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Abstract

The striking clinical benefit of PTH in osteoporosis began a new era of skeletal anabolic agents.
Several studies have been performed, new studies are emerging out and yet controversies remain on
PTH anabolic action in bone. This review focuses on the molecular aspects of PTH and PTHrP
signaling in light of old players and recent advances in understanding the control of osteoblast
proliferation, differentiation and function.
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l. INTRODUCTION

The skeleton serves a structural function-providing mobility, support, and protection for the
body; a reservoir function- being a storehouse for essential minerals calcium and phosphorus;
an endocrine function-regulating extracellular mineral concentrations by responding to
hormonal signals; immune function and cellular regeneration function housing multi-potent
stem cells. Maintaining a strong and healthy skeleton is a complex process that integrates
multiple endocrine, cellular and immune signals. Therefore, bone is an active organ whose
structure is constantly changing. Old bone breaks down and new bone is formed on a continuous
basis through the process of remodeling. Remodeling involves a coordinated action of anumber
of cells which work in concert in what is referred to as the Basic Muticellular Unit (BMU, Fig.
1) (see review) [1].

In the remodeling process bone is destroyed or resorbed by osteoclasts and then laid down by
osteoblasts. The lifespan of a single BMU is about 6-9 months during which several
generations of osteoclasts (average life of about 2 weeks) and osteoblasts (average life of about
3 months) are formed. BMUSs operate at an average speed of 25 um/day; one single BMU
replaces about 0.025 mm3 of bone during its life span and about 10% of the skeleton is replaced
each year. A new BMU may be formed every 2-5 years at the same site, thus the whole skeleton
is replaced several times during the lifespan of an individual without changing much the size
or the shape of bone. In contrast, during fetal life and childhood, bone is also continuously
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replaced; however, this process of bone modeling increases the mass and the size of the
skeleton.

Osteoblasts and osteoclasts respond to multiple autocrine, paracrine and endocrine factors and
to mechanical stimulation affecting the whole skeleton (systemic) or affecting only a small
region of the skeleton (local). Osteoblasts precursors and mature osteoblasts release local
factors which regulate osteoclast differentiation and activity within the BMU and thus bone
resorption and bone formation are tightly coupled [1]. Since remodeling occurs in adult life,
abnormalities in remodeling are the primary cause of adult bone diseases. Therefore, it is
critically important to understand the remodeling process by examining the roles/actions of
factors controlling the activities of osteoblasts and osteoclasts.

In adults, bone mass is determined by the net result of bone remodeling. The entire process is
tightly regulated by the hormonal milieu and the local bone environment. Decreased bone mass,
osteopenia or osteoporosis, may result from accelerated resorption or defective formation of
bone matrix, both of which are regulated by multiple positive and negative humoral local
signals. Osteopenia may result from alterations in hormone action, such as loss of normal
estrogen production in post-menopausal women, excessive production of parathyroid hormone
(PTH) as in primary or secondary hyperparathyroidism, or glucocorticoid excess as a
consequence of chronic steroid use in immunosuppressive therapy. Recent research has
emphasized establishing a more complete understanding of the hormonal regulation of bone
and developing anabolic agents with therapeutic potential for the treatment of low bone mass.
The goal of this paper is to focus on the putative mechanism(s) of action of PTH and PTH
related peptide (PTHrP) on bone formation.

Il. PTH, PTHrP AND THEIR RECEPTOR

PTH and PTHTrP are distinct polypeptides that show limited overall sequence homology (16%)
[2]. Because significant homology is clustered within their N-termini, 9 amino acid residues
out of their 1-13 sequences are identical. PTH and PTHrP can bind to and activate a common
G-protein coupled receptor, the PTH/PTHTIP receptor or PTH1R [3] which is expressed in PTH
and PTHIrP target cells, such as osteoblasts in bone and renal tubular cells in kidney. The
extreme differences in their primary sequences also suggest that PTH and PTHrP sub serve
distinct biological functions although PTHrP can mimic many of the functions of PTH. While
PTH is synthesized by and secreted from the parathyroid glands, PTHrP is synthesized and
expressed by various tissues such as skin, blood vessels, smooth muscles, tooth buds, growth
plate chondrocytes, bone, kidney and neuronal and glial tissues. The role of PTHrP in
endochondral bone formation has been studied extensively. Targeted disruption of PTHrP or
PTH1R gene in mice resulted in perinatal death with gross skeletal abnormalities [4—7] whereas
heterozygous PTHrP*/~ demonstrated a reduction in trabecular bone volume [8] (Table 1).

The PTH/PTHTIP receptor is a G protein-coupled receptor with 7 transmembrane spanning
domains. The PTH/PTHTrP receptor is encoded by a multi-exonic gene (Fig 2) with potential
for alternate splicing and alternate promoter usage that was characterized in human, rat and
mouse [9]. Understanding the physiological roles, molecular and cellular actions of PTH and
PTHrP began when PTH1R was first cloned in 1990s [3,10]. The gene encoding the PTH1R
is located on chromosome 3 in humans and the gene involved in its synthesis has a total of 14
exons. The amino terminal region of PTH(1-34) and PTHrP(1-34) interacts with the J- domain,
the functional portion of the receptor that contains the seven transmembrane spanning helices
and the connecting loops [11]. The carboxy terminal portion of PTH and PTHrP binds to the
extracellular N-domain of the receptor promoting association of the biologically active amino
terminal of the ligand to J-domain [12] (Fig. 2).
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Following receptor-agonist interaction inactivation of PTH1R occurs via phosphorylation
which eventually becomes desensitized, internalized and recycled [13,14]. Using
phosphorylation- deficient PTH1R mice recent studies demonstrate inability of PTH to
normally internalize the receptor resulting in sustained increase in cAMP concentration in these
animals [15,16]. The impact of deficient internalization on bone development, maturation and
turnover is not yet known.

Genetic manipulation of PTH1R using homologous recombination and transgenic technology
revealed important physiological role for the PTHI1R in bone development and bone cell
differentiation [17-19]. PTH1R knock out mice have decreased trabecular bone and increased
thickness of cortical bone during fetal development [19]. Blomstrand chondrodysplasia, an
autosomal recessive disorder caused by inactivating PTH1R mutations, also showed intra-
uterine death and severe skeletal abnormalities [18]. Histomorphometric analysis of bone from
a patient with Jansen’s metaphyseal chondrodysplasia, which is caused by an activating
mutation of PTH1R [17], shows loss of cortical bone without any loss of trabecular bone
[20]. Transgenic mice expressing constitutively active PTH1R in osteoblasts under the control
of Col-1A promoter increased the trabecular bone dramatically and decreased cortical bone
thus illustrating both the anabolic and catabolic actions mediated by PTH1R [21]. PTH1R is
expressed in mature and pre-oseoblasts during rat fetal development [22], in osteoblastic
osteosarcoma cell [23], and normal osteoblastic cells [24].

Additional receptors for PTH and PTHrP have been described. PTH2R [25-27], cloned by
sequence homology to PTH1R, was first characterized as a receptor for PTH only since it does
not bind PTHrP, however, the hypothalamic tuberoinfundibular peptide (TIP39) was later
characterized as a high affinity ligand for PTH2R. PTH2R therefore may not be involved in
bone metabolism. PTH3R, which is identified in zebrafish [28] and sea bream enterocytes
[29] preferentially binds PTHrP. PTH3R, which is not seen in mammals, may represent an
important phylogenetic step in the development of the PTH/PTHrP system during evolution
of species.

lIl. ANABOLIC AND CATABOLIC ACTIONS OF PTH AND PTHrP ON BONE

PTH binds to cells of the osteoblast lineage [30] and produces both anabolic and catabolic
effects. The fact that PTH has dual effects depending on its administration method raises
important questions about its mechanisms of action on bone formation and resorption. It was
hypothesized that PTH and PTHrP’s anabolic and catabolic effects on osteoblasts take place
by activating different signaling cascades from PTH1R (reviewed in [31]). Traditionally PTH
was known to be catabolic to the human skeleton as severe osteoporosis and osteitis fibrosa
cystica may complicate long standing hyperparathyroidism. In 1932 Selye reported the PTH’s
ability to stimulate osteogenesis [32]. Subsequently the anabolic effects of PTH have been
examined in greater detail [33—46]. In randomized clinical trial PTH was shown to be useful
to prevent fracture in osteoporotic subjects [37,43,46]. It was initially noted that PTH could
increase bone mass in rats [32,33]. Now it is well recognized that intermittent administration
of PTH and PTHrP has net anabolic effects on bone [34,35,39,42,44,45]. Once a day
subcutaneous injection of PTH increased bone mass in patients with osteoporosis [36] and in
ovariectomized monkeys [38]. The capability of PTH to augment bone formation is dependent
upon the hormone being administered in a way that yields a transient peak blood level [40,
41]. The increased bone formation is largely due to a rise in osteoblast number as a result of
increased proliferation and differentiation of osteoblasts in vitro and in vivo [45-53], decrease
in osteoblast apoptosis [54,55], and activation of bone lining cells[35,56]. A mechanism
involving cell-cell contact in PTH induced osteoblast proliferation has also been suggested
[57].
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PTH stimulates proliferation of rat and human osteosarcoma-derived osteoblast like cells
[49]. The involvement of PTHrP in intramembranous bone formation has also been suggested
in an experimental rabbit model [58] and in cells of osteoblast lineage [59]. Interestingly, the
response to PTH and PTHrP is largely dependent on the cell lines, the species, and
differentiation stage of osteoblasts [45,60,61]. Earlier studies have shown that PTHrP
stimulates proliferation of chondrocytes, primary spongiosa of rat trabecular bone in vivo and
inhibits osteoblast proliferation in vitro [62,63]. Interruption of PTHrP signaling in vivo in
mice caused a reduction in the number of proliferative chondrocytes as a well as premature
differentiation of these cells [4,5]. In fact PTH and PTHrP play important roles at multiple
stages during bone development through their effects on cell survival [55]. While PTHrP
prevents apoptosis of immature pre-confluent mesenchymal cells, it induces apoptosis of more
mature post- confluent cells [64]. These data suggested that PTHrP is required for normal
turnover of bone cells, and activation of apoptosis in mature osteoblasts could represent a
potential mechanism whereby cells no longer forming matrix are cleared to provide access for
new cells. Besides PTH’s clinical use for the treatment of osteoporosis, its potential for the
application in fracture healing, tissue engineering and implant integration are being explored
[65-68].

Continuous administration of PTH or PTHrP induces bone resorption by activating osteoclasts
indirectly through their actions on osteoblastic cells [69]. When osteoclasts were physically
separated from osteoblasts they did not respond to PTH [70]; however, PTH induced resorption
only after adding osteoblasts or osteoblast like cells to the cultured osteoclasts [71]. Although
osteoblastic cells mediate osteoclastic responsiveness to PTH [71], some studies indicated that
osteoclasts from several species possess functional PTH receptors. The presence of PTH1R in
human osteoclast was initially suggested by Langub [72] and more recently by Dempster et al
[73]. PTH stimulated osteoclast activity in the absence of osteoblasts, proposing direct and
indirect actions of PTH on osteoclasts. In addition to osteoclastic bone resorption PTH is also
a potent activator of osteoclastic mobility [71].

The various actions of PTH on cells of the osteoblast lineage affect the complex process of
bone remodeling; the molecular mechanism(s) responsible for the coordinated coupling of
osteoblastogenesis and osteoclastogenesis in bone turnover has been partially elucidated.
Several effects of PTH on osteoclast formation are mediated by its actions on the production
of the receptor activator of nuclear factor-xB ligand (RANKL) [74] and its soluble decoy
receptor for RANKL, osteoprotegerin (OPG) [75,76]. PTH stimulates RANKL and inhibits
OPG mRNA expression [77] and dependent on the stage of differentiation of the osteoblastic
cells [78,79]. Finally, PTH induced osteoblastic expression of monocyte chemoattractant
protein-1 (MCP-1) in recruitment and differentiation of osteoclast precursors suggested a role
for MCP-1 and enhanced bone remodeling that accompanies the anabolic effects of PTH
[80]. The anabolic effectiveness of PTH and how it relates to osteoblast physiology has been
recently reviewed [81,82].

IV. PTH AND PTHrP REGULATED SIGNALING PATHWAYS

Activation of the PTH1R by PTH or PTHrP causes an acute increase in several intracellular
signaling molecules which include the 2 classic G protein signaling cascades, adenylate cyclase
(AC) and phospholipase C (PLC) [10], and several recently recognized signaling proteins
through protein-protein interactions [83-85]. Stimulation of the AC signaling cascade leads to
activation of protein-kinase A (PKA) and phosphorylation of transcription factors, such as
CREB, which regulates transcription of PTH target genes. Stimulation of the PLC signaling
cascade leads to accumulation of inositol trisphosphate (IP3) and diacylglycerol (DAG); IP3
increases intracellular calcium concentration and DAG activates protein kinase C (PKC); and
consequently genomic effects through transcription factors regulated by the calcium and PKC
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(Fig 3). Shortly after the molecular cloning of the PTH/PTHrP receptor it was noticed that
relatively high agonist concentrations (micromolar) and/or high receptor density are required
for efficient activation of PLC; this is in contrast to PTH1R activation of AC which occurs at
physiologic (sub-nanomolar) agonist concentrations in the same cell host [86]. The higher
agonist requirement for activation of PLC is intriguing since the physiologic PTH
concentrations in the serum are sub-nanomolar; this raised the hypothesis that the PLC pathway
may be physiologically relevant when the local agonist concentrations are elevated; this may
occur at site of high local PTHrP secretion, such as in the developing growth plate.
Interestingly, it has been shown that the Na*/H* exchanger regulatory factor (NHERF) binds
to a PDZ domain within the carboxy-terminal tail of PTH1R and shifts its signaling efficiency
from AC to PLC through efficient coupling of the PTH1R-NHERF complex to Gg/11, which
stimulates PLC, and Gi, which inhibits AC (Fig. 3) [87]. NHERF may play an important role
in PTH inhibition of phosphate transport in the polarized renal tubular cells, which express
high levels of NHERF [88]. A role for NHERF was also suggested for PTH1R desensitization
[89]. Recently, the phosphorylation-deficient PTH1R, constructed by mutating the
phosphorylation site on its carboxy-terminal tail, was shown to couple more efficiently to PLC
than the wild type receptor [16,90]; this finding suggests that activation of PLC may be a
physiological process that normally occurs but that desensitizes rapidly through the process of
receptor phosphorylation.

PTH mediated activation of PKC may also occur via non-phospholipase C mediated pathway
[91] and PTH can increase intracellular calcium via stimulation of extracellular calcium influx
through PKC-dependent and/or cAMP-dependent actions on calcium channels [92,93].

While PTH(1-34) activates both AC and PLC several investigators have shown that shorter
PTH analogs with intact N-terminus have signaling specificity that favor stimulation of cAMP
accumulation [94-97]. Substitution of few residues within PTH(1-34) or its shorter fragment
with non-natural amino acids have improved affinity and potency of the shorter fragments with
more selectivity for signaling through Gs-adenylate cyclase [98]. Deletion of the first 2 residues
of PTH resulted in a competitive antagonist [99]. Other investigators reported stimulation of
PKC by N-terminally-truncated PTH analogs in vitro [100]. In recent years using different
analogs of PTH the mechanisms of ligand binding to the PTH1R has been a subject of intense
study. These studies provide new clues for understanding the selectivity, structure, stability,
bioreactivity and overall topology of the biomolecular complex [101-105]. Using several
pharmacological and biophysical approaches recent studies have also shown that PTH and
PTHrP have characteristic individual effects on the conformation of the PTH1R [105]; this
observation suggests that PTH and PTHrP actions mediated by the same receptor may be
distinct.

The second protein target for cCAMP, the cAMP-guanine nucleotide exchange factor (CAMP-
GEF)/Epac, which is a Rap1 specific GEF (Rap-1/B-Raf) [106,107], was also found to be
functional in osteoblastic cells; EPAC may be involved in PTH and PTHrP signaling in
osteoblasts and may mediate some of its anabolic actions [108,109].

PTH and PTHrP added to cell lines expressing recombinant PTHL1R transiently stimulated
ERKZ1/2 phosphorylation [110]. However, in normal osteoblasts and in several osteoblastic
osteosarcoma cell lines PTH inhibited ERK1/2 phosphorylation [111,112]. It was shown that
PTH1R activation may have opposing effects on the ERK-MAPK pathway in osteoblast
depending on whether they are proliferating or already differentiated [45,61,112]. In
differentiated osteosblastic cells PTH (or PTHrP) inhibited ERK1/2 phosphorylation and
induced growth arrest of differentiated osteoblastic cells [61]. On the other hand, when added
to proliferating osteoblasts PTH (or PTHrP) did not inhibit ERK1/2 phosphorylation and, in
fact, they promoted cell growth [45]. Interestingly, several G-protein coupled receptors
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(GPCRs) became associated with the p42/p44 MAPK (ERK) module when activated by their
cognate ligands through an internalization process that involves receptor phosphorylation and
recruitment of B-arrestins [113]. PTH mediated activation of B-arrestin leads to desensitization
of the cAMP response and at the same time activation of the ERK1/2 signaling cascade [110,
114]. Studies with B-arrestin null mice showed decreased bone mass following PTH treatment
[115]; this suggested that B-arrestins limit osteoclastogenesis during intermittent PTH
administration. PTH was also shown to stimulate p38-MAPK in early differentiating
osteoblastic cells and increase mineralization at later stages has also been suggested [116].
Finally, PTH and PTHrP induced MAPK phosphatase-1, an enzyme responsible for
dephosphorylation of MAPKs [117-119]. These studies indicate an important role for MAPKSs
in the effects of PTH and PTHrP on osteoblasts.

The Whnt signaling pathway has recently been demonstrated to play an important role in bone
cell function and several studies revealed a possible role for Wnt signaling in PTH actions in
bone. Canonical Wnt signaling is transduced by a receptor complex comprised of a member
of the family of seven transmembrane domain receptors known as Frizzleds, and the co-
receptor lipoprotein receptor related proteins 5 or 6 (LRP5/6) [120-123]. The resulting signal
leads to the activation of the cytoplasmic protein disheveled (Dsh), disrupting the protein
complex of axin, adenomatous polyposis coli (APC), and glycogen synthase kinase-3b
(GSK-3b). As a result, phosphorylated p-catenin translocates to the nucleus, forms a complex
with T-cell factor/Lymphoid enhancer factor (TCF/LEF), which then regulates the
transcription of Wnt target genes [124,125]. In rat distal metaphyseal bone in vivo and
osteoblastic UMR 106 cells PTH and PTHrP treatment results in the differential regulation of
the receptor complex, up-regulate the mRNA expression of LRP6 and FZD-1 and decreases
LRP5 and Dkk-1 [126]. PTH and PTHrP also increase the levels of -catenin and induces the
further downstream signaling response [126]. These results suggest a possible role for Wnt
signaling in PTH actions in bone. PTH enhances TCF-dependent transactivation and
inactivation of GSK-3p in human osteoblastic cell line SaOS2 [127]. This may inhibit bone
resorption by a negative impact on RANKL expression on osteoblasts. Studies in mice lacking
LRP5 have shown that PTH increases femoral cortical bone mass suggesting that this effect
does not require Wnt signaling; the latter may facilitate the anabolic response in cancellous
bone [128-130]. Overall, these studies support a role for LRP5 mediated Wnt signaling in the
anabolic effect of PTH in bone. A very recent study in rat reveals a novel signaling pathway
of PTH by demonstrating that a ternary complex containing PTH, PTH1R, and LRP6 promotes
rapid phosphorylation of LRPS, stabilization of B-catenin in osteoblasts with a concurrent
increase in bone formation in a distinct manner from that of the canonical Wnt signaling
[131].

V. MEDIATORS OF BONE TISSUE REGENERATION: PTH AND PTHrP
TARGETS

Mouse and human genetics have provided a greater understanding of how stem cells
differentiate into chondrocytes, osteoblasts and osteoclasts and the complexities of the skeletal
biology [132]. Full understanding of bone cell physiology and bone formation depends upon
characterization of the molecular events occurring during the differentiation and proliferation
of bone cells. Studies demonstrate that during the process of differentiation progenitor cells
acquire specific phenotype under the control of regulatory factors that regulate induction and
transcription of an array of temporally expressed genes. It appears that PTH1R actions may
involve a number of growth factors, transcription factors, and various other regulatory genes
(Table 2).
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1. Growth factor regulation

Local cytokines and growth factors are recognized as important modulators of the action of
hormones on bone cells. Cytokines and growth factors are also important mediators of cell-to-
cell and matrix-to-cell communications. They can change the number of receptors for
calciotropic hormones on bone cells, while these hormones modulate the production rate of
these factors by bone cells [133]. Research performed during the past several years implicates
important roles for a variety of growth factors and cytokines that affect osteoblasts or their
precursors during bone development, remodeling, or repair. Of these, three families of growth
factors, the transforming growth factor beta (TGF-B), insulin-like growth factors (IGFs), and
bone morphogenetic proteins (BMPs), are important local regulators of osteogenesis. TGF-f
inhibits osteoblasts proliferation and stimulates the production of bone extracellular matrix
(ECM) proteins, including type I collagen, fibronectin, and osteocalcin [134]. It has been also
implicated as a coupling factor that coordinates the processes of bone resorption and subsequent
bone formation [135]. Modifications of the production of IGF-I, or of one of its binding
proteins, could be responsible for low bone formation during ageing has been suggested
[133]. Most systemic and local cytokines are active in bone; however, the existence of a bone-
specific cytokine(s) has been questioned. Studies suggest that interleukin-6 (IL-6) production
by osteoblasts is responsible for increased bone resorption after ovariectomy in mice. The
importance of the events that link these growth factors to nuclear proteins in response to
glucocorticoids, sex steroids, prostaglandin E2 (PGE2), PTH, or PTHrP are now being
appreciated.

Several laboratories have provided convincing evidences that PTH-induced stimulation of
bone formation involves local IGF-I, IGF-1l and TGF-f and growth factors, which may act as
mediators of the physiological effects of PTH in bone [136]. PTH stimulates the release of
IGF-I from fetal rat and mouse calvariae [50], and IGF-I and IGF-II from mouse calvariae
[137]. While short time PTH exposure of cultured osteoblastic cells did not alter mMRNA level
of IGF-I [138], increased transcription or peptide levels were noted in rat bone cultures[139]
and osteoblasts after long exposure in vivo [140]. Increased IGF-I by PTH treatment promoted
differentiation and survival of osteoblasts [141,142]. Since IGF-I and IGF-II stimulated
osteoblastic cell proliferation, the effect of PTH on the release of these and other growth factors
may mediate coupling of bone formation to bone resorption [137]. The anabolic actions of
PTH on bone were suppressed in IGF-1 knock out mice [143,144]. Recent studies indicated
that IGFI receptor null mutation in mature osteobasts lead to decreased bone formation, in part
because IGF-IR expression in mature osteoblasts was required for PTH stimulation of
osteoprogenitor cell proliferation and differentiation [145]. IGF-I deficiency substantially
reduced the stimulatory effects of PTH on the expression of RANKL, possibly resulting in
decreased osteoclast formation [145].

In rat osteosacoma cells TGF-f3 altered PTH receptors and responsiveness in osteoblasts
[146]. PTH stimulation of osteoclastic bone resorption resulted in the liberation of significant
amounts of TGF- from the matrix [147]. It was reported that PTH regulated TGF-pl and TGF-
Bl synthesis in human fetal osteoblasts [148] and amplified the anabolic effects of TGF-p by
accelerating the transcriptional activity of Smad3 which exerts anti-apoptotic effects in mouse
osteoblastic cells [149]. The actions of TGF- 3, such as proper folding and secretion, are
modulated by the latent TGF-p binding proteins (LTBPs). PTH stimulation of LTBP-1 mRNA
expression in rat and mouse preosteoblastic cells has been suggested to be important for PTH
action via TGF-p in bone remodeling [150].

Studies demonstrated that PTHrP can direct osteoblastic, rather then adipogenic, commitment
of mesenchymal cells, and showed that PTHrP action involves enhanced gene expression of
the BMP A receptor, which facilitates BMP2 action in enhancing osteoblastogenesis in
pluripotent mesenchymal cells [151]. Other growth factors that could act to mediate an anabolic
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effect of PTH include FGF-2. In cultured osteoblastic cells PTH increased FGF-2 mRNA and
FGF-2 receptor mRNA [152]. In FGF-2 null mice the effect of PTH on cancellous bone volume
was largely diminished [153]. Using co-cultured bone marrow cells from wild type and FGF-2
null mice it was demonstrated that PTH stimulation of osteoclast formation and bone resorption
requires endogenous FGF-2 synthesis by osteoblasts [154].

2. Regulation of transcription factors

Tissue specific transcription factors are nuclear proteins that regulate the transcription of
multiple genes that are expressed in a particular tissue type as part of highly regulated program
through a larger regulatory protein complex. Experiments inducing loss of function of AP-1
proteins in mice and cells have provided important insights into their role in skeletogenesis
[155]. More studies implied that the AP-1 transcription factors play an important role in bone
development [155-157] and in mediating certain osteogenic stimuli of PTH [158]. The
protooncogene c-fos, a member of the AP-1 transcription factor, is regulated by PTH both in
vitro and in vivo. Intermittent PTH injections caused anabolic effects in wild type mice and
catabolic effects in the osteosclerotic c-fos- null mice [159]. In response to PTH the cAMP
response element binding protein (CREB) is phosphorylated at serine 133 [160] which then
modulates the transcription of PTH target genes [161]. Thus PTH and PTHrP mediate
transactivation of CREB [162], stimulation of c-fos promoter activity via phospho-CREB
[160], and increased expression of c-jun and c-fos in osteoblasts [163,164], which mediate
transcription of genes containing AP-1 promoter elements. PTH and PTHrP stimulate the
expression of other AP-1 family members which include c-jun, fosB, JunB, fral, and fra2
[61,163,165-167].

Within the bone cell lineage, Runx2 (Cbfal/AML3) plays an important role as a central
regulator of bone and for maintaining the osteophenotype [168]. Cbfal or RunX2 is the first
osteoblast specific transcription factor to be identified. It is expressed in mesenchymal cells
that develop into chondrocytes or osteoblasts [169,170]. Homozygous RunX2 null mice show
normal skeletal patterning, but the skeleton is cartilaginous as osteoblast differentiation does
not occur in these animals [171,172]. Runx2 mediates the temporal activation and/or repression
of cell growth and phenotypic genes as osteoblasts progress through stages of differentiation
[173,174]. Runx2 target genes include regulators of cell growth control (such as BMP/TGF-
B, IGF I and 11), components of the bone extracellular matrix, angiogenesis, and signaling
proteins (Wnt and Src) required for development of the osteoblast phenotype [158,173,175—
177]. A more recent study suggests an important function for ERK-MAPK pathway in bone
formation that involves Runx2 phosphorylation and transcriptional activity [178]. The role of
MAPKSs in osteoblast differentiation was evaluated in transgenic mice expressing dominant
negative (dn) or constitutively active (ca) MAPK kinase (MEK) under the control of the
osteocalcin promoter (TgMEK-dn and TgMEK-ca, respectively) [178]. These mice have no
apparent phenotype; however, when crossed with the heterozygous Runx2 knockout mice
(Runx2 *'7) the TYMEK-ca transgene rescued the hypomorphic clavicles and the
undemineralized calvaria of the Runx2 haploinsufficiency, whereas TgMek-dn transgene
worsened the Runx2 haploinsufficiency phenotype.

Being recognized as a key transcription factor that determines osteoblast phenotype and
differentiation [179-181], the effects of PTH on Runx2 have been investigated by several
investigators. Studies with osteoblastic cell lines and cultured rat metatarsal bones indicated a
rapid and transient increase in Runx2 mRNA, protein levels and activity following PTH
treatment [181]. Transgenic osteoporotic female mice overexpressing Runx2 in osteoblasts,
under the control of the osteocalcin promoter, had a blunted response to the anabolic actions
of PTH [182]. This observation indicates that high Runx2 expression in osteoblasts in vivo
abolishes the anabolic effects of PTH, and suggests that PTH anabolic actions are not additive
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to those of Runx2 or that PTH actions may converge on Runx2. Runx2 involvement in the
anabolic actions of PTH was further supported by the finding that the level of expression of
Runx2 is critical for PTH actions on bone in vivo [182]. Runx2 transactivation by a PKA
dependent mechanism was shown to be required for PTH stimulation of the collagenase 3
promoter in vitro [183]. PTH may influence the phosphorylaion of a PKA consensus site in
the activation domain 3 of Runx2 since PTH decreases the activity of Runx2 bearing mutations
within the P/S/T domain fused to the DNA binding domain of the yeast Gal4 transcription
factor [183]. Although it is not yet known if this phosphorylation event takes place in intact
cells, this same site is phosphorylated by purified PKA in vitro [182]. These data suggest that
PTH stimulates the collagenase 3 promoter by a PKA-dependent pathway that phosphorylates
Runx2 and up-regulates c-Fos and c-Jun via phosphorylation of CREB.

TWIST, a basic helix-loop-helix transcription factor, also plays a role in osteoprogenitor cells.
It is expressed in preosteoblasts and is upregulated by the fibroblast growth factor (FGF2)
[184]. SaOS2 cells overexpressing TWIST maintain a more osteoprogenitor phenotype. In
contrast, antisense oligonucleotides of TWIST increase alkaline phosphatase and type |
collagen expression in these cells [185]. Recent studies show that 1d1 and TWIST may regulate
differentiation of mesenchymal cells into osteoblasts by controlling BMP signaling [186]. The
regulation of TWIST by PTH1R is not yet known.

Msx2, ahomologue of the Drosophila muscle segment Msh gene, is expressed in preosteoblasts
[187] and in early developing bone [168]. Msx2 deficiency leads to a marked delay in
ossification of the skull bones [188]. Since Runx2 is down-regulated in Msx2 mutant mice,
Msx2 has been speculated as an upstream regulator of Runx2. In this regard it has been shown
that PTH inhibits osteogenic vascular calcification in diabetic LDL receptor - deficient mice
via induction of osteopontin expression and suppression of Msx2 expression [189].

The expression and function of the Distal-less (DIx) gene family, are being studied by several
investigators. Overexpression of DIx5 stimulates osteoblast differentiation [190]. DIx5~/~/
DIx6~ ~ mice have severe craniofacial and limb defects, which may be due to defects in
osteoblast maturation [190]. Gene expression studies performed in cells from different stages
of the osteoblast lineage showed that DIx2, DIx5 and DIx6 are expressed most strongly in less
mature osteoblasts, whereas DIx3 is highly expressed in differentiated osteoblasts. PTH1R
regulation of DIx genes is not yet reported.

SOX-4 is a member of a gene family (SOX and SRY) comprising transcription factors that
bind to DNA through their high mobility group (HMG)-type binding domain and are involved
in skeletal development [191]. Sox-4 mMRNA was detected in osteoblast-like cells of both
human and rodent origin. In OHS cells, physiological concentrations (10~19-10~°M) of hPTH
(1-84) and hPTH(1-34), but not hPTH(3-84), stimulated Sox-4 mRNA expression in a time-
dependent manner [192]. SOX4 mRNA is increased in bone biopsies from patients with
primary hyperparathyroidism. [193].

3. PTH and PTHrP regulated genes

MMP-13, a matrix metalloproteinase, is expressed as a late-differentiation gene in osteoblasts,
and is primarily responsible for the degradation of extracellular bone matrix components (type
I, Il, and Il fibrillar collagens). MMP-13 expression, which promotes bone turnover, is
regulated by PTH [165]. PTH (and/or PTHrP) was shown to decrease the expression of alkaline
phosphatase [23], type | collagen [194], osteopontin [195], osteonectin [196], and
osteoprotegerin [77]. In contrast PTH (or PTHrP) increases the expression of tissue inhibitors
of metalloproteinases [197], tissue plasminogen activator [198], IL-6 [112,199], IL-18 [200],
the regulator of G-protein signaling (RGS)[201], macrophage-colony stimulating factor (M-
CSF) [202] as well as the orphan receptors, Nurrl and Nur77 [203,204].
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PTH and PTHrP regulates the expression of Connexins, the gap junction proteins required for
cell-cell communications. Connexin43 and connexin45 are present in osteoblastic cells and
their expression varies between osteoblastic cell lines [205]. PTH increases connexin43
expression [206,207]; this effect is developmental stage specific in UMR 106-01 cells [206].

Bcl2 has been hypothesized to be a key molecule that mediates the antiapoptotic effects of PTH
in osteoblasts by turning mature osteoblasts into long-living osteoblasts, resulting in enhanced
bone formation [54,180,208]. Bcl2 null mice have a high bone mass associated with suppressed
osteoclasts; these finding suggested that Bcl2 is critical for osteoclast maturation. Evidence
also suggested that Bcl2 is not required for the PTH anabolic action [209].

Recent studies suggest that the Ephrins receptor tyrosine kinases and their cell-surface-
anchored ephrin ligands, which are versatile regulators of tissue morphogenesis and cell-cell
communication, play bidirectional signaling role between osteoblasts and osteoclasts [210].
The forward signaling through ephrinB2, expressed in osteoclasts, interacting with its receptor,
EphB4, expressed in osteoblasts, enhances osteoblast activity; and the reverse EphB4-
ephrinB2 singaling suppresses osteoclasts [210]. It was shown that EphrinB2 is produced by
osteoblasts (primary cultures of mouse calvarial osteoblasts and 2 osteoblastic cell lines,
UMR106 and Kusa 4b10), that ephrinB2 production is regulated in a dose-dependent manner
by both PTH and PTHTrP in vitro and in vivo, and that blockade of ephrinB2/EphB4 interaction
inhibits the mineralization of Kusa 4b10 cells [211]. Since osteoblasts express EphB4 [210],
the receptor of ephrinB2, this observation raises the interesting hypothesis that PTH and PTHrP
enhance signaling through this system within osteoblasts by increasing the expression of
ephrinB2 [211].

Osteocytes, a heterogeneous cell population of terminally differentiated osteoblasts, express
PTH1R [212]. Sclerostin, a product of the Sost gene and a negative regulator of the canonical
Wht signaling [213] is expressed in osteocytes [214] and is involved in PTH control of
osteoblastogenesis [215]. The expression of constitutively active PTHIR in osteocytes
increases bone mass, decreases the expression of sclerostin, and increases Wnt signaling
[216].

4. PTH, PTHrP and osteoblast cell cycle

Progression through the cell cycle is strictly regulated by the periodic and phase specific
abundance and activity of a defined set of proteins. Two classes of proteins make up the protein-
kinase complexes involved in the biochemical control of the cell cycle. The cell division kinases
(CDKs), also referred to as cyclin-dependent kinases, are the catalytic subunits of these
complexes, whereas the cyclins function as the regulatory subunits. Cyclins undergo dramatic
fluctuations in abundance during progression of the cell cycle, and thus regulate activation of
the holoenzyme [217]. The G1 phase preceding the DNA synthesis (S) phase and the
mechanisms, which drive the cells across the restriction point, are crucial for the cell’s fate
towards division, differentiation, senescence, or apoptosis. Cyclin D1 is a positive regulator
of cell cycle progression through the G1 phase of the cycle [218,219]. Following its association
with CDK4 and CDK® the activated complex phosphorylates key substrates (Rb family) to
facilitate transcription of target genes necessary for DNA replication [219,220]. Cell cycle
progression is also controlled by CDK inhibitors (CDKIs) Cip/Kip (p21, p27, p57) and INK4
(p15, p16, p18, p19) which negatively regulate G1 phase progression by forming complexes
with CDKs and preventing S phase entry [221,222]. CDKIs are therefore critical mediators of
anti proliferative signals that arrest the cell cycle.

The role of the intracellular signaling pathways activated by PTH and PTHrP, which regulate
the cell cycle in osteoblasts, are yet to be defined. PTH has been shown to inhibit osteoblast
proliferation by increasing p27 levels and inhibiting CDK2 activity [223]. Gene array analysis
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showed differential expressions of cyclins, Bcl-2 family members, as well as p53 during
differentiation of a mouse calvarial-derived cell line to acquire an osteoblast like phenotype
[224]. PTHrP, on the other hand, has been shown to target cyclin D1, CDK1 p21, p27 and p16
protein in differentiated osteoblasts and induced G1 phase growth arrest [61]. In differentiated
osteoblasts, PTHrP reduces CDK1 activity and down-regulates cyclin D1 level possibly via
decreased phosphorylation and stabilization of JunB, a member of AP-1 transcription factor
[61]. In this study JunB silencing partially rescued PTHrP down-regulation of cyclin D1 [61];
this observation revealed the link between JunB, cyclin D1 and PTHR1 actions in bone. Cyclin
D1 has been suggested as a potential target for AP-1 in fibroblasts and in other cell systems
such as chondrocytes [225-228].

Osteoblast proliferation is an integral and early component of bone accrual. PTH stimulation
of CDK1 expression is associated with TE-85 cell proliferation, an osteoblast precursor cell
line [229]. The proliferative effect of PTHrP in MC3T3 calvarial osteoblasts is associated with
increased or sustained levels of cyclin D1 expression; thus implies that PTHrP action on
osteoblast cell cycle is dependent on the maturation stage of osteoblast [45]. It was shown that
PTHTrP requires the presence of growth factor/s for optimal activity, suggesting that PTHrP
acts on proliferating cells that are at a favorable condition to undergo cell division. This study
also suggested that the serum concentration is critical for the response to PTHrP stimulation.

As discussed above, Runx2 plays an important role in osteoblast maturation. The increased
level of Runx2 in growth-arrested/serum-deprived cells has been shown to attenuate growth
and support the non-dividing state by causing a delay in G1 in immature osteoblasts [230,
231]. It was hypothesized that the presence of growth factors, which is also a requisite under
normal physiological conditions, may suppress Runx2 levels during proliferative expansion
of pre-osteoblasts and is permissive for the PTHrP effect. Furthermore, new information has
emerged on the role of cyclin D1 in Runx2 expression, phosphorylation and function [232].
Cyclin D1-CDK4, besides controlling G1 phase of the cell cycle, regulate Runx2 protein level
by targeting it to ubiquitin mediated proteasomal degradation [232]. Thus, both ERK1/2
phosphorylation and cyclin D1 activity are likely to play a role in PTH mediated regulation of
RunX2 in the process of bone formation [45]. Using a tissue engineered bone growth model
in vivo, it was shown that PTH induces cyclin D1 expression in immature ectopic ossicles; this
illustrates the pro-proliferative action of PTH and no new bone was noted at this stage. In
contrast, PTH down-regulates cyclin D1 in the more differentiated ossicles with a significant
increase in bone formation [45]. A recent study also showed increased proliferation of
osteoblast precursors in the earlier phase of PTH treatment and an increased bone formation
at later stages [53]. Increased osteoblast proliferation by PTH treatment was also reported in
rats [31,233] and mice [234]. PTH daily administration in human increases osteoblast number
and osteoblast apoptosis [46]. In contrast to these studies, Wang et al reported that PTH does
not influence cell proliferation in neonatal calvarial cells and suggested that the anabolic effect
of intermittent PTH in vivo may result from an enhancement of the progenitor population to
an osteogenic fate, resulting in a higher proportion of cells that achieve full osteoblast
differentiation [235,236]. The data of Dobnig and Turner proposed that the PTH anabolic effect
does not involve stimulation of osteoblast progenitor proliferation in rats although the
osteoblast number is dramatically increased [35]; these investigators suggested activation of
bone lining cells.

These studies establish the concept that the cell cycle regulatory proteins are important
regulators of PTH and PTHrP anabolic action in bone. Clearly, additional studies are required
to determine quantitatively how much osteoblast cell proliferation/differentiation contributes
to this action. The state of the field is exploratory and studies using more controlled designs,
with high likelihood of mechanistic insight are needed to clarify the dependence of proliferation
on PTH1R anabolic action.
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VI. SUMMARY AND CONCLUSIONS

In recent years new advances in research with significant developments have occurred in bone
biology. PTH1R is being recognized as an important regulator of bone remodeling, and has
been demonstrated to mediate paradoxical (catabolic and anabolic) functions in vivo and in
vitro. The anabolic effects of exogenous PTH depend upon its method of administration;
whereas activation of the PTH1R by endogenous PTH or PTHrP plays an important role in the
physiology of bone. The biological response of osteoblasts to PTH can be modulated by diverse
mechanisms, including reduction of PTH1R on the cell surface, loss of receptor signaling
efficiency, and changes in post-receptor nuclear responses.

In addition to the classical PTH mediated signaling through AC/PKA and PLC/PKC pathways,
several novel PTH1R targets are being recognized which are essential for bone homeostasis.
Activation of osteoblasts by PTH involves growth factors, transcription factors, MAPKSs,
several regulatory molecules, and cell cycle regulatory proteins. Although a large number of
in-vitro, in-vivo and human studies have been performed, it is clear that the mechanisms
involved in PTH regulation of osteoblast function is poorly understood and only partly
characterized. Furthermore, elucidating the signaling mechanisms has been complicated by
discrepancies between in vitro and in vivo model systems. A further definition of the cellular
and molecular actions of PTH and PTHrP on osteoblasts continues to evolve. Several critical
steps in the actions of PTH beyond receptor activation are being recognized and more are yet
to be discovered; which may become novel therapeutic targets for metabolic bone diseases
such as osteoporosis.
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Figure 1.
Bone remodeling. A scheme illustrating how the osteoclasts derive from hematopoietic stem

cells through coordinated interaction of diverse factors; and osteoblasts from bone marrow
stromal cells. The initial organic matrix (osteoid) is later calcified to form mature bone within
the cavity created by osteoclasts with inclusion of osteoblasts as osteocytes within lacunae and
lining cells. BMSC; bone marrow stromal cell; RANK, receptor activator of nuclear factor-
kB ligand; RANKL, RANK ligand; M-CSF, macrophage-colony-stimulating factor; cFMS,
cell-surface receptor in hematopoietic precursors.
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Figure 2.

Primary sequence of the rat PTH/PTHrP receptor [9,11]. Different colors represent sequences
encoded by different exons and predicted extracellular, trans-membrane spanning and
cytoplasmic domains are shown. Exon nomenclature is as follow: S for exon encoding signal
peptide, E1, E2 and E3 for exons encoding the extracellular extension, M1, M2, M3, M4, M5a,
Mb5b, M6/7a and M7b for exons encoding the trans-membrane domains and portions of their
connecting loops and T for the exon encoding the cytoplasmic tail. The J-domain refers to the
trans-membrane domains and the connecting loops.
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Figure 3.

A schema for the signaling pathway regulated by NHERF. Upper panel shows the dominant
CAMP signaling pathways in most cells. Lower panel illustrates how NHERF shift signaling
from adenylate cyclase (AC) dominance to phospholipace C (PLC) dominance.
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Table 1

PTH and PTHrP

PTH PTHrP
Structure
%
Function Ca and Phosphate homeostasis . Fet
. Bor
. Pla
Secretion Endocrine Paracrine/Auto

Target Tissues

Osteoblast Renal tubular cells

Chondrocytes,

Receptor

A common PTH/PTHrP Receptt
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Growth Factors

Transcription Factors

Signaling Pathways

Regulatory Molecules

Cell-Cycle Proteins

TGF-B CREB
IGF-1 and 11 AP-1
BMPs Runx2
bFGF

cAMP
PKA
PKC
Rap-1
Wnt
MKP-1
MAPK

MMP-13
Collagen-I
ALKP
OCN,
OPN

OPG
RANKL
MCSF
SOX4, I1L6
Bcl2
Connexin
Nurrl
Nurr77

CDK1 (cdc2)
CDK2

p27

p21

pl6

Cyclin D1
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