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Abstract 
 

Previous research by the Mansky lab has demonstrated that BMP2 enhances 

RANKL-mediated osteoclast differentiation and activity.  To investigate the 

effects of other BMPs on osteoclast differentiation, I treated bone marrow 

macrophages with RANKL and increasing concentrations of BMP4, 6 or 7 during 

osteoclast differentiation.  Osteoclasts were TRAP stained and measured and 

counted using NIH Image J.  My results demonstrated that BMP4 and BMP6 

increased osteoclast size but not osteoclast number; however, BMP7 increased 

osteoclast number but not size.  Secondly I treated mature multinuclear 

osteoclasts with increasing concentrations of BMP 4, 6 and 7 to determine the 

effect of BMP on osteoclast activity.  An increase in osteoclast activity was only 

measured with the addition of BMP7 to mature osteoclasts.  My experiments 

demonstrate that similar to BMP2, BMP4, 6 and 7 enhance RANKL mediated 

osteoclast differentiation; however, the mechanism by which BMPs enhance 

differentiation still needs to be explored. 
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Introduction 
 

Bone is a vital component of one’s structural support and muscle 

attachment. As one of the few organs that continue to regenerate into adulthood, 

bone resorption and formation in normal circumstances occurs in cycles to 

maintain homeostasis (1). Maintenance of this homeostasis is vital for bone health 

and stability. When this balance is disturbed, whether due to trauma, autoimmune 

diseases, neoplasms, hormonal changes, or numerous other factors, it can result in 

a destructive manifestation that negatively impacts quality of life (2). This 

homeostasis occurs when the cells involved in building and breaking down bone 

complement each other and allow for bone remodeling. Bone remodeling is a 

lifelong process necessary to repair bone damage that involves bone cells, as well 

as proteins such as bone morphogenetic proteins (BMPs), and signaling pathways 

to achieve a balanced activity between bone resorption and apposition in order to 

maintain proper bone mass (3).  

Review of Literature 
 
Osteoblasts 

Osteoblasts are cells that originate from the mesenchymal lineage and are 

responsible for bone formation. When groups of these cells come together, they 

form an osteon and are then able to synthesize dense, crosslinked collagen and 

other specialized proteins (osteocalcin and osteopontin) that ultimately form bone. 

The coupling of bone resorption with bone formation in skeletal remodeling is 

primarily determined and regulated by osteoclast and osteoblast intracellular 

communication (4). The main purpose of the remodeling process is to resorb 
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away old bone by osteoclasts and subsequently lay down new bone by osteoblasts 

(4).  

Figure 1.  Bone remodeling cycle (5). 

Bone formation and resorption is a continuous, life long process with 5-

25% of bone surface undergoing bone remodeling at any given time. The four 

major stages are: activation, resorption, reversal, and formation (4). The 

remodeling cycle is initiated when quiescent bone surface covered with bone 

lining cells are activated and recruit osteoclast precursor cells (4). Once these 

cells fuse to the bone surface, they form into mature osteoclasts and begin 

resorbing bone. Resorption occurs by osteoclasts creating an acidic 

microenvironment and with the help of specific enzymes, degrading the organic 

bone matrix. During the reversal phase, preosteoblasts enter the newly resorbed 

cites and take residence in the resorption pits (4). Once there, these cells mature 

into osteoblasts and begin the bone formation process. During this process, some 

osteoblasts may become trapped in the mineralized matrix and become osteocytes 

(4). Osteocytes are the most common type of bone cell and responsible for 
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molecular synthesis and modification as well as signal transmission to maintain 

bone function.  

Osteoblasts are single nucleated cells of mesenchymal origin but work in 

groups of cells when activated to produce bone. They produce multiple 

specialized proteins including osteocalcin and osteopontin (1), which comprise 

the organic matrix of bone. Their main function is to fabricate and secrete an un-

mineralized protein matrix called osteoid (1). Once embedded in bone, they are 

called osteocytes. Osteoblasts and osteocytes communicate and regulate 

osteoclast differentiation (6). Such mediators include RANKL (Receptor activator 

of nuclear factor kappa-B ligand) and OPG (osteoprotegerin, also known as 

osteoclastogenesis inhibitory factor, (6).  

Osteoclastogenesis 

Osteoclasts are multinucleated cells that originate from hematopoietic 

stem cells (HSCs), which through a series of steps, commit to the 

monocyte/macrophage lineage and eventually mature to multinuclear osteoclasts 

(2). Histologically, the cytoplasm of osteoclasts is characterized by a foamy 

appearance due to a high concentration of vacuoles and vesicles containing acid 

phosphatase filled lysosomes. As mononuclear precursor cells, they begin to 

differentiate and fuse with other precursor cells to become multi-nucleated cells 

(7). Osteoclasts are responsible for bone resorption by degrading extracellular 

matrix and acidification of their environment (4).  The survival and activation of 

mature osteoclasts is dependent upon numerous hormones and cytokines. One 

important cytokine RANKL as discussed above has shown to increase the 

https://en.wikipedia.org/wiki/Osteocalcin
https://en.wikipedia.org/wiki/Osteopontin
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osteoclast life cycle and permit cell function (2).  As a membrane-residing protein 

on osteoblasts and their precursors, RANKL activates RANK on osteoclast 

precursors stimulating osteoclast differentiation and activity through numerous 

pathways (8). M-CSF another essential factor for osteoclast differentiation is 

produced by stromal/osteoblasts cells and is required for osteoclast development 

and survival (9).  Together, RANKL and M-CSF are required for proper 

osteoclast differentiation (10).  

 

Figure 2. Differentiation of HSCs (haematopoietic stem cells) through osteoclast lineage 
via preosteoclasts, which fuse to form multinucleated cells, before maturing into 
osteoclasts. This process requires both M-CSF (macrophage-colony stimulating factor) 
and RANKL (receptor activator nuclear factor kappa B ligand). OPG (osteoprogerin) is 
required for inhibition. Expression of TRAP (tartrate resistant acid phosphate) and CT 
(calcitonin) receptors are induced with RANKL stimulation.  
 

RANKL regulatory pathway 

As a member of the TNF (tumor necrosis factor) superfamily, RANKL has 

traditionally thought to be expressed primarily by bone marrow stromal cells and 

osteoblasts to stimulate osteoclast differentiation upon binding to the RANK 

receptor on osteoclast precursor cells (8). Yet, recent research has shown the 
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important role osteocytes play in the production and secretion of RANKL (11, 12) 

Both in vivo and in vitro, the loss of RANKL results in the absence of 

osteoclastogenesis and an osteopetrotic phenotype (11, 12). Based on mouse 

models, osteoblasts are hypothesized to regulate osteoclast differentiation in 

developing animals while osteocytes regulate osteoclast differentiation in mature 

animals (11).  A decoy receptor that sequestrates RANKL from binding RANK 

when activation is undesired is osteoprotegrin (OPG) (13). If OPG is overly 

expressed, this too can lead to RANKL inactivation and lack of osteoclastogenesis 

(13). Systemic hormones such as parathyroid hormone, vitamin D3, calcitonin, as 

well as other local autocrine and paracrine factors (TNF-α, IL-1, etc.) can regulate 

osteoclastogenesis (14). 
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Figure 3. RANKL is expressed on the surface of osteoblast and stromal cells that 
release OPG into the extracellular matrix. RANKL binds RANK on the surface of 
osteoclast precursors and stimulates osteoclast differentiation and activation once 
cell to cell contact is achieved. OPG acts as a decoy receptor to prevent binding of 
RANKL to RANK. 
 
Osteoclast Role in Dentistry and Orthodontics 

The role of osteoclasts is paramount in the field of dentistry. Although the 

remodeling process of bone is constant and ongoing in the maxilla, mandible, and 

alveolar processes, there are several instances where osteoclast function is 

required in order to achieve a desired outcome set by the practitioner and/or 

maintain homeostasis (15).  
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Figure 4. Orthodontic Force resulting in bone remodeling (16). 

Such circumstances included the extraction of teeth, whether to discard an 

unrestorable tooth, or create space for comprehensive orthodontic treatment where 

the patient presents with severe crowding. In such cases, the tooth socket (bone) is 

exposed to the oral cavity and only separated by a thin biofilm. Over time, this 

portion of exposed bone houses resorption lacuna where osteoclasts separate the 

dead bone from the underlying healthy bone (M). This process allows for the 

removal of necrotic bone and initiation of new bone mineralization in the socket 

site. Osteoclasts also play a key role in orthodontic tooth movement.  

 

Bone Morphogenetic Proteins (BMPs):  

BMPs are members of the TGF-β superfamily of polypeptides and regulate cell 

differentiation, proliferation, and apoptosis at the cellular level in osteoblasts, 

osteoclasts, and chondrocytes in both embryonic and postnatal stages (3). They 
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were first discovered forty years ago by Urist as an osteoinductive component of 

demineralized bone matrix (17). The BMP family also plays a role in 

organogenesis of the heart, gut, lung, teeth, kidney, and skin as well as cartilage 

and bone (18). Within the TGF-β superfamily of growth factors, BMPs are the 

largest group and distinguished from other members in the group by containing 

two extra conserved cysteine amino acids as opposed to the standard seven that 

are folded into a cysteine knot (18). BMPs’ general role in the pathophysiology of 

fracture healing and skeletal development has been broadly explored (19). BMPs 

critical presence in osteoclast and osteoblast development implies they also play a 

key role in bone remodeling (3, 19).  

 

BMP regulation and signaling pathway:  
 
There are several antagonists (both intracellular and extracellular) that regulate 

BMP activity. Intracellular antagonists that regulate BMP signaling include 

Smad6, Smad7, Smad8d, Smurf1, and Smurf2 (18) while extracellular antagonists 

include noggin, chordin, twisted gastrulation, gremlin, and follistatin (18).  There 

are multiple ligands and receptors involved in the BMP signaling pathway. It is 

important to note that BMPs can behave in both a paracrine and autocrine model 

(18); however, the mechanism by which they regulate osteoclast differentiation 

and activity is unknown. The signaling initiation begins when BMPs bind to two 

surface receptors - Type 1R/BMPRII and Type IR/ALK2, 3, 6. These receptors 

activate the SMAD or canonical pathway or MAPKs (mitogen-activated protein 

kinase) or noncanonical signaling transduction pathways (3, 20).  
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Figure 5. Extracellular and intracellular inhibitors modulate BMP’s signaling pathway 
once BMP binds to a surface BMP receptor I and II. This downstream signaling pathway 
includes the canonical Smad and non-canonical Smad independent pathways and 
eventually results in regulating osteoblast and osteoclast differentiation and activation 
genes.  
 
 
BMP and Osteoclast differentiation:  
 
BMP2 does not only affect osteoblast differentiation and activity, but as the 

Mansky/Gopalakrishan lab and others have shown that BMP2 increases osteoclast 

differentiation and function (21-25). Both early lineage cells (bone marrow 

macrophages) and mature osteoclasts express BMP2 (25, 26).  In early 

hematopoetic stem cells, BMP2 can increase or decrease cell proliferation, 

depending on concentration, but BMP stimulation does not affect lineage 

commitment (27).  In lineage committed OCLs, BMP2 acts to enhance survival 
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and proliferation, and its phenotypic effect can be potentiated by IL-1A, 

prostaglandin, vitamin D3, and PTH (26, 28, 29).  Both BMP2 and 4 are highly 

expressed by osteoclasts at fracture sites (30).  Overexpression of BMP4 in bone 

leads to osteopenia due to increased osteoclast number (31).  Due to its ability to 

induce bone formation, although less potently than BMP 2/6/9, BMP7 has been 

approved by the FDA for use in lumbar fusions.  BMP7 like BMP2 and BMP4 

results in enhanced resorption at fracture site (32). 

 

BMPs and their clinical use 

BMPs have also shown to increase the rate of healing and reduced secondary 

intervention in anterior lumbar interbody spine fusions, open tibia fractures, 

reoperation of failed posterolateral spine fusions, and recalcitrant nonunions in 

preclinical studies (33).  In 2004, the FDA approved BMP-2, marketed as Infuse 

(Medtronic Sofamor Danek) for treating open tibial shaft fractures. Additionally, 

BMP-2, when delivered as an absorbable collagen sponge, can treat metaphyseal 

core defects resulting in bone resorption followed by bone formation in 

nonhuman primates (33).  In one clinical study using rh-BMP2 in transforaminal 

lumbar interbody fusion almost all subjects contained active resorption (92%), 

and 69% of patients showed lumbar level defects (34). As related to the dental 

profession, BMP-7, when placed directly in a Class III periodontal defect 

furcation in dogs, showed marked stimulation of regenerative cementum, 

osteogenesis and increased attachment formation (35). Research conducted with 

isolated mice molars pretreated with BMP-2 and BMP-4 notably displayed 
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accelerated alveolar bone development (36).  Although the existing published 

research regarding BMP’s has the potential to have significant clinical 

implications, there is still a necessity to learn more about these potent proteins.  

 

Hypotheses:  

Because there is much unknown about how specific BMPs directly regulate 

osteoclast differentiation, this research will address the following hypothesis:  

1. Treating osteoclasts with RANKL+ increasing concentrations of BMP 4, 

6, or 7 during osteoclast differentiation will enhance differentiation 

compared to RANKL only treated osteoclasts. 

2. Treating mature multinuclear osteoclasts with RANKL+ increasing 

concentrations of BMP 4, 6 or 7 will result in increased osteoclast activity 

(resorption) compared to RANKL only treated osteoclasts.  

If my hypotheses are correct, I expect to see an increase in the size of the 

osteoclasts treated with BMP4, 6 and/or 7 compared to RANKL only treated 

osteoclasts.  We may not see an increase in osteoclast number since in the 

Mansky’s lab experience as the size of the osteoclasts increase due to increase 

fusion then the number of osteoclasts actually decreases. Lastly we expect that 

mature (i.e. multinuclear) osteoclasts when treated with either BMP 4, 6 and/or 7 

will have more activity than osteoclasts treated with RANKL only. If confirmed, 

implications to this outcome would be important for understanding the 

mechanisms by which different BMPs regulate osteoclast differentiation and for 

the clinical applications associated with the use of BMPs.   
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Materials and Methods:  

 

Figure 6. Methods A. Population being studied wild type mice, mice femur 
dissected, bone marrow cells harvested. B. Cells counted using counting 
chambers. C. Cells plated in each well for either differentiation (coated plastic) or 
resorption (calcium/phosphate coated). D. Resorption and differentiation wells fed 
with RANKL and MCSF along with varying degrees of BMP concentration.  
 

Harvesting of bone marrow/Primary OCLs 

Primary bone marrow macrophages were harvested from the femurs and tibiae of 

4-week-old C57Bl6 mice.  The femurs and tibiae were dissected and adherent 

tissue was removed.  The ends of the bones were cut and the marrow was flushed 

from the inner compartments.  Red blood cells (RBC) were lysed from the flushed 

bone marrow tissue with RBC lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 

mM EDTA, pH7.4) and the remaining cells were plated on 100 mm plates and 

cultured overnight in osteoclast medium (phenol red-free Alpha-MEM (Gibco) 

with 5% heat-inactivated fetal bovine serum (Hyclone), 25 units/mL 

penicillin/streptomycin (Invitrogen), 400 mM L-Glutamine (Invitrogen), and 

supplemented with 1% CMG 14-12 culture supernatant containing M-CSF).  The 
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non-adherent cell population, including osteoclast precursor cells, was then 

carefully separated and re-plated at approximately 200,000 cells/well in a 12 well 

plate with osteoclast medium supplemented with 1% CMG 14-12 culture 

supernatant.   Two days later, this medium was replaced with medium containing 

1% CMG 14-12 culture supernatant and 20 ng/mL RANKL (R&D Systems) to 

stimulate osteoclast differentiation. For osteoclast resorption assays, experiments 

were performed and quantitated using calcium phosphate plates (Corning).  

TRAP Stain 

Primary osteoclasts were fixed with 4% paraformaldehyde (PFA) and washed 

with PBS.  The cells were then stained for tartrate resistant acid phosphatase 

(TRAP) expression with tartrate 5 mg, Naphthol AS-MX phosphate, 0.5 mL M, 

M-Dimethyl formamide, 50 mL acetic acid buffer (1 mL acetic acid, 6.8 g sodium 

acetate trihydrate, 11.5 g sodium tartrate in 1 L water) and 25 mg Fast Violet LB 

salt. Cells were then observed and captured with light microscopy and the 

measurements were analyzed using NIH Image J.   

Resorption Assays 

Primary osteoclasts were plated on Corning Osteo Assay Surface plates at a 

density of 100,000 cells per well.  Cells were allowed to fully differentiate with 

RANKL until multinuclear cells appeared.  Differentiation medium was 

supplemented with 200 ng/ml BMP2 or indicated doses of BMP 4, 6 or 7 (50-200 

ng/ml, R&D Systems) for 24 hours.  For all the resorption assays, the media was 

completely removed 24 hours after the addition of BMPs and 100μL/ well of 10% 

bleach was added and allowed to incubate at room temperature for 5 minutes.  
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The bleach solution was then aspirated and the wells were washed twice with 

150μL of dH2O.  The plate was then allowed to air dry completely at room 

temperature for 3-5 hours.  The wells were observed at 4x magnification for the 

formation of resorption pits and images were captured with light microscopy.  

Images were measured and analyzed using NIH Image J.  For Image J analysis, 

images were converted to binary (black and white) and parameters in Image J 

were set so that only osteoclasts that were multinuclear (greater than 3 nuclei) 

were counted and measured.   

Statistics 

All experiments were completed in triplicate and performed at least three times.  

The data shown are representative of the mean + SD of all experiments.  One way 

ANOVA analysis followed by a Tukey’s multiple comparison test were used to 

compare data; p<0.05 indicates significance.  Statistical analysis was performed 

using Prism 5 software for Mac OSX. 

 

Results 

Previous results from the Mansky/Gopalakrishnan lab have demonstrated 

that BMP2 enhances osteoclast differentiation through enhancement of osteoclast 

fusion (21-23, 25, 37).  A limitation to the Mansky/Gopalakrishnan’s previous 

studies is that they only tested BMP2’s effect on osteoclast differentiation and no 

other BMP ligands.  Preliminary studies from the Mansky/Gopalakrishan lab have 

shown that osteoclasts express RNA for BMP ligands 4 and 6 as well as BMP2 

(Mansky, personal communication).  In order to determine how other BMP 

ligands affect osteoclasts, bone marrow cells were isolated from wild-type mice 
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and osteoclasts were cultured.  To measure the effect of BMP 4, 6 or 7 on 

osteoclast differentiation osteoclasts were treated with three different 

concentrations of each BMP ligand (50, 100, 200 ng/mL) and compared to 

RANK-L alone. BMP2 + RANK-L was used as a positive control. The cells were 

then photographed and NIH Image J was used to determine the size or number of 

cells. Each BMP ligand was compared to the control and at each different 

concentration level.  

Figure 7. BMP6 enhances osteoclast differentiation. BMMs were differentiated 
in the presence of M-CSF and RANKL, BMP2 (200 ng/mL) or various 
concentrations of BMP6.  Osteoclasts were TRAP stained, imaged and quantified.  
Only cells with 3 or more nuclei were quantified. (A) Representative image of 
TRAP stained cells (B) osteoclast number and (C) osteoclast size.  

To analyze osteoclast number and size, each well was photographed using 

a microscope equipped with a digital camera. The captured image was analyzed 

by the NIH Image J software. Triplicate photographs were taken from each well at 
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4x magnification. Area measures were completed for both control and cells 

treated with the varying BMP ligands. As shown in Figure 7-9 and as previously 

reported, osteoclasts treated with BMP2 compared to RANKL only treated cells 

showed an increase in osteoclast size (Figure 7-9C, p<0.05) but no significant 

change in osteoclast number (Figure 7-9B).   

To examine the effect of BMP6 on osteoclast differentiation, osteoclast 

precursors were platted in the presence of RANKL and varying (increasing) doses 

of the BMP6. Osteoclasts were TRAP stained, imaged, and analyzed using NIH 

Image J software to assess osteoclast size and number. As you can see in Figure 

7B, BMP6 at the lower dose of 50 ng/mL increased the number of TRAP+ 

multinuclear cells, while at higher doses (100 and 200 ng/mL), BMP6 increased 

the size of the osteoclasts similar to that measured with BMP2 (Figure 7C). 
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Figure 8. BMP4 Enhances Osteoclast Differentiation. BMMs were 
differentiated in the presence of M-CSF and RANKL, BMP2 (200 ng/mL) or 
various concentrations of BMP4. Osteoclasts were TRAP stained, imaged and 
quantified.  Only cells with 3 or more nuclei were quantified. (A) Representative 
image of TRAP stained cells (B) osteoclast number and (C) osteoclast size. 
  

To examine the effect of BMP4 on osteoclast differentiation, osteoclast 

precursors were plated in the presence of RANKL and varying (50, 100 or 200 

ng/mL) concentrations of the BMP4. Osteoclasts were TRAP stained, imaged, 

and analyzed using NIH Image J software to measure osteoclast size and number. 

As you can see in Figure 8, BMP4 at the lower dose of 50 and 100 ng/mL 

increased the size of TRAP+ multinuclear cells compared to RANKL only treated 

cells (Figure 8C), while there was no statistically difference in osteoclast number 

when comparing osteoclasts treated with RANKL alone and osteoclasts treated 

with RANKL and BMP4. 
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Figure 9.  BMP7 Enhances Osteoclast Number.  BMMs were differentiated in 
the presence of M-CSF and RANKL, BMP2 (200 ng/mL) or various 
concentrations of BMP4.  Osteoclasts were TRAP stained, imaged and quantified.  
Only cells with 3 or more nuclei were quantified.  (A) Representative image of 
TRAP stained cells (B) osteoclast number and (C) osteoclast size.  

To examine the effect of BMP7 on osteoclast differentiation, osteoclast 

precursors were platted in the presence of RANKL and varying (50, 100 and 200 

ng/mL) concentrations of the BMP7. Osteoclasts were TRAP stained, imaged, 

and analyzed using NIH Image J software to assess osteoclast size and number. 

As you can see in Figure 9, there is an increase in the number of osteoclasts in the 

presence of BMP7 and RANKL (Figure 9B) when compared with RANKL alone 

but no significant effect on osteoclast size in the presence of BMP7 compared to 

RANKL alone (Figure 9C).  

In the second part of my study, I wanted to separate the effects of BMPs on 

osteoclast differentiation and activity by determining if BMP 4, 6 and 7 enhanced 

osteoclast activity on mature osteoclasts. For this part of the study, BMMs (bone 

marrow macrophages) were differentiated on calcium/phosphate coated plates 

into osteoclasts in the presence of M-CSF and RANKL until multinuclear cells 

appeared.  Once multinuclear or mature cells appeared, BMP 4, 6 or 7 were added 

at various concentrations for 24 hours.  Plates were treated to remove cells, 

imaged and quantified using NIH Image J.    
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Figure 10. BMP 6 Effects on Osteoclast Resorption.  BMMs were flushed from 
mice and plated on calcium phosphate coated plates in the presence of M-CSF 
and RANKL.  (A-D) Various concentrations of BMP6 were added to multinuclear 
osteoclasts for 24 hours.  (A) Representative images of calcium phosphate coated 
wells.  Quantification of  (B) percent area resorbed, (C) average size of pits, (D) 
number of pits. 



20 
 

  

 

 

 

Figure 11. BMP4 Effects on Osteoclast Resorption.  BMMs were flushed from 
mice and plated on calcium phosphate coated plates in the presence of M-CSF 
and RANKL.  (A-D) Various concentrations of BMP4 were added to multinuclear 
osteoclasts for 24 hours.   (A) Representative images of calcium phosphate coated 
wells. Quantification of  (B) percent area resorbed, (C) average size of pits, (D) 
number of pits. 
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Figure 12. BMP7 Effects on Osteoclast Resorption.  BMMs were flushed from 
mice and plated on calcium phosphate coated plates in the presence of M-CSF 
and RANKL.  (A-D) Various concentrations of BMP7 were added to multinuclear 
osteoclasts for 24 hours.   (A) Representative images of calcium phosphate coated 
wells.  Quantification of  (B) percent area resorbed, (C) average size of pits, (D) 
number of pits. 

 As is shown in Figures 10 and 11, there is no statistically significant 

difference between BMP6 (Figure 10B-C) or BMP4 (Figure 11B-C) treated 

osteoclasts compared to RANKL only treated when measuring osteoclast activity.  

However in Figure 12 treatment of mature osteoclasts with BMP7 significantly 

enhances osteoclast activity compared to RANKL treated osteoclasts. There is an 
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approximate two-fold increase in percent resorbed as the BMP7 concentration 

level increases as well as an increase at 200 ng/mL in pit size.  It appears as the 

areas of resorption increased in size, the pit number decreased which could be due 

to the coalescing of the pits as seen in Figure 12A RANKL + BMP7 (200).  

Discussion: 

Previously the Mansky/Gopalakrishnan lab had published that addition of 

exogenously added BMP2 to osteoclast cultures enhanced RANKL activation of 

osteoclast differentiation (25).  To further support the direct role of BMPs to 

regulate osteoclasts, the Mansky/Gopalakrishnan went on to further demonstrate 

that loss of BMP receptor type II in osteoclasts leads to a decrease in osteoclast 

differentiation and an osteopetrotic phenotype in null mice (22).  Previous 

research from other labs had shown the role of BMPs in regulating osteoclasts 

through regulation of osteoclast precursors (M-CSF), differentiation factors 

(RANK-L), and inhibitory factors (OPG).  Up to this point the studies from the 

Mansky/Gopalakrishnan lab have focused on the effect of BMP2 on osteoclast 

differentiation and activity.  My research project focused on the effect of BMP 4, 

6 and 7 on osteoclast differentiation and activity.  I chose to experimentally test 

BMP 4, 6 and 7 because besides BMP 2, BMP 4, 6 and 7 are the most highly 

expressed BMPs in the bone. I experimentally tested whether addition of BMP 4, 

6 or 7 to RANKL treated osteoclasts would enhance osteoclast differentiation.    

Based on my results, I determined that BMP 4 and BMP 6 enhanced the size of 

TRAP positive osteoclasts (Figure 7-8) but not osteoclast number.  However, 

when I tested the addition of BMP7 to osteoclast cultures, I found that BMP7 
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increased number of TRAP positive osteoclasts but not osteoclast size (Figure 9).  

This data suggests that BMP7 may act to enhance osteoclast differentiation 

through a different mechanism compared to BMPs 2, 4 and 6.  

I also determined whether there is an increase in osteoclast activity when 

BMP 4, 6 or 7 where added to mature osteoclasts. As shown in figures 10-12, I 

only measured an increase in osteoclast activity compared to RANKL treated 

osteoclasts with the addition of BMP 7 (see Figure 12).  One caveat to the 

experiments looking at the effects of BMPs on osteoclast activity is that I did not 

measure an increase in activity of mature osteoclasts with the addition of BMP2 

as previously published by the Mansky/Gopalakrishnan lab (23).   It is not clear at 

this time why I was not able to measure an increase in activity with BMP2 but the 

Mansky lab is in the process of repeating those experiments under different 

conditions.   

   The goal of these experiments was to gain a better understanding of 

BMP’s and their influence on osteoclasts. BMP’s have been shown to be effective 

in treating healing fractures, bone defects in long bones and the cranium and even 

alveolar bone regeneration in animal studies (20). The FDA has only approved 

limited use of recombinant BMPs clinically since the full scope of BMP’s effect 

on other cells is not fully understood. Long bone nonunion fractures, lumbar 

spinal fusion, and alveolar ridge/sinus augmentation are the few applications 

rhBMP are currently approved for in the clinic.  It is important to note that in the 

case of lumbar spinal fusion application, conflicting reports have been published 

where the outcome was undesirable such as ectopic bone formation (32).  Besides 
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bone metabolic disorders, gained knowledge about BMPs can influence the way 

we practice orthodontics. Influencing bone resorption and deposition may be used 

in various ways such as increasing tooth movement rates and increase bone 

healing/integration rates after bone grafting (especially for our cleft lip/palate 

patients). Ultimately, the use of BMPs has the potential to reduce treatment time 

for our orthodontic patients and increase the success rates of certain procedures 

that involve bone remodeling and regeneration.  

Conclusion 

There is lack of understanding about the pathway from osteoclast 

precursor cells committing to the lineage and fusion between differentiated 

osteoclasts. BMP6 and BMP4 were able to enhance osteoclast size during 

differentiation with BMP4 more active at lower doses when compared to BMP6. 

BMP7 appears to enhance osteoclast in number rather than size and this may 

suggest a different mechanism of action when compared to BMP4 and BMP6. 

BMP 4 and 6 do not appear to affect osteoclast resorption. BMP7 appears to 

increase resorption at higher doses when compared to RANKL. Experiments 

exploring mechanisms to understand how BMPs increase osteoclast size, number 

and activity are currently ongoing in the Mansky/Gopalakrishnan lab.   

 

 

 

 



25 
 

Bibliography 

1. Long F. Building strong bones: Molecular regulation of the osteoblast lineage. 
Nat Rev Mol Cell Biol. 2011 Dec 22; 13(1): 27-38. 

2. Teitelbaum SL. Bone resorption by osteoclasts. Science. 2000 Sep 1; 
289(5484): 1504-8. 

3. Giannoudis PV, Kanakaris NK, Einhorn TA. Interaction of bone 
morphogenetic proteins with cells of the osteoclast lineage: Review of the 
existing evidence. Osteoporos Int. 2007 Dec; 18(12): 1565-81. 

4. Raggatt LJ, Partridge NC. Cellular and molecular mechanisms of bone 
remodeling. J Biol Chem. 2010 Aug 13; 285(33): 25103-25108. PMCID: 
PMC2919071. 

5. Describe the process of bone remodeling [homepage on the Internet]. . 2015. 
Available from: http://www.orthopaedicsone.com. 

6. Xiong J, Onal M, Jilka RL, Weinstein RS, Manolagas SC, O'Brien CA. Matrix-
embedded cells control osteoclast formation. Nat Med. 2011 Sep 11; 17(10): 
1235-1241. PMCID: PMC3192296. 

7. Xing L, Xiu Y, Boyce BF. Osteoclast fusion and regulation by RANKL-
dependent and independent factors. World journal of orthopedics. 2012 Dec 18; 
3(12): 212-22. 

8. Udagawa N, Takahashi N, Jimi E, Matsuzaki K, Tsurukai T, Itoh K, Nakagawa 
N, Yasuda H, Goto M, Tsuda E, Higashio K, Gillespie MT, Martin TJ, Suda T. 
Osteoblasts/stromal cells stimulate osteoclast activation through expression of 
osteoclast differentiation factor/RANKL but not macrophage colony-stimulating 
factor: Receptor activator of NF-kappa B ligand. Bone. 1999 Nov; 25(5): 517-
523. 

9. Kodama H, Nose M, Niida S, Yamasaki A. Essential role of macrophage 
colony-stimulating factor in the osteoclast differentiation supported by stromal 
cells. J Exp Med. 1991 May 1; 173(5): 1291-1294. PMCID: PMC2118848. 

10. Quinn JM, Elliott J, Gillespie MT, Martin TJ. A combination of osteoclast 
differentiation factor and macrophage-colony stimulating factor is sufficient for 
both human and mouse osteoclast formation in vitro. Endocrinology. 1998 Oct; 
139(10): 4424-4427. 

11. Xiong J, O'Brien CA. Osteocyte RANKL: New insights into the control of 
bone remodeling. J Bone Miner Res. 2012 Mar; 27(3): 499-505. PMCID: 
PMC3449092. 

http://www.orthopaedicsone.com/


26 
 

12. Nakashima T, Hayashi M, Fukunaga T, Kurata K, Oh-Hora M, Feng JQ, 
Bonewald LF, Kodama T, Wutz A, Wagner EF, Penninger JM, Takayanagi H. 
Evidence for osteocyte regulation of bone homeostasis through RANKL 
expression. Nat Med. 2011 Sep 11; 17(10): 1231-1234. 

13. Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, Elliott R, 
Colombero A, Elliott G, Scully S, Hsu H, Sullivan J, Hawkins N, Davy E, 
Capparelli C, Eli A, Qian YX, Kaufman S, Sarosi I, Shalhoub V, Senaldi G, Guo 
J, Delaney J, Boyle WJ. Osteoprotegerin ligand is a cytokine that regulates 
osteoclast differentiation and activation. Cell. 1998 Apr 17; 93(2): 165-76. 

14. Soysa NS, Alles N, Aoki K, Ohya K. Osteoclast formation and differentiation: 
An overview. J Med Dent Sci. 2012 Nov 8; 59(3): 65-74. 

15. Roberts-Harry D, Sandy J. Orthodontics. part 11: Orthodontic tooth 
movement. Br Dent J. 2004 Apr 10; 196(7): 391-4; quiz 426. 

16. From ancient egyptians to modern day: How orthodontics has evolved 
throughout history [homepage on the Internet]. . 2015. Available from: 
http://www.imageorthodontics.com. 

17. Urist MR. Bone: Formation by autoinduction. Science. 1965 Nov 12; 
150(698): 893-9. 

18. Bragdon B, Moseychuk O, Saldanha S, King D, Julian J, Nohe A. Bone 
morphogenetic proteins: A critical review. Cell Signal. 2011 Apr; 23(4): 609-620. 

19. Rahman MS, Akhtar N, Jamil HM, Banik RS, Asaduzzaman SM. TGF-
beta/BMP signaling and other molecular events: Regulation of osteoblastogenesis 
and bone formation. Bone Res. 2015 Apr 14; 3: 15005. PMCID: PMC4472151. 

20. Carreira AC, Lojudice FH, Halcsik E, Navarro RD, Sogayar MC, Granjeiro 
JM. Bone morphogenetic proteins: Facts, challenges, and future perspectives. J 
Dent Res. 2014 Apr; 93(4): 335-345. 

21. Rodriguez JS, Mansky KC, Jensen ED, Carlson AE, Schwarz T, Pham L, 
Mackenzie B, Prasad H, Rohrer MD, Petryk A, Gopalakrishnan R. Enhanced 
osteoclastogenesis causes osteopenia in twisted gastrulation-deficient mice 
through increased BMP signaling. J Bone Miner Res. 2009 May 6; 24(11): 1917-
26. 

22. Broege A, Pham L, Jensen ED, Emery A, Huang TH, Stemig M, Beppu H, 
Petryk A, O'Connor M, Mansky K, Gopalakrishnan R. Bone morphogenetic 
proteins signal via SMAD and mitogen-activated protein (MAP) kinase pathways 
at distinct times during osteoclastogenesis. J Biol Chem. 2013 Dec 27; 288(52): 
37230-37240. PMCID: PMC3873576. 

http://www.imageorthodontics.com/


27 
 

23. Tasca A, Stemig M, Broege A, Huang B, Davydova J, Zwijsen A, Umans L, 
Jensen ED, Gopalakrishnan R, Mansky KC. Smad1/5 and smad4 expression are 
important for osteoclast differentiation. J Cell Biochem. 2015 Jul; 116(7): 1350-
1360. PMCID: PMC4431909. 

24. Pham L, Beyer K, Jensen ED, Rodriguez JS, Davydova J, Yamamoto M, 
Petryk A, Gopalakrishnan R, Mansky K. Bone morphogenetic protein 2 SIgnaling 
in osteoclasts is negatively regulated by BMP antagonist, twisted gastrulation. 
Journal of Cellular Biochemistry. 2010; 112: 793-803. 

25. Jensen ED, Pham L, J. BC,Jr, Espe K, Carlson AE, Westendorf JJ, Petryk A, 
Gopalakrishnan R, Mansky KC. Bone morphogenetic protein 2 directly enhances 
differentiation of murine osteoclast precursors. Journal of Cellular Biochemistry. 
2010; 109(4): 672-82. 

26. Itoh K, Udagawa N, Katagiri T, Iemura S, Ueno N, Yasuda H, Higashio K, 
Quinn JM, Gillespie MT, Martin TJ, Suda T, Takahashi N. Bone morphogenetic 
protein 2 stimulates osteoclast differentiation and survival supported by receptor 
activator of nuclear factor-kappaB ligand. Endocrinology. 2001 Aug; 142(8): 
3656-62. 

27. Bhatia M, Bonnet D, Wu D, Murdoch B, Wrana J, Gallacher L, Dick JE. Bone 
morphogenetic proteins regulate the developmental program of human 
hematopoietic stem cells. J Exp Med. 1999 Apr 5; 189(7): 1139-1148. PMCID: 
PMC2193014. 

28. Blackwell KA, Hortschansky P, Sanovic S, Choudhary S, Raisz LG, Pilbeam 
CC. Bone morphogenetic protein 2 enhances PGE(2)-stimulated osteoclast 
formation in murine bone marrow cultures. Prostaglandins Other Lipid Mediat. 
2009 Dec; 90(3-4): 76-80. PMCID: PMC2783417. 

29. Koide M, Murase Y, Yamato K, Noguchi T, Okahashi N, Nishihara T. Bone 
morphogenetic protein-2 enhances osteoclast formation mediated by interleukin-
1alpha through upregulation of osteoclast differentiation factor and 
cyclooxygenase-2. Biochem Biophys Res Commun. 1999 May 27; 259(1): 97-102. 

30. Spector JA, Luchs JS, Mehrara BJ, Greenwald JA, Smith LP, Longaker MT. 
Expression of bone morphogenetic proteins during membranous bone healing. 
Plast Reconstr Surg. 2001 Jan; 107(1): 124-34. 

31. Okamoto M, Murai J, Yoshikawa H, Tsumaki N. Bone morphogenetic 
proteins in bone stimulate osteoclasts and osteoblasts during bone development. J 
Bone Miner Res. 2006 Jul; 21(7): 1022-33. 

32. Rocque BG, Kelly MP, Miller JH, Li Y, Anderson PA. Bone morphogenetic 
protein-associated complications in pediatric spinal fusion in the early 



28 
 

postoperative period: An analysis of 4658 patients and review of the literature. J 
Neurosurg Pediatr. 2014 Dec; 14(6): 635-643. 

33. Seeherman H, Wozney JM. Delivery of bone morphogenetic proteins for 
orthopedic tissue regeneration. Cytokine Growth Factor Rev. 2005 Jun; 16(3): 
329-345. 

34. McClellan JW, Mulconrey DS, Forbes RJ, Fullmer N. Vertebral bone 
resorption after transforaminal lumbar interbody fusion with bone morphogenetic 
protein (rhBMP-2). J Spinal Disord Tech. 2006 Oct; 19(7): 483-486. 

35. Giannobile WV, Ryan S, Shih MS, Su DL, Kaplan PL, Chan TC. 
Recombinant human osteogenic protein-1 (OP-1) stimulates periodontal wound 
healing in class III furcation defects. J Periodontol. 1998 Feb; 69(2): 129-137. 

36. Ou M, Zhao Y, Zhang F, Huang X. Bmp2 and Bmp4 accelerate alveolar bone 
development. Connect Tissue Res. 2015 Jun; 56(3): 204-211. 

37. Pham L, Beyer K, Jensen ED, Rodriguez JS, Davydova j, Yamamoto M, 
Petryk A, Gopalakrishnan R, Mansky KC. Bone morphogenetic 2 signaling in 
osteoclasts is negatively regualted by the BMP antagonist, twisted gastrulation. ; 
under revision. 

 


	Part 1 Title page and Copyright
	Part 2 Roman Numerals Section
	Part 3 Body of Thesis PaperKMedit

