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Abstract

Parathyroid hormone (PTH) exerts dual effects, anabolic or catabolic, on bone when admin-

istrated intermittently or continuously, via mechanisms that remain largely unknown. PTH

binding to cells induces PTH-responsive genes including primary response genes (PRGs).

PRGs are rapidly induced without the need for de novo protein synthesis, thereby playing

pivotal roles in directing subsequent molecular responses. In this study, to understand the

role of PRGs in mediating osteoblastic cellular responses to PTH, we investigated whether

various durations of PTH differentially induce PRGs in primary osteoblasts and MC3T3-E1.

Nurr1 and RANKL, PRGs known for their anabolic and catabolic roles in bone metabolism

respectively, presented distinctive transient vs. sustained induction kinetics. Corroborating

their roles, maximum induction of Nurr1 was sufficiently achieved by brief PTH in as little as

30 minutes and continued beyond that, while maximum induction of RANKL was achieved

only by prolonged PTH over 4 hours. Our data suggested distinctive regulatory mechanisms

for Nurr1 and RANKL: PKA-mediated chromatin rearrangement for transcriptional regula-

tion of both PRGs and ERK-mediated transcriptional regulation for RANKL but not Nurr1.

Lastly, we classified PRGs into two groups based on the induction kinetics: The group that

required brief PTH for maximum induction included Nur77, cox-2, and Nurr1, all of which

are reported to play roles in bone formation. The other group that required prolonged PTH

for maximum induction included IL-6 and RANKL, which play roles in bone resorption.

Together, our data suggested the crucial role of PRG groups in mediating differential osteo-

blastic cellular responses to intermittent vs. continuous PTH. Continued research into the

regulatory mechanisms of PKA and ERK for PRGs will help us better understand the molec-

ular mechanisms underlying the dual effects of PTH, thereby optimizing the current thera-

peutic use of PTH for osteoporosis.
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Introduction

Parathyroid hormone (PTH), an endocrine regulator of calcium homeostasis, exerts paradoxical

dual effects, anabolic or catabolic, on bone metabolism depending on whether it is administered

intermittently or continuously [1, 2]. Although PTH increases bone turnover, intermittent PTH

upregulates osteoblast differentiation and function more than osteoclastogenesis, leading to net

bone gain. In contrast, continuous PTH significantly enhances osteoclastogenesis and to a lesser

extent osteoblastogenesis leading to net bone loss [3–5]. However, the differential cellular responses

that occur during the hours following the administration of intermittent vs. continuous PTH

remain largely unknown, hindering a comprehensive understanding of the dual effects of PTH.

Upon binding to osteoblasts, PTH’s primary target cells, PTH rapidly activates PTH-signaling

cascades including protein kinase A (PKA), protein kinase C (PKC) as well as MEK (MAPK/ERK

kinase)/ ERK (extracellular signal-regulated kinase) pathways to induce PTH-responsive genes

including ‘first-responder’ primary response genes (PRGs) [6]. PRGs are genes that are rapidly

induced without the need for de novo protein synthesis [7]. They affect subsequent molecular

responses by playing versatile roles as transcription factors, enzymes, signaling mediators, and

cytokines in various types of cells, such as neuronal cells, cardiac cells, and immune cells [8–11].

Among PRGs, Nurr1 and RANKL are known to play distinctive roles in osteoblasts and bone;

Nurr1, a member of the NR4A nuclear orphan receptor family, is involved in osteoblastic differ-

entiation, as shown by its transactivation of osteocalcin and osteopontin and its upregulation dur-

ing osteoblastic differentiation [9, 10, 12–14]. RANKL, a member of the tumor necrosis factor

(TNF) cytokine family, is a well-known master regulator of osteoclastogenesis [15].

In this study, to understand the role of PRGs in mediating osteoblastic cellular responses to

intermittent vs. continuous PTH, we investigated the induction kinetics of PRGs for brief vs.

prolonged PTH as well as the regulatory mechanisms for PRGs, specifically Nurr1 and

RANKL, in primary calvarial osteoblasts (pOBs) and the MC3T3-E1 osteoblastic cell line. Cells

were treated with PTH either for a prolonged period (the entire duration of the experiment) or

for only brief periods. Distinctive transient vs. sustained induction kinetics for brief vs. pro-

longed PTH, as well as distinctive regulatory mechanisms of the PTH-signaling mediators

PKA vs. MEK/ERK were observed for Nurr1 vs. RANKL. Continued investigation of other

PRGs revealed two groups of PTH-induced osteoblastic PRGs. One group included Nur77,

COX-2, and Nurr1, all of which required only brief PTH for maximum induction; the other

group included IL-6 and RANKL, which required prolonged PTH for maximum induction.

Overall, our study demonstrated differential induction of PRGs in response to brief vs. pro-

longed PTH, which may in turn play a crucial role in differential osteoblastic cellular responses

and consequently, in the dual effects of PTH on bone.

Materials and methods

Cell culture and reagents

Primary calvarial osteoblasts (pOBs) were isolated from 6–8 day old CD-1 neonatal mice

(Charles River laboratories, Inc., Boston, MA) and cultured as previously described [13]. All ani-

mals used in our studies were euthanized according to protocol approved by UCLA Institutional

Animal Care and Use Committee (ARC No. 98–175–02). pOBs were plated at a concentration

of 35,000~40,000 cells/cm2 and cultured in DMEM with 10% FBS and 1% antibiotics (100 units/

ml penicillin and 50 μg/ml streptomycin) for 10 days to reach confluency. MC3T3-E1 osteoblas-

tic cells were obtained from Riken Cell Bank (Japan) and cultured as previously described [16].

For all experiments, MC3T3-E1 cells were plated at a density of 60,000 cells/cm2 and cultured in

α-Minimum-EM (Gibco, A10490) with 10% FBS and 1% antibiotics and cultured for 5 days to
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reach confluency. Medium was changed every two to three days. Prior to the experiments, cells

were serum-starved overnight by changing medium to 1% FBS and 1% antibiotics, then treated

with 10nM bovine PTH (1–34) (Sigma-Aldrich, St. Luis, MO) and/or 30 μM PKA inhibitor H89

(Sigma-Aldrich, #B1427) or 10μM MEK/ERK inhibitor U0126 (Sigma-Aldrich, #V1121) or

2 μM actin polymerization inhibitor Cytochalasin D (Calbiochem, #250255) or 2 μM Rho kinase

(ROCK) inhibitor Y-27632 (Calbiochem, #688000) 15minutes prior to PTH for pre-treatment

or 1 or 2 hours after PTH for post-treatment.

RNA extraction and real-time quantitative PCR (qPCR)

Total RNA from cell culture was collected using Trizol (Invitrogen, Carlsbad, CA), reverse-

transcribed, and prepared for qPCR as previously described [13]. qPCR was performed using

iQ SYBR Green master mix (BioRad, Hercules, CA) and gene-specific primers (S1 Table) in

triplicates for at least 3 independent experiments. Data analysis was performed using the iCy-

cler System and iCycler iQ Optical System software (BioRad, Hercules, CA). Relative gene

induction was determined by the 2−ΔΔCtmethod as previously described [17]. Gene expres-

sion levels were normalized to GAPDH and shown as the percentage relative to the maximum

expression level. Instead of log fold change, this percentage maximum was chosen to avoid

large and artificial fluctuations of gene induction in cases the control levels were low.

Chromatin immunoprecipitation (CHIP) assay

Confluent cells were subjected to ChIP assay using the ChIP assay kit (Upstate, Biotechnology,

Charlottesville, VA) following the manufacturer’s protocol with few modifications. Briefly,

cells were treated with 1% formaldehyde solution for 10 min at room temperature to crosslink

chromatin, then neutralized by 0.125 M Glycine for 3 min at RT, washed twice with cold PBS,

and collected in PBS with protein inhibitors. About 1 million MC3T3-E1 cells were lysed in

200 μl of SDS nuclei lysis buffer. About 2–3 million primary cells collected in PBS were lysed

in a nuclei lysis buffer (5 mM PIPES, 85mM KCL, 0.5% NP-40) containing protease inhibitors.

After incubating on ice for 10 min, cells in lysis buffer were centrifuged to collect the pellets,

which were resuspended in 200 μl of SDS lysis buffer. Lysates containing chromatin were soni-

cated to obtain DNA fragments ranging from 300–800 bp with the average of 500 bp. Chroma-

tin was immunoprecipitated overnight at 4˚C using antibodies against acetylated Histone H4

(Upstate). Then the antibody-chromatin complexes were recovered by Protein A DNA beads

(Upstate), washed, extracted in elution buffer supplemented with proteinase K, then further

reverse-crosslinked, purified with phenol/chloroform extraction, and dissolved in 20 μl of

Nuclease-free water to be further analyzed by PCR or qRT-PCR.

Polymerase chain reaction (PCR) for ChIP assay

5 μl of ChIP assay samples were used for PCR reaction using Taq polymerase (Promega Cor-

poration, Fitchburg, WI). Reaction volume of total 25 μl (1X buffer, 2 mM MgCl, 0.5μl Taq

polymerase, 0.5 μM of each primers, 0.2 mM dNTP) was prepared for PCR amplification. PCR

cycle was run for 27 cycles for Nurr1, and 30 cycles for RANKL. Primer sequences are shown

in S1 Table. Samples were loaded onto 1.8% agarose gel or 8% acrylamide gel. DNA on gels

was stained with EtBr solution to be visualized.

Restriction enzyme accessibility assay (REA)

Restriction enzyme accessibility assays were performed as described previously [18]. Briefly,

primary osteoblasts cultured for 10 days were washed twice with cold PBS and scraped in 1.5
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ml of cold PBS. Cells were pelleted at 2000 rpm for 5 min at 4˚C and supernatants were dis-

carded. Then cell pellets were resuspended in 1 ml of NP-40 lysis buffer (10 mM Tris-HCl pH

7.4, 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40, 0.15 mM spermine, 0.5 mM spermidine) and

incubated on ice for 5 min. Tubes were centrifuged at 2000 rpm for 10 min at 4˚C to isolate

nuclei. The nuclei pellets were resuspended in RE digestion buffer (10 mM Tris-HCl pH 7.4,

50 mM NaCl, 10 mM MgCl2, 0.2 mM EDTA, 0.2 mM EGTA, 0.15 mM spermine, 0.5 mM

spermidine, 1 mM beta-mercaptoethanol), centrifuged at 2000 rpm for 10 min at 4˚C. The

supernatants were discarded to isolate nuclei pellets. This was resuspended in 50 μl of 1X New

England Biolab (NEB) buffer and incubated with limiting amounts of restriction enzyme (100

U) for 15 min at 37˚C, followed by genomic DNA isolation using Qiagen DNeasy kit. Purified

DNA (10–15 μg) was digested to completion to generate reference cleavage products using the

following restriction enzymes: KpnI and PstI for RANKL, and HindIII and XhoI for Nurr1.

Samples were analyzed by Southern blot with 32P-labeled gene-specific probes following pre-

viously published protocol [18].

Rhodamin-phalloidin staining

Cells were plated at a concentration of 35,000~40,000 cells/cm2 in DMEM in the 12 well plates

containing glass coverslips, cultured for 3 days, serum-starved overnight and treated with

PTH. For staining, cells were washed once with PBS, fixed for 1min at RT with 4% formalde-

hyde, permeabilized with 0.5% Triton X-100 and stained with Rhodamin-phalloidin (Thermo

Fisher scientific, Waltham, MA) to visualize filamentous actin. Slides were mounted using

Vectashield (Vector Laboratories, Burlingame, CA) and analyzed on a Leica Microscope

(Leica Manheim, Germany).

Rho activation assay

Rho activity was determined by the pull-down assay using Rho activation assay kit (Upstate,

USA) following manufacturer’s protocol. Subsequent immunoblot analysis using the anti-Rho

antibody to visualize the level of active RhoA was performed.

Statistical analysis

Data were expressed as mean ± standard error of the mean (SEM) from at least 3 independent

experiments. To determine the statistical significance, student’s T test with one tail analysis

was used for two groups (control and the experimental group) and one-way ANOVA with Stu-

dent-Newman-Keuls post-hoc test was used for multiple groups. P values less than 0.05 were

considered statistically significant.

Results

Differential induction kinetics of Nurr1 and RANKL in response to brief

vs. prolonged PTH

We aimed to examine whether brief vs. prolonged PTH differentially induce Nurr1 and

RANKL in osteoblasts. First, we tested whether Nurr1 and RANKL were PTH-induced PRGs

in primary calvarial osteoblasts (pOBs) and MC3T3 osteoblastic cells. The PTH-induced

mRNA expression levels of both Nurr1 and RANKL were not attenuated by the pre-treatment

of cycloheximide (CHX), a protein synthesis inhibitor; therefore, Nurr1 and RANKL were

confirmed as PTH-induced osteoblastic PRGs (Fig 1A, S1 Fig). Next, we examined the induc-

tion kinetics of Nurr1 and RANKL following various durations of PTH treatment. Cells were

treated with PTH either for a prolonged period (the entire duration of the experiment) or for
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only brief periods (Fig 1B). To ensure brief exposure, cells were washed twice with PBS and

changed into PTH-free media for the remainder of the experiment. As indicated by the PTH

ELISA assay, the relative amount of PTH in the cultured osteoblasts after washes was not statis-

tically different from the baseline (S2 Fig). Within a 4-hour time course, none of the maximum

Nurr1 levels, induced by 2 hours of brief or prolonged PTH, were significantly different in

pOBs (Fig 1C, left panel) or the MC3T3 cell line (S3 Fig, left panel). However, maximum

induction of RANKL required prolonged PTH exposure, as the maximum RANKL levels

induced at 4 hours by brief PTH from 0.5 hour to 2 hours were significantly lower than the

maximum RANKL level induced by prolonged PTH in pOBs (Fig 1C, right panel) and the

MC3T3 cell line (S3 Fig, right panel). When the time course was extended to 24 hours, it was

found that RANKL required the prolonged presence of PTH for at least 4 hours (Fig 1D).

Transcriptional regulation of Nurr1 and RANKL via chromatin

remodeling

To better understand the transcriptional regulatory mechanism of Nurr1 and RANKL in oste-

oblasts, we compared short-existing unspliced heteronuclear RNA (hnRNA) levels with the

mRNA levels of Nurr1 and RANKL (Fig 2A). The hnRNA level was measured by qPCR with

primer sets amplifying the exon-intron junctions (S1 Table). For both genes, the kinetics of

hnRNA and mRNA were similar, while maximal hnRNA levels were detected earlier than

those of mRNA. Together, these findings suggest that transcription rate is the major determi-

nant of Nurr1 and RANKL mRNA expression level. To further understand the regulatory

mechanisms of PRG transcription, we examined PTH-induced histone acetylation and nucleo-

somal rearrangement near the transcription start site with Chromatin immunoprecipitation

(ChIP) and Restriction enzyme (REA) assays, respectively. Acetylation of histone H4 has been

reported to be a marker of active transcription, and strongly associated with open chromatin

structures [19, 20]. ChIP indicated that PTH induced transient acetylation of histone H4 near

the transcription start site of both genes. The acetylation level peaked between 0.5 and 1 hour

for Nurr1 and between 2 and 4 hours for RANKL in both PCR (Fig 2B) and qPCR analysis

(Fig 2C). In REA, we observed that restriction enzyme cleavage efficiency peaked between 0.5

and 1 hour for Nurr1 and at 2 hours for RANKL, and returned to the basal level within 4

hours for Nurr1 and 8 hours for RANKL (Fig 2D). These observations indicated that PTH

induced transient chromatin remodeling, allowing increased access to genomic regions near

the transcription start site of Nurr1 and RANKL. For both genes, there were strong common-

alities in time points among hnRNA, histone H4 acetylation and the nucleosomal rearrange-

ment kinetics of each gene. Taken altogether, these data suggest that PTH-induced Nurr1 and

RANKL expression is regulated at the transcription level, at least in part, through local chro-

matin remodeling near transcription start sites.

Fig 1. Primary response genes Nurr1 and RANKL were differentially induced by brief vs. prolonged PTH in osteoblasts. (A) qPCR analysis of Nurr1 (left) and

RANKL (right) mRNA expression in pOBs. Cells were pre-treated with 3μg/ml Cycloheximide (CHX) for 30 minutes and subsequently with PTH for 1 hour (Nurr1)

or 2 hours (RANKL). Values were normalized by GAPDH and presented as a percentage of the maximum expression level. Results indicated that Nurr1 and RANKL are

PTH-induced primary response genes in pOBs (n = 3, mean±SEM, �p<0.05, ��p<0.01). (B) Schematic diagram showing brief vs. prolonged PTH treatment regimes

for Fig 1(C). Cells were treated with PTH (indicated as gray bars) for various periods of time, washed twice with PBS, and changed into a PTH-free medium (blank bar)

for brief PTH or treated with PTH throughout the time-course for prolonged PTH. Cells were collected altogether at the end of time-course. (C,D) qPCR analysis of

Nurr1 (left) and RANKL (right) mRNA expression in pOBs treated with brief or prolonged PTH. In the 4-hour time course (C), cells were treated with either

prolonged PTH for 4 hours or brief PTH for 0.5 to 2 hours. In the 24-hour time course (D), cells were treated with either prolonged PTH for 24 hours or brief PTH for 2

to 8 hours. The Nurr1 expression level peaked at 2 hours, and the maximum expression levels induced by all brief vs. prolonged treatment regimes were not significantly

different. The RANKL expression level peaked at 4 hours, and the maximal expression level was achieved after at least 4 hours of PTH. Values were normalized by

GAPDH and presented as a percentage of the maximum expression level (n = 5, mean±SEM, �p<0.05, ��p<0.01).

https://doi.org/10.1371/journal.pone.0208514.g001
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Fig 2. PTH induced histone H4 acetylation and chromatin decondensation near the transcription start sites of Nurr1 and RANKL for transcriptional regulation.

(A) qPCR analysis of PTH-induced Nurr1 (left) and RANKL (right) mRNA and heteronuclear RNA (hnRNA) levels in pOBs. mRNA and hnRNA levels were

determined by qPCR using primer sets amplifying exon-exon and exon-intron junction, respectively. Values were normalized by GAPDH and presented as a percentage

of the maximum expression level (n = 5, mean±SEM). (B,C) PTH-stimulated changes in histone H4 acetylation near transcription start sites of Nurr1 (left panels)

and RANKL (right panels). For the ChIP assay, cross-linked chromatins from pOBs treated with PTH for the indicated number of hours were immunoprecipitated

with anti-acetylated Histone H4 antibody or without the antibody. Immunoprecipitated chromatins were reverse-crosslinked and subjected to PCR (B) or qPCR (C)

analysis with primers amplifying near the transcription start site of Nurr1 and RANKL (primer sequences indicated in S1 Table). Representative acrylamide gel images

of PCR analysis (B) from three independent experiments with similar results are shown. For qPCR, values are shown as a percentage of the input (n = 3, mean±SEM).

Note that the kinetics of Histone H4 acetylation and hnRNA levels are similar for both Nurr1 and RANKL. (D) The restriction endonuclease assay (REA) to monitor

PTH-induced nucleosome remodeling near the transcription start site of Nurr1 and RANKL. The schematic diagram shows the locations of the restriction enzyme

HindIII and KpnI recognition sites used for Nurr1 and RANKL, respectively (top panels). For REA, nuclear lysates from POBs treated with PTH for the indicated
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PKA-mediated regulation of local histone acetylation and the expression of

Nurr1 and RANKL

PKA is a major regulator of PTH-response gene expression in several PTH-responsive cells

[21, 22]; therefore we examined whether PKA mediated Nurr1 and RANKL expression in oste-

oblasts by pre-treating cells with 30 μM H89, a widely-used PKA chemical inhibitor [23–25],

prior to PTH treatment. H89 pre-treatment significantly attenuated PTH-induced Nurr1 and

RANKL expression in POBs (Fig 3A) and also in the MC3T3-E1 cell line (S4A Fig), suggesting

that PKA mediated PTH-induced Nurr1 and RANKL expression in osteoblasts. To further

investigate the regulatory mechanism of PKA, we examined whether H89 pre-treatment

affected hnRNA levels and histone H4 acetylation near the transcription start sites of Nurr1

and RANKL. As expected, H89 pre-treatment significantly reduced both Nurr1 and RANKL

hnRNA levels (Fig 3B). Similarly, Histone H4 acetylation levels for both Nurr1 and RANKL

were significantly inhibited by H89 pre-treatment (Fig 3C). Together these data suggest that

PKA regulates the transcription of both Nurr1 and RANKL at least in part by local histone

acetylation associated with chromatin remodeling.

We also tested the time-dependent requirements of PKA for Nurr1 and RANKL expression

by H89 post-treatment, which allowed PTH to initiate PKA signaling. For Nurr1, H89 post-

treatment did not affect the maximum mRNA levels and, interestingly, upheld mRNA levels

even after peaks in pOBs (Fig 3D, left panel) and the MC3T3 cell line (S4B Fig, left panel). Yet

H89 post-treatment did not affect Nurr1 hnRNA (Fig 3E, left panel), indicating that H89 post-

treatment enhanced Nurr1 mRNA levels via a post-transcriptional regulatory mechanism. For

RANKL, H89 post-treatment significantly attenuated the maximum mRNA and hnRNA levels

in pOBs (Fig 3D and 3E, right panel) and the MC3T3 cell line (S4B Fig, right panel). Alto-

gether, these data suggest that initial activation of PKA signaling was sufficient to induce maxi-

mum Nurr1 transcription, while continuous activation of PKA signaling was required for

maximum RANKL transcription.

MEK/ERK-mediated regulation of RANKL but not Nurr1

Another crucial signaling cascade that mediates the effects of PTH is the MEK/ERK pathway.

MEK/ERK is implicated in osteoblast proliferation and differentiation, as well as regulation of

osteoblastic genes such as RANKL [26–28]. We investigated whether MEK/ERK differentially

mediates PTH-induced Nurr1 and RANKL expression in osteoblasts by pre-treating cells with

10μM U0126, a widely used selective inhibitor of MEK/ERK [29–31], prior to PTH treatment.

U0126 pre-treatment did not affect Nurr1 mRNA expression, but significantly attenuated

RANKL mRNA expression in pOBs (Fig 4A) and in MC3T3 cell line (S4A Fig). Similarly,

U0126 post-treatment had no effect on Nurr1 mRNA expression, but significantly inhibited

RANKL mRNA expression in pOBs (Fig 4B) and the MC3T3 cell line (S4B Fig). To further

explore how MEK/ERK signaling differentially regulates Nurr1 and RANKL transcription, we

examined the effects of U0126 post-treatment on hnRNA levels and histone H4 acetylation.

Consistent with the regulation of mRNA levels, U0126 post-treatment did not affect Nurr1,

but significantly reduced RANKL hnRNA levels (Fig 4C). Also, neither U0126 pre- nor post-

treatment affected histone H4 acetylation levels near the transcription start sites of Nurr1 or

RANKL (Fig 4D and 4E). Together these data suggest that MEK/ERK regulates selective PRGs,

number of hours were digested with indicated restriction enzymes and subjected to southern blot analysis with a gene-specific 32P-labled probe for -100 bp to +50bp

regions of Nurr1 and RANKL. Representative images from three independent experiments with similar results are shown. Note that the kinetics between Histone H4

acetylation, hnRNA level, and PTH-induced nucleosome remodeling are similar for both Nurr1 and RANKL.

https://doi.org/10.1371/journal.pone.0208514.g002
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and that continuous activation of MEK/ERK is required for the complete activation of

RANKL transcription.

Rho/ROCK-mediated regulation of RANKL but not Nurr1

Our observation of the selective inhibitory effect of U0126 on the transcription of RANKL, but

not Nurr1, led us to further investigate the regulatory mechanisms of MEK/ERK in osteoblasts.

In other PTH-responsive cells, such as kidney cells and immune cells, MEK/ERK interacted

with multiple signaling mediators, including ROCK, a main signaling mediator of Rho-

GTPase signaling pathway, for gene regulation [26, 32–35]. Prior to investigating whether

Rho-GTPase signaling pathway regulates PRGs, we examined whether brief vs. prolonged

PTH differentially induce the rearrangement of actin cytoskeleton, which is regulated mainly

by Rho-GTPase signaling pathway in osteoblastic cells [36–39]. pOBs were treated with either

prolonged PTH or brief PTH (one hour of PTH followed by a PTH-free medium) and stained

with rhodamin-phalloidin for visualization of filamentous actin (f-actin) (Fig 5A). Notably, we

observed distinctive kinetics of f-actin rearrangement in response to brief vs. prolonged PTH.

After pOBs were treated with prolonged PTH, prominent nuclear f-actin was observed in

most of them from 0.5 to 2 hours. Cytoplasmic f-actin fibrous structures were dissociated as

early as 15 minutes and had largely returned to their basal structures after 4 hours. By contrast,

after pOBs were treated with brief PTH, nuclear f-actin in most of them was less defined than

it had been in cells treated with prolonged PTH. After only 2 hours of brief PTH (one hour of

PTH followed by a PTH-free medium for one hour), the cytoplasmic f-actin fibrous structures

had largely returned to their basal structures. These distinctive kinetics of f-actin rearrange-

ment to brief vs. prolonged PTH were similar to those of PTH-induced PRGs, as both were

affected by the duration of PTH.

To verify the involvement of actin cytoskeleton in regulating PRGs, we examined whether

chemical inhibition of actin polymerization or Rho-Associated Kinase (ROCK), the main

effector of Rho-GTPase signaling pathway, affects PTH-induced Nurr1 and RANKL expres-

sion levels in pOBs. Pre-treatment with ROCK inhibitor Y27632 and actin polymerization

inhibitor Cytochalasin D (Cyto-D) was chosen over post-treatment, given that both Rho acti-

vation, as well as actin cytoskeleton rearrangement, had been observed as early as 15 minutes

after PTH treatment (Fig 5A and 5B). Notably, both Cyto-D and Y27632 pretreatment (30

minutes prior to PTH) significantly affected the PTH-induced RANKL expression level (Fig

5C, right panel), while neither Cyto-D nor Y27632 affected the PTH-induced Nurr1 expres-

sion level (Fig 5C, left panel). Y27632 pre-treatment did not significantly affect PTH-induced

Fig 3. Inhibition of PKA affected transcription and histone H4 acetylation near the transcription start sites of

both Nurr1 and RANKL. (A,B) qPCR analysis of the mRNA level (A) and hnRNA level (B) of Nurr1 (left) and

RANKL (right) in POBs pre-treated with PKA inhibitor H89 15 minutes prior to PTH treatment. hnRNA were

determined by qPCR using primer sets amplifying exon-intron junction. Note that the maximum mRNA and hnRNA

levels of both Nurr1 and RANKL were significantly down-regulated by H89 pre-treatment. Values were normalized by

GAPDH and presented as a percentage of the maximum expression level (n = 3, mean±SEM, �p<0.05, ��p<0.01). (C)

PTH-stimulated changes in histone H4 acetylation near transcription start sites of Nurr1 (left panels) and

RANKL (right panels). For the ChIP assay, cross-linked chromatins from pOBs treated with PTH for indicated

number of hours were immunoprecipitated with the anti-acetylated Histone H4 antibody or without the antibody.

Immunoprecipitated chromatins were reverse-cross-linked and subjected to qPCR analysis with primers amplifying

near the transcription start sites of Nurr1 and RANKL (primer sequences indicated in S1 Table). Values were shown as

a percentage of the input. Note that the Histone H4 acetylation level was significantly down-regulated by H89 pre-

treatment for both Nurr1 and RANKL (n = 3, mean±SEM, �p<0.05, ��p<0.01). (D,E) qPCR analysis of mRNA level

(D) and hnRNA level (E) of Nurr1 (left) and RANKL (right) in POBs received PKA inhibitor H89 post-treatment

1 or 2 hours after PTH treatment. Note that the maximum mRNA and hnRNA levels of Nurr1 were not affected by

H89 post-treatment. Values were normalized by GAPDH and presented as a percentage of the maximum expression

level (n = 5, mean±SEM, �p<0.05, ��p<0.01).

https://doi.org/10.1371/journal.pone.0208514.g003
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histone H4 acetylation, neither near the transcription start site of Nurr1 nor that of RANKL

(Fig 5D), suggesting minimal involvement of ROCK in Histone H4 acetylation regulated by

PKA. Meanwhile, MEK/ERK inhibition with U0126 pretreatment attenuated the PTH-

induced Rho activation levels at 30 and 60 minutes of PTH treatment, suggesting crosstalk

between the MEK/ERK and Rho-ROCK signaling pathways (Fig 5E). Altogether, these data

highly suggest that the regulatory network of the MEK/ERK and Rho-ROCK signaling path-

ways selectively mediates PTH-induced mRNA expression of RANKL, but not Nurr1, in

osteoblasts.

Differential induction kinetics of Nurr1, Nur77, COX-2 vs. RANKL and IL-

6 to Brief vs. Prolonged PTH

Finally, to expand our observation beyond Nurr1 and RANKL, we examined how other PRGs

were differentially induced by brief vs. prolonged PTH in osteoblasts. Nur77, cyclooxygenase-

2 (COX-2), and interleukin 6 (IL-6) were confirmed to be PTH-induced PRGs in pOBs, as

PTH induced their mRNA expression in both the absence and the presence of protein synthe-

sis inhibitor cyclohexamide (Fig 6A). Similar to Nurr1, maximum induction of Nur77 and

COX-2 was achieved in all treatment modes, including brief PTH, in as little as 30 minutes

(Fig 6B). Meanwhile, IL-6 required continuous PTH exposure for at least 2 hours for maxi-

mum induction (Fig 6B), similar to RANKL. Together, these data suggest the presence of two

PRG groups in osteoblasts; one group including Nurr1, Nur77, and COX-2 that required brief

PTH for maximum induction, and the other group including RANKL and IL-6 that required

prolonged PTH exposure for maximum induction.

Discussion

Current research on the dual effects of intermittent vs. continuous PTH has demonstrated dif-

ferential biological responses following multiple rounds of administrations over days, while an

initial divergence in molecular responses to each administration has been presumed rather

than directly shown. In this study, however, the differential induction kinetics of PRGs for

brief vs. prolonged PTH were investigated over shorter periods less than 24 h, indicating two

groups of PRGs with distinctive functions in osteoblast biology. Nurr1, Nur77, and COX-2,

which required brief PTH as little as 0.5 h for maximum induction, are implicated in anabolic

responses by playing positive roles in the proliferation, differentiation, and anti-apoptosis of

osteoblasts [40–42]. Meanwhile, IL-6 and RANKL, which required prolonged PTH over 4 h

for maximum and sustained induction, play crucial roles in catabolic responses as osteoclasto-

genesis-stimulating cytokines [43–46]. Our grouping of PRGs is consistent with studies of

other cell types, which have likewise reported two groups of PRGs with distinctive induction

kinetics [7, 18, 42, 47]. Notably, in macrophages and unstimulated T-cells, the differential

Fig 4. Inhibition of ERK affected RANKL transcription, but not Nurr1. (A-C) qPCR analysis of mRNA level (A,B) and

hnRNA level (B) of Nurr1 (left) and RANKL (right) in pOBs received MEK inhibitor U0126 pre-treatment (A) 15 minutes

prior to PTH or post-treatment (B,C) 1 or 2 hours after PTH. The level of hnRNA was determined by qPCR using primer sets

amplifying exon-intron junction. Note that the maximum mRNA and hnRNA levels of only RANKL, but not Nurr1, were

significantly down-regulated by U0126 pre-and post-treatment. Values were normalized by GAPDH and presented as a percentage

of the maximum expression level (n = 5, mean±SEM, �p<0.05, ��p<0.01). (D,E) No significant effects of MEK inhibitor U0126

treatment on PTH-induced histone H4 acetylation level near transcription start sites of Nurr1 and RANKL. Cross-linked

chromatins from pOBs, treated with PTH for the indicated number of hours with either U0126 pre-treatment (A) or post-

treatment (B,C) were immunoprecipitated with the anti-acetylated Histone H4 antibody or without the antibody.

Immunoprecipitated chromatins were reverse-cross-linked and subjected to qPCR analysis with primers amplifying near the

transcription start sites of Nurr1 and RANKL (primer sequences indicated in S1 Table). Values are shown as a percentage of the

input (n = 5, mean±SEM, not significant (n.s.)).

https://doi.org/10.1371/journal.pone.0208514.g004
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Fig 5. PTH-induced RANKL expression level was down-regulated by inhibition of actin polymerization inhibitor Cytochalasin D and ROCK

inhibitor Y-27632 treatment. (A) PTH-induced changes in filamentous actin (f-actin) cytoskeleton arrangement in pOBs. For visualization of

f-actin, cells were treated with either prolonged PTH (PTH) or brief PTH, stained with rhodamin-phalloidin and fixed with 4% formaldehyde to be

examined under fluorescence microscopy. For brief PTH, cells were treated with PTH for one hour, changed into a PTH-free medium, and

prepared for staining after 30 minutes (bottom left image) or one hour (bottom right image). (B) PTH-induced changes in the amount of active

Rho in pOBs. Cells treated with PTH for the indicated period of time were prepared for Rho activation assay pulling-down active Rho, which was

subsequently detected by immunoblot analysis using the anti-Rho antibody. Note that activation of Rho was rapidly induced by 15 minutes of PTH

treatment. A representative immunoblot image from three independent experiments with similar results is shown. (C) qPCR analysis of Nurr1

(left) and RANKL (right) mRNA level in pOBs treated with 2 μM actin polymerization inhibitor Cytochalasin D (CD) or 2 μM ROCK

inhibitor Y-27632 15 minutes prior to PTH treatment for indicated hours. Note that the maximum mRNA level of only RANKL, not Nurr1,

was significantly down-regulated by CD as well as Y-27632 pre-treatment. Values were normalized by GAPDH and presented as a percentage of the

maximum expression level (n = 5, mean±SEM, �p<0.05, ��p<0.01). (D) The effect of ROCK inhibitor Y-27632 treatment on PTH-induced

histone H4 acetylation near the transcription start sites of Nurr1 (left panels) and RANKL (right panels). pOBs pre-treated with 2 μM ROCK

inhibitor Y-27632 for 15 minutes and treated with 10 nM PTH for indicated hours. Cross-linked chromatins from POBs, treated with PTH for

indicated hours, were immunoprecipitated with anti-acetylated Histone H4 antibody or without the antibody. Immunoprecipitated chromatins

were reverse-cross-linked and subjected to PCR analysis using primers amplifying near the transcription start site of Nurr1 and RANKL (primer

sequences indicated in S1 Table). PCR products were separated on 8% acrylamide gel. A representative image from three independent experiments

with similar results is shown. Note that, for Nurr1 as well as RANKL, no significant changes in Histone H4 acetylation near the transcription start

sites were observed with Y27632 pre-treatment. (E) The effect of MEK inhibitor U0126 treatment on PTH-induced Rho activation. pOBs, pre-

treated with 10 μM MEK inhibitor U0126 15 minutes prior to PTH, were prepared for Rho activation assay and subsequent immunoblot analysis

with anti-Rho. No significant increase in PTH-induced Rho activation was noted in cells pre-treated with U0126. Representative immunoblot

images from three independent experiments with similar results are shown.

https://doi.org/10.1371/journal.pone.0208514.g005
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inductions of early vs. delayed PRG groups were related to distinctive cellular responses,

immediate vs. delayed immune responses [18, 47]. Likewise, it is feasible that the differential

induction of PRG groups in osteoblasts contributes to the osteoblasts’ anabolic vs. catabolic

responses to intermittent vs. continuous PTH. Yet the role of PRGs in PTH dual effects should

be further delineated in the systemic context, as PRGs—including COX-2, which is implicated

in both support of osteoblast differentiation and function [42, 48] and osteoclastogenesis [49,

50]—may play multifaceted roles in osteoblasts, osteoclasts and other bone cells, in turn affect-

ing bone metabolism.

Distinctive regulatory mechanisms of brief vs. prolonged PTH activation of signaling path-

ways can account for the differential induction of PRG groups. In this study, we identified dif-

ferential regulation of PKA and MEK/ERK for two representative PRGs, Nurr1 and RANKL.

PKA regulated both PRGs at the transcriptional level via chromatin rearrangement, while

MEK/ERK selectively regulated RANKL, but not Nurr1, likely via its interaction with the Rho/

Fig 6. Primary response gene Nur77, cox-2 and IL-6 were differentially induced by brief vs. prolonged PTH, similarly to Nurr1 or RANKL. (A) qPCR analysis of

Nur77, cox-2 and IL-6 mRNA expression in pOBs. Cells were pre-treated with 3μg/ml Cycloheximide for 30 minutes and subsequently with PTH for 2 hours.

Results indicate that all examined genes were PTH-induced primary response genes in pOBs. Values were normalized by GAPDH and presented as a percentage of the

maximum expression level (n = 5, mean±SEM). (B) qPCR analysis of Nur77, cox-2 and IL-6 mRNA expression in pOBs treated with brief or prolonged PTH for 4

hours. For brief PTH, cells were treated with PTH for 0.5 hour to 2 hours over a 4-hour time course or for 2 to 8 hours over a 24-hour time course, then prepared for

qPCR. For prolonged PTH, cells were treated with PTH for 2 hour, washed twice with PBS, and changed into a PTH-containing medium. Note that Nur77 and COX-2

maximal induction was sufficiently achieved by all treatment regimes, while IL-6 maximal induction required at least 2 hours of PTH treatment. Values were normalized

by GAPDH and are presented as a percentage of the maximum expression level (n = 5, mean±SEM).

https://doi.org/10.1371/journal.pone.0208514.g006

Fig 7. A schematic figure illustrating differential regulatory mechanisms of brief vs. prolonged PTH for Nurr1 and

RANKL induction in osteoblasts.

https://doi.org/10.1371/journal.pone.0208514.g007
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ROCK signaling pathway and actin cytoskeleton rearrangement, both of which also regulated

RANKL, but not Nurr1 (Fig 7). MEK/ERK has been proposed as a crucial regulator of cell fate

choices based on its differential activation kinetics to transient vs. sustained stimuli in fibro-

blasts, neural and carcinoma cells [51–53] and to intermittent vs. continuous PTH in PTH-

responsive kidney cells [33, 54]. Moreover, other studies have reported that both MEK/ERK

and Rho/ROCK regulate IL-6, a PRG grouped with RANKL in our study, in osteoblastic cells

[24, 55, 56]. Together, these data underline the need for investigation into the role of MEK/

ERK and other PTH signaling mediators in regulating osteoblastic PRGs and osteoblastic cel-

lular responses to intermittent vs. continuous PTH.

In summary, our study indicates that two PRG groups in osteoblasts were differentially

induced by brief vs. prolonged PTH, emphasizing the significance of PRGs in regulating dis-

tinctive osteoblastic cellular responses. The PKA, MEK, and Rho/ROCK signaling pathways

were examined to demonstrate the distinctive regulations for Nurr1 and RANKL, which play

anabolic and catabolic roles in osteoblast biology, respectively. Further investigation of the dif-

ferential regulatory mechanisms of PRGs by brief vs. prolonged PTH, as well as intermittent

vs. continuous PTH will improve understanding of the molecular mechanisms underlying the

regulation of osteoblastic gene expression by different regimens of PTH, and might help

improve anabolic treatments for osteoporosis.
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