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ABSTRACT: The expression and function of BMPs and BMPs in bone
tissues have been studied for a long time because of their remarkable
activities. However, their biological functions in normal bone remodeling
in adults were not fully understood until recently. Advanced technologies
using gene manipulation were used to study their roles in adulthood.
In addition, findings of new BMP antagonists and the effect of Wnt-
canonical pathways on bone features also provided new insights in bone
studies.
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INTRODUCTION

Bone morphogenetic proteins (BMPs) belong to the transforming growth
factor (TGF)-B superfamily, which includes TGF-B, activin, and inhibin.!
BMP receptors are present in a variety of tissues and cells, and thus BMPs
display numerous functions that are not limited in mesodermal development.
Recent studies demonstrated new roles of BMPs in brain, heart, kidney, skin,
and intestine.>> In bone tissues comprising two distinct cell types, chondro-
cytes and osteoblasts, BMPs and their antagonists are temporally and spatially
expressed, and both factors are necessary for normal development.*® Thus, if
the functions are lost or gained, severe abnormalities are observed and thereby
cause death in embryonal stage or in postnatal stage. In bone cells using ex vivo
system, BMPs and BMP antagonists endogenously express and regulate cell
differentiation.”® The addition of those factors accelerates or inhibits cell dif-
ferentiation in cartilage and bone. Based on the results we have hypothesized
that BMPs and BMP antagonists are required for normal bone remodeling
in adulthood as well as embryonic development; however, the information
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to prove this hypothesis was limited. Current technologies using conditional
knockout mice or transgenic mice with inducible system gave new insight
into BMPs and BMP antagonists on bone remodeling. Furthermore, the new
signals of Wingless type (Wnt)-canonical pathway® in addition to BMP sig-
naling'®!? provide a new strategy to understand bone biology under normal
and pathological conditions.

BMP AND BMP SIGNALING

BMPs bind to BMP receptors types I and II, both of which are required
for signal transduction.'®'? There are seven distinct BMP type I receptors,
including ALK-2, ALK-3 (BMPRIA), and ALK-6 (BMPRIB), and BMP type
I receptor mainly determines the specificity of the intracellular signals. BMP
type 1I also has distinct receptors, such as BMP type II receptor (BMPRII),
activin type II receptor (ActR-II), and activin type 1IB receptor (ActR-1IB).
ALK-3 ubiquitously expressed in most types of cells including osteoblasts.
Chondrocytes and osteoclasts are known to express only ALK-6. A common
feature of the TGF-f3 superfamily has seven conserved cysteins. BMPs have
two extra-domains in addition to the structure identified by another TGF family,
TGF-B, activin/inhibin, or nodal. BMPs are translated as a large molecule with
a signal peptide and cleaved to be a dimeric form of mature protein with 25 kD
after secretion. Currently, over 20 distinct BMPs have been identified and each
of them has slightly different affinities to their receptors. BMP-2, -4, -6, and
-7 (OP-1) are widely accepted to have osteoinductive activities in vivo.! Other
BMPs,'? namely GDF (growth differentiation factor)-5, -6, and -7 (BMP-
12) and activin/inhibin family, exhibit low osteoinductive activity by them-
selves, but modulate BMP action. Both BMP-2 and -4 preferentially bind to
ALK-3 and -6 and transduce signals through smad-dependent and/or -
independent mechanisms.

After binding to their receptors, BMPs activate intracellular transcription
factors, smad-1, -5 and -8 (smad-1/5/8, R-smads) and proceed toward dimer-
ization with smad-4 (Co-smad, common smad) before translocation into nu-
cleus.'®'? The generated complexes are then translocated in the nucleus to
regulate specific gene transcription (FiG. 1). Osteopontin, osteoprotegerin,
BMP-7, and smad-1 are known to be activated through The BMP-induced
smad activation mechanism.!3!> Similar to the BMPs, TGF-B and activin
stimulate smad-2 and -3 (smad-2/3, R-smads) activation by generating com-
plex with smad-4. Importantly, inhibitory smads, smad-6 and -7 (I-smads) exist
to negatively regulate TGF- superfamily signaling; they do so by binding to
the BMP/TGF-3 receptors or binding to the smad-1 and thereby intefering
with activation.

Smad-independent signals are also required for the maximum activation
of BMP signals in osteoblasts and chondrocytes. BMPs stimulate MAP
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FIGURE 1. BMP signaling and its inhibition. There are four distinct inhibitions for
BMP signaling. (A) BMP antagonists inhibit binding of BMP-2/4 to their receptors. (B)
Smad-6/7 completes binding to the BMP receptors with smad-1/5/8 for the inhibition of
BMP signaling. (C) Smurf 2 promotes smad-1 degradation after ubiquitination. (D) Tran-
scription factor (Hoxc8) binds to target genes to inhibit BMP-induced transcription.

kinase, pI3 kinase, and/or INK (c-Jun N-terminal kinase),'®!7 and application
of'the specific inhibitors for these signals diminish expression of osteoblast and
chondrocyte differentiation markers, supporting the important role of smad-
independent mechanism in BMP signaling as well.

BMP ANTAGONISTS

BMP antagonists were found in the Spemann organizer of Xenopus embryos
as amolecule to inhibit BMP binding to their receptors. They are designated as
noggin and chordin.'®!” After the first discovery of the BMP antagonists, nu-
merous BMP antagonists, which are secretory proteins with cysteine arrange-
ment structure, were found.?2! They are now classified into three subfamilies
based on the size of the cysteine knot: the DAN family, twisted gastrulation,
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and noggin/chordin. Dan family is further subdivided to four groups: Grem-
lin/PRDC, Cerberus/Cer 1, Dan, and sclerostin/USAG-1. Tsukushi (TSK),
which recently was found as a new family of the BMP antagonist, cooperates
with other BMP antagonists.?

Noggin binds to BMP-2 and -4 with high affinity and to BMP-6 and -7 with
low affinity to prevent further action of BMP action. Null mice of noggin-
displayed impaired joint formation and thinning calvarial formation with small
numbers of osteogenic progenitors thereby die just after birth.>3 Heterozygous
show normal growth and normal bone formation in mice; however, in human
apical joint fusion has appeared,?* indicating that functional incompletion oc-
curred in the haplotype of the gene. Noggin expression appears in the early
stage of embryonal development: node, notochord, dorsal somite, condensing
cartilage, and immature chondrocyte are positive for noggin.?* In adult mice,
high expression of noggin expression was observed in the limited tissues and
cells, such as osteoblasts, chondrocytes, and cranial suture in vertebrae and cal-
varia.?>2¢ Interestingly, the expression of noggin as well as BMPs and the BMP
receptor (ALK-3) in macrophages serve to regulate osteoclast formation.?® In
pathological conditions, such as bone fracture healing, BMPs as well as noggin
are intensively expressed at the fracture site?”-?® and serve to stimulate bone
formation.

Noggin transgenic mice are generated by two groups using a rat or mouse
osteocalcin promotor.?%?° The use of rat osteocalcin promotor (1.7 kb) dis-
plays severely impaired bone formation with bone fracture at young age (45
weeks).2? In contrast, the use of mouse osteocalcin promotor (1.3 kb) displays
effectiveness in bone remodeling in adult animals.?® Bone mineral density was
reduced at 6 months old and bone formation rate was significantly suppressed
at 8 months old with diminished osteoblast differentiation markers. Notably,
osteoclast progenitor numbers are also decreased by noggin overexpression in
osteoblasts, indicating that impaired osteoblast function affects osteoclast for-
mation through diminished RANKL (receptor activator of NF-kB) expression
in osteoblasts.

Chordin as well as noggin bind BMPs and modulate BMP action.?**! The bi-
ological activity of chordin resides in the cysteine-rich domains (CRs), specif-
ically in CR1 and CR3 regions, and individual CRs reveal lower activity than
that of full-length chordin. As a result, the cleavage of the chordin by an ex-
tracellular zinc metalloproteinase, Tolloid/BMP-1, would release a molecule
with lower anti-BMP activity than an intact one. Both noggin and chordin
display similar BMP antagonistic activity; however, both factors are required
for normal head and facial development, since their expression patterns are
different from each other in terms of location and timing. The chordin appears
in an earlier stage of embryo than noggin. In the mid-gastrula stage, the ex-
pression of noggin and chordin patterns overlap, indicating that they might
compensate for each other if one of the two is lost. Conversely, if both chordin
and noggin are mutated, mice display severe defectiveness in development.
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Twisted gastrulation (TSG) is expressed in lung, thymus, and kidney,?° and
binds to BMPs to inhibit BMP action in osteoblasts.>3 This process cooperates
with the other BMP antagonist, chordin. TSG null mice show growth retarda-
tion after birth, and display dwarfism with delayed endochondral ossification
with lymphopenia,** followed by death within a month. The bone phenotypes
with decreased bone mineral density were similar to those of the transgenic
mice expressing a truncated dominant-negative BMP type 1B receptor (ALK-
6). Is TSG BMP agonist or antagonist? Interestingly, TSG null mice displayed
lymphoid cell depletion with small sizes of spleen and thymus,** suggesting
that TSG might act as an agonist. However, smad-1 signals in the TSG null
thymocyte were intensively activated without stimulation,* indicating that
TSG does act as an antagonist. Thus, the action of TSG may be determined
in cell-specific manner. Recent studies using TSG overexpression system in
stromal/preosteoblasts supported antagonistic activity of TSG on BMP sig-
naling’?; the cells inhibited smad activation and thereby suppressed osteoblast
differentiation. How does the same molecule act either as an antagonist or as
an agonist? The mechanism for agonist activity of TSG is explained by indirect
action: TSG promotes cleavage of co-associator chordin to enhance to BMP
activity.

Sclerostin is a protein newly discovered BMP antagonist in the patients
showing sclerosteosis, an autosomal recessive disorder.>> Sclerostin expresses
in osteogenic cells including hypertrophic chondrocytes, osteoblasts, and os-
teocytes, and inhibits action of BMP-6 and -7,3%3® and in some cases the action
of BMP-2 and -4. Thus, loss of sclerostin increases bone mass seen in scleros-
teosis; conversely transgenic mice overexpressing sclerostin exhibit low bone
mass with reduced osteoblast activity and bone formation activity.>’ Impor-
tantly, the intense expression of sclerostin in osteocyte emerges as a negative
regulator,®® which controls the fate of osteoblasts on bone surface through
canalicurae. The high expression of sclerostin similar to other BMP antago-
nists, is also observed in the long-term culture or after treatment with BMPs.
A mechanism for how sclerostin inhibits BMP action is still controversial.
Both smad-dependent and -independent mechanisms®®3° are proposed. In the
case of a smad-independent mechanism, sclerostin binds to LRP-5 and -6 and
inhibits Wnt-canonical signaling pathway and thereby suppresses osteoblast
differentiation.’® Noggin and sclerostin are capable of forming an inhibitory
complex as observed for chordin and TSG.

TSK, which was cloned from a chick lens library, is a new BMP antago-
nist.”> TSK displays a unique protein structure with small leucine-rich pro-
teoglycan (LRP), which is a different type of molecule from other the BMP
antagonists described above. The expression of TSK in chick development
is overlapped with chordin, and TSK cooperates with chordin, not noggin
or follistatin, to inhibit BMP-4 action in vitro and in vivo. Thus, TSK simi-
lar to chordin, blocks BMP function. The finding of the new protein, which
can cooperate with other BMP antagonists, emphasized the important role
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of BMP antagonists in vitro and in vivo and some redundancy among BMP
antagonists.

A BALANCE OF BMP AND BMP ANTAGONIST IN BONE
REMODELING

Endogenous BMP expression appears during cell differentiation from mes-
enchymal cells to osteoblasts. After differentiation, cells express alkaline phos-
phatase and osteoblast markers, such as collagen type I, bone sialoprotein
(BSP), osterix, and osteocalcin. In the late stage cells deposit minerals stained
by Von Kossa or alizarin red. Similar to BMP expression, BMP antagonists also
appear and increase their expression levels in the late stage.® The expression
levels of the BMP antagonists are transcriptionally regulated by BMPs’ and
the balance of BMPs and BMP antagonists determines the rate of cell differen-
tiation. If BMPs or BMP antagonists are exogenously added, cells accelerate
or stop further differentiation. Interestingly, mesenchymal cell differentiation
is inhibited in aged mice or in aged animal models, which show osteopenia
at a young age, namely senescence-accelerated mice (SAM).**4! We thought
the decreased bone formation might be explained by the imbalance of BMPs
and BMP antagonists. We observed that noggin expression is elevated in bone
marrow cell cultures and bone tissues of aged animals.?® Notably, no changes
are seen in BMP expression.

A deficiency of BMPs, BMPR, or smads severely disrupts normal develop-
ment and thereby animals die in an early stage of development. Conversely,
but more importantly, if BMP action is more enhanced like in noggin de-
ficiency,” cartilage area in long bone is enlarged and endochondral bone
formation is not developed. In contrast to the deficient animals of BMP an-
tagonists, overexpression of BMPs and their related proteins sometimes show
induction of ectopic ossification. Fibrodysplasia ossificans progressiva (FOP)
is a patient exhibiting congenital malformations by progressive heterotopic
endochondral ossifications.*> Transgenic mice using neuron-specific enolase
(NSE) promotor displayed severe postnatal heterotopic ossification,* which
closely recapitulated major FOP patients. Generated double transgenic mice
with NSE-noggin rescued ectopic ossification, suggesting that only BMP may
be required for ectopic bone formation in FOP patients.

Transgenic mice of dominant negative (truncated) form of BMPIA recep-
tor (ALK-3) using colla promotor (2.3 kb) displayed postnatal osteopenia
due to reduced bone formation rate and inhibition of osteoblast differenti-
ation.** Similar bone phenotype has been observed in transgenic mice of
smurf (smad ubiquitin regulatory factor) 1 using collal promotor.*> Smurf
1/2 is able to inhibit BMP signaling through the enhancement of ubiqui-
tination of smad-1 and also degradation of BMP type I receptor by co-
operating with I-smads. These results suggested the critical role of BMP
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signaling in postnatal stage in addition to embryonic stage. Conditional
knockout mice of BMPR1A (ALK-3) in osteoblasts using a cre-loxP
system and ostecalcin promotor (OG2) have also demonstrated the crucial
role of BMPs specifically in adulthood.*® The mutant mice at 6 months of
age showed decreased bone mineral density, trabecular bone area, and bone
formation rate with irregular calcification. Although the bone volume was in-
creased in the mutant mice, this was explained by reduced bone resorption by
osteoclasts, rather than increased bone formation. The mutant mice lost more
bone after ovariectomy likely resulting from the decreased osteoblast func-
tion, which could not overcome ovariectomy-induced bone resorption. Thus,
the bone phenotype obtained BMPRI1A is very similar to that in the noggin
transgenic mice we generated. Mice transgenic for the transcription factors re-
quired for BMP signaling may increase osteoblast differentiation and thereby
enhance bone formation. Interestingly, mice overexpressing smad-1C using a
doxycycline inducible system show enhanced bone mineral density and bone
formation parameters, such as increased osteoid surface, thicker trabecular
bone with close proximity, and appearance of cuboidal osteoblasts.*” Smad-
1C, which was discovered as a factor that interacts with Hoxc-8 in osteopontin
regulation, mimics smad-1 activity in osteoblast differentiation. These results
reinforced that the transcription factors required for BMP signaling have a
significant role in adult bone remodeling as well.

ROLE OF WNT-CANONICAL PATHWAY IN BONE AND A
CROSS-TALK WITH BMP SIGNALS

Recent studies of Wnt-canonical pathway evidenced novel role of new pro-
teins in skeletal development and bone remodeling. Wnts are secreted cysteine-
rich glycoproteins that influence cell proliferation and survival, therefore Wnt
signaling and their roles are implicated not only in development but also in
some diseases.” In bone tissues Wnt signaling is designated as a required fac-
tor and sometimes a mediator of BMP action during normal bone remodeling.
Extracellular Wnt ligands interact with a host of secreted antagonists, secreted
frizzled-related protein (sFRP), and Dickkopf (Dkk) family members, prevent-
ing the activation process (FIG. 2). Under this condition, B-catenin is degraded
in the cytosol and therefore signals are not transduced. Once Wnt concen-
tration is exceeded, Wnts interact with members of the Frizzled (FZ) family,
and LDL (low-density lipoprotein receptor-related proteins 5 and 6) leads to
further activation through intracellular proteins. This process protects degra-
dation of B-catenin and stimulates translocation of B-catenin to the nucleus
where specific gene carrying TCF/LEF (T cell factor) should be transactivated.
In pathological conditions, such as myloma and osteosarcoma, Wnt signaling
is enhanced.*®*° Myeloma cell lines and primary myloma cells specifically
produce sFRP-2, not sFRP-1, or -3 and thereby impair bone formation in vivo.
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FIGURE 2. Wnt-canonical pathway and cooperation with BMP signaling. Wnt binds
to the receptor (Frizzled) with co-receptor (LRP-5/6) and activates downstream signals with
GSK3 (glycogen synthase kinase) complex. Under an activation condition, (3-catenin is in

stable form, translocated into the nucleus to bind to the TCF sequence in target gene. DKK
is a protein that can bind to LRP-5/6 to block Wnt signaling.

Osteosarcoma patient revealed LRP-5 expression at a very high rate (50%) in
tumor samples, and the presence of LRP-5 correlated with tumor metastasis
and the chondroblastic subtype of osteosarcoma.

Mesenchymal/stromal cells (MSC) have the potential to differentiate into
osteoblasts in certain culture conditions and are candidates for therapeutic ap-
plications. MSC are consistently expressed Wnt signal components, such as
LRP-5, Dkk-1, sFRPs, GSK-3b, and TCFs.> After treatment with Wnt3a or
Litium, cells promote canonical Wnt signaling by inhibiting GSK-3b, reduce
phosphorylated B-catenin in cytosol, and increase 3-catenin nuclear transloca-
tion. Thus, autocrine Wnt signaling operates in primitive MSC populations and
regulates self-renewal and lineage-specific differentiation. A similar line of ex-
periments using osteo-progenitors calvarial cells,’! which expresses collagen
2.3 kb-driven GFP protein, exhibited higher expression of Wnt3a, LRP-5, and
TCF1 in addition to BMPs, BMP antagonists, and IGF-1. After a long-term
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culture under osteogenic factors, the GFP positive cells showed a higher ex-
pression in some BMP antagonist, BAMBI (BMP and activin membrane bound
inhibitors), as compared to that in GFP negative cells. The expression levels
of BMPs and other BMP antagonists, such as Cerberus, follistatin, and TSG
protein were not changed.

[3-Catenin-targeted null mice show embryonic lethality with a lack of skeletal
structures derived from cranial neural crest.’> Some mutation in Wnt signaling
can produce a bone phenotype without growth retardation. Loss-of-function
mutation in LRP-5 results in low bone mass in humans and mice.>® Conversely,
a null mutation of the Wnt antagonist sFRPs results in a high bone mass.>
These data suggest that wnt signaling stimulates osteoblast differentiation and
thereby increases bone formation. However, increased bone mass is not only
the result of increased bone formation but also of decreased bone resorption. A
recent study by the Karsenty group using a stable form of 3-catenin and colla
promotor-driven [3-catenin deletion demonstrated that Wnt signals do not affect
bone formation but affect bone resorption by elevating osteoprotegerin expres-
sion in osteoblasts.’> They could not observe any changes in the expression
of osteoblast differentiation markers. This result raised the question whether
Wnt signals positively affect osteoblast differentiation as proposed from the
results obtained from transgenic mice and null mice of LRP. B-catenin dele-
tion in limb and head mesenchyme showed that Wnt signals determine an early
stage of mesenchymal cell differentiation to osteoblasts.’® If Wnt signals are
not sufficient, cells prefer to differentiate into chondrocytes rather than os-
teoblasts. Taken together, these results suggest Wnt signals might intensively
affect mesenchymal lineage cell differentiation.

Both BMP and Wnt signaling promote osteogenesis. How do they inter-
act in the signaling process? Wnt signaling promotes osteogenesis by directly
stimulating RUNX2 (cbfa-1) gene expression®’ and this process is blocked
by sFRP-1. In fact, SFRP-1 null mice displayed high bone mass with higher
expression of RUNX2, TCF1, and osteocalcin in bone samples.>* Interestingly,
Wnt signaling similar to BMP signaling directly regulates RUNX2 transcrip-
tional activity. In fact, an RUNX2 promotor retains a TCF consensus sequence
with proximity to a RUNX2 regulatory site. Cooperative signaling pathways
of BMP and Wnt are proved by the use of Wnt signal inhibitors.>® The ability
of BMP2 to induce alkaline phophatase was inhibited by blocking Wnt/LRP-5
signals in mesenchymal cells, and conversely, sclerostin and noggin inhibit
Whnt-induced osteoblast differentiation. An independent mechanism between
BMPs and Wnt signaling has been shown by others.>® A B-catenin mutant with
constitutive transcriptional activity (deltaN151) did not stimulate osteogenic
differentiation in multipotent embryonic cells C3H10T1/2 by itself; however, in
the presence of BMP-2 osteoblast marker expression along with matrix miner-
alization was markedly enhanced. Similarly, the active mutants of the 3-catenin
and BMP-2 synergistically stimulated new bone formation in mouse calvaria,
and also the synergism was explained by a RUNX2-independent mechanism.
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Thus, it may be suggested that BMP and Wnt signals use a common pathway
at some points and depend on cells and systems used.

Close interplay between the Wnt signal and BMP signals has been reported.®
Noggin interacts with Dkk1 in head induction, and BMPs regulate the expres-
sion level of Dkk1 in limb development. These interactions may explain that
the binding sites of BMP antagonists to Wnt protein are different from the site
bound to BMPs.

SUMMARY

We believe that current studies have provided some evidence that BMPs and
BMP antagonists play an important role in adult bone remodeling. To study
the interaction mechanism of BMP and Wnt signaling may give rise to new
therapeutic means for osteoporosis.
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