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Parathyroid hormone (PTH) plays a major role in
bone remodeling and has the ability to increase bone
mass if administered daily. In vitro, PTH inhibits the
growth of osteoblastic cell lines, arresting them in G,
phase. Here, we demonstrate that PTH regulates the
expression of at least three genes to achieve the follow-
ing: inducing expression of MAPK phosphatase 1
(MKP-1) and p21°©®! and decreasing expression of cyclin
D1 at both mRNA and protein levels. The induction of
MKP-1 causes the dephosphorylation of extracellular
signal-regulated kinase and therefore the decrease in
cyclin D1. Overexpression of MKP-1 arrests UMR cells in
G, phase. The mechanisms involved in PTH regulation
of these genes were studied. Most importantly, PTH ad-
ministration produces similar effects on expression of
these genes in rat femoral metaphyseal primary spon-
giosa. Analyses of p21€'P! expression levels in bone indi-
cate that repeated daily PTH injections make the osteo-
blast more sensitive to successive PTH treatments, and
this might be an important feature for the anabolic func-
tions of PTH. In summary, our data suggest that one
mechanism for PTH to exert its anabolic effect is to
arrest the cell cycle progression of the osteoblast and
hence increase its differentiation.

The adult human skeleton is continuously resorbed and re-
newed by the actions of osteoclasts and osteoblasts. The main-
tenance of the skeleton requires the coordinated activities of
these cells. Disruption of this coordination underlies many
bone diseases, including osteoporosis. Parathyroid hormone
(PTH)! is released by the parathyroid gland in response to
slightly lowered serum ionized calcium concentrations and di-
rectly acts on the osteoblast but not the osteoclast. It plays a
major role in the balance between bone formation and bone
resorption. Although the physiological role of PTH is to mobi-
lize calcium from bone into blood by stimulating bone resorp-
tion, current interest has focused on its ability to increase bone
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mass in humans when administered once daily.

Several mechanisms have been proposed to explain this ana-
bolic effect (for a review, see Ref. 1). Among them, a prevailing
hypothesis proposes that PTH promotes osteoblast differentia-
tion. Osteoblasts originate from bone marrow stromal stem cells.
These cells undergo proliferation and differentiation into preos-
teoblasts and then into a final stage of differentiation concomi-
tant with extracellular matrix mineralization. These cells are
considered to be terminally differentiated mature osteoblasts
that must exit the cell cycle and end their differentiation as
osteocytes embedded in a mineralized matrix. Therefore, arrest-
ing cell cycle progression of the osteoblast could be part of the
mechanism elicited by PTH to facilitate differentiation. In vitro
studies demonstrated PTH could stimulate the proliferation of
osteoblastic cells under some circumstances, such as low concen-
tration of PTH (2), high cell density (3), short exposure to PTH
(4), or in a particular cell line (TE-85) (5), through a possible
mechanism of increasing Cdc2 expression (6). In chondrocytes
and chondrosarcoma cells, an activating mutation of the PTH
receptor (PTH1R) causes an increase in cyclin D1 and cyclin A
expression (7). However, a high PTH concentration (1078 M)
consistently inhibits the growth of several well established osteo-
blastic cell lines (UMR 106-01 (8), MC3T3-E1 (9), SaOS-2 (10),
and rat calvarial primary cultures).?

Mitogen-activated protein kinase (MAPK) phosphatase-1
(MKP-1), originally named Erp/3CH134 or CL100, is a protein
capable of regulating cell cycle progression. MKP-1 is an im-
mediate early gene induced by growth factors and stress (11,
12). It belongs to a family of dual specificity phosphatases
capable of removing both phosphotyrosine and phosphothreo-
nine from the Thr-X-Tyr motif, whose dual phosphorylation is
critical for the activation of MAPKs (reviewed in Refs. 13 and
14). Evidence strongly suggests that one of the MAPKSs, extra-
cellular signal-regulated kinases (ERK1/2, p42/p44MAPK)
whose dual phosphorylation is connected to cell proliferation in
most cell types, are substrates for MKP-1 (15). Whereas con-
stitutive overexpression or microinjection of MKP-1 blocks S
phase entry in fibroblasts (16) and suppresses normal and
oncogene-driven proliferation (17, 18), antisense oligonucleo-
tides targeted to MKP-1 prolong the activation state of MAPK
(19).

In mammalian cells, the cell cycle is governed by the activi-
ties of the cyclin-dependent kinases (CDKs) and their regula-
tory cyclin partners. Progression from G, to S phase requires
cyclin D-Cdk4(6) and cyclin E-Cdk2. These complexes phospho-
rylate retinoblastoma protein (Rb), resulting in the dissociation
of Rb and E2F. Released E2F is essential for cells to enter S
phase. CDK inhibitors (CDKIs) are of two types: INK4 proteins

2 Qin, L., Tamasi, J., Raggatt, L., Li, X, Feyen, J. H. M., Lee, D. C.,
DiCicco-Bloom, E., and Partridge, N. C. (2005) J. Biol. Chem. 280, in
press.

This paper is available on line at http://www.jbc.org

GTOZ ‘G YoLe |\ U0 SMBIpUY 1S JO AluN Te /610aq ' mmmy/:dny woly pspeojumod


http://www.jbc.org/

Mechanisms Used by PTH to Arrest Osteoblastic Cell Growth 3105
TABLE 1
Sequences of primers for real time RT-PCR
Gene 5' primer 3’ primer

MKP-1 TGGAGGACAACCACAAGGCA TGGCAGTGCACAAACACCCT
Cyclin D1 TGGAACTGCTTCTGGTGAACAA TTGTTCTCATCCGCCTCTGG
p21¢irt GCAAAGTATGCCGTCGTCTGTT GCGAAGTCAAAGTTCCACCGT
p27¥irt TCCGCCTGCAGAAACCTCTT AATTCCACTTGCGCTGGCTC
B-Actin TCCTGAGCGCAAGTACTCTGTG CGGACTCATCGTACTCCTGCTT
Glyceraldehyde-3-phosphate dehydrogenase AACCCATCACCATCTTCCAGG GCCTTCTCCATGGTGGTGAA

interfere with cyclin D-Cdk4(6), and CIP/KIP members
(p21€iPt p27KiP and p57%iP2) hind to both complexes. Whereas
it acts as an assembly factor for cyclin D-Cdk4(6), CIP/KIP
inhibits the activity of cyclin E-Cdk2. Upon cell cycle arrest, the
levels of CIP/KIP proteins increase, saturate D-type cyclins,
and then bind to cyclin E-Cdk2 to block the catalytic activity of
that kinase (20).

Previous studies demonstrated that 10 8 m PTH arrested
UMR 106 cells, a rat osteoblastic osteosarcoma cell line, in G,
phase possibly by up-regulation of p27¥iP! (21). However, the
detailed mechanism of how PTH inhibits cell cycle progression
and the relationship between this feature and the anabolic
effects that PTH has on bone are not fully understood. Here we
report that PTH employs several mechanisms to inhibit cell
cycle progression: inducing expression of MKP-1 and p21¢irt
and decreasing expression of cyclin D1. This is true not only in
osteoblastic cells (UMR 106-01 and rat calvarial primary cul-
ture) but also in PTH-treated osteoblast-rich bone samples,
suggesting that arresting osteoblastic cells in G; could be an
important part of the anabolic effect of PTH.

EXPERIMENTAL PROCEDURES

Chemicals—Synthetic human PTH-(1-38), human PTH-(1-34), hu-
man PTH-(1-31), and human PTH-(13-34) were purchased from
Bachem (Torrance, CA). Inhibitors H-89 and GF109203X were pur-
chased from Calbiochem. Rat PTH-(1-34), 8-bromo-cyclic AMP, PMA,
sodium orthovanadate, cycloheximide, and antibody for MKP-1 were
obtained from Sigma. Antibodies for ERK1/2, phospho-ERK1/2, and
cyclin D1 were obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Antibodies for p21¢'P1, p27¥iP1 and cAMP-response element-
binding protein were purchased from Cell Signaling (Beverly, MA).

Cell Culture—UMR 106-01 cells were maintained in Eagle’s mini-
mal essential medium supplemented with 5% fetal bovine serum, non-
essential amino acids, 25 mm HEPES (pH 7.5), 100 units/ml penicillin,
and 100 pg/ml streptomycin. For experiments, cells were seeded in
100-mm dishes at a density of 1.2 X 10* cells/cm? overnight and then
switched to serum-free minimal essential medium for 1 day before the
addition of PTH. Rat primary calvarial osteoblastic cells were obtained
and cultured as described previously (22). Before PTH treatment, these
cells were serum starved for 1 day.

In Vivo Injection of PTH into Rats—Sprague-Dawley rats (4-week-old
male, about 75 g, and 3-month old female, about 250 g) were purchased
from Hilltop (Scottdale, PA). Rats were injected subcutaneously with
vehicle (0.9% saline solution) or hPTH (1-38 for 4-week-old and 1-34 for
3-month-old; 8 ng/100 g) and euthanized using CO, at the indicated
time after injection. The animal protocols were approved by the Robert
Wood Johnson Medical School Institutional Animal Care and Use Com-
mittee. The primary spongiosa samples from the distal femur were
harvested immediately after sacrifice as described previously (23).

Analysis of mRNA Abundance by Real Time RT-PCR—-Cells or tis-
sues were harvested at the indicated time points after PTH treatment.
Total RNA was isolated using Tri Reagent (Sigma) followed by purifi-
cation with the RNeasy kit (Qiagen). A TagMan® Reverse Transcrip-
tion kit (Applied Biosystems) was used to reverse transcribe mRNA into
cDNA. Following this, PCR was performed on Opticon (MJ Research)
using a SYBR® Green PCR Core kit (Applied Biosystems). Each anal-
ysis was performed three to four times with independent sets of cells or
tissues from PTH treatment to RT-PCR to obtain mean values and S.E.
shown in the figures. The primers used for the RT-PCR are summarized
in Table I. For UMR 106-01 cells, B-actin was used as an internal
control. For femoral samples and primary osteoblastic cells, glyceralde-
hyde-3-phosphate dehydrogenase was used as an internal control.

Cell Cycle Analysis—UMR 106-01 cells were seeded into 6-well plates

at 5 X 10° cells/well and grown overnight. Cells were then transfected
with pCMV-hMKP-1 (a generous gift from Dr. Laura Mauro) or pPCMV
control vector along with the transfection marker pEGFP-F (Clontech),
a plasmid containing enhanced green fluorescent protein with a farne-
sylation sequence. The next day, cells were trypsinized, washed once
with PBS, and fixed in 70% ethanol for at least 1 h on ice. Fixed cells
were washed with PBS and incubated with propidium iodide solution
containing ribonuclease A. Cell cycle analyses were performed on a
Beckman Coulter XL.

Immunoblotting—Preparation of cell lysates and Western blot anal-
yses were performed as described previously (24).

RESULTS

PTH Regulates MKP-1 mRNA Abundance in Osteoblastic
Cells—Recent microarray studies from our laboratory identi-
fied MKP-1 as a target gene for rat PTH-(1-34) in UMR 106-01
cells (25). We confirmed this result by using real time RT-PCR.
As shown in Fig. 1A, 108 M rPTH-(1-34) greatly induced
MKP-1 mRNA expression in UMR 106-01 cells, with a peak of
15-fold after 1 h of treatment. This induction occurs very
quickly, since there is a 4-fold increase of MKP-1 expression
after just 15 min of PTH treatment. Western blot demonstrates
that PTH also regulates MKP-1 expression at the protein level
(Fig. 2A). In untreated UMR cells, there is a very low detectable
amount of MKP-1. Similar to the mRNA induction, MKP-1
protein peaks after 1 h of treatment, indicating that MKP-1
mRNA translates rapidly. A similar phenomenon is also ob-
served in another osteoblastic cell preparation, rat primary
calvarial osteoblastic cells (Fig. 1B). These cells mimic the
development of osteoblasts in bone and go through three stages
(proliferation, differentiation, and mineralization) sequentially
when cultured in dishes. Cells at different stages were treated
with rPTH-(1-34) (10~8 m) for different time periods, and the
level of MKP-1 mRNA was measured by real time RT-PCR. At
all developmental stages, MKP-1 levels were stimulated to the
greatest level at 1 h and then decreased to base line at 4 h. The
highest induction (18-fold) is observed in the mineralization
stage, and the lowest (2-fold) is seen in the proliferation stage.

The Induction of MKP-1 Expression Correlates with a De-
crease in ERK Phosphorylation in Osteoblastic Cells—PTH- or
cAMP-generating agents such as forskolin have been shown to
inhibit the basal activity of ERK1/2 or their activation by epider-
mal growth factor in osteoblastic cells (26, 27). Consistent with
those results, we found that in UMR 106-01 cells rPTH-(1-34)
(108 m) strongly but not completely inhibits the basal phospho-
rylation of ERK1/2 using Western blot analysis (Fig. 24). The
maximum inhibition occurs 1 h after the addition of PTH. Since
phosphorylated ERKs are substrates for MKP-1 activity, we com-
pared the pattern of MKP-1 protein induction and ERK1/2 de-
phosphorylation after PTH treatment (Fig. 24, top two pan-
els). It is interesting to note that both patterns correlate well
with maximal effects at 1 h. This result implies that the
induction of MKP-1 may be responsible for the decrease in
ERK1/2 phosphorylation.

Next we used two approaches to test this hypothesis. First,
we pretreated UMR cells with cycloheximide to inhibit de novo
protein synthesis. As shown in Fig. 2B, cycloheximide com-
pletely abolished the MKP-1 protein synthesis induced by PTH.
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Concurrently, it also eliminated the effect of PTH on ERK
dephosphorylation, suggesting that this effect requires new
protein synthesis that would include MKP-1. Second, we pre-
treated UMR cells with orthovanadate, a tyrosine phosphatase
inhibitor, to inhibit MKP-1 activity. Whereas the addition of
orthovanadate alone had no effect on ERK phosphorylation in
UMR cells, it totally abolished the dephosphorylation of ERK
caused by PTH (Fig. 2C), providing more evidence that MKP-1
probably mediates the effect of PTH on the dephosphorylation
of ERK.

Overexpression of MKP-1 Arrests UMR 106-01 Cells in G,
Phase—MKP-1 plays an important role in cell cycle regulation.
To address its role in the osteoblast, we transfected a human
MKP-1 plasmid into UMR cells and measured the percentage of
cells in each phase of the cell cycle by flow cytometry. Since the
transfection efficiency of UMR 106-01 cells is about 20% (data
not shown), we used farnesylated enhanced green fluorescent
protein (EGFP-F) as a cotransfection marker to do this exper-
iment. Cell cycle analyses were performed on EGFP-F-express-
ing cells, which should also have the MKP-1 vector. As shown
in Table II, flow cytometry revealed that about 47% of UMR
cells cotransfected with EGFP-F, and various amounts of
pCMV vector controls are in G, phase, and 29 and 23% of cells
are in S phase and G, + M phases, respectively. Interestingly,
in cells cotransfected with EGFP-F and 1 ug/well MKP-1, there
is a definite increase in the percentage of cells in G; phase
(56%) as well as a decrease in the percentage of cells in S phase
(20%) and in G, + M phases (20%). More importantly, as the
amount of transfected MKP-1 plasmid increased to 2 ug/well,
there were more cells in G; phase (65%) and fewer cells in S
phase (16%) and in G, + M phase (17%). These results clearly
show that overexpression of MKP-1 prevents UMR cells pro-
gressing from G, to S phase of the cell cycle.

PTH Inhibits Cyclin D1 Expression Possibly through MKP-1
Regulation—The proliferative effect of phosphorylated ERK is
partly mediated by its ability to induce cyclin D1 expression
(28). Since the above data suggest that the up-regulation of
MKP-1 by PTH causes the dephosphorylation of ERKs and
overexpression of MKP-1 inhibits cell cycle progression, we

hypothesized that similar PTH treatment will decrease cyclin
D1 expression. Indeed, our previous microarray analysis sug-
gested that cyclin D1 expression decreased to about 43% in
UMR cells after 4 h of rPTH-(1-34) (108 M) treatment (25). We
confirmed this result using real time RT-PCR. As shown in Fig.
3A, PTH treatment significantly decreased cyclin D1 expres-
sion to about 60% of base line at 4 and 8 h (p < 0.05). This effect
is more evident at the protein level. Densitometric measure-
ment of Western blots revealed that cyclin D1 protein was 51,
36, 28, and 42% of control after 2, 4, 8, and 24 h, respectively,
of PTH treatment (Fig. 3B). It is interesting to note that the
effect of PTH on cyclin D1 starts at 2 h and peaks around 4—8
h, just after the maximal effect (1 h) on MKP-1 expression and
dephosphorylation of ERK.

Cyclin D1 expression is also inhibited by rPTH-(1-34) (108
M) in rat primary calvarial osteoblastic cells in the mineraliza-
tion phase (Fig. 3C). After 12 h of treatment, the level of cyclin
D1 mRNA significantly decreased to 65% in PTH-treated cells
compared with that in control cells (p < 0.05). A 1.8-fold in-
crease of cyclin D1 mRNA was observed after 1 h of PTH
treatment. However, this increase is not statistically signifi-
cant (p = 0.2). There was no effect of PTH on cyclin D1 in
primary osteoblastic cells in the differentiation phase.

If PTH regulation of cyclin D1 is through MKP-1 and ERK
pathways, then cyclin D1 must be a secondary response gene
for PTH, and this response will be eliminated when MKP-1
synthesis or activity is blocked. In fact, cycloheximide abol-
ished the PTH effect on cyclin D1 expression in UMR cells (Fig.
3D), suggesting that this effect also requires new protein syn-
thesis. As shown in Fig. 3E, orthovanadate had no effect on the
basal expression of cyclin D1 protein (compare lanes 1 and 3).
However, this MKP-1 activity inhibitor completely eliminated
the inhibition of cyclin D1 by PTH treatment (compare lanes 2
and 4). Therefore, it is reasonable to propose that the effect of
PTH on cyclin D1 is downstream of MKP-1 and ERK.

PTH Stimulates p21°?1, but Not p275%!, in UMR 106-01
and Rat Calvarial Osteoblastic Cells—To further understand
the mechanism of how PTH arrests cell cycle progression of
osteoblastic cells, we performed real time RT-PCR to study the
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Fic. 2. PTH inhibits ERK phosphorylation through an in-
crease in MKP-1 expression. A, UMR 106-01 cells were serum-
starved for 1 day and then treated with 107® M rPTH-(1-34). Protein
lysates were collected at the indicated time points, and the same
amounts of protein (35 ug/well) were analyzed by immunoblotting using
various antibodies. Western blots with total ERK1/2 antibody were
used as an internal control. B, the dephosphorylation of ERK1/2 by PTH
requires new protein synthesis. Control (ethanol) or 30 ug/ml cyclohex-
imide (CHX) was added to the medium 30 min before the addition of
10~ % M rPTH-(1-34). C, blockage of MKP-1 activity by orthovanadate
abolishes the effect of PTH on ERK1/2 dephosphorylation. 50 um
Na,VO, was added to the medium 30 min before the addition of 10™®
M rPTH-(1-34).

TaBLE II
Overexpression of MKP-1 in UMR 106-01 cells inhibits cell cycle
progression from G, to S phase

Plasmid G, S Gy + M
% % %
EGFP-F + 1 ug of vector 46.5 29.6 22.8
EGFP-F + 2 ug of vector 47.0 28.3 23.3
EGFP-F + 1 pg of MKP-1 56.2 20.0 20.4
EGFP-F + 2 pg of MKP-1 64.8 16.1 16.9

expression levels of other cyclins (cyclin D2, D3, E, A, and B),
CDKs (Cdk2, -4, and -6), and CDKIs (p21¢P!, p27Kipt p57Kip2
p15, and p16) in UMR 106-01 cells after PTH treatment. Only
p21€P! and not the other aforementioned genes, was found to
be regulated by PTH. The mRNA level of p21©"P! was quickly
stimulated by PTH, with a maximal 8-fold increase at 1 h (Fig.
4A). Western blot analysis confirmed this result. Whereas
there was no detectable level of p21°'P! in untreated cells,
p21€P! protein became obvious at 1 h and peaked between 2
and 4 h after treatment (Fig. 4B). However, there was no
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Fic. 3. PTH decreases cyclin D1 expression by up-regulation of
MKP-1. UMR 106-01 cells were serum-starved for 1 day and then treated
with 10~® M rPTH-(1-34). RNA and protein lysates were collected at the
indicated time points and were analyzed by real time RT-PCR (A) and
immunoblotting (B), respectively. The cyclin D1 protein amounts shown
at the bottom of the gel were obtained by densitometric measurement. The
amount in untreated cells is set as 1. C, the effect of PTH on cyclin D1
mRNA in primary calvarial osteoblastic cultures in the differentiation
(day 14) and mineralization phases (day 21) as measured by real time
RT-PCR. D, PTH regulation of cyclin D1 is a secondary response. Control
(ethanol) or 30 pg/ml cycloheximide (CHX) was added to the medium 30
min before 8 h of 10~® M rPTH-(1-34) treatment. The expression levels of
cyclin D1 were assayed by real time RT-PCR. E, immunoblotting demon-
strates that inhibition of MKP-1 activity eliminates the PTH effect on
cyclin D1 expression. 50 um Na;VO, were added to the medium 30 min
before 8 h of 10~® M rPTH-(1-34) treatment. Western blot with total ERK
antibody was used as an internal control. The asterisks in C and D
represent p < 0.05 compared with control. CREB, cAMP-response ele-
ment-binding protein.

significant change observed in both mRNA and protein levels of
p27¥iP! by PTH throughout the time course (Fig. 4, A and B).
This is inconsistent with a previous study indicating that PTH
stimulates the protein level of p27%®* (3-fold), but not p21¢iPL,
in UMR 106 after 12 and 24 h (21). The reason for the discrep-
ancy of the PTH effect on p275! is not known, but it could be
due to the strain difference between UMR 106 used previously
and UMR 106-01 used in the present report.
Furthermore, a similar effect of PTH on p21¢** and p2
was also observed in primary calvarial osteoblastic cells. In
cells in the differentiation phase, PTH stimulated p21°¢!
mRNA 3.8-fold at 4 h, and in cells in the mineralization phase,
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Fic. 4. CDK inhibitor p21°®!, but not p27¥*!, is an early re-
sponse gene for PTH. UMR 106-01 cells (A and B) and primary
calvarial osteoblastic cells in differentiation (day 14) and mineraliza-
tion (day 21) phases (C) were serum-starved for 1 day and then treated
with 10~® M rPTH-(1-34). RNA and protein lysates were collected at the
indicated time points and were analyzed by real time RT-PCR (A and C)
and immunoblotting (B), respectively. Western blot with cAMP-re-
sponse element-binding protein antibody (CREB) was used as an inter-
nal control.

the induction was 2.6- and 3.5-fold at 1 and 4 h, respectively
(Fig. 4C). Consistent with the above results from the UMR
106-01 cells, we did not detect a change in p27%?! mRNA level
after PTH treatment (data not shown).

Expression of MKP-1, Cyclin D1, p21°?*, and p275** during
Osteoblast Differentiation—During its differentiation, the os-
teoblast gradually ceases proliferation and expresses various
bone-specific markers at different differentiation stages. For
example, in primary calvarial cultures, alkaline phosphatase
has its highest expression level during the differentiation
phase, whereas osteocalcin is a marker of mineralization. To
further investigate the role of the above PTH-regulated cell
cycle genes, we studied their expression in primary calvarial
cells during differentiation using real time RT-PCR (Fig. 5).
MKP-1 mRNA increased 2-fold in both differentiation and min-
eralization phases compared with the proliferation phase.
p21¢®! along with another CDKI p27XP! was expressed to a
greater extent in the later two phases, since the mRNA levels
of p21€P! in the differentiation and mineralization phases
were 6- and 5-fold that in the proliferation phase. For p27¥iPt,
it is 3- and 4-fold increased. These results demonstrate why the
differentiated osteoblast ceases proliferation. Surprisingly, we
observed that cyclin D1 had its highest expression in the dif-
ferentiation phase (5-fold compared with that in the prolifera-
tion phase). As cells mineralized, its expression decreased
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Fic. 5. The expression of MKP-1, cyclin D1, p21€*! and p27¥ir!
during osteoblast differentiation. Real time RT-PCR was used to
analyze RNA extracted from rat calvarial primary osteoblastic cells at
three stages of differentiation: day 6 (proliferation), day 14 (differenti-
ation), and day 21 (mineralization) in culture.

about 50%, probably adding another mechanism preventing
mineralized osteoblastic cells from proliferating.

PTH Regulation of MKP-1 and p21°! Is PKA-dependent
and Is a Primary Response—PTH signals through both PKA
and PKC pathways after binding with its receptor, PTH1R, on
the osteoblast membrane (29, 30). To study which pathway
PTH uses to regulate MKP-1 and p21°"P!, we took advantage of
different peptide fragments of PTH that activate different
pathways and inhibitors and activators of these pathways. As
shown in Fig. 6A, hPTH-(1-31) (which activates PKA but not
PKC) retained the ability to stimulate MKP-1 and p21¢®?
mRNA levels (21- and 8-fold, respectively) after a 1-h treat-
ment of UMR 106-01 cells. However, hPTH-(13-34) (which
activates PKC but not PKA) had no effect on the expression of
those genes. In comparison, 8-bromo-cyclic AMP, a cell-perme-
able cAMP analog, stimulated the expression of MKP-1 and
p21€"®! about 13- and 8-fold, respectively. PMA, an activator of
the PKC pathway, had very little effect on MKP-1 expression
(3-fold increase compared with 22-fold increase by rPTH-(1—
34)). In contrast, PMA stimulated p21©P! expression by 5-fold,
the same level as rPTH-(1-34) achieved, indicating that
p21€*! could be regulated by both PKA and PKC pathways.
Nevertheless, in the presence of the PKA inhibitor H-89, but
not in the presence of the PKC inhibitor GF109203X, rPTH-
(1-34) lost its ability to induce both MKP-1 and p21°P®!, sug-
gesting that this regulation is PKA-dependent but not PKC-de-
pendent in osteoblastic cells.

To determine whether PTH induction of MKP-1 and p21¢ir?
is a primary response, UMR 106-01 cells were treated with
rPTH-(1-34) (108 M) in the presence or the absence of cyclo-
heximide. Fig. 6B shows that cycloheximide had no effect on
the PTH induction of MKP-1 and p21°P!, suggesting that this
process does not require de novo protein synthesis (i.e. this
effect is a primary response).

MKP-1, Cyclin D1, and p21°P! Expression Are Similarly
Regulated by PTH in Bone—A classic animal model for PTH
anabolic function is repeated daily injection of PTH in rats. A
single injection of hPTH-(1-34) (8 ug/100g) is sufficient to
modify the expression of genes involved in the actions of PTH in
rat osteoblast-enriched femoral metaphyseal primary spon-
giosa (23). We injected human PTH-(1-38) (8 ug/100 g) or
saline vehicle into young male rats (4-week-old) and harvested
RNA from the femoral metaphyses at various time points. Real
time RT-PCR was performed to study the expression levels of
MKP-1, cyclin D1, and p21©*! in these animals. Fig. 7 demon-
strates that one injection of PTH greatly stimulated MKP-1
expression with a 7-fold stimulation over control after 30 min
(A), decreased cyclin D1 expression significantly to 60% of
control levels 1 h after PTH injection (B), and increased p21¢!
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Fic. 6. The stimulation of MKP-1 and p21°"®* mRNA expres-
sion by PTH is PKA-dependent (A) and is a primary response
(B). A, after serum starvation, UMR 106-01 cells were pretreated with
the following for 30 min: Me,SO (0.1%, v/v), 40 pm H-89, or 5 um
GF109203X. Cells were then treated with 10~ m rPTH-(1-34), 10 ® M
hPTH-(1-31), 10 ® M hPTH-(13-34), 1 mM 8-bromo-cyclic AMP, or 3 um
PMA as indicated for 1 h before harvesting RNA for real time RT-PCR
analysis to determine the -fold changes in MKP-1 and p21¢*!. B, UMR
106-01 cells were treated with ethanol (0.1%, v/v) or cycloheximide (chx;
30 ug/ml) for 1 h. Cells were then treated with 10~% m rPTH-(1-34) for
another 1 h before harvesting RNA for real time RT-PCR analyses.

expression more than 2-fold at both 30 min and 1 h (C). These
results are consistent with our results on the effects of PTH in
UMR and primary osteoblastic cells, strongly suggesting that
the inhibitory effect of PTH on cell cycle progression observed
in several osteoblastic cell lines is not confined only to in vitro
cell culture experiments but is indeed related to the anabolic
function of PTH in vivo.

Similar to previous reports (31), we observed a significant
anabolic effect of PTH on trabecular bone, including an in-
crease in bone mineral density, bone formation rate, and osteo-
blast numbers, in 3-month-old female rats after 14 days of daily
hPTH-(1-34) (8 png/100 g) administration (data not shown).
After 2 weeks of injections, RNA was harvested from femoral
metaphyseal primary spongiosa, and the levels of the genes of
interest were compared with that of vehicle-treated samples
using real-time RT-PCR. Surprisingly, we found that whereas
one injection of PTH only increased the p21°*! mRNA level
2-fold at 1 h, 14 days of daily injections substantially increased
the same transcript 8-fold compared with control 1 h after the
last injection (Fig. 7D). Note that the p21°*! mRNA level
returns to basal 4 h after one PTH injection (Fig. 7C). There-
fore, the basal level of p21¢*! mRNA before PTH injection at 14
days should be similar to that of vehicle-treated animals. It
appears that repeated PTH injections make the osteoblast
more sensitive to the subsequent injections, giving a reason
why the anabolic effect of PTH requires multiple administra-
tions. The stimulation of MKP-1 and inhibition of cyclin D1
after 1 h of PTH injection were unchanged between one injec-
tion and 14 days of injections.

DISCUSSION

There are contradictory reports regarding whether PTH
stimulates or inhibits osteoblast cell proliferation. It seems
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Fi6. 7. PTH regulates MKP-1, cyclin D1, and p21°®! similarly
in bone as it does in osteoblastic cells. A-C, mRNAs were extracted
from distal femur metaphyses 0.5, 1, and 4 h after one subcutaneous
injection of hPTH-(1-38) (8 ng/100 g) or saline control into 4-week-old
male rats, and the levels of MKP-1 (A), cyclin D1 (B), and p21“*! (C) in
those mRNAs were analyzed by real time RT-PCR. The asterisk in B
represents p < 0.05 compared with vehicle-treated rats. D, 3-month-old
female rats were subcutaneously injected with hPTH-(1-34) (8 ng/100
g) or saline control either with one injection or daily for 14 days.
Messenger RNA was extracted from the distal femur metaphyses 1 h
after the last injection and subjected to real-time RT-PCR to determine
the -fold change in p21°?,

that the outcome depends on the cells used, the length of
treatment, PTH concentration, etc. However, how this effect
is related to the anabolic function of PTH in bone is largely
unknown. This is the first report demonstrating that PTH
up-regulates MKP-1 and p21©®! and down-regulates cyclin
D1 not only in osteoblastic cells, such as UMR 106-01 and
primary calvarial cultures, but also in bone cells in vivo after
intermittent injection, strongly suggesting that the ability of
PTH to inhibit cell proliferation in vitro is relevant to its
physiological role.

Regulation of all the above three genes results in preventing
cell cycle transition from G, to S phase. In most cases, exit from
the cell cycle at G, is required for terminal cell differentiation.
Moreover, cell cycle arrest actually stimulates differentiation.
The current model of cell cycle regulation indicates that Rb is
inhibited by CDKs. Therefore, the stimulation of p21¢! and
inhibition of cyclin D1 would lead to increased activity of Rb.
Rb belongs to the pocket protein family, which also includes
pl107 and p130. An essential role for Rb in all cell types is
proliferation control. It acts as a generic corepressor of the E2F
family of transcription factors. These proteins, with their part-
ners DP1 and DP2, transactivate genes important for G, to S
phase transition (32). In addition, Rb also plays important roles
in the differentiation of mesenchymal lineages, including myo-
genesis (33), adipogenesis (34), and osteogenesis (35). Osteo-
sarcoma is the second most common tumor after retinoblas-
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toma, occurring in individuals with inherited heterozygous loss
of the Rb gene (36). In addition, up to 60% of sporadic osteo-
sarcomas have loss of Rb (37, 38). It turns out that Rb plays a
key role in facilitating expression of late markers of osteoblast
differentiation through physical association with Runx2, a
transcriptional regulator of osteoblast differentiation. Loss of
Rb in osteoblastic cells results in blockage of late osteoblast
differentiation (35). In addition to Rb, Cip/Kip CDKIs support
differentiation of a variety of cells (39), possibly through in-
creasing Rb activity. A well studied system is MyoD, a skeletal
muscle-specific transcription factor that induces terminal cell
cycle arrest associated with skeletal muscle differentiation,
which has been shown to induce p21€"* (33, 40). Our data also
suggest that both p21©"! and p27¥iP! levels increase as osteo-
blastic cells differentiate. These data are consistent with a
previous report on p27<i*! but not p21°"*! (41). In that report,
compared with the proliferative phase, p21€"P! protein levels
decreased in the differentiation phase and then returned to
comparable levels in the mineralization phase.

Accordingly, a model is proposed to explain how PTH arrests
osteoblastic cells in G; and stimulates terminal differentiation
(Fig. 8). PTH binds to its receptor PTH1R on the mature osteo-
blast and activates the PKA pathway. Subsequently, posttrans-
lational modification of some transcription factors, such as
cAMP-response element-binding protein, quickly induces the
expression of MKP-1 and p21°P!, The increase in MKP-1 pro-
tein results in dephosphorylation of its substrate, phosphoryl-
ated ERKs, and hence decreases the expression of cyclin D1
and subsequently the activity of the cyclin D1-Cdk4(6) com-
plex. The increase in p21°P! inhibits the activity of the cyclin
E-Cdk2 complex. Both result in greater activity of Rb, which
would suppress proliferation and promote differentiation
through interacting with Runx2.

Why is a two-pronged approach needed for the growth-inhib-
itory function of PTH? We can speculate that the p21°*! path-
way is used to arrest the intrinsic growth of the osteoblast,
whereas the MKP-1/cyclin D1 pathway is used to prevent the
osteoblast from responding to external growth signals. Osteo-
blasts reside in an environment containing a variety of cells,

Mechanisms Used by PTH to Arrest Osteoblastic Cell Growth

such as bone marrow stromal cells, hematopoietic stem cells,
blood cells, adipocytes, osteoblast progenitors, osteoclasts, and
many more. These cells communicate and influence each other
to form a balanced microenvironment. Many growth factors,
produced locally from surrounding cells or systemically, can act
on the osteoblast and simulate proliferation by increasing ERK
phosphorylation. These factors include FGF-2 (42), platelet-
derived growth factor BB (43), insulin-like growth factor-I (44),
epidermal growth factor (24), amphiregulin,? etc. The increase
in MKP-1 after PTH treatment could antagonize those signals.
In fact, this explains a previous report that PTH inhibited the
activation of ERK by epidermal growth factor (27). It was also
reported that glucocorticoids rapidly up-regulate MKP-1 in
osteoblastic cell lines, resulting in dephosphorylation of PMA-
stimulated ERKs and impairment of osteoblast proliferation
(45). Together with our data, it seems that MKP-1 is used as a
common mechanism to prevent cells from responding to growth
signals.

The anabolic function of PTH requires repeated daily admin-
istration. It takes a minimum of 2 weeks to observe a bone
mineral density increase in rats and mice, whereas the PTH
treatment for osteoporosis patients takes months to be effec-
tive. A very recent paper using ovariectomized mice comparing
PTH and estradiol treatment showed only a small overlap of
the genes expressed, and notably estradiol stimulated both
p21€"P! and cyclin D1 (46). Interestingly, we found that the
stimulation of p21°®! by PTH in rats is higher after 14 days of
injection than that after one injection (8-fold versus 2-fold). It
seems that repeated injections modify the bone cells in a way
that they become more sensitive to the next PTH treatment.
However, we did not detect the same change in cyclin D1 and
MKP-1 expression. This could be due to the fact that we did not
harvest samples at the optimum time point after 14 days of
treatment or that only a fraction of PTH response genes behave
similarly to p21P1, Nevertheless, this feature may be impor-
tant for the anabolic function of PTH, and we are currently
studying whether PTH has the same effect on other PTH-
regulated genes.

Acknowledgments—We thank Dr. Laura Mauro (University of Min-
nesota) for providing pCMV-hMKP-1 plasmid.

REFERENCES

1. Qin, L., Raggatt, L. J., and Partridge, N. C. (2004) Trends Endocrinol. Metab.
15, 60—65
2. Swarthout, J. T., Doggett, T. A., Lemker, J. L., and Partridge, N. C. (2001)
J. Biol. Chem. 276, 75867592
3. MacDonald, B. R., Gallagher, J. A., and Russell, R. G. (1986) Endocrinology
118, 2445-2449
4. Scutt, A., Duvos, C., Lauber, J., and Mayer, H. (1994) Calcif. Tissue Int. 55,
208-215
5. Finkelman, R. D., Mohan, S., Linkhart, T. A., Abraham, S. M., Boussy, J. P.,
and Baylink, D. J. (1992) Bone Miner. 16, 89-100
6. Onishi, T., Zhang, W., Cao, X., and Hruska, K. (1997) JJ. Bone Miner. Res. 12,
1596-1605
. Beier, F., and LuValle, P. (2002) Mol. Endocrinol. 16, 2163-2173
. Partridge, N. C., Opie, A. L., Opie, R. T., and Martin, T. J. (1985) Calcif. Tissue
Int. 37, 519-525
9. Tam, V. K., Clemens, T. L., and Green, J. (1998) Endocrinology 139,
3072-3080
10. Nasu, M., Sugimoto, T., Kaji, H., and Chihara, K. (2000) /. Endocrinol. 167,
305-313
11. Charles, C. H., Sun, H., Lau, L. F., and Tonks, N. K. (1993) Proc. Natl. Acad.
Sci. U. S. A. 90, 5292-5296
12. Keyse, S. M., and Emslie, E. A. (1992) Nature 359, 644—647
13. Camps, M., Nichols, A., and Arkinstall, S. (2000) FASEB J. 14, 6-16
14. Keyse, S. M. (2000) Curr. Opin. Cell Biol. 12, 186—-192
15. Sun, H., Charles, C. H., Lau, L. F., and Tonks, N. K. (1993) Cell 75, 487-493
16. Brondello, J. M., McKenzie, F. R., Sun, H., Tonks, N. K., and Pouyssegur, J.
(1995) Oncogene 10, 1895-1904
17. Sun, H., Tonks, N. K., and Bar-Sagi, D. (1994) Science 266, 285-288
18. Lai, K., Wang, H., Lee, W. S., Jain, M. K., Lee, M. E., and Haber, E. (1996)
J. Clin. Invest. 98, 1560-1567
19. Duff, J. L., Monia, B. P., and Berk, B. C. (1995) J. Biol. Chem. 270, 7161-7166
20. Coqueret, O. (2003) Trends Cell Biol. 13, 65-70
21. Onishi, T., and Hruska, K. (1997) Endocrinology 138, 1995-2004
22. Shalhoub, V., Gerstenfeld, L. C., Collart, D., Lian, J. B., and Stein, G. S. (1989)

® =1

GTOZ ‘G Yo |\ U0 SMaIpUY IS Jo Alun e /610°0g [ mmm//:dny wody papeojumoq


http://www.jbc.org/

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.

Mechanisms Used by PTH to Arrest Osteoblastic Cell Growth

Biochemistry 28, 5318-5322

Onyia, J. E., Bidwell, J., Herring, J., Hulman, J., and Hock, J. M. (1995) Bone
17, 479-484

Swarthout, J. T., Tyson, D. R., Jefcoat, S. C., Jr., and Partridge, N. C. (2002)
J. Bone Miner. Res. 17, 1401-1407

Qin, L., Qiu, P., Wang, L., Li, X., Swarthout, J. T., Soteropoulos, P., Tolias, P.,
and Partridge, N. C. (2003) J. Biol. Chem. 278, 19723-19731

Chaudhary, L. R., and Avioli, L. V. (1998) Mol. Cell Biochem. 178, 59—68

Verheijen, M. H., and Defize, L. H. (1995) Endocrinology 136, 3331-3337

Lavoie, J. N., L’Allemain, G., Brunet, A., Muller, R., and Pouyssegur, J. (1996)
J. Biol. Chem. 271, 20608-20616

Civitelli, R., Reid, I. R., Westbrook, S., Avioli, L. V., and Hruska, K. A. (1988)
Am. J. Physiol. 255, E660-E667

Partridge, N. C., Kemp, B. E., Veroni, M. C., and Martin, T. J. (1981) Endo-
crinology 108, 220-225

Dobnig, H., and Turner, R. T. (1997) Endocrinology 138, 4607—4612

Dyson, N. (1998) Genes Dev. 12, 2245-2262

Novitch, B. G., Mulligan, G. J., Jacks, T., and Lassar, A. B. (1996) J. Cell Biol.
135, 441-456

Chen, P. L., Riley, D. J., Chen, Y., and Lee, W. H. (1996) Genes Dev. 10,
2794-2804

Thomas, D. M., Carty, S. A., Piscopo, D. M., Lee, J. S., Wang, W. F., Forrester,
W. C., and Hinds, P. W. (2001) Mol. Cell 8, 303-316

Gurney, J. G., Severson, R. K., Davis, S., and Robison, L. L. (1995) Cancer 75,

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

3111

2186-2195

Wadayama, B., Toguchida, J., Shimizu, T., Ishizaki, K., Sasaki, M. S., Kotoura,
Y., and Yamamuro, T. (1994) Cancer Res. 54, 3042-3048

Hansen, M. F., Koufos, A., Gallie, B. L., Phillips, R. A., Fodstad, O., Brogger,
A., Gedde-Dahl, T., and Cavenee, W. K. (1985) Proc. Natl. Acad. Sci.
U. S. A. 82, 6216-6220

Zavitz, K. H., and Zipursky, S. L. (1997) Curr. Opin. Cell Biol. 9, 773-781

Guo, K., Wang, J., Andres, V., Smith, R. C., and Walsh, K. (1995) Mol. Cell.
Biol. 15, 3823-3829

Drissi, H., Hushka, D., Aslam, F., Nguyen, Q., Buffone, E., Koff, A., van
Wijnen, A., Lian, J. B., Stein, J. L., and Stein, G. S. (1999) Cancer Res. 59,
3705-3711

Xiao, G., Jiang, D., Gopalakrishnan, R., and Franceschi, R. T. (2002) J. Biol.
Chem. 2717, 36181-36187

Chaudhary, L. R., and Avioli, L. V. (1997) Biochem. Biophys. Res. Commun.
238, 134-139

Zhang, W., Lee, J. C., Kumar, S., Gowen, M., Chaudhary, L. R., and Avioli,
L. V. (1999) J. Bone Miner. Res. 14, 528535

Engelbrecht, Y., de Wet, H., Horsch, K., Langeveldt, C. R., Hough, F. S., and
Hulley, P. A. (2003) Endocrinology 144, 412—422

von Stechow, D., Zurakowski, D., Pettit, A. R., Muller, R., Gronowicz, G.,
Chorev, M., Otu, H., Libermann, T., and Alexander, J. M. (2004) J. Cell
Biochem. 93, 476-490

GTOZ ‘S Y2\ UO SMBIPUY 1S JO Alun Te /B.10°0q ['mmmy/:dny wouy pepeojumoq


http://www.jbc.org/

