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Abstract: Bone morphogenetic proteins (BMPs) are members of the TGF-β superfamily and play a critical role in 
skeletal development, bone formation and stem cell differentiation. Disruptions in BMP signaling result in a variety 
of skeletal and extraskeletal anomalies. BMP9 is a poorly characterized member of the BMP family and is among 
the most osteogenic BMPs, promoting osteoblastic differentiation of mesenchymal stem cells (MSCs) both in vitro 
and in vivo. Recent findings from various in vivo and molecular studies strongly suggest that the mechanisms gov-
erning BMP9-mediated osteoinduction differ from other osteogenic BMPs. Many signaling pathways with diverse 
functions have been found to play a role in BMP9-mediated osteogenesis. Several of these pathways are also critical 
in the differentiation of other cell lineages, including adipocytes and chondrocytes. While BMP9 is known to be a 
potent osteogenic factor, it also influences several other pathways including cancer development, angiogenesis and 
myogenesis. Although BMP9 has been demonstrated as one of the most osteogenic BMPs, relatively little is known 
about the specific mechanisms responsible for these effects. BMP9 has demonstrated efficacy in promoting spinal 
fusion and bony non-union repair in animal models, demonstrating great translational promise. This review aims to 
summarize our current knowledge of BMP9-mediated osteogenesis by presenting recently completed work which 
may help us to further elucidate these pathways. 
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Introduction

Bone morphogenetic proteins (BMPs) are mem-
bers of the TGF-β superfamily and play a critical 
role in skeletal development, bone formation 
and stem cell differentiation [1, 2]. These fac-
tors were discovered when it was found that 
demineralized bone could induce de novo bone 
formation [3, 4]. At least 15 different BMPs 
have been identified in humans, and disrup-
tions in BMP signaling result in a variety of skel-
etal and extraskeletal anomalies [5, 6]. BMP9, 
also known as growth differentiation factor 2 or 
GDF-2, is a relatively poorly characterized mem-

ber of the BMP family that was first isolated 
from fetal mouse liver cDNA libraries. BMP9 is 
highly expressed in the developing mouse liver 
and stimulates hepatocyte proliferation [7]. It 
also induces and maintains the cholinergic phe-
notype within basal forebrain neurons, inhibits 
hepatic glucose production, inhibits critical 
enzymes of lipid metabolism, and helps main-
tain the homeostasis of iron metabolism [8-10]. 
BMP9 is also a synergistic factor for hematopoi-
etic progenitor cell generation [11]. 

BMP9 is among the most osteogenic BMPs, 
promoting osteoblastic differentiation of mes-

http://www.AJSC.us


BMP9 regulates stem cell differentiation

2	 Am J Stem Cell 2013;2(1):1-21

enchymal stem cells (MSCs) both in vitro and in 
vivo [1, 12-16]. We have demonstrated that 
BMP9 regulates a distinct set of downstream 
targets that likely play a role in osteoinduction 
and will be discussed later in this review [12-
16]. Unique among members of the TGF-β 
superfamily, the mature BMP9 protein retains 
the N-terminal pro-region that is generally 
cleaved in other BMPs prior to secretion. 
Retainment of the pro-region does not result in 
functional inhibition of BMP9 and may in fact 
stabilize the mature protein after secretion [5, 
6, 17-23]. Also unlike other BMPs, BMP9 has 
poor affinity for BMPR-IA, a receptor that gener-
ally transduces BMP signaling [17]. Taken 
together, these findings strongly suggest that 
the mechanisms governing BMP9-mediated 
osteoinduction of MSCs may differ from other 
osteogenic BMPs. While BMP9 has been dem-
onstrated as one of the most osteogenic BMPs, 
little is known about the detailed mechanisms 
responsible for its functions. This review aims 
to summarize our current knowledge of BMP9-
mediated osteogenesis, which may help us to 
further elucidate these pathways. 

Bone morphogenetic proteins (BMPs) and 
osteogenesis

While the specific molecular mechanisms 
underlying BMP-mediated osteogenesis are 
somewhat poorly characterized, various stud-
ies have nonetheless demonstrated that BMPs 
play a critical role in osteogenic differentiation; 
adenoviral, retroviral and recombinant BMP 
overexpression have been shown to induce 
bone formation in animal models [24-44]. 
Because of the osteoinductive effects first 
demonstrated in these studies, recombinant 
BMPs are now increasingly being utilized clini-
cally in bone regeneration applications. 
Recombinant BMP2 (rhBMP2) and BMP7 
(rhBMP7) have been extensively studied and 
are widely used to augment bone healing, with 
better fusion rates than autografts and few 
associated complications [32, 40, 42, 43, 
45-52]. While many studies have successfully 
demonstrated the osteo-regenerative effects 
of BMP2 and BMP7 andpaved the way for suc-
cessful use of these BMPs in the clinical arena, 
it is unknown if these two members are actually 
the most osteogenic BMPs. 

Osteogenic BMPs include 2, 4, 6, 7 and 9, with 
BMP9 demonstrating the most potent osteo-
genic activity both in vitro and in vivo (Figure 1) 

[14, 53-61]. Exposure of MSCs to these osteo-
genic BMPs results in increased expression of 
osteoblast-specific markers, including connec-
tive tissue growth factor (CTGF), inhibitor of 
DNA binding (Id), the early osteogenic marker 
alkaline phosphatase (ALP), the late osteogenic 
markers osteocalcin and osteopontin and 
Cbfa1/Runx2 [13-16, 56, 62-64]. Previously, 
the osteogenic activity of all BMPs could not be 
analyzed since the recombinant form of each 
BMP was not available. However, we conducted 
a comprehensive analysis of both the in vitro 
and in vivo osteogenic activity of 14 BMPs 
using adenoviral-mediated gene delivery into 
mesenchymal stem cells (MSCs), bone marrow 
stromal cells with the ability to differentiate 
along osteogenic, chondrogenic, adipogenic 
and myogenic lineages [1, 14, 54, 56, 65, 66]. 
Our results show BMP2, BMP6 and BMP9 as 
the most osteogenic BMPs (Figure 1A and 1B) 
[1, 14, 56]. While BMP9 demonstrated the 
most potent osteoinduction in our analysis [1, 
56], it remains one of the least studied and 
most poorly characterized BMPs and thus mer-
its further investigation. The findings of our 
comprehensive analysis of BMPs in bone for-
mation suggest that BMP9 may represent a 
more effective strategy for the augmentation of 
bone regeneration than the BMPs currently 
used in the clinical setting. 

BMP9 induces osteogenic differentiation and 
bone regeneration

Several recent investigations have reported the 
osteogenic nature of BMP9 and implicated its 
role in osteoblastic differentiation and bone 
regeneration. Xu et al. demonstrated that ade-
noviral-mediated overexpression of BMP9 in 
C3H10T1/2 MSCs intensively increased alka-
line phosphatase (ALP) activity, an early marker 
of osteogenic differentiation, as well as calcium 
deposition as indicated by Alizarin Red S stain-
ing [67], findings consistent with several other 
previous studies [11, 14, 68]. Cheng et al. dem-
onstrated that adenoviral-mediated overex-
pression of BMP9 in C3H10T1/2 MSCs result-
ed in a 181-fold increase in ALP activity nine 
days after infection, with significant increases 
in ALP activity observed as early as five days 
post-infection [12]. Increased ALP was also 
seen in BMP9-stimulated preosteoblastic 
C2C12 cells and osteoblastic TE85 cells as 
early as three days after infection. RT-PCR of 
BMP9-stimulated C3H10T1/2 and C2C12 cells 
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demonstrated increased expression of the late 
osteoblastic marker osteocalcin, and Alizarin 
Red immunohistochemical staining of BMP9-
stimulated C3H10T1/2 cells demonstrated 
mineralized osteoid nodules. Furthermore, 
Kang et al. demonstrated that induction of the 
aforementioned osteogenic markers was sig-
nificantly higher in BMP9-treated cells than in 
BMP2 or BMP7 treated cells, findings consis-
tent with the study by Cheng et al. [1, 12] . Kang 
et al. also found that BMP3, a known inhibitor 
of the well-characterized BMP2- and BMP7-
mediated osteogenesis, did not inhibit BMP9-
mediated bone formation, with samples dem-
onstrating multiple foci of woven trabecular 
bone similar to BMP9 injection alone (Figure 
1A) [1]. This finding suggests that BMP9-
mediated osteogenesis may occur via a distinct 
mechanism from other osteogenic BMPs.

Non-adenoviral delivery of BMP9 has also dem-
onstrated potent osteoinduction of MSCs [69-
71]. In the first study to successfully utilize non-
viral, ultrasound-based osteogenic gene 
delivery to form bone tissue in vivo, Sheyn et al. 
demonstrated that direct sonoporation of 
rhBMP9 into mouse quadriceps muscles 
caused the formation of ectopic bone tissue as 
demonstrated by osteocalcin-dependent lucif-

erase (Luc) expression, micro-CT and histology 
[71]. Aslan et al. demonstrated that nucleofec-
tion, a novel electropermeabilization-based 
technique, of human MSCs (hMSCs) with BMP9 
caused bone formation at four weeks post-
injection and significantly increased calcium 
deposition in vitro [69]. Bergeron et al. demon-
strated the osteoinductive effects of a peptide 
derived from BMP9 (pBMP9); treatment of 
MC3T3-E1 preosteoblastic cells with pBMP9 
induced downstream phosphorylation of Smad 
uninhibited by noggin, a known extracellular 
antagonist of BMP2 [72]. Furthermore, pBMP9 
caused a dose-dependent increase in ALP 
activity, and quantitative real-time PCR demon-
strated activation of the osteogenic genes 
Runx2, Osterix, type 1 collagen a1 and osteo-
calcin as early as six days post-treatment [72]. 
A subsequent study utilized two delivery sys-
tems (DS) for pBMP9, one based on collagen 
and the other on chitosan. Only the chitosan DS 
containing BMP9 induced strong bone forma-
tion in mice quadriceps within 24 days, demon-
strating the importance of the carrier in opti-
mizing pBMP9 efficiency [73]. 

While multiple exogenous delivery systems 
have demonstrated the osteogenic properties 
of BMP9, several in vivo studies have confirmed 

Figure 1. BMP9 induces osteogenesis of MSCs. A. Osteogenic AdBMPs (BMP2, -6, -7 or 9)-transduced C2C12 
MSCs were injected intramuscularly alone (top row) or with AdBMP3 (bottom row), and representative radiographs 
are seen at three weeks. Reproduced from Gene Therapy 11: 1312-1320 (2004) [1]. B. MicroCT analysis of tissue 
masses at five weeks following subcutaneous injection of GFP, BMP2 or BMP9-transduced MSCs. Reproduced from 
Stem Cells and Development 18: 545-558 (2009) [56]. C. Microarray and clustering analysis of BMP-transduced 
C2C12 MSCs. Representative sub-hierarchical clusters of down-regulated genes (1) and down-regulated genes (2) 
are shown. Reproduced from Journal of Cellular Biochemistry 90:1149-1165 (2003) [15].
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BMP9 as a potent inducer of bone formation. 
Athymic nude mice injected with BMP9-
transduced C2C12 cells into the quadriceps 
muscles demonstrated significant orthotopic 
bone formation on both X-ray and histologic 
evaluation [1, 2, 57]. Several recent studies 
have suggested that skeletal muscle may har-
bor multipotent MSCs as well as osteoblastic 
progenitor cells [28, 33, 74]. When adenoviral-
ly-delivered BMP9 (AdBMP9) was directly 
injected into the quadriceps muscles of athy-
mic nude mice, there was evidence of increased 
osteoid matrix production and formation of 
mature lamellar bone compared to BMP2- and 
7-treated groups. Direct intramuscular injection 
of AdBMP9 induced more diffuse ossification 
less readily detectable by X-ray, demonstrating 
lower efficiency of bone formation than intro-
duction of AdBMP-transduced osteoblast pro-
genitor cells. Similar results were seen also 
seen in rats in a study by Li et al [1, 75]; helper-
dependent adenoviral vectors were used to 
decrease the immune response in immune 
competent Sprague-Dawley rats. Helper-
dependent GFP and BMP9 adenoviral vector 
(ADGBMP9) were used to transduce human 
MSCs (hMSCs) before injection into the quadri-
ceps muscles of both athymic nude and 
Sprague-Dawley rats [75]. By three days after 
injection, ADGBMP9 induced bone formation, 
and by day nine, ectopic ossification was visible 
on CT scan, ultimately forming significant 
amounts of bone. Furthermore, the BMP9-
induced the ectopic bone was histologically 
determined to be the result of normal physio-
logic endochondral mechanisms. 

BMP9 has also demonstrated efficacy in induc-
ing spinal fusion and fracture non-union repair 
in animal models, and these studies hold great 
promise regarding translation to the clinical 
arena [76, 77]. Dumont et al. treated 16 athy-
mic nude rats with a percutaneous lumbar 
paraspinal injection of AdBMP9-transduced 
hMSCs. Eight weeks after injection, CT scans 
and histological analysis of the lumbosacral 
spine demonstrated large volumes of ectopic 
bone formation at the injection sites and suc-
cessful spinal fusion without evidence of nerve 
root compression or local toxicity; control 
groups demonstrated no evidence of osteogen-
esis [76]. In a 2011 study by Kimelman-Bleich 
et al., fracture non-union was created in the 
radii of C3H/HeN mice and filled with a colla-
gen sponge which ten days later was electro-

porated with BMP9 plasmid [77]. Micro-CT and 
histologic analysis of these BMP9 electropor-
ated radii demonstrated bone formation bridg-
ing the defect and healing of the non-union, 
whereas the control groups’ radii remained 
gapped. Li Xiang et al. recently investigated the 
effects of adenovirally-delivered BMP9 on the 
osteogenic differentiation of muscle-derived 
stem cells (MDSC) and bone formation in a rat 
radius defect repair model [78]. A 12 mm bone 
defect in the middle segment of the radius was 
introduced specifically to fit the implant length. 
The BMP9 treatment group demonstrated 
more rapid callus and larger bone formation 
surrounding the implant with connected ends 
of previously broken bone; most marrow cavi-
ties recanalized compared to the BMP2 and 
control treatment groups, which demonstrated 
slower bone formation with incomplete connec-
tion of the broken bone. Finally, Leblanc et al. 
demonstrated that BMP9 induced heterotopic 
ossification only within damaged muscle but 
not healthy skeletal muscle, and the addition of 
the soluble form of the ALK1 protein (a type I 
BMP receptor) inhibited osteogenesis in dam-
aged muscles [79]. 

BMP9-induced bone formation shows an ossifi-
cation pattern distinct from other BMPs. In a 
comprehensive analysis of the orthotopic bone-
forming activity of BMPs, Kang et al. investigat-
ed the histology of orthotopic bone formation in 
athymic nude mice injected with AdBMP2, 6, 7 
and 9-transduced C2C12 cells at three weeks 
and five weeks post-injection [1]. BMP9-treated 
MSCs at three weeks demonstrated variable 
degrees of ossification with multiple foci of 
immature woven bone, while BMP2 treated 
MSCs showed significantly less ossification and 
poorly developed, small foci of woven bone. 
Five-week samples demonstrated increased 
maturation in the BMP9 group with less exten-
sive ossification in the BMP2 group. 
Furthermore, cartilaginous differentiation, car-
tilaginous matrix and bone marrow elements 
were significantly increased in the AdBMP9 
group. Varady et al. performed a morphologic 
analysis of BMP9-induced osteogenesis in both 
athymic nude and Sprague-Dawley rats [43]. 
Briefly, AdBMP9 was injected into the quadri-
ceps muscles, and morphologic analysis using 
light microscopy, electron microscopy, BrdU 
immunohistochemistry and computed tomog-
raphy (CT) analysis was performed at various 
time points. Primitive MSCs were seen between 
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muscle fibers beginning three days after BMP9 
injection. MSCs differentiated into primitive 
chondroblasts secreting a loose extracellular 
matrix by six days, and nearly all recruited 
MSCs had differentiated into chondroblasts by 
nine days. Some areas of hypertrophic chon-
drocytes appearing histologically similar to the 
epiphyseal end plate were seen by 12 days. 
Cartilaginous matrix was replaced by woven 
bone between days 12 and 19 with mature 
lamellar bone seen by three months. There was 
no evidence of MSC proliferation or bone for-
mation in the control groups of either athymic 
or Sprague-Dawley rats. Investigating the dif-
ferential expression of BMPs in fresh human 
intramembraneous and endochondral bones 
as well as cell lines derived from these two 
types of bone, Suttapreyarsi et al. recently 
identified BMP9 expression in human bone for 
the first time [80]. BMP mRNA expression from 
samples of normal human intramembranous 
and endochondral bone was assessed using 
primers encoding for conserved regions of vari-
ous BMPs and RT-PCR. There was no significant 
difference in BMP9 mRNA expression in fresh 
human intramembranous and endochondral 
bone with a trend toward increased expression 
in endochondral bone samples. In primary cul-
ture of human intramembraneous and endo-
chondral-derived osteoblastic cell lines, there 
was again no significant difference in BMP9 
expression with less of a trend toward increased 
expression in endochondral-derived cells. 
Nonetheless, further studies are necessary to 
determine the specific function of BMP9 in nor-
mal bone homeostasis. The aforementioned 
studies and associated histologic analyses 
illustrate that the process of BMP9-induced 
osteogenesis resembles the sequential physi-
ologic phases of endochondral ossification 
occurring during the repair of bony fractures. 
These results suggest that BMP9 may very well 
be a more effective therapy for the induction of 
bone regeneration in the clinical setting than 
the currently utilized BMP2 and BMP7. While 
the specific mechanisms of BMP9-mediated 
osteogenesis remain to be defined, it appears 
that the BMP9-mediated osteogenic pathway is 
unique from that of other members of the BMP 
family.

BMP9 signaling pathway

While the specific mechanisms responsible for 
BMP9-mediated osteogenesis are still being 
determined, a considerable amount of work 

has been performed to elucidate the signaling 
pathways of the BMPs. BMP signaling trans-
duction begins with the binding of a heterodi-
meric complex of two transmembrane serine/
threonine kinase receptors, BMPR type 1 and 
BMPR type 2 [81, 82]; these activated receptor 
kinases in turn transduce signals by phosphor-
ylating the transcription factors Smad1, 5 and/
or 8 [4]. Phosphorylated Smads then form a 
heterodimeric complex with Smad4 within the 
nucleus, activating transcription of target 
genes [81, 83, 84]. BMP9-mediated osteogen-
esis likely occurs by overlapping yet unique sig-
naling pathways from other osteogenic mem-
bers of the BMP family. While BMP9 induces 
phosphorylation of the Smad pathway like other 
osteogenic members of the BMP family, the 
extracellular antagonist noggin does not inhibit 
BMP9 signal transduction as it does with other 
BMPs [72]. Similarly, we demonstrated that 
BMP3, an inhibitor of BMP2 and BMP7-
mediated osteogenesis, has no inhibitory effect 
on BMP9-mediated bone formation (Figure 1A) 
[1]. Subsequent studies investigating BMP9-
mediated osteogenesis have identified unique 
signaling pathways that are essential for BMP-
mediated osteoinduction.

TGF-β/BMP type I and type II receptors re-
quired for BMP9 signaling 

BMP binding to the heterodimeric complex of 
BMPR type 1 and type 2 facilitates cross-phos-
phorylation of the type I receptor by the consti-
tutively active type II receptor, leading to down-
stream signaling [85]. While ALK1, ALK5 and 
endoglin have been described as potential 
BMP9 type I receptors, recent studies have fur-
ther investigated the receptors necessary for 
BMP9-mediated osteogenesis [17, 86-88]. Luo 
et al. performed a comprehensive analysis of 
seven functional type I receptors in BMP9-
mediated osteogenic differentiation of MSCs 
[11]. Although most of the seven type I recep-
tors are expressed in MSCs, dominant negative 
mutations of these seven type I receptors dem-
onstrated that only ALK1 and ALK2 mutants 
effectively inhibit BMP9-mediated osteogenic 
differentiation in vitro and ectopic bone forma-
tion in vivo. ALK1 and 2 were found to directly 
interact with BMP9 as assessed by protein 
fragment complementation, and RNA-
inferrence (RNAi) silencing of ALK1 and 2 inhib-
ited BMP9-induced BMPR-Smad activity and 
osteogenic differentiation of MSCs in vitro and 
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in vivo. These results strongly suggest that 
ALK1 and ALK2 are the type I TGF-β receptors 
responsible for BMP9 osteogenic signaling. 

Four different types of type II TGF-β receptors 
have been identified: TGFβ-RII, ActRII, ActRIIB 
and BMPRII. Multiple studies have shown that 
type II TGF-β receptors are largely responsible 
for the osteogenic activity of BMPs, and Wu et 
al. investigated the specific type II receptors 
necessary for BMP9-mediated osteogenesis 
[68]. Dominant negative (DN) type II TGF-β 
receptors were constructed and introduced 
into C3H10T1/2 MSCs. DN-BMPRII and 
DN-ActRII decreased BMP9-induced ALP activ-
ity, Smad binding element (SBE)-controlled 
reporter activity, expression of downstream 
Smad6 and Smad7, BMP9-induced bone min-
eralization in vitro and ectopic bone formation 
in vivo with less mature osteogenesis and 
smaller bony masses. Additionally, RNAi dem-
onstrated that BMPRII and ActRII inhibited 
BMP9-induced ALP activity. These results 
strongly suggest that BMPRII and ActRII are the 
functional type II TGF-β receptors facilitating 
BMP9 osteogenic signaling.

Townson et al. recently performed a thermody-
namic analysis of BMP9 and BMP10 interac-
tions with ALK1 and type II receptors, finding 
that BMP9, but not BMP10, had a significant 
preference in type II receptor binding to ActRIIB 
[89]. BMP9 bound to ActRIIB with a 30-fold 
greater affinity than binding to BMPRII, and a 
300-fold greater affinity than binding to ActRIIA. 
The crystal structure of a ternary complex of 
BMP9 with the extracellular domains of ALK1 
and ActRIIB revealed that the high specificity of 
ALK1 for BMP9 was determined by the specific 
orientation of this type I receptor to BMP9, 
leading to novel ligand-receptor interactions 
and explaining how BMP9 may be able to dis-
criminate between low and high affinity type II 
receptors. 

Smad pathway

Upon binding specific cell-surface receptor 
kinases, BMP-mediated signal transduction 
begins with phosphorylation of Smads and sub-
sequent heterodimer formation. Xu et al. dem-
onstrated that, like other osteogenic BMPs, 
BMP9 promotes activation of Smad1/5/8 [67]. 
Furthermore, activation of Smads was found to 
be necessary for BMP9-mediated osteogenic 

differentiation of C3H10T1/2 cells. Levels of 
phosphorylated Smad1/5/8 were simultane-
ously enhanced in BMP9-treated C3H10T1/2 
cells, indicating that BMP9 does indeed acti-
vate the Smad pathway; levels of phosphory-
lated Smads, p38 and ERK1/2 were detected 
by Western blot. Conversely, RNAi was used to 
knockdown Smad4, resulting in reduced forma-
tion of Smad heterodimers and a subsequently 
reduced nuclear translocation of Smad1/5/8. 
This disrupted BMP9-induced osteogenic dif-
ferentiation and prevented commitment of 
C3H10T1/2 cells to the osteoblastic lineage. 
Furthermore, RNAi knockdown of Smad4 inhib-
ited BMP9-induced ALP activity and calcium 
deposition, further suggesting that Smad sig-
naling is required for BMP9-induced osteogenic 
differentiation of MSCs. Moreover, inhibition of 
p38 decreased BMP9-activated Smad signal-
ing in C3H10T1/2 cells, while ERK1/2 inhibi-
tion stimulated Smad signaling. The findings of 
this study indicate that activation of the Smads 
pathway is critical in BMP9-induced osteogenic 
differentiation of MSCs. 

Mediators of BMP9-induced osteogenic signal-
ing

Inhibitors of differentiation (Ids) HLH factors

Id genes were first identified in developing myo-
blasts as inhibitors of the binding of basic helix-
loop-helix (bHLH) transcription factors to mus-
cle-specific genes [90-92]. bHLH proteins 
function as critical regulators of tissue-specific 
gene expression by forming obligate dimers, 
binding to basic DNA domains and activating 
transcription of target genes containing the 
CANNTG region within the promoter. Id proteins 
dimerize with bHLH proteins, and resultant het-
erodimers are unable to bind DNA and modu-
late transcription. Four Id genes have been 
identified in mammals, and only Id-1 and Id-3 
demonstrate ubiquitous expression [90-92]. 
Peng et al. used expression profiling analysis of 
MSCs to demonstrate that Id-1, -2 and -3 genes 
were among the most significantly upregulated 
upon BMP9 stimulation (Figure 1C) [16]. 
Expression of Id genes was induced during the 
early stages of BMP9 stimulation and returned 
to basal levels three days after stimulation. 
Surprisingly, both RNAi-mediated knockdown 
and constitutive overexpression of these three 
Id genes significantly diminished BMP9-
induced osteogenic differentiation. 
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Overexpression was also associated with 
increased cell proliferation and decreased 
osteoblastic differentiation. Furthermore, 
BMP9-induced Id expression was shown to be 
dependent on Smad4 signaling. The results of 
this study suggest that Id proteins likely play an 
important role in BMP9-induced osteogenic dif-
ferentiation, and a balanced regulation of Id 
expression with downregulation during terminal 
differentiation of committed osteoblasts criti-
cal in osteoblast lineage-specific MSC 
differentiation. 

Connective tissue growth factor (CTGF)

Connective tissue growth factor (CTGF) is a 
member of the CCN (Cyr61, CTGF and Nov) 
family of secreted cysteine-rich multimodular 
proteins [93-98] and plays a critical role in 
bone formation, chondrocyte maturation and 
embryogenesis [99]. Knockout of CTGF in 
embryo is lethal secondary to significantly 
decreased extracellular matrix and chondro-
cyte production with resultant skeletal dysmor-
phism [100-102]. Luo et al. demonstrated that 
CTGF plays a functional role in BMP9-induced 
osteoblastic differentiation [13]. Expression 
profiling analysis of BMP9-stimulated 
C3H10T1/2 MSCs demonstrated CTGF as 
among the most upregulated genes. Expression 
of CTGF was induced during the early stages of 
BMP9 stimulation, returning to basal levels five 
days after stimulation. Similar to Id genes, both 
siRNA knockdown and constitutive overexpres-
sion of CTGF diminished BMP9-mediated 
osteogenic differentiation. Exogenous expres-
sion of CTGF promoted cell migration and 
recruitment of MSCs, and since expression was 
upregulated during the early stages of BMP9-
mediated osteogenic stimulation, it is likely 
that CTGF plays a critical role in the regulation 
of proliferation and recruitment of osteopro-
genitor cells. Conversely, CTGF expression was 
downregulated as pre-osteoblasts become 
committed to the osteogenic lineage. The 
results of these studies indicate that, similar to 
Id proteins, balanced regulation of CTGF expres-
sion is likely critical in BMP9-induced osteogen-
ic differentiation. 

Hairy/enhancer of split-related repressor pro-
tein 1 (Hey1) bHLH factor

Hey1 (also known as Hesr1, HRT1, CHF2 and 
HERP2) is a nuclear protein of the Hairy/
Enhancer of split-Related (HERP) family of basic 

helix-loop-helix transcriptional repressors. The 
HERP family of transcription factors is a direct 
target of Notch signaling, a pathway which is 
implicated in cell fate decision [2]. Hey1 has 
also been implicated in embryonic heart devel-
opment, neurogenesis and somitogenesis. 
Sharff et al. used gene expression analysis to 
demonstrate that Hey1 was among the most 
significantly upregulated genes in BMP9-
stimulated MSCs, particularly during the earli-
est stages of osteogenic differentiation [103]. 
Chromatin immunoprecipitation (ChIP) analysis 
identified Hey1 as a direct target of the BMP9-
induced Smad signaling pathway. Constitutive 
Hey1 expression augmented BMP9-induced 
osteogenic differentiation in vitro and matrix 
mineralization in vivo, while siRNA-mediated 
Hey1 silencing diminished osteogenic differen-
tiation both in vitro and in vivo. Hey1 and the 
essential osteogenic transcription factor Runx2 
acted synergistically in BMP9-induced osteo-
genic differentiation. Furthermore, silencing of 
Hey1 was also correlated with decreased 
expression of Runx2; in MSCs with knockdown 
of Hey1, defective osteogenic signaling was 
rescued by exogenous expression of Runx2, 
strongly suggesting that Runx2 is a down-
stream mediator of Hey1 signaling. Kang et al. 
also demonstrated that Runx2 overexpression 
enhanced BMP9-mediated osteogenic differ-
entiation [56].

Crosstalk between BMP9 and other pathways 
during osteogenesis

Many signaling pathways with diverse functions 
have been found to play a role in BMP9-
mediated osteogenesis. Several of these path-
ways are also critical in the differentiation of 
other cell lineages. The following summarizes 
recent findings describing the crosstalk 
between BMP9 signaling and various other 
pathways (Table 1). These studies will help us 
to better elucidate the specific mechanisms 
responsible for BMP9-mediated osteogenesis. 

TGF-β1 pathway

As one of the most abundant members of the 
TGF-β family, TGF-β1 regulates an array of bio-
logical processes including cell proliferation, 
survival, differentiation and migration [104-
108]. TGF-β1 also plays a critical role in the 
regulation of bone growth. However, unlike 
BMPs, TGF-β1 is unable to induce osteogenesis 
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in MSCs [109, 110] but can direct committed 
osteoprogenitors toward osteogenic differenti-
ation and bone remodeling [110-112]. TGF-β1 
plays a role in bone formation, osteoblast prolif-
eration and mineralization, increasing the 
strength and flexibility of bone [110, 113]. 
Because both TGF-β1 and BMPs both regulate 
the late phases of differentiation and mineral-
ization of bone [18, 110, 114, 115], it is possi-
ble that TGF-β1 may crosstalk with BMPs dur-
ing the process of osteogenic differentiation. 
Similar to BMPs, TGF-β1 initiates signaling by 
binding type I and type II transmembrane recep-
tor serine-threonine kinases and forming a 
complex which, upon ligand binding, cross-
phosphorylates and activates, subsequently 
phosphorylating its effectors, Smad2/Smad3 
(Figure 2). Phosphorylated Smad2/Smad 3 
then complex with Smad4 before translocating 
into the nucleus, interacting at the promoter 
with various transcription factors [81, 116]. 
TGF-β1 also induces non-Smad signaling path-
ways via activation of the MAPK pathway [117, 
118]. 

Li et al. demonstrated that low concentrations 
of recombinant TGF-β1 (rhTGF- β1) synergisti-
cally induced expression of ALP and matrix min-

eralization in BMP9-transduced C3H10T1/2 
cells [110]. Conversely, high concentrations of 
TGF-β1 inhibited BMP9-induced osteogenic 
activity. Real-time PCR and Western blot dem-
onstrated that BMP9 and low concentrations of 
TGF-β1 potentiated expression of the late 
osteogenic markers osteopontin, osteocalcin 
and type I collagen (COL1a2), whereas high 
concentrations of TGF-β1 decreased expres-
sion of osteocalcin and osteopontin but not 
COL1a2. Cell cycle analysis demonstrated that 
TGF-β1 inhibited BMP9-mediated osteogenesis 
by restricting cells in the G0/G1 phase. 
Altogether, this study demonstrates that TGF-
β1 likely has a biphasic effect on BMP9-induced 
osteogenic differentiation of MSCs. 

Wnt/β-catenin signaling pathway

Wnts are a family of secreted proteins critical in 
skeletal development and osteoblastic differ-
entiation [54, 60, 119-125]. Binding of Wnts to 
the Frizzled (Frz) and LRP-5/6 co-receptors 
results in activation of distinct signaling path-
ways including the canonical Wnt pathway 
(Figure 2) [126]. Mutations in LRP-5 adversely 
affect skeletal development and bone mass 
deposition [127], and β-catenin signaling may 

Figure 2. Schematic depiction of the major signaling events involved in BMP9-induced osteogenic differentiation in 
mesenchymal stem cells. BMP9 effectively initiates a well-coordinated cascade of signaling events, which requires 
the participation of other major pathways, including Wnt/β-catenin and Notch, to name a few. 
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Table 1. Factors that Affact BMP9 Osteogenic Activity
Treatment Experiment Setup Experiment Metric Experimental Results Reference
BMP9 + TGF-β1 In vitro ALP Activity Low concentrations of rhTGF-β1 synergistically increase ALP activity, matrix mineralization, gene expression 

and protein expression of osteopontin, osteocalcin and COL1a2 in C3H10T1/2 cells. TGF-β1 demonstrated 
biphasic effect on BMP9-meidated osteogenic differentiation.

Li et al. 2012
Alizarin Red S Staining
RT-PCR and Western Blot
Smad Pathway Activation TGF-β1 combined with BMP9 exhibits lower BMPR-Smad receptor activity than BMP9 alone

BMP9 + GH In vitro ALP Activity GH potentiates BMP9-induced ALP activity, osteopontin/osteocalcin, expression and calcium deposition in 
MMCs
JAK/STAT inhibitors blunt BMP9-GH synergy
GH enhances BMP9-induced endochondral ossification in cultured limb explants

Huang et al. 2012
Osteocalcin/Osteopontin 
Expression
Alizarin Red S Staining
Endochondral 
Ossification

In vivo Mouse Ectopic Bone Formation GH augments BMP9-induced ectopic bone formation with more mature bone
BMP9 + p38 inhibitor 
(SB203580)

In vitro ALP Activity PD98059 inhibits BMP9-induced ALP activity, osteocalcin expression and calcium deposition in C3H10T1/2, 
MEFs, C2C12

Xu et al. 2012, 
Zhao et al. 2012Osteocalcin Expression

Alizarin Red S Staining
Smad Pathway Activation PD98059 suppresses BMP9-induced Smad 1/5/8 phosphorylation/nuclear translocation and Runx2 

activationRunx2 Activity
In vivo Mouse Bone Formation siRNA-mediated inhibition of p38 decreased osteogenic differentiation and bone formation with thinner 

trabeculae
BMP9 + ERK1/2 
inhibitor (PD98059)

In vitro ALP Activity PD98059 enhances BMP9-induced ALP activity, osteocalcin expression and calcium deposition in 
C3H10T1/2, MEFs, C2C12Osteocalcin Expression

Alizarin Red S Staining
Smad Pathway Activation PD98059 stimulates BMP9-induced Smad 1/5/8 phosphorylation/nuclear translocation and Runx2 activation
Runx2 Activity

In vivo Mouse Bone Formation siRNA-mediated inhibition of ERK1/2 increased osteogenic differentiation and bone formation with thicker 
trabeculae

BMP9 + Wnt3a In vitro ALP Activity Wnt3a enhances BMP9-induced ALP activity. Wnt antagonist FrzB inhibits BMP9-induced ALP activity. Tang et al. 2009
Osteocalcin Expression Knockdown of β-catenin decreases osteocalcin expression

In vivo Mouse Ectopic Bone Formation BMP9-induced ectopic bone formation and matrix mineralization are inhibited by FrzB overexpression or 
β-catenin knockdown

BMP9 + PPAR-γ2 In vitro ALP Activity Overexpression of PPAR-γ2 enhances BMP9-induced ALP activity Kang et al. 2009
In vivo Mouse Ectopic Bone Formation Bone formation increased with PPAR-γ2 overexpression and decreased with PPAR-γ2 knockdown

BMP9 + Runx2 In vitro ALP Activity Overexpression of Runx2 enhances BMP9-induced ALP activity 
In vivo Mouse Ectopic Bone Formation Bone formation increased with PPAR-γ2 overexpression and decreased with PPAR-γ2 knockdown

BMP9 + IGF2 In vitro ALP Activity IGF-2 potentiates BMP9-induced ALP activity, osteocalcin/osteopontin expression and calcium deposition Chen et al. 2010
Osteocalcin/Osteo-pontin 
Expression
Alizarin Red Staining
Smad Pathway Activation IGF-2 enhances BMP9-mediated BMPRSmad reporter activity and nuclear translocation of Smad 1/5/8

In vivo Mouse Ectopic Bone Formation IGF-2 augments BMP9-induced ectopic bone formation and endochondral ossification in cultured limb 
explantsEndochondral 

Ossification
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have roles in fracture repair [126]. Tang et al. 
demonstrated that the canonical Wnt/β-catenin 
signaling pathway plays a critical role in BMP9-
induced osteogenic differentiation of MSCs 
[126]. Wnt3a and BMP9 enhanced one anoth-
er’s ability to induce ALP activity in MSCs. 
Conversely, the Wnt antagonist FrzB inhibited 
BMP9-induced ALP activity. ChIP analysis dem-
onstrated that BMP9 stimulation of MSCs 
recruited β-catenin and Runx2 to the osteocal-
cin promoter, whereas knockdown of β-catenin 
decreased expression of both early and late 
osteogenic markers, including ALP and 
osteocalcin [126]. In vivo studies demonstrated 
that BMP9-induced ectopic bone formation 
and matrix mineralization were significantly 
inhibited by both FrzB overexpression or 
β-catenin knockdown, instead forming 
chondrogenic matrix and immature bone [126]. 
The results of these studies suggest that the 
canonical Wnt/β-catenin pathway, likely 
through interactions with Runx2, is a critical 
mediator of BMP9-mediated osteogenic 
signaling.

Growth hormone (GH) pathway

Growth hormone (GH) plays a critical role in 
postnatal growth [128], and the regulation of 
its secretion within the endocrine system has 
been extensively described [129-135]. Briefly, 
GH is released by somatotrophs within the 
anterior pituitary when stimulated by GH releas-
ing hormone (GHRH). Most tissues throughout 
the body, including non-endocrine tissues and 
cells, express GH receptor (GHR) [129-132, 
134, 135]. The GH signaling pathway begins 
when GH binds GHR, triggering the receptor’s 
tyrosine kinase activity and activating JAK/
STAT and other pathways, leading to multiple 
functions controlling growth and metabolism 
(Figure 2) [129, 130, 135]. Defects in the GH 
signaling pathway have been associated with 
postnatal growth failure [129, 130, 134]. 
Huang et al. investigated the role of BMP9-
regulated GH expression in the osteogenic dif-
ferentiation of murine MSCs [54, 136-138]. 
Following BMP9 overexpression, gene expres-
sion analysis demonstrated GH as one of the 
most upregulated transcripts. ChIP analysis 
demonstrated GH as a direct target of the 
BMP9/Smad pathway. Exogenous GH syner-
gized with BMP9 in the induction of early and 
late osteogenic markers. Moreover, BMP9 and 
GH co-stimulation caused a significant expan-

sion of the growth plate of long-bone explants. 
While GH alone was not able to induce de novo 
bone formation in MSCs, co-stimulation with 
BMP9 and GH formed mature ectopic bone 
masses. The synergistic osteogenic effects of 
BMP9 and GH were significantly inhibited by 
JAK/STAT inhibitors, and GH-regulated IGF1 
expression was also inhibited by JAK/STAT 
inhibitors. These results indicate that, as a 
direct target of BMP9 signaling, GH synergizes 
with BMP9 by activating the JAK/STAT/IGF1 
pathway, causing efficient osteogenesis. 

Mitogen activated protein kinases (MAPKs)

A growing body of evidence implicates mitogen 
activated protein kinases (MAPKs) as media-
tors of the intracellular signals of BMPs [5, 67, 
139-142]. MAPKs are well-characterized pro-
tein kinases critical in regulation of gene 
expression, mitosis, metabolism, motility, sur-
vival, apoptosis and differentiation [143]. More 
than four subfamilies of MAPKs have been 
identified in mammals including the extracellu-
lar signal-related kinases ERK1/2, ERK5, Jun 
amino-terminal kinases (JNKs) and p38 MAPKs 
[143]. Members of the MAPKs family become 
activated by BMPs in response to a variety of 
extracellular stimuli and have different down-
stream targets, resulting in diverse effects in 
cellular responses [141, 142, 144, 145]. 

Xu et al. demonstrated that BMP9 simultane-
ously promotes phosphorylation and thus acti-
vation of Smads, p38 and ERK1/2 [67]. p38 
and ERK1/2 were found to act in opposition in 
regulating BMP9-mediated osteogenic differ-
entiation via influence on the Smad signaling 
cascade. BMP9 was overexpressed in 
C3H10T1/2 cells which were then treated with 
selective inhibitors of p38 and ERK1/2. p38 
inhibition caused inhibition of BMP9-induced 
ALP activity completely in a dose-dependent 
manner and decreased BMP9-induced calcium 
deposition. ERK1/2 inhibition enhanced BMP9-
induced ALP activity mostly in a dose-depen-
dent manner and increased calcium deposi-
tion. Furthermore, p38 inhibition suppressed 
BMP9-induced phosphorylation of Smad1/5/8 
and nuclear translocation with a resultant 
decrease in transcriptional activity. Conversely, 
ERK1/2 inhibition stimulated BMP9-induced 
phosphorylation of Smad1/5/8 and nuclear 
translocation, thus enhancing transcriptional 
activity. The results of this study strongly sug-
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gest that p38 and ERK1/2 have opposing regu-
latory effects in BMP9-induced osteogenic dif-
ferentiation of MSCs via the Smad signaling 
axis, a notion that has also been reported in 
other studies [146-148]. 

In a subsequent study, Zhao et al. examined 
the molecular mechanisms of p38 and ERK1/2 
MAPKs on BMP9-induced osteogenic differen-
tiation of mesenchymal progenitor cells (MPCs, 
including C3H10T1/2 MSCs, mouse embryonic 
fibroblasts and C2C12 cells), finding that BMP9 
simultaneously activates p38 and ERK1/2 
[89]. Similar to Xu et al., BMP9-induced ALP, 
osteocalcin and matrix mineralization produc-
tion were inhibited with p38 inhibition and 
enhanced with ERK1/2 inhibition. BMP9-
induced Runx2 activation and Smad signaling 
were also reduced by p38 inhibition but 
increased by ERK1/2 inhibition. Together, 
these in vitro studies confirm that both early 
and late BMP9-induced osteogenic differentia-
tion processes are affected in opposing man-
ners by p38 and ERK1/2 signaling pathways. In 
vivo studies using mouse calvarial tissue cul-
ture and subcutaneous implantation of 
C3H10T1/2 cells demonstrated that inhibition 
of p38 decreased BMP9-induced osteogenic 
differentiation, with thinner trabeculae, more 
chondrocytes and a significant number of undif-
ferentiated MPCs. Meanwhile, siRNA-mediated 
inhibition of ERK1/2 significantly increased 
BMP9-induced osteogenic differentiation of 
MPCs, with increased quantity of bone forma-
tion and thicker trabeculae. Altogether, these 
results confirm and substantiate the findings by 
Su et al. that not only are p38 and ERK1/2 
MAPKs activated during BMP9-induced osteo-
genic differentiation, but p38 and ERK1/2 also 
oppose one another in the regulation of BMP9-
induced osteogenic differentiation [89]. 

Hypoxia inducible factor 1 alpha (HIF1α)

Hypoxia inducible factor 1 Alpha (HIF1α) is a 
regulator of angiogenesis during many develop-
mental processes, including skeletal develop-
ment [149, 150]. Hu et al. recently investigated 
the effects of HIF1α-mediated angiogenic sig-
naling on BMP9-regulated osteogenic differen-
tiation of MSCs [151]. BMP9 was found to 
directly induce HIF1α expression in MSCs 
through Smad1/5/8 signaling. Exogenous over-
expression of HIF1α synergized with BMP9-
induced osteogenic differentiation of MSCs 

both in vitro as assessed by ALP activity, osteo-
pontin and osteocalcin expression, in vivo 
matrix mineralization and ectopic bone forma-
tion. Conversely, siRNA-mediated silencing of 
HIF1α or administration of an HIF1α inhibitor 
significantly inhibited BMP9-induced osteogen-
ic signaling in MSCs. HIF1α activated both 
angiogenic signaling (via VEGF) and osteogenic 
signaling pathways in MSCs during BMP9-
mediated osteogenic differentiation. While 
angiogenesis and osteogenesis are well-coordi-
nated processes occurring during bone devel-
opment [150, 152], it is unclear how they are 
related in during the differentiation of MSCs. 
This study demonstrates that osteogenic fac-
tors, such as BMP9, may induce the conver-
gence of osteogenic and angiogenic signaling 
in MSC differentiation, enhancing the efficiency 
of bone formation and development. 

Notch pathway

Notch is a transmembrane protein playing criti-
cal roles in the determination of cellular differ-
entiation pathways and cell fate (Figure 2) 
[153]. Activation of notch signaling has been 
found to enhance BMP-induced ALP activity 
and calcified nodule formation in vitro [153]. 
Conversely, Notch inhibition causes decreased 
ALP activity and promoter activity of BMP target 
genes [154]. Notch signal transduction path-
way genes are regulated by BMP2, possibly 
mediating the interaction of Smad and Notch 
signaling during osteoblastic differentiation 
[155]. While little is known regarding the inter-
action of Notch and BMP9 signaling, our pre-
liminary findings demonstrate that Notch sig-
naling inhibits BMP9-mediated tumorigenesis 
in osteosarcoma (OS) cells.

Peroxisome proliferator-activated receptor 
gamma (PPAR-γ)

Peroxisome proliferator-activated receptor 
gamma (PPAR-γ) is a crucial regulator of adipo-
genesis and osteogenesis [156, 157]. PPAR-γ 
binds fatty acid derivatives and induces differ-
entiation of preadipocytes into terminal adipo-
cytes, and PPAR-γ2 is the predominant isoform 
expressed in adipose tissue (Figure 2) [30, 90, 
92]. Overexpression of PPAR-γ in fibroblasts 
activates the adipogenic cascade, whereas 
PPAR-γ knockout mice cannot form adipose tis-
sue [158-160]. Activating mutations of PPAR-γ 
in humans causes increased adipogenesis and 
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resultant weight gain, whereas mutations inac-
tivating PPAR-γ activity result in low body mass 
indices (BMI) [26, 27]. 

Kang et al. demonstrated that overexpression 
of PPAR-γ2 in BMP9-stimulated MSCs promot-
ed both osteogenic and adipogenic differentia-
tion with mutually exclusive commitment to 
either lineage [56]. Conversely, both BMP9-
stimulated MSCs with PPAR-γ2 knockdown and 
BMP-9 embryonic fibroblasts derived from 
PPAR-γ2-/- mice demonstrated significant 
decreases in osteogenic differentiation and 
matrix mineralization. These findings support 
PPAR-γ as an important regulator of BMP9-
mediated osteogenesis. 

IGF (insulin-like growth factor) signaling path-
ways

As extensively discussed earlier, BMP9 stimu-
lation alone potently induces osteogenic differ-
entiation in MSCs. However, several studies 
have shown that certain factors, most notably 
insulin-like growth factor 2 (IGF-2) and retinoic 
acids, synergistically enhance BMP9-mediated 
osteogenic differentiation [161, 162]. IGF-2 is a 
member of the IGF signaling system, playing a 
critical role in prenatal growth and develop-
ment [163]. IGF-2 signaling activates the phos-
phatidylinositol-3-kinase (PI3K)/AKT pathway 
or the MAPK pathway [164]. Chen et al. demon-
strated that endogenous IGF-2 levels are rela-
tively low in MSCs, but exogenous expression of 
IGF-2 potentiated BMP9-induced expression of 
ALP and the late osteogenic markers osteocal-
cin and osteopontin [161]. Furthermore, over-
expression of IGF-2 enhanced BMP9-mediated 
induction of BMPR-Smad reporter activity and 
subsequent nuclear translocation of 
Smad1/5/8, while the PI3K inhibitor LY294002 
inhibited the potentiation of IGF-2 on BMP9-
mediated osteogenesis and directly inhibited 
BMP9 activity. In vivo, IGF-2 augmented BMP9-
induced ectopic bone formation and enhanced 
BMP9-mediated endochondral ossification in 
perinatal limb explants. Exogenous expression 
of IGFBP3 or IGFBP4, inhibitors of IGF-2, caused 
the inhibition of IGF-2-mediated osteogenic 
effects. The results of this study demonstrate 
that the BMP9 signaling pathway crosstalks 
with IGF-2 via PI3K/AKT signaling during the 
osteogenic differentiation of MSCs; the thera-
peutic use of BMP9 in combination with IGF2 

should be explored in bone regeneration 
applications.

Retinoid signaling pathways

Retinoic acids (RAs) play a crucial role in embry-
ological development as well as maintenance 
of vital organs in adults [58, 165]. RAs are 
ligands for two families of receptors, the RA 
receptors (RAR) that bind all-trans-RA (ATRA) 
and the Retinoid X Receptors (RXR) that bind 
9-cis-RA (9CRA) (Figure 2) [166, 167]. RA bind-
ing to RAR/RXR causes heterodimerization and 
a cascade of events resulting in recruitment of 
transcriptional activators and initiation of tran-
scription [167]. Zhang et al. investigated the 
effects of RA signaling on BMP9-induced osteo-
genic differentiation [162]. In mesenchymal 
progenitor cells (MPCs), both ATRA and 9CRA 
significantly induced ALP, osteopontin and 
osteocalcin activity and matrix mineralization; 
these effects were synergistic when combined 
with adenoviral-mediated overexpression of 
BMP9. Quantitative real-time PCR (qRT-PCR) 
demonstrated that 9CRA and ATRA induced 
BMP9 expression and activates BMPR Smad-
mediated transcription activity. In neonatal 
mouse limb explants, RAs acted with BMP9 to 
promote expansion of the hypertrophic chon-
drocyte zone. In vivo stem cell implantation 
studies demonstrated that RARs act synergisti-
cally with BMP9 to induce trabecular bone for-
mation and osteoid matrix production. The 
results of these studies suggest that crosstalk 
exists between the signaling pathways facilitat-
ing BMP9-mediated osteogenesis and the reti-
noic acid and/or IGF signaling pathways. 
Furthermore, the interactions between these 
pathways seem to synergistically enhance 
osteoinduction of MSCs.

Other functions of BMP9 signaling

While BMP-9 is known to be a potent osteogen-
ic factor, it also influences several other path-
ways including cancer development and angio-
genesis. Studies have shown BMP9 to restrict 
tumor growth including prostate cancer, osteo-
sarcoma and colon adenocarcinoma through 
diverse mechanisms [168-170]. However, other 
studies have shown BMP9 to promote cancer 
progression [171]. For instance, BMP9 was 
demonstrated to induce apoptosis of prostate 
cancer cells by upregulation of the pro-apoptot-
ic protein prostate apoptosis response-4 via a 
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Smad-dependent pathway [170]. In osteosar-
coma, BMP9 acted through the PI3K/ALT path-
way to inhibit cell migration and induce apopto-
sis of osteosarcoma cells [169]. In colon 
adenocarcinoma, BMP9 slowed tumor growth 
of via inhibitory effects on angiogenesis via the 
ALK1 receptor and endoglin coreceptor [168]. 
Meanwhile, other studies have demonstrated 
that BMP9 induced in vivo angiogenesis within 
pancreatic tumors [171]. Indeed, the effects of 
BMP9 on angiogenesis remain controversial, 
as some studies have demonstrated a pro-
angiogenic effect [172, 173] and others an anti-
angiogenic effect [86, 174-176]. To explain this 
discrepancy, it has been suggested that BMP9 
is pro-angiogenic at low concentrations and 
inhibitory at high concentrations, possibly 
through activation of other pathways at high 
concentrations with varying effects on angio-
genesis [171]. Moreover, BMP9 has been dem-
onstrated as an anti-angiogenic factor alone 
but pro-angiogenic when coupled with TGF-β 
[177, 178]. From these studies, it is evident that 
the effects of BMP9 on angiogenesis and can-
cer progression remain to be fully elucidated. 

BMP9 affects the processes of neurogenesis, 
hepatocellular regeneration, adipogenesis, 
chondrogenesis and myogenesis. Several stud-
ies have demonstrated BMP9 to promote the 
cholinergic phenotype neurologically, specifi-
cally basal forebrain cholinergic neurons 
through its interactions with a variety of growth 
factors, receptors and signaling pathways [179-
182]. A prominent mediator of the pro-choliner-
gic effects of BMP9 is nerve growth factor, 
which acts in both an autocrine and paracrine 
fashion via the p75 receptor [181, 182]. BMP9 
also acts as a hepatic insulin-sensitizing sub-
stance and may play a role in hepatocellular 
regeneration [183, 184]. BMP9 promotes adi-
pogenesis [56] and also upregulates Sox9 
expression to induce chondrogenic differentia-
tion [185, 186]. While BMP9 promotes MSC dif-
ferentiation along osteogenic, adipogenic and 
chondrogenic lines to varying degrees, it inhib-
its the myogenic phenotype [15]. Overall, BMP9 
has far-reaching effects beyond osteogenesis.

Concluding remarks and future directions

The investigations discussed clearly demon-
strate the critical role of BMP9 in the osteogen-
ic differentiation of MSCs. With the advent of 

therapeutic recombinant proteins, including 
other members of the BMP family, it is impera-
tive that the mechanisms underlying BMP9-
mediated osteogenesis continue to be eluci-
dated to allow for translation to the clinical 
setting. The findings of many of the studies dis-
cussed here support the notion that BMP9 may 
provide a more effective clinical strategy for the 
augmentation of bone regeneration and heal-
ing than other BMPs. Studies demonstrating 
that BMP9-mediated osteogenesis resembles 
the physiologic phases of bone healing occur-
ring during fracture repair make its translation 
to the clinical setting even more promising. 
Furthermore, several diverse signaling path-
ways seem to enhance BMP9-mediated osteo-
genesis, and further elucidation of these path-
ways will allow for the development of better 
therapies that combine BMP9 and the media-
tors of the other pathways. 
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