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ABSTRACT

Osteocalcin (OC) is a bone-specific extracellular matrix protein
expressed by mature osteoblasts during late stages of differentiation.
Previous studies have shown that forskolin, an activator of adenylate
cyclase, stimulated OC production. Because PTH has been shown to
activate several intracellular signal transduction pathways including
cAMP, inositol phosphate and intracellular calcium mobilization, we
investigated whether PTH action on cAMP accumulation leads to OC
promoter activation. The rat OC promoter (1095 bp) was cloned into
the promoterless luciferase gene reporter vector. The transcriptional
activity of the rat OC promoter was evaluated after transfection of
Sa08S-2, an osteosarcoma cell line, with the OC promoter followed by
treatment with PTH. Maximal OC promoter activity was observed
within 4—8 h after the addition of 10~8 M PTH, whereas very little
induction was seen after 24 and 48 h of treatment. The induction of
OC promoter activity by PTH was concentration dependent. PTH
analogs (PTH 1-84, PTH 1-34, and PTH 1-31) that stimulate intra-
cellular cAMP accumulation, induced OC promoter activity, whereas
other PTH analogs (PTH 3-34, PTH 7-34, PTH 13-34, and PTH
53—84) that do not stimulate cAMP production had no effect on OC

promoter activation. Furthermore, PTH activation of the OC pro-
moter was significantly enhanced in the presence of 3-isobutyl-1-
methylxanthine (IBMX), a phosphodiesterase inhibitor. Inactivation
of cAMP-dependent protein kinase A activity by either a selective
protein kinase A inhibitor, H-89 (N-[2-(p-bromocinnamylamin-
o)ethyl]-5 isoquinolinesulfonamide), or antisense oligonucleotide di-
rected against the regulatory subunit of cAMP-dependent protein
kinase A, led to a corresponding loss of OC promoter activation by
PTH. 5’ deletion analysis of the OC promoter demonstrated that the
promoter (1095 bp) exhibited the greatest response to PTH, whereas
the —198 bp construct of the OC promoter, containing only one cAMP
response element and OC box, was no longer responsive. The con-
structs with further deletions (—120, —92, and —74) retained PTH
responsiveness, but to a lesser extent. In summary, our results in-
dicate that PTH activation of the OC promoter is a rapid event and
mediated by the cAMP-dependent protein kinase A pathway. Al-
though the novel cAMP response region overlapping the OC box is
required for activation, full activation may require several cis-acting
cAMP response elements or other response elements. (Endocrinology
138: 3085-3092, 1997)

OSTEOCALCIN (OC) is the most abundant noncollag-

enous protein of bone extracellular matrix. It is syn-
thesized almost exclusively by mature osteoblasts during the
onset of extracellular matrix mineralization. However, the
precise function of OC in regulating osteoblast function, min-
eral deposition, and matrix organization is unknown. Several
physiological mediators of osteoblast function have been
shown to influence the expression of the OC gene. The OC
gene has been cloned from rat, mouse, and human (1-3). Both
rat and mouse OC genes exist as clusters of related genes (4),
although only two of three mouse OC related genes are
expressed in bone (2). The rat and human promoters (1.8 kb
and 3.9 kb, respectively) appear to contain the necessary
information to direct tissue specific expression of the OC
gene (5, 6). Several cis-acting regions including the response
elements for vitamin D, estrogen, glucocorticoids, and
cAMP, as well as the binding regions for activator protein
(AP)-1 and AP-2 that are putative sites of interactions with
general and bone-specific factors have been identified within
the OC promoter (7-10).

Bone formation is a critical feature during development
and in remodeling associated with fracture and diseases of
bone, such as osteoporosis and Paget’s disease. PTH, a cal-
cium-regulating hormone, enhances bone formation when
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administered intermittently to experimental animals and hu-
mans (11-15). Although the exact mechanism of action of
PTH in stimulating bone formation is not known, it increases
osteoprogenitor differentiation (16). PTH action on these
cells is transduced through G protein-coupled PTH/PTH-
related peptide receptors that contain seven transmembrane
domains (17-19). PTH occupation of the receptor leads to the
activation of adenylate cyclase and phospholipase C path-
ways that results in the accumulation of multiple signal
transducers including cAMP, inositol phosphate, a transient
increase in the intracellular calcium, and activation of protein
kinase C (20-24). Further studies have established that dis-
tinct domains within PTH may be associated with distinct
biological activities (25). In addition to its effects on signal
transducing factors, PTH has also been shown to increase the
steady-state levels of OC messenger RNA in a rat osteosar-
coma cell line, ROS 17/2.8 cells (26). The increased tran-
scriptional activity of the rat OC promoter in MC3T3 cells by
forskolin (FSK) is mediated through a novel cAMP respon-
sive region (27). Because PTH activates multiple signal trans-
duction pathways, we investigated whether PTH activates
the OC gene, and whether this involves the cAMP-depen-
dent protein kinase A (PKA) pathway. Using transient trans-
fection assays in which SaOS-2 cells were transfected with
the rat OC promoter (1095 bp) fused with luciferase reporter
gene, we show that PTH (1-34) increased the rat OC pro-
moter activity. We also show that cAMP-dependent PKA
activation is associated with OC expression. We also dem-
onstrate that a minimal promoter near the OC box can be
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activated by PTH, but a longer promoter (1095 bp) is required
for maximal activation.

Materials and Methods
Reagents

Rat PTH 1-34, human PTH 1-84, PTH 53-84, PTH 13-34, bovine PTH
3-34, and PTH 7-34 were obtained from Bachem Biochemicals (Tor-
rance, CA). Human PTH 1-31 was obtained from Peninsula Labs (Bell-
mont, CA). For treatments, PTH was solubilized in a buffer containing
1 mm HC], 0.15 m NaCl, and 1 mg/ml BSA. FSK and H-89 (N-[2-(p-
bromocinnamylamino)ethyl]-5 isoquinolinesulfonamide) were pur-
chased from Calbiochem (San Diego, CA). 3-Isobutyl-1-methylxanthine
(IBMX) was purchased from Sigma (St. Louis, MO). FSK, H-89, and
IBMX were solubilized in dimethylsulfoxide. FBS was obtained from
Hyclone Laboratories (Logan, UT). DMEM/F-12 (3:1) medium, glu-
tamine, penicillin, streptomycin, and lipofectin reagent were purchased
from Gibco/BRL Life Technologies (Gaithersburg, MD). All other re-
agents were of the best grade commercially available.

Cell culture

Human osteoblastic cell line, SaOS-2, was maintained in DMEM /F-12
(3:1) medium supplemented with 2 mm glutamine, 100 U/ml penicillin,
100 ng/ml streptomycin, and 10% FBS. The cells have been previously
shown to produce cAMP in response to PTH and FSK (28).

Construction of rat OC promoter-luciferase reporter vector

The sequence for the rat OC promoter was obtained from the pub-
lished data (GenBank accession number M23637). The promoter was
generated by PCR, using rat genomic DNA as a template. The resulting
promoter (1095 bp) was cloned into the Kpnl/Xhol sites of the promot-
erless pGL-2 basic luciferase gene reporter vector (Promega Corp., Mad-
ison, WI) in the 5’ to 3’ orientation. Various deletions of the OC promoter
were constructed by progressively shortening the 5’ region with fixed
3’ end by PCR using ExSite PCR-based site-directed mutagenesis kit
(Stratagene, La Jolla, CA). All constructs were subsequently sequenced
to verify insert identity.

Transfection and luciferase assay

5a0S-2 cells grown to about 60% confluence were transfected with the
OC promoter constructs, using the standard calcium phosphate copre-
cipitation technique, followed by a 15% glycerol shock for 2 min. After
an overnight recovery, transfected cells were trypsinized, pooled, and
seeded in 24-well plates in DMEM/F-12 medium + 10% FBS. After an
overnight incubation, the medium was removed and fresh DMEM /F-12
medium + 1% BSA containing either vehicle, PTH, or FSK at the indi-
cated concentrations was added. In the experiment using H-89, trans-
fected cells were pretreated with 1075 m H-89 in DMEM/F-12 + 0.1%
BSA for 1 h. The inhibitor was also included during treatments with PTH
or FSK. After treatment with PTH or FSK for the indicated time, cells
were lysed in lysis buffer (100 mm KPO,, pH 7.8, 1 mm dithiothreitol and
0.2% Triton X-100). Aliquots of lysate were assayed for luciferase activity
in the presence of luciferin (0.2 mm) and luciferase assay buffer (15 mm
tricine, pH 7.8, 15 mm MgSO,, 5 mm dithiothreitol and 1.5 mm ATP)
using a ML 3000 automated injection Luminometer (Dynatech Labs.,
Chantilly, VA). To control for transfection efficiency within 5’-deletion
constructs of the OC promoter (Figs. 8 and 9), SaOS-2 cells were co-
transfected with pSV-B-galactosidase control vector (Promega Corp.).
B-Galactosidase activity was determined in the cell lysates using Ga-
lacto-Light Plus system (Tropix, Bedford, MA). Protein concentrations
of lysates were measured with the Bradford method (Bio-Rad, Rich-
mond, CA). Luciferase activity of lysates was normalized to the protein
concentrations, and the data from several independent experiments are
presented as the mean = sp. Statistical significance between samples
were calculated using ANOVA and the Turkey-Kramer HSD test em-
ploying JMP 3.1 software (SAS Institute, Cary, NC).

Antisense oligonucleotide treatment

Antisense oligonucleotide (5'-GCG-TGC-CTC-CTC-ACT-GGC-3')
and sense oligonucleotide (5'-GCC-AGT-GAG-GAG-GCA-CGC-3')
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were derived from the complementary DNA sequences encoding amino
terminus 8-13 codons of the human PKA regulatory subunit (29).
5a08S-2 cells transfected with the OC promoter were further incubated
with or without phosphorothioate oligonucleotides in the presence of
lipofectin reagent (30) for 36 h, followed by treatment with PTH or FSK
for 8 h. The luciferase activity and protein concentrations were quan-
titated as described.

Results

Time course of transcriptional activation of rat OC
promoter by PTH in transfected SaOS-2 cells

The effect of PTH 1-34 on OC transcription was evaluated
in 5a0S-2 cells transfected with the rat OC promoter (1095
bp) fused to the luciferase reporter gene. The transfected cells
were treated with PTH 1-34 (10~ ® M) for various time in-
tervals (1, 2, 4, 8, 24, and 48 h), and the OC promoter activity
was evaluated by assaying for luciferase activity. As illus-
trated in Fig. 1, measurable activation of the OC promoter
activity (significance at P < 0.005) was observed at 2 h after
PTH addition, with maximal induction occurring between
4-8 h after the addition of PTH, whereas very little induction
was seen after 24 h of treatment. For subsequent experiments,
the OC promoter activation was determined after a 8 h treat-
ment with PTH or FSK.
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Fic. 1. Time course of PTH induction of OC promoter activity.
Sa0S-2 cells transfected with rat OC promoter-luciferase reporter
vector (1095 OC Luc) were incubated with or without 10~8 M PTH for
up to 48 h. At various time points, cells were washed with PBS and
lysed in lysis buffer. Aliquots of lysate for each time point were used
to determine luciferase activity and protein concentration. Cells
treated with vehicle served as controls. Results are mean *+ sD of three
independent experiments (n = 9) and are expressed as fold increase
of OC promoter activity in comparison with control. Luminescence
light units per microgram protein at different time point upon acti-
vation are in the range of 0.37 (at 48 h) to 26.8 (at 4 h), whereas that
of controls varied from 0.35-2.25. Fold increase was calculated using
corresponding controls. 1, Significantly different from corresponding
controls; 2, significantly different from 1-h treatment; 3, significantly
different from 2-h treatment. All values were significant at P < 0.005.
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Concentration-dependent activation of OC promoter

We next evaluated the effects of various concentrations of
PTH 1-34 (10 "' M to 10”7 M) on the induction of the rat OC
promoter activity. For comparison, FSK, a known stimulator
of the OC promoter (27), was also tested at various concen-
trations (10~ M to 107> m). As shown in Fig. 2, both PTH and
FSK exhibited a concentration-dependent induction of OC
promoter activity. PTH activation of OC promoter was de-
tectable at 107" M, with maximal activation occurring at
10° M. FSK was effective at 107° M, with a sharp further
increase at 107> M. At the latter concentration of FSK, the
relative promoter activity was approximately 3-fold greater
than that observed for the peak activity obtained with PTH.
We also evaluated whether the effects of these two agents on
the OC promoter activity was additive or synergistic by
testing a saturable concentration of PTH (10~° M) and the
highest tolerable concentration of FSK (10~ m). The results
suggest that the effects are synergistic (Fig. 3). As shown in
Fig. 3, the pGL-2 control vector that contains the luciferase
gene driven by the SV 40 promoter was not significantly
stimulated by either PTH or FSK or their combination.

Effect of PTH analogs on OC promoter activation

Because various domains of the PTH molecule have been
demonstrated to exhibit distinct biological activities that are
related to specific intracellular signals (20-25), we next eval-
uated whether the OC promoter activation is dependent on
one or more of these pathways. Cells were treated with
various analogs of PTH for 8 h and assayed for the OC
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Fic. 2. Concentration-dependent activation of OC promoter activity
by PTH and FSK. Following transfection of rat OC promoter-lucif-
erase reporter vector into SaOS-2 cells, various concentrations of PTH
(1-34) and FSK were added, and incubation was carried out for 8 h.
At end of incubation, cells were harvested and assayed for luciferase
activity and protein concentration. Results are mean * SD from two
independent experiments (n = 6) and are plotted as relative lumi-
nescence light units. *, Indicates statistical significance from controls
at P < 0.005.
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Fic. 3. Effect of PTH + FSK on OC promoter activity. SV40-lucif-
erase vector (SV 40 Luc) and rat OC promoter-luciferase vector-trans-
fected Sa0S-2 cells were incubated for 8 h with 1078 M PTH or 10~°
M FSK alone or in combination. At end of incubation, cells were
harvested and assayed for luciferase activity and protein concentra-
tion. Results are mean =+ SD of two independent experiments (n = 4)
and are expressed as fold increase of OC promoter activity vs. control.
Luminescence units per microgram protein are in the range of 0.2
(control) to 33.3 (PTH + FSK). 1, Significantly different from control;
2, significantly different from PTH,; 3, significantly different from FSK
or PTH. All values were significant at P < 0.005.

promoter induction. As shown in Fig. 4, only those analogs
capable of elevating intracellular cAMP levels (PTH 1-31,
PTH 1-34, and PTH 1-84) elicited a concentration-dependent
OC promoter response. Conversely, other analogs of PTH
that do not elevate cAMP levels (PTH 3-34, PTH 7-34, PTH
13-34, and PTH 53-84) failed to stimulate OC promoter
activation.

IBMX enhances PTH activation of OC promoter

To investigate further whether cAMP accumulation
leads to enhanced transcriptional activation of the rat OC
promoter, we next evaluated the effects of PTH on OC
activation in the presence of IBMX, a phosphodiesterase
inhibitor. This was tested at a constant concentration of
PTH (10~8 M) and at two concentrations of IBMX (50 or 500
pM). IBMX demonstrated a concentration-dependent ef-
fect on OC activation (Fig. 5). IBMX alone at 50 um was
only minimally effective (1.8-fold induction), whereas at a
higher concentration (500 um), a strong activation was
observed (35-fold induction). At either concentration of
IBMX, PTH effect was much stronger. PTH (10~® m) caused
a 7-fold activation of OC promoter, and PTH + IBMX
resulted in either a 33-fold (50 um) or 75-fold (500 um)
induction of OC. Thus, conditions that enhanced cAMP
accumulation (IBMX) also resulted in a corresponding in-
crease in the OC promoter activation.
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Fic. 4. Effect of PTH analogs on OC promoter activity. Transfected
Sa0S-2 cells were incubated with a series of 1078 M PTH analogs for
8 h. Results are plotted as relative luminescence light units and are
the average of triplicate values from a representative experiment.
Values are mean * sD. *, Significantly different from control (P <
0.005).

cAMP-dependent PKA activation is required for OC
promoter activation

To further demonstrate that PKA activation is a critical
step in OC induction by PTH, we next asked whether direct
inactivation of PKA would lead to a lack of OC activation.
PKA inactivation was accomplished by either pretreating
cells with H-89, a known inhibitor of PKA (31), or by pre-
treating cells with antisense oligonucleotides against PKA. In
the first experiment, cells were pretreated with H-89 (107> m)
for 1 h and then subsequently treated with PTH for 8 h in the
presence of H-89 (107> m). The results show that H-89 treat-
ment reduced the response to PTH (Fig. 6).

In the second experiment, the OC promoter activation was
evaluated by cotransfecting cells with an antisense oligonu-
cleotide to the regulatory subunit of human PKA (29). After
transfection with the OC promoter, SaOS-2 cells were pre-
treated with 20 uM of either PKA antisense oligonucleotide
(AS-PKA) or PKA sense oligonucleotide (S-PKA) for 36 h,
followed by an additional 8-h treatment in the presence of
either PTH or FSK. The result (Fig. 7A) showed that OC
activation by PTH or FSK was blocked by AS-PKA but not
by S-PKA. The inhibition of activation was further confirmed
by treating cells with various concentrations of AS-PKA (Fig.
7B). From these observations, we conclude that cAMP-me-
diated PKA is the key mediator of the OC promoter
activation.

5'-deletion analysis of PTH responsive region of rat OC
promoter

The 5’'-flanking region of the rat OC gene contains a series
of cis-acting elements that regulate the transcription of the
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Fi1c. 5. Synergistic effects of PTH and IBMX on OC promoter activity.
Transfected SaOS-2 cells were incubated with IBMX (50 uM or 500
uM), PTH (1078 M), or in combination for 8 h. Results are average +
SD of two independent experiments (n = 6), and are expressed as fold
increase of induced OC promoter activity (n = 6 * SD) vs. control.
Luminescence light units per microgram protein are in the range of
0.3 (control) to 25 (IBMX 500 um + PTH). 1, Significantly different
from corresponding controls; 2, significantly different from PTH
alone; 3, significantly different from PTH + IBMX (50 uM) or IBMX
(500 uM). All values were significant at P < 0.005.

OC gene (7-10). These include AP-1, AP-2, vitamin D, glu-
cocorticoid response element, and multiple cAMP re-
sponse elements (CREs). Because FSK action on OC was
mediated at least in part through the novel cAMP response
region overlapping the OC box (27), we next evaluated
whether this region is critical in the PTH activation of OC
gene. Various 5' deleted sequences of rat OC promoter
were constructed and tested for response to either PTH or
FSK. As shown in Fig. 8, the 1095-bp OC promoter showed
the greatest response to PTH and FSK, whereas the —198
bp construct of the OC promoter (5 in relation to tran-
scription initiation site), containing only one CRE and the
OC box, was no longer responsive to PTH and FSK. Con-
structs with further deletion, (=120, —92, and —74), re-
gained PTH responsiveness, although the response was
much less in comparison with the 1095-bp OC promoter.
These observations are also true for FSK. The results sug-
gest that 5’ deletion of the OC promoter (other than —198
construct) still allowed for PTH responsiveness, although
the longer (1095 bp) OC promoter was required for full
activity. To further validate that these constructs were
activated via the cAMP pathway, cells transfected with
various constructs were treated with various PTH analogs.
The results (Fig. 9) confirmed that the promoters with
further deleted sequences retained the requirement for
cAMP as the mediator of activation.
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Fic. 6. Effect of PKA inhibitor on PTH induction of OC promoter
activity. Transfected SaOS-2 cells were pretreated with PKA inhib-
itor, H-89 (10~° M), for 1 h in 0.1% BSA medium followed by addition
of 1078 M PTH for 8 h. Results are average of two independent ex-
periments (n = 6) and are expressed as relative luminescence units
(n = 4 * sp). 1, Significantly different from control; 2, significantly
different from PTH (P < 0.005).

Discussion

Bone formation occurs during early development and re-
pair. It is a carefully orchestrated process that requires mul-
tiple cellular interactions. As preosteoblasts differentiate into
osteoblasts, they lay down new matrix, which subsequently
becomes mineralized. This differentiation process is associ-
ated with the expression of specific matrix molecules. OC, a
calcium binding protein, is present during late stage differ-
entiation and in mineralized bone matrix. Although the exact
role of OC in bone matrix mineralization is not known, it has
been considered a marker for fully differentiated osteoblasts
because of its unique expression pattern (32). Because PTH
has an anabolic effect on bone formation by stimulating
osteoblast differentiation, we investigated PTH-regulated rat
OC promoter activation. The major findings of this study
were 1) PTH caused a transcriptional activation of the OC
promoter; 2) only those fragments of PTH that are known to
induce cAMP accumulation were able to induce activation of
the OC promoter; 3) inactivation of PKA either by a selective
PKA inhibitor, H-89 or by antisense oligonucleotide to PKA
resulted in the loss of OC activation by PTH; and 4) the novel
cAMP response region overlapping the OC box was respon-
sive to PTH, but full activation required the longer promoter
(1095 bp). These results suggest that PTH activation of the
OC promoter may involve cAMP-dependent PKA activation,
and that the previously identified novel cAMP response re-
gion overlapping the OC box may at least in part play a role
in mediating PTH effects.

The transcriptional activation of the rat OC promoter was
evaluated by a transient transfection assay. A 1095-bp frag-
ment of the OC promoter, which has been previously de-
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scribed to contain multiple cis-acting regions and also con-
tains regions that direct the cell-specific expression of the OC
gene, was fused with a luciferase reporter gene. This con-
struct was transfected into SaOS-2 cells, and luciferase ac-
tivity was quantitated as a measure of transcriptional acti-
vation of OC gene. The OC promoter activity obtained in
response to FSK in 5a0S-2 cells was much higher in our
studies (15- to 30-fold or even greater) compared with other
studies (3- to 5-fold) that used MC3T3 cells (27). This may be
due to differences in species (human vs. mouse) or differ-
ences in the stage of differentiation. In experiments not re-
ported here, we also evaluated OC transcription in ROS17/
2.8 cells, a cell line that is generally considered to be more
fully differentiated than SaOS-2 cells. In ROS17/2.8 cells, the
basal transcriptional activity was much higher than in
Sa0S-2 cells, but the PTH activation was only about 1.5-fold
(our unpublished observation). An interpretation of these
studies is that basal activation is most likely to be dependent
on the stage of differentiation of the cells, whereas PTH
responsiveness may depend on whether or not a given cell
exhibits PTH receptor. In addition, the duration of treatment
with the activators was different in these studies. Our time
course studies (Fig. 1) suggest that the maximal promoter
activation occurred between 4—-8 h, whereas only modest or
no activity was detectable at 24-48 h. In a majority of the
previously reported studies, the activation of OC promoter
was evaluated only after 24—48 h of treatment with FSK or
vitamin D;, and this may account for differences in fold
activation (27, 9, 33). The loss of activity at 24—48 h in the
presence of PTH may be due to an unique activity of PTH.
These in vitro effects of PTH may be analogous to the re-
ported in vivo effects on bone formation, which is stimulated
upon intermittent administration, whereas continuous ad-
ministration resulted in resorption (34-36). It is thus possible
that PTH may display time-dependent differential effects on
OC activation in vitro.

PTH activates a variety of intracellular signal transduction
pathways that lead to generation of second messengers in-
cluding cAMP, inositol phosphate, and intracellular calcium
(20-24). Our studies suggest that the OC promoter activation
by PTH is mediated primarily by the cAMP-dependent PKA
pathway for the following reasons. 1) Only those analogs of
PTH that activate PKA (PTH 1-34, 1-84, and 1-31) were able
to stimulate OC transcription. Although PTH 1-34 and PTH
1-84 have full spectrum of activity, PTH 1-31 activates only
PKA with no demonstrable effects on protein kinase C (PKC)
or phospholipase C (PLC) (37). In contrast, N-terminally
truncated PTH analogs (PTH 3-34, 7-34, 13-34, and 53-84)
were ineffective in activating the OC promoter. These ana-
logs activate PKC, but not adenylate cyclase (38, 39). 2) IBMX,
a phosphodiesterase inhibitor that enhances cAMP accumu-
lation by reducing its degradation, enhances PTH effects. 3)
Inactivation of PKA with H-89, a selective inhibitor of PKA,
or an antisense oligonucleotide directed against the regula-
tory subunit of PKA, reduced PTH-stimulated OC activation.
These results collectively establish that cAMP- dependent
PKA activation is the critical mechanism of OC activation by
PTH.

The significance of the synergistic effects of FSK on PTH
(Fig. 3) is not clear. In these studies, we have used a saturable
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Fic. 7. Effect of PKA antisense oligonucleotide on PTH- or FSK-induced OC promoter activity. A, Transfected SaOS-2 cells were incubated in
absence or presence of 20 uM PKA antisense (AS-PKA) or PKA sense (S-PKA) oligonucleotides for 36 h followed by an 8-h activation with PTH
(10~ 8 M) or FSK (102 M). Results are average = sD of two independent experiments (n = 6) and are plotted as percentage of OC promoter activity
induced by PTH or FSK in absence of oligonucleotides. 1, Significantly different from no oligonucleotides control; 2, significantly different from
AS-PKA treated (P < 0.005). B, Concentration-dependent inhibition of OC promoter activity by PKA antisense oligonucleotide. Transfected
Sa0S-2 cells were first treated with various concentrations of PKA antisense (AS-PKA) oligonucleotide in presence of 10 pg/ml of lipofectin for
36 h and then activated with PTH (10~ M) for 8 h. Lysates were assayed for luciferase activity and protein concentration. Results are plotted
as percentage (n = 3 * sp) of rat OC promoter activity induced by PTH in absence of oligonucleotide. 1, Significantly different from no

oligonucleotide control; 2, significantly different from 1 uMm (P < 0.005).

concentration of PTH, but only a maximum tolerated con-
centration of FSK. The major mechanism of action of FSK is
through adenylate cyclase pathway, but cAMP-independent
mechanisms have also been recognized (40). Because PTH
activates other pathways (PKC and PLC), it is conceivable
that synergistic OC activation may be the result of other
pathways that are not sufficiently active when treated with
PTH or FSK alone. Similar potentiation of PTH activation has
been recently observed for FSK in other systems (41, 42). In
Sa0S-2 cells, pretreatment with PTH resulted in a large in-
crease in cAMP accumulation upon subsequent exposure to
FSK (41, 42), which is consistent with the results presented
here (Fig 3). Additionally, FSK treatment could result in
higher PTH receptor numbers, resulting in greater response
to PTH.

Previous studies using FSK and MC3T3 cells, have iden-
tified a novel cAMP response region overlapping the OC box
of the rat OC promoter that was necessary and sufficient for
FSK activation (27). We used similar approach to evaluate the
effects of PTH. Starting with 1095 bp of the rat OC promoter,
by 5’-deletion analysis, we found that the longer promoter
(1095 bp) gave the greatest response to PTH and FSK. The
—198-bp deletion construct containing only one CRE and the
OC box, which was found to be active in MC3T3 cells (27),
was not active in SaOS-2 cells (Figs. 8 and 9) and was not
responsive to PTH or FSK. However, with further deletion of
the rat OC promoter to —120, —92, and —74, response to PTH
and FSK was regained, although to a lesser extent than the

longer promoter (1095 bp). These deletion constructs (—120,
—92, —74) displayed their dependence on cAMP production,
because only those PTH analogs that stimulate cAMP pro-
duction activated these constructs (Fig. 9). The reason for the
loss and apparent reappearance of PTH-responsiveness is
not understood. In contrast to the previous reports, it is clear
that the longer promoter (1095 bp) is more strongly active
than any other deletion constructs. This may indicate po-
tential interactions between several cis-acting elements in-
cluding vitamin Dj;, glucocorticoid response elements, and
AP-1 sites. In the rat promoter, there are at least three pu-
tative CAMP response elements, and all may be required for
full activation. Another interpretation in the loss of activation
of —198 construct and reappearance in the —120 construct
might suggest a repressor element between —198 to —120
that might inhibit the response to PTH.

The role of osteocalcin in bone differentiation and matrix
formation is not known. Although the association of the
protein expression during late stage mineralization is well
documented, what function if any, the protein may play is
only speculative. A recent study of osteocalcin-deficient mice
has demonstrated an increased bone mineral density in these
animals, with no apparent alterations in mineralization or
rate of resorption (43). This led to a provocative hypothesis
that osteocalcin may be an inhibitor of bone formation. It is
possible that OC expression may be the termination signal
for the anabolic response. Although OC expression in cul-
tures is not manifested until at least after 2-3 weeks in vitro,

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName} ] on 14 October 2015. at 16:45 For personal use only. No other uses without permission. . All rights reserved.



PTH REGULATION OF OSTEOCALCIN GENE 3091
20
> -[ D Control A T 1 D Control B
e
> ! 60 -
Fic. 8. 5'-deletion analysis of OC pro- g j a PTH, 10-8M FSK, 10-5M
moter response to PTH or FSK. Various < 154 [
OC promoter constructs (named nu- _— 4
merically according to position of dele- o 3 1 1
tion relative to transcription initiation o3 ] ;
site) directing expression of an lucif- £ 5 ; 40 -
erase reporter gene were cotransfected e £ 104 W
with pSV-B-galactosidase vector into a o° 1
Sa0S-2 cells, treated with 10~% M PTH o ¢ ;
(A) or 107° M FSK (B) for 8 h, then har- R [
vested and assayed for luciferase activ- © [ A 1,2 1
ity, galactosidase activity, and protein 8 5 ~ 20 ¥ 1.2
. . . 5~ 1 5 2 |1 ’
concentration. Transfection efficiency O 1,2 ¢
between various 5'-deletion constructs ® ; 4 1,2 4 .
were monitored. Results are average of o K 2 ] s -
two independent experiments (n = 4) = 1 - 5 2
SD and are expressed as fold increase of ] l—ﬂ ; -
OC promoter activity vs. their control. 0 4 Tt TT 0 T "F; e e s s
1, Significantly different from control; o o o o o o o o o o
2, significantly different from PTH or oy < Y Ny W N O O O Ny
FSK treated —1095 OC promoter. All o,oo %00 000 q'oo u°° 6)00 Q’Oo QQC‘ q‘oc’ uo(’
values are significant at P < 0.005. & 22 R C A & K K G A
Promoter Constructs
20 early event and may influence osteoprogenitor differentia-
. [] control tion and function both directly and indirectly. The conse-
= * quence of such induction is not clear. When the cells become
2 . T Bl PTH(-349) fully mature, OC may signal the beginning of terminal
< 15 B rrHa-31) differentiation.
D
R PTH(3-34
5 N ) Acknowledgments
g8 PTH(53-84)
° e B The authors acknowledge Drs. Jude Onyia, Na Yang, Steven
- 10 Zuckerman, and Anita Harvey for critical evaluation of the manuscript
[+ B
; and for helpful discussions throughout the study.
C =
39 .
) * ~ * * References
o 5 TT
8 1. Yoon K, Rutledge SC, Buenaga RF, Rodan GA 1988 Characterization of the
- rat osteocalcin gene: stimulation of promoter activity by 1,25-dihydroxyvita-
e} min Dj;. Biochemistry 27:8521-8526
2. Desbois C, Hogue DA, Karsenty G 1994 The mouse osteocalcin gene cluster
0 - l".im contains three genes with two separate spatial and temporal patterns of ex-
{ ! ! L r ! pression. ] Biol Chem 269:1183-1190
\‘“0 \‘“G \’“G \‘\)G 3. Celeste AJ, Rosen V, Buecker]JL, Kriz‘ R, Wang EA, Wozney JM 1986 Isolation
oG %oo o o o of the human gene for bone gla protein utilizing mouse and rat cDNA clones.
A0 A9 A% o2 EMBO ] 5:1885-1890

Promoter Constructs

Fic. 9. Effect of PTH analogs on 5'-deleted OC promoter constructs.
Sa0S-2 cells transfected with various 5'-deleted OC promoter con-
structs and treated with a series of 1078 M PTH analogs, including
PTH 1-34, PTH 1-31, PTH 3-34, and PTH 53-84 for 8 h. At end of
incubation, cells were harvested and assayed for luciferase activity
and protein concentration. Results are average of triplicate = sD and
are plotted as fold increase (n = 3 * sD) of OC promoter activity vs.
control. *, Significantly different from respective controls (P < 0.005).

in vivo studies have suggested that PTH can induce serum
osteocalcin levels within 3 days of treatment (Chan-
drasekhar, Harvey, and Hock, unpublished observation).
This would imply that PTH effects on OC may be a relatively

. Rahman S, Oberdorf A, Montecino M, Tanhauser SM, Lian JB, Stein GS,
Laipis PJ, Stein JL 1993 Multiple copies of the bone-specific osteocalcin gene
in mouse and rat. Endocronology 133:3050-305

. Baker AR, Hollingshead PG, Pitts-Meek S, Hansen S, Taylor R, Stewart TA
1992 Osteoblast-specific expression of growth hormone stimulates bone
growth in transgenic mice. Mol Cell Biol 12:5541-5547

. Kesterson RA, Stanley L, DeMayo F, Finegold M, Pike JW 1993 The human
osteocalcin promoter directs bone-specific vitamin D-regulated gene expres-
sion in transgenic mice. Mol Endocrinol 7:462-467

. Lian J, Stewart C, Puchac E, Mackowiak S, Shalhour V, Collart D, Zambetti
G, Stein G 1989 Structure of the rat osteocalcin gene and regulation of vitamin
D-dependent expression. Proc Natl Acad Sci USA 86:1143-1147

. Morrison NA, Shine J, Fragonas J, Verkest V, McMenemy ML, Eisman JA
1989 1,25-dihydroxyvitamin D-responsive element and glucocorticoid repres-
sion in the osteocalcin gene. Science 246:1158-1161

. OzonoK, Liao J, Kerner SA, Scott RA, Pike JW 1990 The vitamin D-responsive

element in the human osteocalcin gene. J Biol Chem 265:21881-21888

Stromstedt PE, Poellinger L, Gustafsson JA, Carlstedt-Duke J 1991 The glu-

cocorticoid receptor binds to a sequence overlapping the TATA box of the

human osteocalcin promoter: a potential mechanism for negative regulation.

Mol Cell Biol 11:3379-3383

10.

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName} ] on 14 October 2015. at 16:45 For personal use only. No other uses without permission. . All rights reserved.



3092

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Reeve J, Meunier PJ, Parsons JA, Bernat M, Bijvoet OLM, Courpron P,
Edouard C, Klenerman L, Neer RM, Renier JC, Slovik D, Visman FJ, Potts
JT 1980 Anabolic effect of human parathyroid hormone fragment on trabecular
bone in involutional osteoporosis: a multicentre trial. Br Med J 280:1340-1344
Hefti E, Trechsel U, Bonjour JP, Fleisch H, Scheak R 1982 Increase of whole-
body calcium and skeletal mass in normal and osteoporotic adult rats treated
with parathyroid hormone. Clin Sci 62:389-396

Podbesek R, Edouard C, Meunier PJ, Parsons JA, Reeve ], Stevenson RW,
Zanelli JM 1983 Effects of two treatment regimes with synthetic human para-
thyroid hormone fragment on bone formation and the tissue balance of tra-
becular bone in greyhounds. Endocrinology 112:1000-1006

Gunness-Hey M, Hock JM 1984 Increased trabecular bone mass in rats treated
with human synthetic parathyroid hormone. Metab Bone Dis Relat Res
5:177-181

Hori M, Uzawa T, Morita K, Noda T, Takahashi H, Inoue J 1988 Effect of
human parathyroid hormone (PTH 1-34) on experimental osteopenia of rats
induced by ovariectomy. Bone Miner 3:193-199

Hock JM, Onyia JE, Miller B, Hulman J, Herring J, Chandraskhar S, Harvey
AK, Gunness-Hey M 1994 Anabolic PTH targets proliferating cells of the
primary spongiosa in young rats, and increases the number differentiating into
osteoblasts. ] Bone Miner Res 9[Suppl 1]:5412 (Abstract)

Juppner H, Abou-Samra AB, Freeman M, Kong, XF, Schipani E, Richards J,
Kolakowski LF, Hock JM, Potts JT, Kronenberg HM, Segre GV 1991 A G
protein-linked receptor for parathyroid hormone and parathyroid hormone-
related peptide. Science 254:1024-1026

Abou-Samra AB, Juppner H, Torce T, Freeman M, Kong XF, Schipani E,
Urena P, Richards J, Bonventre JV, Potts JT, Kronenberg HM, Segre GV 1992
Expression cloning of a common receptor for parathyroid hormone and para-
thyroid hormone-related peptide from rat osteoblast-like cells: a single recep-
tor stimulates intracellular accumulation of both cAMP and inositol trisphos-
phates and increases intracellular free calcium. Proc Natl Acad Sci USA
89:2732-2736

Schipani E, Karga H, Karaplis AC, Potts JT, Kronenberg HM, Segre GV.
Abou-Samra AB, Juppner H 1993 Identical complementary deoxyribonucleic
acids encode a human renal and bone parathyroid hormone (PTH)/PTH-
related peptide receptor. Endocrinology 132:2157-2165

Chase LR, Aurbach GD 1970 The effect of parathyroid hormone on the con-
centration of adenosine 3’,5'-monophosphate in skeletal tissue in vitro. ] Biol
Chem 245:1520-1526

Partridge NC, Kemp BE, Veroni MC, Martin TJ 1981 Activation of adenosine
3’,5'-monophosphate-dependent protein kinase in normal and malignant bone
cell by parathyroid hormone, prostaglandin E,, and prostacyclin. Endocrinol-
ogy 108:220-225

Civitelli R, Reid IR, Westbrook S, Avioli LV, Hruska, KA 1988 PTH elevates
inositol polyphosphates and diacylglycerol in a rat osteoblast-like cell line.
Am ] Physiol 255:E660-E667

Reid IR, Civitelli R, Halstead LR, Avioli LV, Hruska KA 1987 Parathyroid
hormone acutely elevates intracellular calcium in osteoblastlike cells. Am J
Physiol 252:E45-E51

Yamaguchi DT, Hahn TJ, Iida-Klein A, Kleeman CR, Muallem S 1987 Para-
thyroid hormone-activated calcium channels in an osteoblast-like clonal os-
teosarcoma cell line. ] Biol Chem 262:7711-7718

Mallette LE 1994 Parathyroid hormone and parathyroid hormone- related
protein as polyhormones. In: Bilezikian JP, Levine MA, Marcus R (eds) The
Parathyroids. Raven Press, New York, pp 171-184

Noda M, Yoon K, Rodan GA 1988 Cyclic AMP-mediated stabilization of
osteocalcin mRNA in rat osteoblast-like cells treated with parathyroid hor-
mone. ] Biol Chem 263:18574-18577

PTH REGULATION OF OSTEOCALCIN GENE

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Endo » 1997
Vol 138 « No 8

Towler DA, Roden GA 1995 Identification of a rat osteocalcin promoter
3',5'-cyclic adenosine monophosphate response region containing two PuG-
GTCA steroid hormone receptor binding motifs. Endocrinology 136:1089-1096
Fukayama S, Tashjian AH, Jr, Bringhurst FR 1992 Mechanisms of desensi-
tization to parathyroid hormone in human osteoblast-like SaOS-2 cells. En-
docrinology 131:1757-1769

Nesterova M, Cho-Chung YS 1995 A single-injection protein kinase A-di-
rected antisense treatment to inhibit tumour growth. Nature Med 1:528-533
Chiang MY, Chan H, Zounes MA, Freier SM, Lima WF, Bennet CF 1991
Antisense oligonucleotides inhibit intercellular adhesion molecule 1 expres-
sion by two distinct mechanisms. J Biol Chem 266:18162-18171

Chijiwa T, Mishima A, Hagiwara M, Sano M, Hayashi K, Inoue T, Naito K,
Toshioka T, Hidaka H 1990 Inhibition of forskolin-induced neurite outgrowth
and protein phosphorylation by a newly synthesized selective inhibitor of
cyclic AMP-dependent protein kinase, N-[2-(p-bromocinnamylamino)ethyl]-
5-isoquinolinesulfonamide (H-89), of PC12D pheochromocytoma cells. J Biol
Chem 265:5267-5272

Hauschka PV 1986 Osteocalcin: the vitamin K-dependent Ca®*-binding pro-
tein of bone matrix. Haemostasis 16:258-272

Frenkel B, Mijines J, Aronow MA, Zambetti G, Banerjee C, Stein JL, Lian
JB, Stein GS 1993 Position and orientation-selective silencer in protein-coding
sequences of the rat osteocalcin gene. Biochemistry 32:13636-13643.
Dempster DW, Cosman F, Parisien M, Shen V, Lindsay R 1993 Anabolic
actions of parathyroid hormone on bone. Endocr Rev 14:690-709

Canalis E, Hock JM, Raisz LG 1994 Anabolic and catabolic effects of para-
thyroid hormone on bone and interactions with growth factors. In: Bilezikian
JP, Levine MA, Marcus R (eds) The Parathyroids Raven Press, New York, pp
65-82

Rixon RH, Whitfield JF, Gagnon L, Isaacs R], Maclean S, Chakravarthy B,
Durkin JP, Neugebauer W, Ros V, Sung W, Willick GE 1994 Parathyroid
hormone fragments may stimulate bone growth in ovariectomized rats by
activating adenylyl cyclase. ] Bone Miner Res 9:1179-1189

Jouishomme H, Whitfield JF, Gagnon L, Maclean S, Isaacs RJ, Chakravarthy
B, Durkin JP, Neugebauer W, Willick GE, Rixon RH 1994 Further definition
of the protein kinase C activation domain of the parathyroid hormone. J Bone
Miner Res 9:943-949

Fujimori A, Cheng SL, Aviooli LV, Civitelli R 1992 Structure-function rela-
tionship of parathyroid hormone: activation of phospholipase-C, protein ki-
nase-A and -C in osteosarcoma cells. Endocrinology 130:29-36
Jouishomme H, Whitfield JF, Chakravarthy B, Durkin JP, Gagnon L, Isaacs
R]J, Maclean S, Neugebauer W, Willick GE, Rixon RH 1992 The protein
kinase-C activation domain of the parathyroid hormone. Endocrinology
130:53-59

Laurenza A, Sutkowski EM, Seamon KB 1989 Forskolin: a specific stimulator
of adenylate cyclase or a diterpene with multiple sites of actions? Trends
Phramcol Sci 10:442-447

Minor LK, Yang M, Westover L 1996 Forskolin but not sodium fluoride (NAF)
potentiates the action of parathyroid hormone (PTH) and vasoactive intestinal
peptide (VIP) on adenylate cyclase activity in SaOS-2 osteosarcoma cells. Mol
Biol Cell 75:2505 (Abstract)

Fukayama S, Tashjian AH, Jr, Bringhurst RF 1992 Forskolin-induced homol-
ogous desensitization via an adenosine 3’,5’-monophosphate-dependent
mechanism(s) in human osteoblast-like SaOS-2 cells. Endocrinology
131:1770-1776

Ducy P, Desbois C, Boyce B, Pinero G, Story B, Dunstan C, Smith E, Bonadio
J, Goldstein S, Gundberg C, Bradley A, Karsenty G 1996 Increased bone
formation in osteocalcin-deficient mice. Nature 382:448-452

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName} ] on 14 October 2015. at 16:45 For personal use only. No other uses without permission. . All rights reserved.



