts respectively [14,15]. It is

Sharma et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2014 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



interesting to note that CARP-1 also functions in a biphasic manner. It is a signaling
mediator leading to apoptosis [11,18] as well as proliferation [19]. To examine whether PTH
regulated CARP-1 expression, proliferating or 7-10 day differentiated MC-4 and primary
calvarial osteoblasts were treated with 100 nM PTH for 2 hours followed by Western blot
analysis. As shown in Figure 1, the levels of CARP-1 protein were downregulated (2-3
folds) in differentiated MC-4 (Fig.1B) and primary calvarial osteoblasts (Fig. 1C). In
contrast, no significant differences of CARP-1 protein expression were found in the
proliferating cells when compared to vehicle treated controls.

Earlier studies showed peri-nuclear or nuclear localization of CARP-1 depending on the cell
type [11,12]. Performing immunofluorescence imaging CARP-1 was ubiquitously found in
10-12 day differentiated MC-4 osteoblastic cells and was present in the nuclei (Fig. 2, left
column). Following PTH induction CARP-1 fluorescent signal appeared in the cytoplasm
(Fig. 2, right column) when compared with its signal in untreated cells. Together our data in
Figures 1 and 2 demonstrate that PTH modulates CARP-1 protein expression and
subcellular distribution with osteoblast differentiation. The significance of CARP-1
translocation by PTH is not known at the present time. The requirement of CARP-1 for
target gene activation by Wnt and β-catenin and cancer cell growth has been suggested [22].
The Wnt canonical signaling pathway relies on the cytosolic stabilization of β-catenin. The
signaling of β-catenin, required for canonical Wnt pathway, has also been suggested to play
an important role in bone physiology, bone mass accrual [23,24] and essential for osteoblast
commitment and survival [25]. Apoptosis in differentiated osteoblasts and in progenitor
cells may be β-catenin-dependent and-independent [26]. PTH promotes β-catenin activation
in UMR, MC3T3-E1, and SAOS cells [27,28,29,30]. Evidence for the interaction of PTH
and β-catenin pathway in regulating bone anabolic action has been known [24,31]. Although
it is not yet clear to what extent the effect of Wnt/ β-catenin signaling on osteoblast
apoptosis contributes to the overall impact of this pathway on bone formation [32],
considering the current understanding that cell apoptosis plays a critical role during skeletal
development and bone mass maintenance, it is likely that CARP-1 mediates β-catenin
signaling, apoptosis and PTH bone anabolic action. The mechanisms underlying PTH-
dependent CARP-1 regulation and the extent CARP-1 regulates β-catenin and apoptosis
signaling are subjects of our ongoing investigations.

To further characterize the actions of PTH in osteoblasts and to establish the optimal dose
and time point of CARP-1 inhibition, Western blot analyses of the total cellular extracts
from 7-day differentiated MC-4 cells with and without PTH treatment were performed.
Figure 3A shows that a 2 hour treatment of minimum 50 nM PTH inhibited CARP-1 protein
levels. Next we determined the optimal time for PTH action on CARP-1 in MC-4 cells.
Differentiated MC-4 cells were treated with 100 nM PTH for 30 mins to 5 hours. The
concentration (100 nM) of PTH was chosen on the basis of our previously published reports.
As shown in Figure 3B, 1 to 2 hours of PTH exposure decreased CARP-1 level by 1.5-2
folds. Although CARP-1 levels were reduced following 30 min PTH treatment, the
reduction however was not found to be statistically significant. The level of CARP-1 started
to increase at 5 hour indicating progressive recovery or desensitization of CARP-1
expression to the PTH effect.

PTH is known to signal through PKA, PKC and MAPK pathways (for a review [5]). To gain
insight into the signaling events that link PTH to CARP-1 and osteoblast differentiation,
several known inhibitors of PTH signaling pathways were used. As expected, the treatment
of 7-day differentiated MC-4 cells alone with PTH downregulated CARP-1 protein. This
effect was partially antagonized by pretreating the cells with PKA inhibitor, H89 (Fig.4A).
Although not significant, there was a trend of diminished CARP-1 expression by H89
treatment alone (Fig.4A). In human breast cancer cell line treatment with H89 resulted in
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apoptosis that involved enhanced CARP-1 expression [10]. It was shown that in these cells
CARP-1 binds signal transducer TAZ, a ligand for 14-3-3 protein [33]. Overexpression of
TAZ inhibits apoptosis by CARP-1 [10]. It would be interesting to evaluate the extent of
interaction of TAZ and CARP-1 occurring in differentiated osteoblasts. We next examined
whether PTH effect on CARP-1 involved MAPK pathway. Pretreatment of cells with
U0126, which inhibits MEK, a kinase that lies upstream of ERK-MAPK, did not hinder
PTH effect of CARP-1 downregulation (Fig.4A). In contrast, SB203580, a P-p38-MAPK
inhibitor, blocked PTH effect (Fig.4A). Likewise, GF109203×, which inhibits PKC,
suppressed PTH action on CARP-1 (Fig.4B). To further investigate the role of PKC,
activation of PKC pathway and CARP-1 expression in differentiated MC-4 cells was
examined. As shown by Western blot analysis in Figure 4B, treatment with PMA, a PKC
agonist, decreased CARP-1 protein level compared with vehicle in a manner that was
similar to the effect of PTH on CARP-1 in these cells, thus providing further evidence that
PKC signaling was also involved. Taken together, these results suggest that PKA, PKC and
P-p38 MAPK, but not P-ERK-MAPK are likely contributors to PTH-dependent CARP-1
downregulation in osteoblastic cells.

Our previous studies have shown that PTH downregulates cyclin D1, P-p38 to control
osteoblast growth and mineralization [14,20]. Although CARP-1 expression causes
suppression of cell cycle regulatory genes such as c-Myc and cyclin B1, while inducing
cyclin-dependent kinase inhibitor p21 WWF1/CIP1 leading to apoptosis in breast cancer cells
[11], it is unclear whether any of these cell cycle regulatory genes or additional genes are
downstream effectors of PTH/CARP-1 signaling in osteoblasts. Since CARP-1 is also a co-
activator of p53 and transduces inhibitory effects of DNA damage, it is possible that
CARP-1 functions in bone to regulate osteoblast growth and differentiation by modulating
cell cycle machinery in a p53-dependent manner [34].

In summary, our current study demonstrates that CARP-1 is abundant in osteoblasts and is a
target of PTH, an active regulator of bone remodeling. We found that CARP-1 is
differentially regulated by PTH during osteoblast proliferation and differentiation.
Furthermore we noted that PTH promoted translocation of CARP-1 from the nucleus to the
cytoplasm during the differentiation process. These results provide a basis for further
investigations of mechanisms of action of CARP-1 in osteoblasts that could be crucial in
regulation of bone tissue remodeling and repair.
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Abbreviations

CARP-1 Cell Cycle and Apoptosis Regulatory Protein -1

PTH Parathyroid Hormone

PTHR1 PTH receptor-1

MC-4 MC3T3-E1 clone 4

PKA Protein Kinase A

PKC Protein Kinase C

MAPK Mitogen-Activated Protein Kinase

MEK MAPK Kinase
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ERK Extracellular Signal Regulated Kinase

PMA phorbol-12-myristate-13 acetate

EDTA ethylenediamine tetraacetic acid
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Highlights

• CARP-1 is identified for the first time in bone cells.

• PTH downregulates CARP-1 expression in differentiated osteoblasts.

• PTH displaces CARP-1 from nucleus to the cytoplasm in differentiated
osteoblasts.

• Downregulation of CARP-1 by PTH involves PKA, PKC and P-p38 MAPK
pathways.
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Figure 1. CARP-1 expression and response to PTH in differentiated osteoblasts
(A) Representative immunostainings for CARP-1 protein expression are shown in
osteocytes/osteoblasts in mouse femur (top row), growth plate chondrocytes (second row),
differentiated primary calvarial osteoblasts (third row) and MC3TC-E1 osteoblastic cells
(bottom row). NC, negative control. (B) MC3T3-E1 cells and (C) primary calvarial
osteoblasts were induced to differentiate with ascorbic acid for 7 days and treated with
100nM PTH (P) or vehicle (V). Total cellular protein were harvested from proliferating or
differentiated cells and subjected to SDS PAGE. Western blot analyses were performed with
anti CARP-1 antibody. GAPDH was used as a protein loading control. Densitometric
analyses were performed, normalized with GAPDH protein and plotted. Representative data
(mean ± SEM) from at least three to four independent experiments are shown. *, p<0.05 vs
V; Pro, proliferating; Diff, differentiated.
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Figure 2. Immunofluorescence staining of CARP-1 translocation from the nuclear to the
cytoplasm in differentiated osteoblasts
Left column: Treatment with vehicle shows nuclear localization of CARP-1 protein in
differentiated MC3T3-E1 cells. Right column: Treatment with 100nM PTH for 2 hours
translocates CARP-1 in the cytoplasm. NC, negative control.
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Figure 3. Dose dependence and time course analysis of CARP-1 protein expression in response to
PTH in differentiated osteoblasts
MC3T3-E1 cells were induced to differentiate with ascorbic acid for 7 days and treated with
(A) various concentrations of PTH (P) or vehicle (V) for 2 hours, (B) with 100 nM P or V
for 30 mins to 5 hours. Total cellular protein were harvested and subjected to SDS PAGE.
Western blot analyses were performed, normalized and plotted as in Fig.1. Representative
data (mean ± SEM) from at least three to four independent experiments are shown. *,
p<0.05 vs no treatment (N) or V.
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Figure 4. Downregulation of CARP-1 by PTH is PKA, PKC and P-p38 dependent
MC3T3-E1 cells were induced to differentiate with ascorbic acid for 7 days and were either
pretreated with (A) the PKA inhibitor H-89 (H), the MEK inhibitor U0126 (U), the P-p38
inhibitor (SB), and (B) the PKC inhibitor (GF) followed by treatment with PTH (P) or
vehicle (V), or treated with (B) the PKC agonist PMA alone as described in the Materials
and Methods. Total cellular protein were harvested and subjected to SDS PAGE. Western
blot analyses were performed, normalized and plotted as in Fig.1. Representative data (mean
± SEM) from three to four independent experiments are shown. *, p<0.05, **, p< 0.01 vs V.
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