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Abstract

Parathyroid hormone (PTH) exerts potent and diverse effects in bone and cartilage through activation of type 1 PTH receptors
(PTH1R) capable of coupling to protein kinase A (PKA) and PKC. We have used macroarrays to identify zinc finger protein buty-
rate response factor-1 (BRF1) as a novel PTH regulated gene in clonal and normal osteoblasts of human and rodent origin. We
further demonstrate that in human osteoblast-like OHS cells, biologically active hPTH(1–84) and hPTH(1–34) stimulate BRF1
mRNA expression in a dose- and time-dependent manner, while the amino-terminally truncated hPTH(3–84) which does not acti-
vate PTH1R has no effect. Moreover, using specific stimulators or inhibitors of PKA and PKC activity, the PTH-elicited BRF1
mRNA expression is mediated through the PKA signaling pathway. In mouse calvarial osteoblasts, BRF1 mRNA levels are upreg-
ulated by PTH(1–84) and reduced in response to bone morphogenetic protein 2 (BMP-2). Hence, our data showing that BRF1 is
expressed in osteoblastic cells and regulated by PTH and BMP-2, suggest an important role for BRF1 in osteoblasts within the
molecular network of PTH-dependent bone remodeling.
� 2004 Elsevier Inc. All rights reserved.
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PTH plays multiple roles of importance for normal
embryonic skeletal development and, most notably as
a regulator of bone remodeling and calcium homeostasis
in adult life. For example, PTH receptor 1 (PTH1R) null
mutant mice display severe defects in the epiphyseal
growth plates associated with increased rate of chondro-
cyte differentiation [1]. Furthermore, PTH increases the
number of osteoblasts which in turn stimulates hemato-
poietic stem cells in stromal cultures and in vivo [2].
Full-length PTH(1–84) and amino-terminal PTH(1–
34), but not N-terminally truncated analogues such as
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PTH (3-34), can activate the PTH1R present on the sur-
face of chondrocytes, osteoblasts, and renal epithelial
cells [3]. The PTH signal is transduced [4] via stimulation
of effector systems that include cAMP-dependent aden-
ylate cyclase (cAMP/AC) and Ca-dependent phospholi-
pase C (Ca/PLC), leading to activation of protein kinase
A (PKA) and protein kinase C (PKC), respectively [5].
Recently, PTH signaling has been shown to be modu-
lated by Na(+)/H(+) exchanger regulatory factors
(NHERF) which interact with the PTH1R [6]. While
the classical PTH1R has been studied in most detail,
other classes of PTH receptors are known to be present
in osteoblasts and osteocytes [7–9], e.g., a ‘‘C-PTH’’
receptor, which unlike PTH1R, recognizes only the
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C-terminal part of the hormone [10–12]. However, the
biochemical properties and biological significance of
these other receptors remain to be elucidated.

BRF1 is a member of the 12-O-tetradecanoylphor-
bol-13-acetate (TPA)-induced sequences (TIS)11 family,
which is known to comprise early response genes whose
expression is rapidly and transiently induced indepen-
dent of protein synthesis upon treatment with agonists
like TPA, polypeptide mitogens such as epidermal
growth factor (EGF), or insulin and insulin-like growth
factor I (IGF-I) [13]. BRF1 is also known as EGF re-
sponse factor-1 (ERF-1) in humans, TIS11b in mice,
and cMG1 in rats. BRF1 consists of 338 amino acids
coded by two exons [14].The amino-acid sequences differ
only by 1% between the human versus rat or mouse
BRF1, and amino acid substitutions are conservative
[14]. The TIS11 subfamily is characterized by a highly
conserved consensus sequence of (X+)YKTEL C(X+)
X5GXC(X+)YGX(X+)CXFXH that is repeated and
contains a potential zinc finger motif [15,16]. TIS11-like
proteins are capable of binding to AU-rich elements
(AREs) of a number of cytokine mRNAs and regulate
their stability [17,18]. Furthermore, continuous expres-
sion of TIS11 proteins at physiological levels causes
apoptotic cell death in a number of cell types (3T3,
HeLa, 293, U2OS, SAOS2 as well as in primary cultured
human foreskin keratinocytes and mouse embryo fibro-
blasts) analogous to the effect of oncoproteins such as c-
Myc, E1A, and E2F-1 [19].

The role(s) of PTH as a major regulator of osteoblast
development and function is well recognized, and is
likely to be mediated by an ensemble of downstream tar-
get genes under direct influence of PTH. However,
detailed knowledge of the molecular mechanisms
responsible for PTH action in responsive cells is only
beginning to be understood and involves genes that be-
long to various protein families such as transcription
factors, growth factors and their receptors, matrix pro-
teins, etc. The time-dependent changes in the expression
levels of these genes are likely to differ depending on
whether early (i.e., transcriptional) or later (secondary
to cell proliferation and differentiation; e.g., matrix
proteins) effects are considered. In the process of charac-
terizing the molecular mechanisms regulating PTH-de-
pendent processes in bone, we previously identified the
transcription factor Sox4 as a PTH-regulated gene in
osteoblasts and characterized its expression pattern in
vivo [20].

In the present study we have identified BRF1 as a no-
vel PTH-regulated gene in osteoblast-like cells with ki-
netic characteristics of an immediate-early response
gene with prolonged expression. We find that PTH in-
creases BRF1 mRNA levels via a cAMP/PKA-depen-
dent mechanism. Furthermore, in normal mouse
calvarial osteoblasts, its expression is regulated by
PTH and BMP-2, two proteins with central roles in skel-
etal development and maintenance. These data imply for
the first time BRF1 as an important mediator in PTH
regulated osteoblast activities.
Materials and Methods

Materials. ExpressHyb were from Clontech (Palo Alto, CA).
Recombinant hPTH(1–84) and hPTH(3–84) were prepared in our
laboratory as described [21,22], hPTH(1–34), TPA (12-O-tetradeca-
noylphorbol-13-acetate) and H89 {N-[2-((bromocinnamyl)amino)eth-
yl]-5-isoquinolinesulfonamide, HCl} were purchased from Sigma (St.
Louis, MO). hBMP-2 and human Sonic Hedgehog (hSHH) were gifts
from the Genetics Institute (Cambridge, MA) and Ontogeny (Cam-
bridge, MA), respectively. Human osteoblast-like OHS, KPDXM, and
KRIB cell lines were obtained from Dr. Ø. Bruland (The Norwegian
Radium Hospital, Oslo). Human osteoblast-like MNNG-HOS and
SaOS-2 cell lines, and GAPDH cDNA were from ATCC. The origin
and properties of the cell lines are reviewed in [23]. Collagenase type I
and type II were purchased from Worthington Biochemical (Lake-
wood, NJ).

Northern blot analysis. Total RNA was isolated using the TRIZOL
reagent (Life Technologies, Rockville, MD), and poly(A)+ RNA was
prepared from total RNA using Dynabeads (DYNAL, Oslo, Norway),
according to the manufacturer�s instructions. Northern blot analysis
was performed as described previously [24] using Hybond N+ filters
(Amersham, Arlington Heights, IL). In brief, filters were prehybrid-
ized, hybridized with a radiolabeled BRF1 cDNA fragment, and wa-
shed, and signals were quantified with direct nuclear counting on
Instant Imager (Packard, Meriden, CT). Values for BRF1 mRNA
signals were normalized to glyceraldehyde 3- phosphate dehydrogenase
(GAPDH) or b-actin to correct for variations in loading. Data are
presented as fold stimulation in PTH-treated cultures relative to un-
treated controls. The cDNAs used as probes for hBRF1 and mBRF1
were the IMAGE clones 1881361 and 764675, respectively, purchased
from UK-HGMP (Cambridge, UK). Human bone-specific alkaline
phosphatase (ALP) and GAPDH were purchased from ATCC.

Cell culture. Normal human osteoblasts (NO) were prepared from
bone biopsies of patients undergoing hip surgery and cultured as
described [25]. OHS, KPDXM, and SaOS-2 cells were cultured in
RPMI-1640 medium with 10% fetal calf serum (FCS), LL-glutamine
(0.3 mg/ml), penicillin (5 · 105 IU/L), and streptomycin (50 mg/L).
The MNNG-HOS and ROS 17/2.8 cell lines were cultured according
to instructions from ATCC. All cells were sub-cultured weekly and
medium was changed every 3–4 days. Cells always received fresh
medium containing 5% FCS 24 h before the experiments were
started. Full-length PTH(1–84), C- and N-terminally truncated
PTH peptides at indicated concentrations, or vehicle (acetic acid,
1.7 · 10�5 M final concentration), were added to the culture medium
of cells that had just reached confluence, and the cells were harvested
at the given time points (see figure legends). Primary cultures of
mouse calvarial osteoblasts were prepared from 2- to 3-day-old mice
by sequential collagenase digestion and cultured according to a
published protocol [26].
Results

BRF1 mRNA is expressed in normal and clonal human

osteoblastic cell lines

As part of our strategy to characterize genes that are
regulated by PTH(1–84) in human osteoblasts, we have
used macroarrays to identify the zinc finger protein



Fig. 1. Northern blot analysis demonstrating BRF1 mRNA expres-
sion in human and rodent osteosarcoma cell lines. Total RNA from
MNNG-HOS, KRIB, OHS, SaOS-2, KPDXM, and primary cultures
of normal human osteoblast derived trabecular bone (NO), as well as
rat ROS 17/2.8 cells were subjected to Northern blot analysis. Levels
of BRF1 mRNA expression are relative to those in NO (=1).

Fig. 2. Northern blot analysis demonstrating dose- and time-depen-
dent effects of hPTH(1–84) on BRF1 mRNA expression. (A) Effect of
indicated doses of PTH on BRF1 mRNA in OHS cells at 24 h. (B)
Time-course effect of PTH (1 · 10�8 M) on BRF1 mRNA in OHS
cells. Two independent experiments each with 2–3 replicates were
performed. SEM is given as error bars.

Fig. 3. Northern blot analysis. (A) Effect of intact and truncated
forms of PTH (1 · 10�8 M) on BRF1 mRNA at 24 h in OHS cells. (B)
Effects of PTH (1 · 10�8 M), 8-Br-cAMP (2.5 · 10�3 M) or TPA
(1 · 10�8 M), alone or in combination with the PKA inhibitor H89
(2 · 10�5 M), on BRF1 mRNA in OHS cells. Data are representative
of 2–4 independent experiments with 2–4 replicates. SEM is given as
error bars.
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butyrate response factor-1 (BRF1) as a novel PTH regu-
lated gene. Northern blot analysis showed that BRF1
mRNA migrates as a 4 kb species (Fig. 1), in agreement
with previous findings in humans and mice [27,15].
BRF1 mRNA is expressed in clonal osteoblasts of both
human and rodent origin, including human MNNG-
HOS, KRIB, OHS, SaOS-2, and KPDXM, as well as
in primary cultures of human and mouse osteoblasts
(Fig. 1).

Dose- and time-dependent effects of PTH on BRF1

mRNA levels in human OHS cells

Fig. 2A shows that BRF1 mRNA levels increased
dose-dependently in response to treatment with PTH(1–
84) at doses from 5 · 10�11 M PTH(1–84) to 5 · 10�9 M
for 24 h, with a maximum of 2-fold stimulation at a dose
of 5 · 10�9 M. Time-course experiments showed that lev-
els of BRF1 mRNA were rapidly increased, reaching a
maximum already at 1 h of treatment with PTH(1–84)
(10�7 M) (Fig. 2B), and levels weremaintained for at least
48 h relative to untreated controls.

The effect of PTH(1–84) on BRF1 mRNA levels is

mediated by activated PTH1R coupled to cAMP-depen-

dent PKA in OHS cells

BRF1 mRNA levels in OHS cells increased relative to
untreated controls at 24 h using PTHs with intact N-ter-
minal (i.e., PTH(1–84) and PTH(1–34)), which both
bind and activate the PTH1 receptor. In contrast
PTH(3–84), which binds to the receptor [21] but is un-
able to stimulate cAMP production, was without any ef-
fect. These data indicate that the effect of PTH on BRF1
mRNA is conveyed by activated PTHiR (Fig. 3A).



Fig. 4. Northern blot analysis demonstrating effects of various osteo-
genic factors on BRF1 mRNA and alkaline phosphatase mRNA
expression (relative levels) in mouse calvarial osteoblasts. Osteoblasts
were incubated with hPTH (5 · 10�8 M), hBMP-2 (100 ng/ml), hSHH
(100 ng/ml) or vehicle (control) (see Materials and methods). (A)
Osteoblasts treated with hPTH, hBMP-2, or vehicle (control) for 24 h.
(B,C)Osteoblasts treatedwithhPTH,hBMP-2, hShhor vehicle (control)
for 8 days, BRF1 mRNA levels and ALP mRNA levels, respectively.
Error bars represent SEM from two experiments with 2–4 replicates.
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In order to elucidate the importance of PKA and PKC
signaling pathways in mediating the effect of PTH on
BRF1 mRNA levels in more detail, OHS cells were trea-
ted with agonist or antagonist for these pathways under
conditions as indicated in the figure legend. Whereas the
PKA activator 8-Br-cAMP was equipotent to PTH(1–
84), the PKC specific activator TPA had no effect on
BRF1 mRNA levels (Fig. 3B). Furthermore, PTH-stim-
ulated BRF1 mRNA expression was blunted by the
PKA inhibitor H89 (Fig. 3B). Taken together, these
data clearly show that the enhanced expression of
BRF1 mRNA in response to PTH is mainly mediated
by activated PTH1Rs coupled to cAMP/PKA.

Effect of osteogenic factors on BRF1 mRNA levels in

mouse calvarial osteoblasts

In addition to PTH, BMP-2, and Sonic Hedgehog
(SHH) are also known to promote anabolic processes
in bone which in part may be mediated by com-
mon downstream components. To investigate whether
BRF1 is similarly regulated by BMP-2 and PTH in
osteoblastic cells, primary cultures of mouse calvarial
osteoblasts (see Materials and methods) were stimulated
with the respective recombinant proteins for 24 h. PTH
led to increased BRF1 mRNA levels also in primary
osteoblast cultures, consistent with our results in the clo-
nal OHS cell line (Fig. 4A). In contrast, BRF1 mRNA
levels decreased in response to BMP-2 treatment.

We next investigated the effects of PTH, BMP-2 or
SHH on BRF1 mRNA levels in cultured mouse calvar-
ial cells after extending the incubation period to 8 days.
The differentiation status of cells was scored in parallel
cultures by monitoring mRNA for alkaline phosphatase
(ALP), which is characteristically expressed by cells of
the osteoblastic lineage and is present at higher levels
in more mature cells as compared to more immature
cells [28]. Under these conditions, we found no effect
of PTH on BRF1 mRNA levels, and only small in-
creases (1.5-fold) in ALP mRNA expression levels.
However, treatment with BMP-2 reduced the BRF1
mRNA levels to approximately 50% (Fig. 4B), concom-
itant with increased ALP mRNA levels (about 8-fold)
relative to untreated controls (Fig. 4C). Whereas SHH
enhanced ALP mRNA levels (about 3-fold), only a
modest effect was seen on BRF1 mRNA levels.
Discussion

In this study we demonstrate for the first time that
BRF1 is widely expressed in various normal and clonal
osteoblastic cells of both human and rodent origin, and
that BRF1 mRNA is regulated by PTH via a PTH1R-
dependent signaling pathway. Our results indicate that
type 1 PTH receptors in the plasma membrane mediate
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the effects of PTH on BRF1 mRNA levels in osteoblasts
for the following reasons: (i) PTH(1–84) and PTH
(1–34) increase BRF1 mRNA levels, while PTH(3–84)
which binds to PTH1R but does not elicit a cAMP
response, has no effect. (ii) The dose-dependent increases
of BRF1 mRNA in OHS cells in response to PTH are
similar to what has been previously shown upon PTH-
stimulated cAMP production in human OHS cells
(unpublished). (iii) Stimulation of BRF1 mRNA expres-
sion by the cAMP analogue 8-Br-cAMP mimics the ef-
fect of PTH, and the PKA inhibitor H89 abolishes the
effects of PTH on BRF1 mRNA. Only the PKA system
seems to be involved since no alterations of BRF1
mRNA are observed in response to TPA, a PKC activa-
tor, during these culture conditions.

BRF1 was upregulated by PTH(1–84) in OHS cells in
a dose- and time-dependent manner, with rapid kinetics.
Thus, our findings are similar to several previous reports
on regulation of the Tis11 family of genes in other cell
types, in which it has been demonstrated that induction
by agonists like TPA, EGF, NGF, FGF or insulin leads
to a rapid increase in the BRF1 mRNA levels [13,15,16].
However, in contrast to earlier reports in which the stim-
ulatory effect of other factors tends to subside early [13],
high BRF1 mRNA levels were sustained for at least 48 h
after PTH treatment. The rapid kinetics upon stimula-
tion with PTH is indicative of a role for BRF1 in the
early stage of PTH action.

Also, we found that under conditions in which BMP-
2 is believed to promote osteblast differentiation, as evi-
denced by increased ALP mRNA levels, BRF1 mRNA
is decreased approximately 50%. Thus, our results sug-
gest that decreases in BRF1 mRNA levels induced by
BMP-2 are not dependent on the stage of osteoblast dif-
ferentiation/proliferation. However, SHH, which also is
known to promote osteoblast differentiation and in-
creased ALP mRNA approximately 3-fold, tended to
stimulate rather than reduce BRF1 mRNA levels.

The relatively modest effect of PTH treatment for
24 h in cultured calvarial osteoblasts as compared to
the situation in OHS cells may be due to phenotypic
alterations during in vitro conditions and due to the fact
that normal osteoblasts are in various phases of differen-
tiation/proliferation. However, the data demonstrate
that PTH causes enhanced BRF1 mRNA levels also in
normal primary osteoblasts.

Although the functional significance of BRF1 in oste-
oblasts is unknown, proposed roles for BRF1 mRNA in
other cell types range from effects on mRNA stability of
cytokines and growth factors to a function in apoptosis.
These processes are believed to be of central importance
for bone development and maintenance, and executed
by hormones such as PTH and PTH related protein
(PTHrP). These mRNAs contain ARE in their 3 0

untranslated region mRNA [29,30] and thus have the
potential of being regulated by BRF1, and the present
results indicate the possible existence of a feedback reg-
ulatory loop. Moreover, apoptosis is involved in deter-
mining the life-span of bone cells, including osteoblasts
and osteoclasts, and important regulators of apoptosis
include PTH and corticosteroids. For example, PTH
protects against apoptosis in cultured osteoblasts [31–
34]. BMP-2 appears to have a dual role in activating
apoptosis as well as in inducing differentiation in osteo-
blasts [35,36]. While further studies are necessary to elu-
cidate the precise functional role(s) of BRF1 in bone,
our study identifies BRF1 as a previously unrecognized
factor in osteoblasts where its regulation by PTH and
BMP-2 suggests important role(s) for this protein in
skeletal tissue.
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