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Abstract: The osteogenic effects of Bone Morphogenetic Proteins (BMPs) were delineated in 1965
when Urist et al. showed that BMPs could induce ectopic bone formation. In subsequent decades,
the effects of BMPs on bone formation and maintenance were established. BMPs induce proliferation
in osteoprogenitor cells and increase mineralization activity in osteoblasts. The role of BMPs in bone
homeostasis and repair led to the approval of BMP 2 by the Federal Drug Administration (FDA) for
anterior lumbar interbody fusion (ALIF) to increase the bone formation in the treated area. However,
the use of BMP 2 for treatment of degenerative bone diseases such as osteoporosis is still uncertain
as patients treated with BMP 2 results in the stimulation of not only osteoblast mineralization, but
also osteoclast absorption, leading to early bone graft subsidence. The increase in absorption activity
is the result of direct stimulation of osteoclasts by BMP 2 working synergistically with the RANK
signaling pathway. The dual effect of BMPs on bone resorption and mineralization highlights the
essential role of BMP-signaling in bone homeostasis, making it a putative therapeutic target for
diseases like osteoporosis. Before the BMP pathway can be utilized in the treatment of osteoporosis a
better understanding of how BMP-signaling regulates osteoclasts must be established.
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1. Role of BMP in Bone Formation

Bone is formed in two major ways: endochondral ossification and intramembranous
ossification. The majority of the human skeleton is formed by endochondral ossification,
excluding the flat bones of the skull, the mandible, and the clavicle [1]. Endochondral
ossification begins during week six and seven of embryonic development with the differen-
tiation and condensation of mesenchymal stem cells into chondrocytes [2]. Chondrocytes
then lay down a framework for skeletal elements that is later mineralized by osteoblasts
and remodeled by osteoclasts (Figure 1A,B). The initial mineralization takes place in the
primary ossification center near the middle region of the skeletal element, known as the
diaphysis (Figure 1C). The mineralization and elongation of the skeletal element remains
active after birth until 25 years of age [2].

Each stage of endochondral bone formation is regulated by BMPs, including the ac-
tivity of osteoclasts. In the initial stages of bone formation, BMP 2 and BMP7 stimulate
the proliferation and differentiation of mesenchymal stem cells into chondrocytes [3,4].
Later, the condensation process of chondrocytes is regulated by BMP-signaling transmitted
through the phosphorylation and activation of SMADs [5,6]. Then, BMP-ERK1/2-signaling
induces the proliferation and maturation of the chondrocyte condensation, encouraging
these cells to grow into a proper framework for eventual bone formation through the
regulation of Indian hedgehog (IHH) and parathyroid hormone (PTH) expression gra-
dients [5,7,8]. Disruption in BMP-signaling during chondrocyte condensation results in
deformed cartilage growth zones and short limb phenotypes [9].

After the framework of chondrocytes is formed, blood vessels invade the cartilage
through a process called angiogenesis (Figure 1C). BMP-signaling further regulates this
process, as the absence of the BMP receptor type 1a (BMPRIa) gene in vivo leads to im-
paired angiogenesis [10]. Once the blood vessels have penetrated the established cartilage,
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they bring in mature osteoblasts and osteoclasts, thus beginning the mineralization pro-
cess [11–13]. Additionally, up to 60% of mature chondrocytes also transdifferentiate into
osteoblasts themselves, adding to the mineralization of the extracellular matrix surrounding
chondrocytes [14]. The transdifferentiation of chondrocytes is regulated by essential factor,
Runt-related transcription factor 2 (RUNX2), that acts down stream of BMP-signaling [15].
Without proper of BMP-signaling chondrocyte transdifferentiation is lost in BMPRIa knock-
out mice [16].
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Figure 1. Endochondral bone formation. The phases of bone maturation and remodeling. (A) condensation of mesenchy-
mal stem cells differentiating into chondrocytes. (B) Chondrocyte cells organize into a framework for the maturing skeletal 
element. (C) Initial vascularization beginning primary ossification at a long bone diaphysis. (D) Formation of secondary 
ossification centers and initiation of osteoclast-driven remodeling of medullary cavity and spongy bone. (E) Mature skel-
etal element with fully formed trabecular bone structure and medullary cavity filled with bone marrow.  
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knockout mice [16].  

While the mineralization process takes place, osteoclasts work to remodel the inner 
bone tissue to extend a network of blood vessels. (Figure 1D). The network of blood ves-
sels within bone tissue is so extensive that it receives around 10% of the total cardiac out-
put [17,18]. Due to this circulation of blood containing osteoclasts and osteoblasts, bone is 
capable of remodeling its structure and repairing damage, unlike avascular cartilage [19]. 
Once the primary ossification center has formed, secondary ossification centers develop 
at either end of long bones within the epiphysial plates, effectively shutting down the 
growth zones by age 25, preventing further elongation of skeletal elements [2,20]. The first 
remodeling process occurs at these ossification centers as osteoclasts resorb bone in the 
diaphysis. As a result, osteoclasts form a space for bone marrow to be stored, known as 
the medullary cavity (Figure 1E) [21]. The administration of BMP2 into the medullary cav-
ity results in an initial increase in bone formation that is later lost [22]. The loss of bone 
density is attributed to the increase in absorption activity of osteoclast, indicating a dual 
role of BMP2 in bone homeostasis. With the emerging role of BMP-signaling in osteoclast 
differentiation, the same focus given to osteoprogenitors should be given to osteoclast 
progenitors. This is highlighted by the BMP-dependent ERK1/2 signaling in both oste-
oprogenitors and osteoclast progenitors.  

Figure 1. Endochondral bone formation. The phases of bone maturation and remodeling. (A) condensation of mesenchymal
stem cells differentiating into chondrocytes. (B) Chondrocyte cells organize into a framework for the maturing skeletal
element. (C) Initial vascularization beginning primary ossification at a long bone diaphysis. (D) Formation of secondary
ossification centers and initiation of osteoclast-driven remodeling of medullary cavity and spongy bone. (E) Mature skeletal
element with fully formed trabecular bone structure and medullary cavity filled with bone marrow.

While the mineralization process takes place, osteoclasts work to remodel the inner
bone tissue to extend a network of blood vessels. (Figure 1D). The network of blood
vessels within bone tissue is so extensive that it receives around 10% of the total cardiac
output [17,18]. Due to this circulation of blood containing osteoclasts and osteoblasts, bone
is capable of remodeling its structure and repairing damage, unlike avascular cartilage [19].
Once the primary ossification center has formed, secondary ossification centers develop
at either end of long bones within the epiphysial plates, effectively shutting down the
growth zones by age 25, preventing further elongation of skeletal elements [2,20]. The first
remodeling process occurs at these ossification centers as osteoclasts resorb bone in the
diaphysis. As a result, osteoclasts form a space for bone marrow to be stored, known as
the medullary cavity (Figure 1E) [21]. The administration of BMP 2 into the medullary
cavity results in an initial increase in bone formation that is later lost [22]. The loss of
bone density is attributed to the increase in absorption activity of osteoclast, indicating
a dual role of BMP 2 in bone homeostasis. With the emerging role of BMP-signaling in
osteoclast differentiation, the same focus given to osteoprogenitors should be given to
osteoclast progenitors. This is highlighted by the BMP-dependent ERK1/2 signaling in
both osteoprogenitors and osteoclast progenitors.

Furthermore, it is has been established that ERK1/2 phosphorylation leads to an
increase in mesenchymal stem cell proliferation [23–25]. However, activation of ERK1/2
also leads to an increase in proliferation of preosteoclasts [26–28]. Regulation of osteoclast
differentiation then helps bone remolding at the secondary ossification centers. Osteoclast
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resorption at the epiphysis creates a complex microstructure important for support and
shock absorption.

2. The Role of BMP and Osteoclasts in Maintaining Bone Microstructure

To avoid fractures, bone cells must maintain a healthy density while sustaining a
complex supporting microstructure. That includes the trabecular network of spongy bone
and surrounding cortical bone (Figure 2). To sustain a healthy bone structure, the mature
skeleton is constantly remodeling, breaking down old worn-out bone and producing
new bone in its place. The continued activity of osteoblasts and osteoclasts results in the
complete turnover of an adult skeleton roughly every ten years [29]. This turnover is
important, allowing for the release of growth factors, like BMPs, as well as calcium and
phosphorus trapped in the mineralized matrix [30–32]. BMP-signaling helps maintain
this healthy bone density by stimulating osteoblast mineralization, differentiation and
survival [33]. However, it has become clear that BMPs not only aid in the anabolic process
of bone turnover but also the catabolic processes [34]. To that end, the loss of the BMP
receptor type 1 a (BMPRIa) increased trabecular bone thickness due to a decrease in
osteoblast activity and a larger decrease in osteoclast activity [35]. Without proper BMP-
signaling, the imbalance between osteoblast and osteoclasts results in reduced bone quality.
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Figure 2. Maintenance of spongy bone microstructure. The epiphysial head of a long bone containing pores of adipocytes 
and stem cells (in beige). Surrounded by trabecular bone (in yellow). Osteoclasts (in blue) absorb bone and expand pores 
while osteoblasts (in pink) mineralize new bone closing pores and thickening trabecular bone. Cortical bone and medul-
lary cavity run down to the diaphysis of the skeletal element (not shown in this image). 

Healthy bone requires a suitable microstructure, organized to support weight and 
absorb shock. Beyond the formation of the medullary cavity, osteoclasts play a vital role 
in creating and retaining important porous structures in long bones (Figure 2) [21]. These 
structures make up trabecular bone, a weaving network of pores filled with red bone mar-

Figure 2. Maintenance of spongy bone microstructure. The epiphysial head of a long bone containing pores of adipocytes
and stem cells (in beige). Surrounded by trabecular bone (in yellow). Osteoclasts (in blue) absorb bone and expand pores
while osteoblasts (in pink) mineralize new bone closing pores and thickening trabecular bone. Cortical bone and medullary
cavity run down to the diaphysis of the skeletal element (not shown in this image).

Healthy bone requires a suitable microstructure, organized to support weight and
absorb shock. Beyond the formation of the medullary cavity, osteoclasts play a vital
role in creating and retaining important porous structures in long bones (Figure 2) [21].
These structures make up trabecular bone, a weaving network of pores filled with red
bone marrow and adipose tissue. The storage of marrow here is essential as it contains
hematopoietic stem cells that give rise to many cell types, including red blood cells, immune
cells, and osteoclasts [36]. Remarkably, the complex arrangement of trabecular bone that
surrounds these pores provides structural integrity to withstand and transfer shock from
falls and daily strain [37,38]. This means that the number of trabecular connections, as well
as their thickness, needs to be tightly regulated to allow for the storage of marrow as well
as shock absorption.
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Surrounding the trabecular network is cortical bone or, the bone collar. Upon impact,
trabecular bone transfers shock to the cortical bone, which is thick yet flexible, allowing
for further shock absorption. To maintain proper trabecular connections and cortical
thickness, osteoblasts create new bone and osteoclasts, in turn, resorb old bone (Figure 2).
The balance between osteoclast and osteoblasts is regulated by BMPs. As a result, the
loss of osteoblastic BMP 2 causes a decrease in cortical bone thickness resulting in weaker
long bones [39]. Beyond this, the effect of altered BMP-signaling in osteoblasts and the
corresponding change in bone quality is well established [40–42]. While the effect of
altered BMP-signaling in osteoclast differentiation and their impact on bone microstructure
is underappreciated.

3. The Role of BMP in Stages of Osteoclast Differentiation

Originating from hematopoietic stem cells within the bone marrow, osteoclasts go
through several stages of differentiation before becoming mature and active [43,44]. First,
CD34+ hematopoietic stem cells differentiate into CD14+ monocytes [45]. Then, the mono-
cytes differentiate into mononuclear preosteoclasts, which fuse to form polykarons or im-
mature/inactive osteoclasts that are CD14- [46,47]. Lastly, the multinucleated polykaryons
become active osteoclasts producing acid to break down calcified bone in absorption pits
under their ruffled borders called Howship lacunae (Figure 3). These stages of differentia-
tion are driven by a few critical factors: Macrophage Colony Stimulating Factor (M-CSF),
Receptor Activator Nuclear Factor kb Ligand (RANKL), and BMPs. The roles of both
RANKL and M-CSF in osteoclast differentiation were well studied, while the require-
ment of BMP-signaling is underappreciated [48–52]. Recent studies on the inhibition of
BMP-signaling confirm that BMPs play a major role in RANKL-mediated osteoclast differ-
entiation, proliferation, fusion, and survival [36,53–61]. The addition of M-CSF begins the
initial differentiation of hematopoietic stem cells. M-CSF upregulates PU.1, a transcription
factor, which in turn induces the expression of Receptor Activator of Nuclear Factor kappa-
B (RANK) on the membrane of osteoclast precursors (Figure 3) [62,63]. In addition to
M-CSF, BMP4 also helps to upregulate PU.1 transcription initiating differentiation [64]. A
combined signaling pathway between M-CSF and RANK then upregulates genes required
for preosteoclast fusion, including the master fusion regulators DC-STAMP, OC-STAMP,
and ATP6v0d2 [65–67]. The expression of DC-STAMP and ATP6v02 are regulated by an
essential transcription factor, NFATc1, which is activated downstream of RANKL and
BMP-signaling [68,69]. BMP inhibition leads to a decrease in DC-STAMP, ATP6v02, and
NFATc1 gene expression [55,61,70–72]. As a result, fewer, smaller, and less active osteo-
clasts form, showing the requirement of BMP-signaling in preosteoclast fusion [55,57,59,72].
Furthermore, BMP 2 and NFATc1 are also required in immature osteoclasts for the proper
induction of osteoclast specific genes as BMP 2 promotes the nuclear translocation of
NFATc1, which in turn upregulates the expression of TRAP and CATH K [69,73–78]. It is
currently thought that BMPs only enhance RANKL mediated osteoclastogenesis. However,
a study utilizing a soluble form of BMPRIa in bone marrow macrophages showed that in
the absence of BMP-signaling, RANKL alone was not efficient in generating osteoclasts.
Therefore, BMP-signaling may be required for RANKL-mediated osteoclastogenesis [54].

Several inhibitors are also known to regulate RANKL and BMP-driven osteoclasto-
genesis [55,61,72,79–82]. The most well-known inhibitor, osteoprotegerin (OPG), inhibits
RANKL by binding to the ligand, preventing RANK-signaling. As such, an increase in
OPG concentration may cancel out any increase in RANKL production. Like OPG, BMP
inhibitors Twisted gastrulation 1 (TWSG1) and Noggin reduce BMP-mediated osteoclasto-
genesis [55,61,71,72]. This points to a more significant role for BMPs in osteoclast regulation
and communication.
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Figure 3. Osteoclast development. Hematopoietic precursor cells stimulated by mammalian colony stimulating factor (M-
CSF) are driven toward the osteoclast lineage. M-CSF stimulates transcription factor PU.1 to express RANK on progenitor
cells. CD14+ monocytes stimulated by RANKL, along with BMP4, help to upregulate the MITF and PU.1 transcription factors
to increase expression of essential fusion proteins DC-STAMP, OC-STAMP and ATP6vOd2. Preosteoclasts fuse to form a
polykaron. BMP 2 and RANKL further the activation of mature osteoclasts and the transcription factors Microphthalmia-
associated transcription factor (MITF), Nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) and nuclear factor kappa
light chain enhancer of activated B cells (NFKB) upregulate osteoclast specific markers tartrate-resistant acid phosphatase
(TRAP) and cathepsin k (CATH K). Mature osteoclasts form resorptive pits, or Howship lacunae, by pumping CATH K and
TRAP against the bone surface, breaking down the mineralized bone. OPG, Noggin and Twisted gastrulation 1 (TWSG1)
inhibit RANKL and BMP mediate osteoclast fusion and activation.

4. The Communication of Osteoclasts with Bone and Immune Cells

The catabolic activity of osteoclasts and the anabolic activity of osteoblasts are tightly
regulated to ensure a healthy bone structure. For instance, in the bone disease, osteopet-
rosis, too little resorption reduces bone turnover, causing an accumulation of older more
fragile bone [83]. While in the bone disease, osteoporosis, too much bone resorption leads
to a decrease in bone density and higher risk of fractures [84]. To understand how os-
teoclast activity is regulated, the communication of immune cells and other bone cells
with osteoclasts must be understood. The RANKL:OPG ratio is the most well-researched
avenue utilized to regulate osteoclasts [85–89]. Many cell types, including immune cells,
manipulate the RANKL:OPG ratio by stimulating osteoclast differentiation and or increas-
ing their activity [90–92]. RANKL is an essential ligand in driving osteoclastogenesis
that is inhibited when bound to OPG [81]. By producing RANKL, immune cells directly
regulate the RANKL:OPG ratio and increase osteoclast activity [93]. In addition to this a
growing body of research, immune cells also regulate osteoclasts through the release of
inflammatory cytokines, both directly and indirectly, by altering the RANKL production
in osteoblasts (Figure 4) [42,94–96]. As such, proinflammatory cytokines such as Tumor
Necrosis Factor-alpha (TNF-α), Interleukin 6 (IL-6), Interleukin 23 (IL-23), and interleukin
1 beta (IL-1β) released by immune cells, including macrophages and dendritic cells, are
major contributors to osteoclast activation and differentiation [64,83,94,95,97–101]. Immune
cells also inhibit osteoclasts through the release of cytokines such as Interleukin 4 (IL-4),
Interleukin 18 (IL-18), Interleukin 33 (IL-33) and Interferon (IFN) [99–104]. The impact of
these inflammatory cytokines is crucial in regulating osteoclasts after a fracture [105].
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Figure 4. Osteoclasts communicate with immune cells and other bone cells. Osteoclasts communicate with immune cells
through the releases of inflammatory cytokines. Osteoblast and osteocytes release soluble RANKL as well as osteoprotegerin
(OPG) to communicate with osteoclasts. Osteocytes and osteoblasts also communicate with Osteoclasts via direct cell–cell
contact utilizing membrane-bound RANKL.

Bone cells such as osteocytes and osteoblasts also communicate with osteoclasts to
modulate their activity and differentiation. Osteocytes, which are mature osteoblasts that
have become embedded within bone, signal osteoclasts through direct cell-to-cell contact.
Osteocytes do so by extending a dendritic process with membrane-bound RANKL to the
bone surface to interact with membrane bound RANK on osteoblasts (Figure 4) [106,107].
Osteocytes also secrete soluble RANKL to stimulate osteoclasts, but to a lesser extent
(Figure 4) [107]. Additionally, osteoblasts communicate with osteoclasts through paracrine
signaling or gap junctions, similar to osteocytes [80,108]. Whether osteocytes or osteoblasts
are the main sources of RANKL for the regulation of osteoclast activity and differentia-
tion is not yet established [109,110]. Nevertheless, both cell types play a critical role in
communicating with osteoclasts to maintain bone homeostasis. The crosstalk between
immune cells, osteoblasts and osteoclasts creates a network of communication. Ultimately
resulting in the regulation of osteoclast differentiation and activity required to maintain
bone homeostasis.

Indirect Effect of BMP-Signaling on Osteoclast Communication

Osteoblasts and osteoclasts are in constant communication, recruiting and stimu-
lating each other to maintain proper bone homeostasis and repair bone damage. They
do so by sending cytokines via paracrine signaling and contact with membrane-bound
ligands [60,106,107]. The roles of RANKL, OPG, and inflammatory cytokines were well
studied in their communication with osteoclasts [111–113]. However, the importance of
BMP-signaling in the communication and regulation between osteoclasts and osteoblasts is
underappreciated. Osteoclasts lacking BMPRIa caused an increase in osteoblast activity
by increasing gap junction communication with osteoblasts [60]. Inversely, osteoblasts
lacking BMPRIa caused a reduction in osteoclastogenesis due to a subsequent reduction
in sclerostin, a glycoprotein that stimulates the release of RANKL in osteocytes [114–116].
The release of BMP6 by osteoclasts also recruits and stimulates osteoblasts, promoting
mineralization [117–120]. Furthermore, a reservoir of growth factors including BMP 2,
BMP4, and BMP 7 are stored in bone tissue. Osteoclasts release these stored growth factors
via bone resorption [121–123]. The release of these factors thereby stimulates osteoblasts.
Stimulated osteoblasts in turn release factors that regulate osteoclast differentiation and
function, including M-CSF, which is required to drive hematopoietic stem cells into the
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osteoclast lineage [76,124]. Furthermore, BMP 2 and 4 alter the RANKL:OPG ratio by
modifying the levels of either RANKL or OPG released from osteoblasts [54,70,86,88]. The
conditional knockout of BMPRIa in osteoblasts decreased the RANKL:OPG ratio [114].
This establishes the indirect effect of BMP-signaling in regulating the RANKL:OPG ratio.
The recruitment of osteoblasts to a fracture site highlights the significance of this commu-
nication. When a fracture occurs, osteoclasts come in to resorb the damaged bone and
then recruit osteoblasts to lay down new bone at the site of injury through the release of
growth factors including, BMP 2, BMP4, BMP6 and 7 [69,121,125]. In the absence of BMP 2
fracture healing does not begin, highlighting the requirement for its release during bone
resorption [126]. Beyond indirect effects of BMPs, a growing body of studies indicates that
BMPs have more than just an indirect effect on osteoclasts [53–56].

5. Direct Effect of BMP-Signaling in Osteoclasts

First, it was determined that purified osteoclasts and osteoclast precursors express
BMP receptors. Then, it was established that BMP 2 directly stimulates osteoclast pre-
cursors with the help of M-CSF by Kanatani et al., 1995, thus suggesting a greater role
for BMPs in bone homeostasis. This was also supported by the increased expression of
the preosteoclast fusion protein, DC-STAMP, upon BMP 2 stimulation [55]. In addition to
BMP 2, BMP4 and BMP6 also stimulate osteoclasts, but to a lesser degree [56,57,59,127].
To elucidate the potential direct effect of BMPs on osteoclasts, the BMP pathway was
disrupted by Twisted gastrulation 1 (TWSG1) and Noggin, a BMP antagonist, resulting in
the inhibition of osteoclast differentiation [55,61,70–72]. Later, the conditional knockout
of the BMPRIa receptor resulted in a decrease in osteoclastogenesis and DC-STAMP ex-
pression [58]. Furthermore, the deletion of BMPRIa in vivo led to an increase in trabecular
bone and bone density, along with a decrease in osteoclast activity and osteoclast differ-
entiation [35,58,128]. A deletion of BMPRIb also showed an increase in proliferation of
preosteoclasts and increase differentiation while decreasing resorption [129]. Additionally,
the deletion of BMPR2 decreased osteoclast differentiation and activity [53]. Taken together,
BMP-signaling plays a critical role in not only osteoblasts but also the proper differentiation
of osteoclasts, making it an ideal target for future therapeutic treatments.

6. BMP-Signaling Pathway in Osteoclasts

BMPs signal either through the canonical or noncanonical pathways. The canonical
pathway is also known as the SMAD signaling pathway. The SMAD pathway involves
a few different types of SMADs including R-SMADs (SMAD1/5/8), which are receptor-
regulated SMADs, and Co-SMADs such as SMAD 4 that bind to R-SMADs, facilitating
nuclear translocation for signal transduction (Figure 5) [130]. Multiple studies estab-
lished that osteoclasts express SMADs as well as phospho-active SMADs [53–55,131,132].
Furthermore, research suggests that BMP-mediated SMAD signaling may play a role in
osteoclast fusion and activation, as inhibition of SMAD leads to smaller and less active
osteoclasts [53,69,132,133]. However, SMAD signaling is unaffected in BMPRII knockout
in osteoclasts, suggesting that BMPs primarily signal through the noncanonical pathway
in osteoclasts [53,131]. The noncanonical signaling pathway consists of mitogen-activated
protein kinase MAPK downstream signaling molecules including c-Jun N-terminal kinase
(JNK), mitogen-activated protein kinase 38 alpha (p38α), and extracellular regulated ki-
nases (ERK), all of which are activated by BMP 2 in osteoclasts [53,131]. TGF-β Activated
Kinase 1 (TAK1), an upstream signaling molecule of the noncanonical signaling pathway,
is required for osteoclast differentiation. The specific knockout of TAK1 in osteoclasts leads
to an osteopetrosis-like phenotype with decreased resorptive activity [134]. Furthermore,
while not shown in osteoclasts, X-linked inhibitor of apoptosis protein (XIAP) associates
with both BMPRIa and TGF-β Activated Kinase 1 binding protein (TAB1) [135]. TAB1
then forms a complex with TGF-β Activated Kinase 1 binding protein 2 (TAB2) associating
with and activating TAK1. This indicates that the BMP/BMPR-XIAP-TAB1/TAB2-TAK1
pathway allows for BMPs to stimulate the noncanonical pathway including MAPK’s JNK,
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p38, and ERK in osteoclasts. Further, this overlaps with the RANK signal transduction,
which also uses the MAPK pathway, activating downstream the molecules JNK, p38, and
ERK [27,136]. The difference in RANK signaling is that Tumor Necrosis Factor Receptor-
associated Factor Protein 6 (TRAF6) rather than XIAP recruits TAB1/TAB2 to the RANK
receptor, activating TAK1. MAPK signaling converges to increase the expression and
translocation of NFATc1a, an essential transcription factor that leads to the upregulation of
osteoclast genes for fusion and activation [69,73,137–140] This overlap in MAPK signaling
between the RANKL pathway and the BMP pathway may contribute to the enhancement
of osteoclastogenesis (Figure 5).

J. Dev. Biol. 2021, 9, x FOR PEER REVIEW 8 of 18 
 

 

leads to an osteopetrosis-like phenotype with decreased resorptive activity [134]. Further-
more, while not shown in osteoclasts, X-linked inhibitor of apoptosis protein (XIAP) asso-
ciates with both BMPRIa and TGF-β Activated Kinase 1 binding protein (TAB1) [135]. 
TAB1 then forms a complex with TGF-β Activated Kinase 1 binding protein 2 (TAB2) as-
sociating with and activating TAK1. This indicates that the BMP/BMPR-XIAP-
TAB1/TAB2-TAK1 pathway allows for BMPs to stimulate the noncanonical pathway in-
cluding MAPK’s JNK, p38, and ERK in osteoclasts. Further, this overlaps with the RANK 
signal transduction, which also uses the MAPK pathway, activating downstream the mol-
ecules JNK, p38, and ERK [27,136]. The difference in RANK signaling is that Tumor Ne-
crosis Factor Receptor-associated Factor Protein 6 (TRAF6) rather than XIAP recruits 
TAB1/TAB2 to the RANK receptor, activating TAK1. MAPK signaling converges to in-
crease the expression and translocation of NFATc1a, an essential transcription factor that 
leads to the upregulation of osteoclast genes for fusion and activation [69,73,137–140] This 
overlap in MAPK signaling between the RANKL pathway and the BMP pathway may 
contribute to the enhancement of osteoclastogenesis (Figure 5).  

 
Figure 5. The BMP-signaling pathway and RANKL signaling overlap. BMP stimulates the down-
stream signaling pathways by activating BMP receptors BMPRIa and BMPRII. The canonical SMAD 
pathway transduces the signal into the nucleus with the help of co-SMADs (SMAD4). The non-
canonical BMP-signal is transduced by the recruitment of TAB2/TAK1 complex the BMP receptor 
through XIAP. Thus, activating the same downstream effector proteins as the RANKL signaling 
pathway. These proteins can then modulate the expression of osteoclast genes. 

  

Figure 5. The BMP-signaling pathway and RANKL signaling overlap. BMP stimulates the down-
stream signaling pathways by activating BMP receptors BMPRIa and BMPRII. The canonical SMAD
pathway transduces the signal into the nucleus with the help of co-SMADs (SMAD4). The noncanon-
ical BMP-signal is transduced by the recruitment of TAB2/TAK1 complex the BMP receptor through
XIAP. Thus, activating the same downstream effector proteins as the RANKL signaling pathway.
These proteins can then modulate the expression of osteoclast genes.

7. The Role of Osteoclasts in Bone Disease

Diseases impact the health of bone by altering the microstructure and overall bone
mineral density. These diseases primarily alter the function and balance of osteoblasts
and osteoclasts. Two major diseases that impact bone density are osteopetrosis and osteo-
porosis. These diseases are two sides of the same coin, as they both impact osteoblasts
and osteoclasts inversely. Osteopetrosis occurs when either osteoblast activity is increased
or osteoclast activity is decreased, causing an imbalance in bone maintenance and an
increase in bone mineral density. Osteopetrosis causes an increased risk of fracture as the
trabecular network is disrupted [141]. Further ossification also leads to the shrinking of the
medullary cavity reducing stem cell storage [142]. This leads to immune disruption and
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inhibition of healing [143]. Conversely, in osteoporosis, osteoblast activity is decreased,
and osteoclast activity is increased. This imbalance favors bone resorption, causing a
decrease in bone mineral density. The trabecular number and thickness decreases within
spongy bone, resulting in a high risk of fracture [84,144,145]. Osteoporosis is one of the
most prevalent bone diseases in the world, affecting 37% of women and 20% of men over
the age of 50 [146]. The most common cause of osteoporosis is the onset of menopause,
brought about primarily by a drop in estrogen in women [21,147]. The decrease in estrogen
expression leads to an increase in the RANKL:OPG ratio osteoclastogenesis, promoting
bone resorption [148]. Additionally, the onset of menopause decreases the BMP antagonist,
inhibin A, stimulating both osteoblastogenesis and osteoclastogenesis. This suggests a dual
role for BMP-signaling in bone metabolism of post-menopausal women [149].

As the aging population increases, a higher proportion of people are affected by
osteoporosis for a greater portion of their lives [150,151]. The longer an individual suffers
from osteoporosis, the more likely they are to experience fractures. Over 50% of the people
that experience osteoporotic fractures cannot continue to live independently and more than
25% will die within 12 months after their injury [152–154]. Furthermore, the International
Osteoporosis Foundation found that the risk of fracture from osteoporosis is such that
one in every three women and one in every five men across the globe will experience
an osteoporotic-related fracture. This results in a substantial annual medical cost with
an estimate of 16 billion dollars spent in the United States in 2002 alone [155]. Moreover,
the European Union spent more than 37 billion euros on osteoporosis-related treatment
in 2010 [156]. Clearly, an effective long-term treatment for this disease is desperately
needed worldwide.

8. Treatments for Osteoporosis

One of the early treatments developed for osteoporosis was hormone replacement
therapy [157,158]. As the most common cause of osteoporosis is the post-menopausal loss
of estrogen, the hope for this treatment was that, by replacing the lost hormones, they could
restore homeostasis of bone regulation. Unfortunately, this treatment showed an increased
risk of heart attacks, breast cancer, and strokes, causing it to discontinue [159,160]. The use
of BMP 2 has also been considered for treatment of osteoporosis due to its osteogenic effects
post ALIF surgery [161–164]. However, increased resorption activity has been associated
with this procedure, [165,166]. A total of 12 months after treatment, ALIF patients showed
increased graft subsidence over patients that did not receive treatment with BMP 2 [166].
Additionally, treatment of osteoblasts isolated from patients with osteoporosis with BMP
2 showed no osteogenic response compared to osteoblasts derived from osteoarthritic
patients [167]. As a result, the use of BMP 2 for the treatment of osteoporosis is still under
consideration. However, the dual impact on bone formation and bone resorption makes
the BMP pathway a potential therapeutic target for osteoporosis.

Currently, the most popular treatment for osteoporosis is bisphosphonates. Bisphos-
phonates increase bone mineral density by inhibiting the mevalonate pathway, inducing
apoptosis, and reducing osteoclast resorption [168–171]. Despite their popularity, they
come with various side-effects, such as the increased risk of esophagus cancer, intestinal
irritation, and osteonecrosis of the jaw [172–174]. Doctors may recommend taking a break
from bisphosphonates after five years to reduce the risk of these side effects. Another
antiresorptive drug called Denosumab is an alternative for bisphosphonates, acting as a
RANKL inhibitor [175]. Denosumab blocks RANK signaling by binding to its ligand and
preventing it from binding to the receptor on osteoclasts; therefore, reducing resorptive
activity and increasing bone mineral density [175,176]. In opposition to antiresorptive
drugs, other treatments have sought to increase the anabolic process of bone homeostasis by
stimulating osteoblasts. One such new anabolic peptide, called p-PTH 1-34 (Teriparatide),
stimulates osteoblast activity to increase bone mineralization, was recently approved for
the treatment of osteoporosis [177–179]. This is a peptide derived from PTH, a known
anabolic regulator of bone formation [180,181]. However, Teriparatide increased the risk of
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hypercalcemia [180,182]. Furthermore, long-term treatment causes an increase in RANKL
production within osteoblasts, causing an indirect increase in bone resorption by osteo-
clasts [177].

Two potential therapeutics that have utilized the dual anabolic and antiresorptive
properties include a sclerostin antibody, namely Romosozumab, and a Casein Kinase 2
(CK2), inhibitor (CK2.3). Sclerostin is a known inhibitor of osteoblast activity, released
by osteoclasts to reduce anabolic activity [115,183,184]. Romosozumab is an antibody in-
hibiting sclerostin from binding to its Wnt receptor, thereby removing sclerostin’s negative
effect on osteoblasts. Remarkably, Romosozumab not only stimulates osteoblasts, but it
also inhibits osteoclasts [185]. This antiresorptive effect is likely due to increased OPG
production, produced downstream of the Wnt pathway. However, OPG is not always in-
creased after treatment with other sclerostin inhibitors, thus a separate mechanism may be
responsible for the antiresorptive effect of Romosozumab [186]. Furthermore, the effect of
sclerostin inhibitors is attenuated in osteoblasts, likely due to decreased proliferation in os-
teoprogenitor cells [187]. Furthermore, Romosozumab increased the risk of cardiac events
and should be closely monitored for extended treatment [188]. Overall, Romosozumab is a
potentially valuable alternative to bisphosphonates.

The use of BMP 2 has also been considered for the treatment of osteoporosis due
to its osteogenic effects post ALIF surgery [48,161,163]. However, increased resorption
activity has been associated with this procedure, [165,166]. A year after BMP 2 treatment
ALIF patients showed increased graft subsidence over patients that did not receive surgery
with BMP 2 treatment [166]. Additionally, BMP 2 stimulated osteoblasts isolated from
patients with osteoporosis showed no osteogenic response when compared to osteoblasts
derived from osteoarthritic patients [167]. As a result, the use of BMP 2 for the treatment of
osteoporosis is still under investigation. Nevertheless, the dual impact on bone formation
and bone resorption makes the BMP pathway a potential therapeutic target for osteoporosis.
The peptide CK2.3 utilizes the BMP pathway in the absence of a BMP ligand to stimulate
osteoblast mineralization and inhibit osteoclast resorption [140,189–192]. Furthermore,
CK2.3 increases mineralization in osteoporotic patients where BMP 2 is not [167]. While the
effects of CK2.3 are still being analyzed, it offers a new approach to the use of BMP-signaling
in the treatment of osteoporosis.

9. Conclusions and Future Directions

BMP-signaling is essential for proper bone formation and maintenance. BMPs regulate
the condensation of chondrocytes in endochondral ossification as well as the transdiffer-
entiation and activation of osteoblastic bone mineralization. Improper BMP-signaling
results in short limb phenotypes, highlighting its importance during skeletal development.
Mature bone is also regulated by BMP-signaling, as it maintains a balance of anabolic and
catabolic activity between osteoblasts and osteoclasts. The requirement for BMP-signaling
in osteoblasts has been established as a potent driver of bone mineralization. However,
increasing evidence points to an additional role BMP-signaling in bone resorption. This
is supported by an increase in trabecular bone and bone density in BMPR1a knockout
models, attributed to a decrease in osteoblast activity and a more significant decrease in
osteoclast differentiation and activity [35,58,128]. Despite this, the research on BMPs has
primarily focused on osteoblasts.

The dual role of BMP-signaling in bone homeostasis presents it as a potential treatment
for Osteoporosis. As osteoporosis is the result of increased resorption and decreased
mineralization of bone, a treatment that can impact both osteoblasts and osteoclasts is
imperative. However, the majority of currently available treatments focus on just one side
of bone metabolism. This presents a problem for long-term treatment as osteoblasts and
osteoclasts are in constant communication, regulating one another to maintain suitable
bone mineral density. A problem that BMP 2 treatment itself faces. Treatment with BMP 2 in
spinal fusion surgeries results in increased bone mineralization followed by an increase in
osteoclast absorption. To utilize the dual effect of the BMP-signaling pathway a treatment
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called, CK2.3 was created. CK2.3 stimulates the BMP pathway in the absence of BMP 2,
resulting in the stimulation of osteoblast and inhibition of osteoclasts. However, more
research is still needed to determine its effectiveness for the treatment of osteoporotic
patients. With the emerging role of BMP-signaling in bone resorption, a greater focus
should be given to its impact on osteoclast regulation.
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75. Jarrar, H.; Çetin Altındal, D.; Gümüşderelioğlu, M. Effect of melatonin/BMP-2 co-delivery scaffolds on the osteoclast activity. J.
Mater. Sci. Mater. Med. 2021, 32, 32. [CrossRef] [PubMed]

76. Mandal, C.C.; Ghosh Choudhury, G.; Ghosh-Choudhury, N. Phosphatidylinositol 3 Kinase/Akt Signal Relay Cooperates with
Smad in Bone Morphogenetic Protein-2-Induced Colony Stimulating Factor-1 (CSF-1) Expression and Osteoclast Differentiation.
Endocrinology 2009, 150, 4989–4998. [CrossRef] [PubMed]

77. Takahashi, N.; Udagawa, N.; Kobayashi, Y.; Suda, T. Generation of Osteoclasts In Vitro, and Assay of Osteoclast Activity. In
Arthritis Research: Methods and Protocols; Cope, A.P., Ed.; Humana Press: Totowa, NJ, USA, 2007; Volume 1, pp. 285–301.

78. Udagawa, N.; Takito, J.; Suda, T. [Mechanism of acid production and secretion by osteoclasts]. Nihon Rinsho Jpn. J. Clin. Med.
1992, 50, 2133–2138.

79. Bucay, N.; Sarosi, I.; Dunstan, C.R.; Morony, S.; Tarpley, J.; Capparelli, C.; Scully, S.; Tan, H.L.; Xu, W.L.; Lacey, D.L.; et al.
Osteoprotegerin-deficient mice develop early onset osteoporosis and arterial calcification. Genes Dev. 1998, 12, 1260–1268.
[CrossRef]

80. Lacey, D.L.; Timms, E.; Tan, H.L.; Kelley, M.J.; Dunstan, C.R.; Burgess, T.; Elliott, R.; Colombero, A.; Elliott, G.; Scully, S.; et al.
Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation and activation. Cell 1998, 93, 165–176. [CrossRef]

81. Simonet, W.S.; Lacey, D.L.; Dunstan, C.R.; Kelley, M.; Chang, M.S.; Lüthy, R.; Nguyen, H.Q.; Wooden, S.; Bennett, L.; Boone,
T.; et al. Osteoprotegerin: A novel secreted protein involved in the regulation of bone density. Cell 1997, 89, 309–319. [CrossRef]

82. Yasuda, H.; Shima, N.; Nakagawa, N.; Yamaguchi, K.; Kinosaki, M.; Goto, M.; Mochizuki, S.I.; Tsuda, E.; Morinaga, T.; Udagawa,
N.; et al. A novel molecular mechanism modulating osteoclast differentiation and function. Bone 1999, 25, 109–113. [CrossRef]

83. Bhargava, A.; Vagela, M.; Lennox, C.M. “Challenges in the management of fractures in osteopetrosis”! Review of literature and
technical tips learned from long-term management of seven patients. Injury 2009, 40, 1167–1171. [CrossRef] [PubMed]

84. Graeff, C.; Marin, F.; Petto, H.; Kayser, O.; Reisinger, A.; Peña, J.; Zysset, P.; Glüer, C.-C. High resolution quantitative computed
tomography-based assessment of trabecular microstructure and strength estimates by finite-element analysis of the spine, but
not DXA, reflects vertebral fracture status in men with glucocorticoid-induced osteoporosis. Bone 2013, 52, 568–577. [CrossRef]
[PubMed]

85. Granholm, S.; Henning, P.; Lindholm, C.; Lerner, U.H. Osteoclast progenitor cells present in significant amounts in mouse
calvarial osteoblast isolations and osteoclastogenesis increased by BMP-2. Bone 2013, 52, 83–92. [CrossRef]

86. Hofbauer, L.C.; Dunstan, C.R.; Spelsberg, T.C.; Riggs, B.L.; Khosla, S. Osteoprotegerin production by human osteoblast lineage
cells is stimulated by vitamin D, bone morphogenetic protein-2, and cytokines. Biochem. Biophys. Res. Commun. 1998, 250, 776–781.
[CrossRef]

87. Krajewski, A.C.; Ghuman, M.; Reddi, D.; McKay, I.; Hughes, F.; Belibasakis, G. Influence of BMP-2 on RANKL/ OPG production
in W-20-17 cells. In Proceedings of the IADR General Session, Barcelona, Spain, 14–17 July 2010.

88. Tazoe, M.; Mogi, M.; Goto, S.; Togari, A. Involvement of p38MAP kinase in bone morphogenetic protein-4-induced osteoprotegerin
in mouse bone-marrow-derived stromal cells. Arch. Oral Biol. 2003, 48, 615–619. [CrossRef]

89. Theoleyre, S.; Wittrant, Y.; Tat, S.K.; Fortun, Y.; Redini, F.; Heymann, D. The molecular triad OPG/RANK/RANKL: Involvement
in the orchestration of pathophysiological bone remodeling. Cytokine Growth Factor Rev. 2004, 15, 457–475. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0138189
http://doi.org/10.1074/jbc.M115.668939
http://doi.org/10.1074/jbc.RA119.009521
http://www.ncbi.nlm.nih.gov/pubmed/31619522
http://doi.org/10.1359/jbmr.2000.15.4.663
http://doi.org/10.1002/jcb.25174
http://www.ncbi.nlm.nih.gov/pubmed/25808976
http://doi.org/10.1002/jcb.23003
http://doi.org/10.1084/jem.20051150
http://doi.org/10.1007/s00774-005-0626-3
http://doi.org/10.1007/s10856-021-06502-0
http://www.ncbi.nlm.nih.gov/pubmed/33751250
http://doi.org/10.1210/en.2009-0026
http://www.ncbi.nlm.nih.gov/pubmed/19819979
http://doi.org/10.1101/gad.12.9.1260
http://doi.org/10.1016/S0092-8674(00)81569-X
http://doi.org/10.1016/S0092-8674(00)80209-3
http://doi.org/10.1016/S8756-3282(99)00121-0
http://doi.org/10.1016/j.injury.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19576583
http://doi.org/10.1016/j.bone.2012.10.036
http://www.ncbi.nlm.nih.gov/pubmed/23149277
http://doi.org/10.1016/j.bone.2012.09.019
http://doi.org/10.1006/bbrc.1998.9394
http://doi.org/10.1016/S0003-9969(03)00100-6
http://doi.org/10.1016/j.cytogfr.2004.06.004
http://www.ncbi.nlm.nih.gov/pubmed/15561602


J. Dev. Biol. 2021, 9, 24 15 of 18

90. Kawai, T.; Matsuyama, T.; Hosokawa, Y.; Makihira, S.; Seki, M.; Karimbux, N.Y.; Goncalves, R.B.; Valverde, P.; Dibart, S.; Li,
Y.-P.; et al. B and T lymphocytes are the primary sources of RANKL in the bone resorptive lesion of periodontal disease. Am. J.
Pathol. 2006, 169, 987–998. [CrossRef]

91. Valverde, P.; Kawai, T.; Taubman, M.A. Selective blockade of voltage-gated potassium channels reduces inflammatory bone
resorption in experimental periodontal disease. J. Bone Miner. Res. 2004, 19, 155–164. [CrossRef]

92. Yun, T.J.; Chaudhary, P.M.; Shu, G.L.; Frazer, J.K.; Ewings, M.K.; Schwartz, S.M.; Pascual, V.; Hood, L.E.; Clark, E.A. OPG/FDCR-1,
a TNF receptor family member, is expressed in lymphoid cells and is up-regulated by ligating CD40. J. Immunol. 1998, 161,
6113–6121.

93. Leibbrandt, A.; Penninger, J.M. Novel functions of RANK(L) signaling in the immune system. Adv. Exp. Med. Biol. 2010, 658,
77–94. [PubMed]

94. Chen, L.; Wei, X.Q.; Evans, B.; Jiang, W.; Aeschlimann, D. IL-23 promotes osteoclast formation by up-regulation of receptor
activator of NF-kappaB (RANK) expression in myeloid precursor cells. Eur. J. Immunol. 2008, 38, 2845–2854. [CrossRef] [PubMed]

95. Hashizume, M.; Hayakawa, N.; Mihara, M. IL-6 trans-signalling directly induces RANKL on fibroblast-like synovial cells and is
involved in RANKL induction by TNF-α and IL-17. Rheumatology 2008, 47, 1635–1640. [CrossRef]

96. Komine, M.; Kukita, A.; Kukita, T.; Ogata, Y.; Hotokebuchi, T.; Kohashi, O. Tumor necrosis factor-alpha cooperates with receptor
activator of nuclear factor kappaB ligand in generation of osteoclasts in stromal cell-depleted rat bone marrow cell culture. Bone
2001, 28, 474–483. [CrossRef]

97. Azuma, Y.; Kaji, K.; Katogi, R.; Takeshita, S.; Kudo, A. Tumor necrosis factor-alpha induces differentiation of and bone resorption
by osteoclasts. J. Biol. Chem. 2000, 275, 4858–4864. [CrossRef] [PubMed]

98. Shiratori, T.; Kyumoto-Nakamura, Y.; Kukita, A.; Uehara, N.; Zhang, J.; Koda, K.; Kamiya, M.; Badawy, T.; Tomoda, E.; Xu,
X.; et al. IL-1β Induces Pathologically Activated Osteoclasts Bearing Extremely High Levels of Resorbing Activity: A Possible
Pathological Subpopulation of Osteoclasts, Accompanied by Suppressed Expression of Kindlin-3 and Talin-1. J. Immunol. 2018,
200, 218. [CrossRef]

99. Takayanagi, H. Osteoimmunology: Shared mechanisms and crosstalk between the immune and bone systems. Nat. Rev. Immunol.
2007, 7, 292–304. [CrossRef] [PubMed]

100. Blanchard, F.; Duplomb, L.; Baud’huin, M.; Brounais, B. The dual role of IL-6-type cytokines on bone remodeling and bone
tumors. Cytokine Growth Factor Rev. 2009, 20, 19–28. [CrossRef] [PubMed]

101. Kim, J.H.; Jin, H.M.; Kim, K.; Song, I.; Youn, B.U.; Matsuo, K.; Kim, N. The Mechanism of Osteoclast Differentiation Induced by
IL-1. J. Immunol. 2009, 183, 1862. [CrossRef] [PubMed]

102. Gao, Y.; Grassi, F.; Ryan, M.R.; Terauchi, M.; Page, K.; Yang, X.; Weitzmann, M.N.; Pacifici, R. IFN-gamma stimulates osteoclast
formation and bone loss in vivo via antigen-driven T cell activation. J. Clin. Investig. 2007, 117, 122–132. [CrossRef] [PubMed]

103. Morita, Y.; Kitaura, H.; Yoshimatsu, M.; Fujimura, Y.; Kohara, H.; Eguchi, T.; Yoshida, N. IL-18 inhibits TNF-alpha-induced
osteoclastogenesis possibly via a T cell-independent mechanism in synergy with IL-12 in vivo. Calcif. Tissue Int. 2010, 86, 242–248.
[CrossRef]

104. Saleh, H.; Eeles, D.; Hodge, J.M.; Nicholson, G.C.; Gu, R.; Pompolo, S.; Gillespie, M.T.; Quinn, J.M.W. Interleukin-33, a Target of
Parathyroid Hormone and Oncostatin M, Increases Osteoblastic Matrix Mineral Deposition and Inhibits Osteoclast Formation in
Vitro. Endocrinology 2011, 152, 1911–1922. [CrossRef] [PubMed]

105. Saribal, D.; Hocaoglu-Emre, F.S.; Erdogan, S.; Bahtiyar, N.; Caglar Okur, S.; Mert, M. Inflammatory cytokines IL-6 and TNF-α in
patients with hip fracture. Osteoporos. Int. 2019, 30, 1025–1031. [CrossRef]

106. Nakashima, T.; Hayashi, M.; Fukunaga, T.; Kurata, K.; Oh-hora, M.; Feng, J.Q.; Bonewald, L.F.; Kodama, T.; Wutz, A.; Wagner,
E.F.; et al. Evidence for osteocyte regulation of bone homeostasis through RANKL expression. Nat. Med. 2011, 17, 1231–1234.
[CrossRef] [PubMed]

107. Honma, M.; Ikebuchi, Y.; Kariya, Y.; Hayashi, M.; Hayashi, N.; Aoki, S.; Suzuki, H. RANKL subcellular trafficking and regulatory
mechanisms in osteocytes. J. Bone Miner. Res. 2013, 28, 1936–1949. [CrossRef]

108. Gu, G.; Nars, M.; Hentunen, T.A.; Metsikkö, K.; Väänänen, H.K. Isolated primary osteocytes express functional gap junctions
in vitro. Cell Tissue Res. 2006, 323, 263–271. [CrossRef]

109. Fumoto, T.; Takeshita, S.; Ito, M.; Ikeda, K. Physiological functions of osteoblast lineage and T cell-derived RANKL in bone
homeostasis. J. Bone Min. Res. 2014, 29, 830–842. [CrossRef]

110. Wutzl, A.; Brozek, W.; Lernbass, I.; Rauner, M.; Hofbauer, G.; Schopper, C.; Watzinger, F.; Peterlik, M.; Pietschmann, P. Bone
morphogenetic proteins 5 and 6 stimulate osteoclast generation. J. Biomed. Mater. Res. A 2006, 77, 75–83. [CrossRef] [PubMed]

111. Boyce, B.F.; Xing, L. The RANKL/RANK/OPG pathway. Curr. Osteoporos. Rep. 2007, 5, 98–104. [CrossRef] [PubMed]
112. Del Fattore, A.; Teti, A. The tight relationship between osteoclasts and the immune system. Inflamm. Allergy Drug Targets 2012, 11,

181–187. [CrossRef]
113. Infante, M.; Fabi, A.; Cognetti, F.; Gorini, S.; Caprio, M.; Fabbri, A. RANKL/RANK/OPG system beyond bone remodeling:

Involvement in breast cancer and clinical perspectives. J. Exp. Clin. Cancer Res. 2019, 38, 12. [CrossRef]
114. Kamiya, N.; Ye, L.; Kobayashi, T.; Lucas, D.J.; Mochida, Y.; Yamauchi, M.; Kronenberg, H.M.; Feng, J.Q.; Mishina, Y. Disruption of

BMP signaling in osteoblasts through type IA receptor (BMPRIA) increases bone mass. J. Bone Min. Res. 2008, 23, 2007–2017.
[CrossRef]

http://doi.org/10.2353/ajpath.2006.060180
http://doi.org/10.1359/jbmr.0301213
http://www.ncbi.nlm.nih.gov/pubmed/19950018
http://doi.org/10.1002/eji.200838192
http://www.ncbi.nlm.nih.gov/pubmed/18958885
http://doi.org/10.1093/rheumatology/ken363
http://doi.org/10.1016/S8756-3282(01)00420-3
http://doi.org/10.1074/jbc.275.7.4858
http://www.ncbi.nlm.nih.gov/pubmed/10671521
http://doi.org/10.4049/jimmunol.1602035
http://doi.org/10.1038/nri2062
http://www.ncbi.nlm.nih.gov/pubmed/17380158
http://doi.org/10.1016/j.cytogfr.2008.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19038573
http://doi.org/10.4049/jimmunol.0803007
http://www.ncbi.nlm.nih.gov/pubmed/19587010
http://doi.org/10.1172/JCI30074
http://www.ncbi.nlm.nih.gov/pubmed/17173138
http://doi.org/10.1007/s00223-010-9335-6
http://doi.org/10.1210/en.2010-1268
http://www.ncbi.nlm.nih.gov/pubmed/21363931
http://doi.org/10.1007/s00198-019-04874-2
http://doi.org/10.1038/nm.2452
http://www.ncbi.nlm.nih.gov/pubmed/21909105
http://doi.org/10.1002/jbmr.1941
http://doi.org/10.1007/s00441-005-0066-3
http://doi.org/10.1002/jbmr.2096
http://doi.org/10.1002/jbm.a.30615
http://www.ncbi.nlm.nih.gov/pubmed/16355411
http://doi.org/10.1007/s11914-007-0024-y
http://www.ncbi.nlm.nih.gov/pubmed/17925190
http://doi.org/10.2174/187152812800392733
http://doi.org/10.1186/s13046-018-1001-2
http://doi.org/10.1359/jbmr.080809


J. Dev. Biol. 2021, 9, 24 16 of 18

115. Kusu, N.; Laurikkala, J.; Imanishi, M.; Usui, H.; Konishi, M.; Miyake, A.; Thesleff, I.; Itoh, N. Sclerostin is a novel secreted
osteoclast-derived bone morphogenetic protein antagonist with unique ligand specificity. J. Biol. Chem. 2003, 278, 24113–24117.
[CrossRef] [PubMed]

116. Tu, X.; Delgado-Calle, J.; Condon, K.W.; Maycas, M.; Zhang, H.; Carlesso, N.; Taketo, M.M.; Burr, D.B.; Plotkin, L.I.; Bellido, T.
Osteocytes mediate the anabolic actions of canonical Wnt/β-catenin signaling in bone. Proc. Natl. Acad. Sci. USA 2015, 112,
E478–E486. [CrossRef]

117. Garimella, R.; Tague, S.E.; Zhang, J.; Belibi, F.; Nahar, N.; Sun, B.H.; Insogna, K.; Wang, J.; Anderson, H.C. Expression and
synthesis of bone morphogenetic proteins by osteoclasts: A possible path to anabolic bone remodeling. J. Histochem. Cytochem.
2008, 56, 569–577. [CrossRef]

118. Hayden, J.M.; Mohan, S.; Baylink, D.J. The insulin-like growth factor system and the coupling of formation to resorption. Bone
1995, 17 (Suppl. 2), 93s–98s. [CrossRef]

119. Ota, K.; Quint, P.; Weivoda, M.M.; Ruan, M.; Pederson, L.; Westendorf, J.J.; Khosla, S.; Oursler, M.J. Transforming growth factor
beta 1 induces CXCL16 and leukemia inhibitory factor expression in osteoclasts to modulate migration of osteoblast progenitors.
Bone 2013, 57, 68–75. [CrossRef]

120. Pederson, L.; Ruan, M.; Westendorf, J.J.; Khosla, S.; Oursler, M.J. Regulation of bone formation by osteoclasts involves Wnt/BMP
signaling and the chemokine sphingosine-1-phosphate. Proc. Natl. Acad. Sci. USA 2008, 105, 20764–20769. [CrossRef]

121. Aluganti Narasimhulu, C.; Singla, D.K. The Role of Bone Morphogenetic Protein 7 (BMP-7) in Inflammation in Heart Diseases.
Cells 2020, 9, 280. [CrossRef] [PubMed]

122. Migliorini, E.; Guevara-Garcia, A.; Albiges-Rizo, C.; Picart, C. Learning from BMPs and their biophysical extracellular matrix
microenvironment for biomaterial design. Bone 2020, 141, 115540. [CrossRef]

123. Pang, D.-D.; Cai, L.; Zhang, J.-R.; Dai, S.-M. IL-23 induziert die Expression pro-osteogener Faktoren in Osteoklasten. Aktuelle
Rheumatol. 2020, 45, 467–474. [CrossRef]

124. Ghosh-Choudhury, N.; Singha, P.K.; Woodruff, K.; Clair, P.S.; Bsoul, S.; Werner, S.L.; Choudhury, G.G. Concerted Action of
Smad and CREB-binding Protein Regulates Bone Morphogenetic Protein-2-stimulated Osteoblastic Colony-stimulating Factor-1
Expression. J. Biol. Chem. 2006, 281, 20160–20170. [CrossRef]

125. Wang, H.; Yang, G.; Xiao, Y.; Luo, G.; Li, G.; Li, Z. Friend or Foe? Essential Roles of Osteoclast in Maintaining Skeletal Health.
BioMed Res. Int. 2020, 2020, 4791786. [CrossRef]

126. Tsuji, K.; Bandyopadhyay, A.; Harfe, B.D.; Cox, K.; Kakar, S.; Gerstenfeld, L.; Einhorn, T.; Tabin, C.J.; Rosen, V. BMP 2 activity,
although dispensable for bone formation, is required for the initiation of fracture healing. Nat. Genet. 2006, 38, 1424–1429.
[CrossRef] [PubMed]

127. Wu, Q.; Zhou, X.; Huang, D.; Ji, Y.; Kang, F. IL-6 Enhances Osteocyte-Mediated Osteoclastogenesis by Promoting JAK2 and
RANKL Activity In Vitro. Cell. Physiol. Biochem. 2017, 41, 1360–1369. [CrossRef]

128. Okamoto, M.; Murai, J.; Imai, Y.; Ikegami, D.; Kamiya, N.; Kato, S.; Mishina, Y.; Yoshikawa, H.; Tsumaki, N. Conditional deletion
of Bmpr1a in differentiated osteoclasts increases osteoblastic bone formation, increasing volume of remodeling bone in mice. J.
Bone Miner. Res. 2011, 26, 2511–2522. [CrossRef]

129. Shi, C.; Iura, A.; Terajima, M.; Liu, F.; Lyons, K.; Pan, H.; Zhang, H.; Yamauchi, M.; Mishina, Y.; Sun, H. Deletion of BMP
receptor type IB decreased bone mass in association with compromised osteoblastic differentiation of bone marrow mesenchymal
progenitors. Sci. Rep. 2016, 6, 24256. [CrossRef] [PubMed]

130. Attisano, L.; Lee-Hoeflich, S.T. The Smads. Genome Biol. 2001, 2. [CrossRef]
131. Fong, D.; Bisson, M.; Laberge, G.; McManus, S.; Grenier, G.; Faucheux, N.; Roux, S. Bone morphogenetic protein-9 activates Smad

and ERK pathways and supports human osteoclast function and survival in vitro. Cell. Signal. 2013, 25, 717–728. [CrossRef]
[PubMed]

132. Tasca, A.; Astleford, K.; Blixt, N.C.; Jensen, E.D.; Gopalakrishnan, R.; Mansky, K.C. SMAD1/5 signaling in osteoclasts regulates
bone formation via coupling factors. PLoS ONE 2018, 13, e0203404. [CrossRef] [PubMed]

133. Miao, X.; Yuan, J.; Wu, J.; Zheng, J.; Zheng, W.; Wang, F.; Wang, C.; Li, X.; Liu, S.; Shi, Z.; et al. Bone Morphogenetic Protein-2
Promotes Osteoclasts-mediated Osteolysis via Smad1 and p65 Signaling Pathways. Spine 2021, 46. [CrossRef]

134. Qi, B.; Cong, Q.; Li, P.; Ma, G.; Guo, X.; Yeh, J.; Xie, M.; Schneider, M.D.; Liu, H.; Li, B. Ablation of Tak1 in osteoclast progenitor
leads to defects in skeletal growth and bone remodeling in mice. Sci. Rep. 2014, 4, 7158. [CrossRef]

135. Yamaguchi, K.; Nagai, S.-I.; Ninomiya-Tsuji, J.; Nishita, M.; Tamai, K.; Irie, K.; Ueno, N.; Nishida, E.; Shibuya, H.; Matsumoto, K.
XIAP, a cellular member of the inhibitor of apoptosis protein family, links the receptors to TAB1–TAK1 in the BMP signaling
pathway. EMBO J. 1999, 18, 179–187. [CrossRef]

136. Feng, X. RANKing Intracellular Signaling in Osteoclasts. IUBMB Life 2005, 57, 389–395. [CrossRef]
137. Guo, Q.; Cao, Z.; Wu, B.; Chen, F.; Tickner, J.; Wang, Z.; Qiu, H.; Wang, C.; Chen, K.; Tan, R.; et al. Modulating calcium-mediated

NFATc1 and mitogen-activated protein kinase deactivation underlies the inhibitory effects of kavain on osteoclastogenesis and
bone resorption. J. Cell. Physiol. 2019, 234, 789–801. [CrossRef]

138. Kim, K.; Lee, S.-H.; Ha Kim, J.; Choi, Y.; Kim, N. NFATc1 Induces Osteoclast Fusion Via Up-Regulation of Atp6v0d2 and the
Dendritic Cell-Specific Transmembrane Protein (DC-STAMP). Mol. Endocrinol. 2008, 22, 176–185. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M301716200
http://www.ncbi.nlm.nih.gov/pubmed/12702725
http://doi.org/10.1073/pnas.1409857112
http://doi.org/10.1369/jhc.2008.950394
http://doi.org/10.1016/8756-3282(95)00186-H
http://doi.org/10.1016/j.bone.2013.07.023
http://doi.org/10.1073/pnas.0805133106
http://doi.org/10.3390/cells9020280
http://www.ncbi.nlm.nih.gov/pubmed/31979268
http://doi.org/10.1016/j.bone.2020.115540
http://doi.org/10.1055/a-1099-9028
http://doi.org/10.1074/jbc.M511071200
http://doi.org/10.1155/2020/4791786
http://doi.org/10.1038/ng1916
http://www.ncbi.nlm.nih.gov/pubmed/17099713
http://doi.org/10.1159/000465455
http://doi.org/10.1002/jbmr.477
http://doi.org/10.1038/srep24256
http://www.ncbi.nlm.nih.gov/pubmed/27048979
http://doi.org/10.1186/gb-2001-2-8-reviews3010
http://doi.org/10.1016/j.cellsig.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23313128
http://doi.org/10.1371/journal.pone.0203404
http://www.ncbi.nlm.nih.gov/pubmed/30188920
http://doi.org/10.1097/BRS.0000000000003770
http://doi.org/10.1038/srep07158
http://doi.org/10.1093/emboj/18.1.179
http://doi.org/10.1080/15216540500137669
http://doi.org/10.1002/jcp.26893
http://doi.org/10.1210/me.2007-0237
http://www.ncbi.nlm.nih.gov/pubmed/17885208


J. Dev. Biol. 2021, 9, 24 17 of 18

139. Kong, L.; Wang, B.; Yang, X.; Guo, H.; Zhang, K.; Zhu, Z.; Liu, J.; Hao, D. Picrasidine I from Picrasma Quassioides Suppresses
Osteoclastogenesis via Inhibition of RANKL Induced Signaling Pathways and Attenuation of ROS Production. Cell. Physiol.
Biochem. 2017, 43, 1425–1435. [CrossRef] [PubMed]

140. Nguyen, J.; Kelly, S.; Wood, R.; Heubel, B.; Nohe, A. A Synthetic Peptide, CK2.3, Inhibits RANKL-Induced Osteoclastogenesis
through BMPRIa and ERK Signaling Pathway. J. Dev. Biol. 2020, 8, 12. [CrossRef] [PubMed]

141. Bollerslev, J.; Andersen, P.E. Fracture patterns in two types of autosomal-dominant osteopetrosis. Acta Orthop. Scand. 1989, 60,
110–112. [CrossRef] [PubMed]

142. Sreehari, S.; Naik, D.R.; Eapen, M. Osteopetrosis: A rare cause of anemia. Hematol. Rep. 2011, 3, e1. [CrossRef] [PubMed]
143. Zhao, E.; Xu, H.; Wang, L.; Kryczek, I.; Wu, K.; Hu, Y.; Wang, G.; Zou, W. Bone marrow and the control of immunity. Cell. Mol.

Immunol. 2012, 9, 11–19. [CrossRef]
144. Lane, N.E.; Thompson, J.M.; Haupt, D.; Kimmel, D.B.; Modin, G.; Kinney, J.H. Acute Changes in Trabecular Bone Connectivity

and Osteoclast Activity in the Ovariectomized Rat In Vivo. J. Bone Miner. Res. 1998, 13, 229–236. [CrossRef]
145. Legrand, E.; Chappard, D.; Pascaretti, C.; Duquenne, M.; Krebs, S.; Rohmer, V.; Basle, M.-F.; Audran, M. Trabecular Bone

Microarchitecture, Bone Mineral Density, and Vertebral Fractures in Male Osteoporosis. J. Bone Miner. Res. 2000, 15, 13–19.
[CrossRef] [PubMed]

146. Dawson-Hughes, B.; Looker, A.C.; Tosteson, A.N.; Johansson, H.; Kanis, J.A.; Melton, L.J., 3rd. The potential impact of new
National Osteoporosis Foundation guidance on treatment patterns. Osteoporos. Int. 2010, 21, 41–52. [CrossRef]

147. Compston, J.; Cooper, A.; Cooper, C.; Gittoes, N.; Gregson, C.; Harvey, N.; Hope, S.; Kanis, J.A.; McCloskey, E.V.; Poole,
K.E.S.; et al. UK clinical guideline for the prevention and treatment of osteoporosis. Arch. Osteoporos. 2017, 12, 24. [CrossRef]

148. Streicher, C.; Heyny, A.; Andrukhova, O.; Haigl, B.; Slavic, S.; Schüler, C.; Kollmann, K.; Kantner, I.; Sexl, V.; Kleiter, M.; et al.
Estrogen Regulates Bone Turnover by Targeting RANKL Expression in Bone Lining Cells. Sci. Rep. 2017, 7, 6460. [CrossRef]

149. Nicks, K.M.; Fowler, T.W.; Akel, N.S.; Perrien, D.S.; Suva, L.J.; Gaddy, D. Bone turnover across the menopause transition: The role
of gonadal inhibins. Ann. N. Y. Acad. Sci. 2010, 1192, 153–160. [CrossRef]

150. Reginster, J.-Y.; Burlet, N. Osteoporosis: A still increasing prevalence. Bone 2006, 38 (Suppl. 1), 4–9. [CrossRef]
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