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Preface

In mid-1960, Marshall Urist described the phenomenon that demineralized bone 
matrix (DBM) contained “bone morphogenetic protein, BMP,” which has the ability 
to induce new bone in vivo. As the formation of new bone involves a cascade of 
cellular events such as cell migration, proliferation, and differentiation into endo-
chondral bone, mimicking embryonic bone development, it was long believed that 
more than one protein was involved.

In early 1980, the discovery that the proteins responsible for bone induction in 
DBM could be extracted and reconstituted with collagenous bone matrix and 
assayed for in vivo bone forming activity at ectopic sites has made possible the 
identification of BMP by employing protein purification and molecular cloning. A 
single recombinant BMP is capable of inducing the full cascade of cellular events 
leading to endochondral bone formation and able to restore the lost bone with func-
tion both in preclinical models and in man. This has allowed the approval of BMPs 
for clinical use in delayed long bone fractures and anterior lumbar interbody fusion. 
In spite of its clinically proven application, the challenges are the safety concerns 
and its wider application in orthopedic and dental medicine. The unwanted safety 
has been attributed to higher doses of BMP employed and animal-sourced collage-
nous scaffold used as substratum. It is likely that utilizing a BMP that has little or 
no affinity to BMP antagonist like noggin, autologous substratum, and optimal con-
centration could provide a safe and robust outcome required in the clinic. Although 
BMPs are originally identified in bone matrix, they are expressed in many tissues 
and are highly conserved both structurally and functionally from fly to man. Though 
Drosophila does not have bone, the Drosophila BMP orthologue is capable of 
inducing new bone in mammals, and vice versa human BMP can restore the loss of 
function of Drosophila BMP orthologue mutants.

BMPs are members of the TGF-beta superfamily of proteins, also called osteo-
genic proteins (OPs) and growth and differentiation factors (GDFs), which are 
required for the development of many organs during embryogenesis, are responsible 
for ectoderm-mesoderm inductive events, and recapitulate in part during adult tissue 
repair and regeneration to restore function. BMPs act not only on bones, and the 
activity is rendered by specific BMP receptors and downstream signaling and 
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 modulated by BMP-specific antagonists and extracellular matrices. In addition to its 
morphogenic role in cartilage, bone, and dentin regeneration, BMPs have profound 
influence on providing protection against inflammation, immune-modulation, and 
angiogenesis and parenchymal fibrosis. Recent advances suggest BMPs play a met-
abolic role in glucose, calcium and phosphate, and iron homeostasis. Genetic link-
age analysis has revealed that BMP signaling is responsible for certain rare disorders 
like fibrodysplasia ossificans progressiva (FOP), pulmonary arterial hypertension 
(PAH), hemochromatosis (HH), and hereditary hemorrhagic telangiectasia (HHT). 
Furthermore, BMP signaling is capable of impacting tumor growth and progression, 
both positively and negatively; the effects are dependent on the dose, context, and 
stage of tumor development.

We have edited three BMP-related books in the past, namely, (1) BMPs: From 
Laboratory to Clinical Practice, (2) BMPs: Regeneration of Bone and Beyond, and 
(3) BMPs: From Local to Systemic Therapeutics. This book is attributed to “Systems 
Biology of BMPs” and contains several chapters that cover advances made on vari-
ous fronts as described above. We sincerely thank our authors, who have made 
original discovery in their respective fields, for their contribution and presenting the 
salient features in the BMP field. This book would not have been possible without 
the authors of the chapters and their hard work. We also thank Ms. Sowmya 
Ramalingam, Production Editor, Springer, SPI Global, for timely publishing this 
book.

Slobodan Vukicevic Zagreb, Croatia
Kuber T. Sampath Holliston, USA 
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Historical Perspective of Bone Morphogenetic 
Proteins

Kuber T. Sampath and A. Hari Reddi

Abstract The bone morphogenetic proteins (BMPs) are growth and differentiation 
factors and form a large family of proteins structurally related to TGF-βs and activ-
ins. BMP-2 and BMP-7 containing osteogenic devices (InFuse® and OP-1®, 
respectively) have been used as bone graft substitutes for the repair of long-bone 
fractures and anterior lumbar interbody and posterior-lateral fusion of vertebrae in 
humans. The PMA (premarket approval) and HDE (humanitarian device exemp-
tion) approval of BMP-2 and BMP-7 for orthopedic use demonstrates that signals 
responsible for ectopic bone formation can form therapeutic principles for bone 
repair, regeneration, and restoration. This article describes a historical perceptive on 
the discovery, structure, and function of bone morphogenetic proteins.

Keywords BMP Discovery • BMP Structure and Function • BMP Orthopedic 
Medicine, InFuse® - OP-1®

1  Bone Formation: Auto-induction

It has long been known that bone has the capacity to heal and repair itself. Hippocrates 
believed that bone has “endogenous” substances that exhibit considerable healing 
potential which could be exploited for clinical use to repair bone. Senn [1] practiced 
the use of antiseptic decalcified bone for the construction of bone following osteo-
myelitis and applied it to repair bone deformities. Pierre Lacroix [2] postulated the 
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presence of inductive osteogenic substances in the bone that may be responsible for 
osteogenesis.

Although skin and bone are composed of type I collagen, only collagen in bone 
undergoes mineralization. To ask the question whether bone-derived collagen could 
be remineralized, Urist performed an experiment in which he demineralized the 
 rabbit bone chips with 0.6 N HCl and then implanted the water-washed and dried 
bone chips into the thigh muscle. To his surprise, what he observed was not the 
remineralization process but the formation of highly vascularized and remodeled 
functional new bone that contained new bone marrow elements within a shape simi-
lar to the original bone chip [3]. He described this phenomenon as “bone formation 
by auto- induction.” His observation was the first proof that indeed nonliving acel-
lular bone matrix has a morphogenic activity capable of inducing new bone at ecto-
pic sites as postulated by Hippocrates long ago. In collaboration with Huggins, 
Urist further showed that demineralized dentin matrix also induced the formation of 
new bone in vivo, and he named the bone- and dentin-derived substances as “bone 
morphogenetic proteins” [4].

2  Matrix-Induced Bone Formation: A Biological Cascade

Implantation of demineralized bone matrix (74–420 μm) at subcutaneous sites initi-
ates a cascade of cellular events [5] that involve the recruitment and proliferation of 
fibroblast-like mesenchyme stem cells within 24–72 h, which then undergo differ-
entiation into chondrocytes in 5–7  days, calcify, and, with an advent vascular 
ingrowth, form new bone containing osteoblasts that lay down extracellular matrix 
and mineralization by day 9–11. With a concurrent formation of osteoclasts, the 
newly formed bone undergoes remodeling by day 14, and an ossicle containing new 
bone marrow elements appear, red and white blood cells and megakaryocyte, by day 
18–21 (Fig. 1). Thus, the implantation of nonliving demineralized extracellular 
bone matrix resulted in the formation of new cartilage, bone, and bone marrow. It 
was then believed that the bone matrix contained a set of morphogenic proteins 
responsible for the cascade of cellular events associated with matrix-induced new 
bone formation.

3  Discovery of Bone Morphogenetic Proteins

Though Marshall Urist coined the phrase “bone morphogenetic proteins” and 
demonstrated its presence in the bone matrix, the progress in identifying “BMPs” 
responsible for new bone formation was slow due to the difficulty in isolating 
protein from the insoluble bone matrix and the lack of a defined bioassay to qual-
ify the bone-inducing activity in vivo. It was demonstrated that proteins respon-
sible for bone formation could be extracted from the demineralized bone matrix 

K.T. Sampath and A.H. Reddi
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by dissociative agents and then reconstituted with a collagenous substratum and 
be assayed reproducibly in a dose-dependent manner for their bone-forming abil-
ity at rat subcutaneous sites [6, 7] (Fig. 2). This advance provided a reproducible 

Day 7
Chondrocyte differentiation

Day 9-11
Bone formation

Day 3
Mesenchymal cell

Recruitment proliferation

Day 14-18
Bone remodeling

Day 21-28
Bone marrow differentiation

Fig. 1 Demineralized bone matrix induces new bone formation

Sampath & Reddi 1980

Fig. 2 Notes on first reconstitution assay
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bioassay and permitted the isolation, characterization, and identification of sev-
eral bone morphogenetic proteins from bovine bone matrix. It was then identified 
for the first time the genes encoding “putative” bone morphogenetic proteins 
(BMP-1, BMP-2, BMP-3, and BMP-4) utilizing the amino acid sequences 
obtained from enriched bone-inductive protein fractions isolated from bovine 
bone [8]. Of them, BMP-2, BMP-3, and BMP-4 are members of TGF-beta family 
of proteins, whereas BMP-1 is a contaminant, a mammalian tolloid proteinase 
responsible for processing extracellular matrix proteins such as collagens and 
processing certain member of the TGF-beta family of proteins including TGF-
beta and GDFs [9]. The highly purified bovine osteogenic protein is composed of 
homodimers of osteogenic protein-1 (OP-1, also called BMP-7) and BMP-2 [10]. 
The OP-1 (BMP-7) gene was identified using a consensus gene construct based 
on amino acid sequences obtained from highly purified bovine osteogenic protein 
and related Drosophila DPP and Xenopus Vg-1 cDNAs [11]. Subsequently, sev-
eral BMP-related genes have been identified from human cDNA and genomic 
libraries using oligonucleotide probes whose construction was based on known 
BMP gene sequences; they are called as “growth and differentiation factors” or 
GDFs [12, 13] (Fig. 3).

BMPs and GDFs are members of the TGF-β superfamily [14] and are involved 
in the developmental process of several organs during embryogenesis [15] and play 
a role in morphogenesis during tissue regeneration and repair in post-fetal life. The 
induction of new bone by Drosophila BMP orthologs (dpp and 60 A) when implanted 
in rats suggests that the formation of new bone is governed by the responding cell 
types and the microenvironment at the injury site rather than by the morphogenic 
signals [16]. Thus BMP-induced new bone formation serves as a prototype for tis-
sue engineering and demonstrates the biological principles of regenerative 
medicine.
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Fig. 3 BMPs represent a large group of the TGF-β superfamily proteins
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4  BMP Structure

As a member of TGF-beta superfamily, BMP is synthesized as a large precursor and 
then processed as a mature disulfide-linked dimer [17]. For example, BMP-7 cDNA 
(Fig. 4) predicts a protein of 431 amino acids that contains a 29-amino acid signal 
peptide, a 29–292-amino acid prodomain, and the 293–431 amino acids as pro-
cessed mature protein containing a 7-cysteine domain, a hallmark of TGF-beta fam-
ily of proteins. The protein is synthesized in the cell as a monomer and forms 
disulfide-linked dimer at the C-terminal fourth cysteine and then is cleaved at the 
RXXR maturation site in an acidic cellular compartment before it is secreted into 
the medium as disulfide-linked homodimer. Upon secretion, the prodomains remain 
associated non-covalently with the disulfide-linked mature dimer as a soluble com-
plex under physiological conditions and are biologically active both in vitro and 
in vivo [18]. The prodomain alone is not biologically active but may facilitate pro-
tein folding, solubility, and transport and participate in tissue targeting by binding 
to extracellular matrices to guide in establishing receptor specificity. For a BMP to 
be active, disulfide-linked dimerization is a requirement. The products approved for 
clinical use employ mature disulfide-linked BMP homodimer applied locally in 
combination with a collagenous substratum.

5  BMP Receptors

BMP exerts its function by binding to a specific Ser/Thr kinase receptor complex 
[19] composed of one type I receptor (e.g., ALK-2, ALK-3, and ALK-6) and one 
type II receptor (e.g., BMPR-II, ActRII-A, and ActRII-B). The ligand-receptor 

C
Signal sequence

RXXR
RXXR

CC CC CC

Glycosylated sites
Potential sites

S

S

TGF-b domain
(102 aa)

Mature protein (139 aa)ProDomain

Precursor protein (431 aa)

Fig. 4 Structure of OP-1/BMP-7

 Historical Perspective of Bone Morphogenetic Proteins



6

complex subsequently induces the phosphorylation of intracellular transcription 
factors signaling SMAD1/5/8 (Fig. 5a, b). The P-SMAD-1/5/8 engages the co-
smad-4; the signaling/co-smad-complexes then translocate into the nucleus to 
switch on/off a set of genes that are involved in tissue protection, repair, and regen-
eration [20, 21]. The binding of BMP to its receptor complex is tightly controlled 

ActR-II

Activin BMP-7 BMP-2 TGF-B

BMPR-II
ActR-II TBR-II

ALK-1 ALK-2
(ActR-I)

ALK-3
(BMPR-IA)

ALK-4
(ActR-IB)

ALK-5
(TBR-I)

ALK-6
(BMPR-IB)

LIGANDS

TYPE II
RECEPTORS

TYPE I
RECEPTORS

a

b

Fig. 5 (a, b) BMP-7 binding to type I and type II receptors. Signaling pathway of TGF-β 
superfamily

K.T. Sampath and A.H. Reddi
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in the extracellular milieu with endogenous antagonists (e.g., noggin, follistatin, 
sclerostin, twisted gastrulation, gremlin, DAN, and USAG-1/Wise/SOSTdc1) 
[22]. The intracellular downstream signaling is also regulated via the interaction of 
P-smad-1/5/8 with anti-smad-6/7 and subsequently by degradation of signaling-, 
co-, and anti-smad ubiquitination thru smurf1 and E2/E3 ubiquitin ligases.

6  BMP Preclinical Studies

Recombinant BMP when implanted with an appropriate collagenous matrix is capa-
ble of inducing new bone at ectopic sites, and this effect is dependent on the dose. 
BMP-2 [23, 24], BMP-7 [25, 26], and BMP-6 [27] all have been shown to restore 
large segmental defects when implanted with collagenous matrices in diaphyseal 
bone defects. The doses employed vary based on the BMP used and selected sub-
stratum. The efficacy of BMP-2, BMP-6, and BMP-7 has been shown to exhibit a 
comparable bone-forming activity at subcutaneous sites and in preclinical models, 
and this activity is dose dependent. A single BMP is sufficient to elicit this response 
in diaphyseal segmental defect models of small and large animals.

7  BMP-7 in Articular Cartilage Repair

BMPs are potent chondrogenic morphogens and are capable of inducing differentia-
tion of MSCs into a cell lineage of hyaline cartilage expressing markers associated 
with a chondrocyte phenotype in vitro [28, 29]. Several studies have demonstrated 
that BMPs when applied alone or in combination with appropriate scaffolds into 
chondral or osteochondral defects are capable of inducing new articular cartilage 
formation in vivo [30, 31]. However, the newly formed chondrocytes fail to main-
tain the cellular morphology and expression of articular cartilage phenotype over 
time, thus leading to the degeneration of repair tissue in the preclinical studies. It is 
likely that providing BMPs at periodic intervals (instead of one-time application at 
the beginning as used to repair bone fractures) may help to maintain the regenerated 
cartilage and to attain function over time under mechanical loading. The combina-
tion of responding cells with an appropriate scaffold and BMP signaling in situ will 
have added advantage in the enhancement of chondrocyte differentiation and main-
tenance of phenotypic expression in order to sustain function for a long time.

BMP-7 has been shown to be anabolic to human articular chondrocytes in culture 
[32]. It stimulates type II collagen synthesis and cartilage-specific proteoglycans and 
overcomes the IL-1-beta-mediated degradation of cartilage extracellular matrix 
components [33]. Thus BMP-7 has also been shown to be effective in stimulating 
type II collagen and proteoglycans in human osteoarthritic explant culture where 
BMP levels were suppressed as compared to normal, suggesting that BMP-7 may 
overcome the structural damage that occurs in OA cartilage. This anabolic effect is 
reproduced in  vivo using a preclinical model of chondral defects in sheep by 
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 continuous delivery of BMP-7 locally [34]. BMP-7 is also shown to prevent the pro-
gression of existing cartilage degeneration by weekly intra-articular injections in an 
anterior cruciate ligament transection (ACLT) OA model in rabbits [35]. A phase 1/2 
clinical study showed that a single administration of BMP-7 intra-articularly was 
able to relieve pain in a number of enrolled patients [36]. It remains to be seen 
whether application of a BMP-7 at intervals will provide sustainable pain relief in the 
clinic.

8  BMPs Beyond Bone

While BMPs are capable of forming bone at ectopic and bony sites, they are expressed 
in tissues other than bone [37, 38]. Studies on gain and loss of function indicate that 
in addition to a morphogenic role in the musculoskeletal system [39], BMPs serve as 
inductive signals for a number of tissues during organogenesis, suggesting that they 
may have therapeutic utility in tissues beyond bone [40]. For example, BMP-2 has a 
developmental role in cardiac tissue [41], BMP-4 (a structurally close member to 
BMP-2) in lung development [42], and BMP-7 in kidney morphogenesis [43, 44]. 
The loss of BMP-6 exhibits hemochromatosis [45], and gain of function results in 
anemia through disturbance in iron-hemojuvelin-hepcidin loop. The loss of GDF-8 
results in enhanced skeletal myogenesis with high metabolic activity exhibiting a 
lean phenotype [46], whereas the GDF-11 (closely related to GDF-8) exerts to have 
a positive role in aging process [47]. It remains to be seen whether agonizing and 
antagonizing BMP/GDF signaling has any therapeutic utility against disorders of 
iron homeostasis (anemia and thalassemia) and cardiac hypertrophy and obesity.

9  BMP Clinical Studies

Several clinical trials have been conducted to assess the safety and efficacy of 
recombinant BMP-containing devices for the treatment of acute diaphyseal bone 
fractures and delayed union, tibial nonunion, and spinal fusion. Two BMP products, 
rhBMP2 [48] (InFUSE®) and rhBMP7 [49, 50] (OP-1® and OP-1 Putty®), were 
approved under a PMA and HDE, respectively, in the United States.

The InFUSE® is available as a lyophilized powder in vials; after reconstitution 
(1.5 mg/mL), the solution is applied to a provided type I collagen sponge prepared 
from bovine Achilles tendon (“carrier”) and used immediately as a wet sponge [51–
53]. InFUSE® is also used in combination with osteoconductive bulking agents for 
an HDE [54, 55] The OP-1® device is composed of approximately 3.5  mg of 
recombinant BMP-7 dispersed in 1 g of bone type I collagen and lyophilized in a 
vial. The OP-1 Putty® is provided as two components. Each unit is comprised of 
one vial of OP-1® Implant containing 1  g of a sterile dry powder consisting of 
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bovine collagen and 3.5 mg of rhBMP-7 and a 10 mL vial of putty additive contain-
ing 230 mg of sterile carboxymethylcellulose.

The OP-1® Implant used in the first human clinical study performed to assess 
the efficacy of recombinant human rhBMP7 (OP-1®) for the treatment of tibial 
nonunion in a prospective, randomized, and controlled clinical trial involving 122 
patients with tibial nonunion fractures at 17 centers in the United States [56]. This 
clinical study demonstrated that OP-1® Implant was safe and effective treatment 
modality for tibial nonunion fractures; the outcome was comparable to the use of 
autograft but failed to achieve a statistical difference. However, BMP-containing 
device demonstrated advantages over autograft bone, including a reduction in the 
amount of operative blood loss, decreased incidence of osteomyelitis at the surgical 
site, elimination of donor-site complications and pain, as well as a decrease in the 
use of postoperative pain medication [56]. Figure 6 shows the radiograph analysis 
(pre, 6 months, 5 years, and 10 years, respectively) of the first tibial nonunion 
patient who received a recombinant OP-1 Implant®. This patient was a 19-y/o who 
fractured his tibia through motorcycle accident and underwent several reconstruc-
tive procedures including bone graft substitutes. The OP-1 Putty® device was eval-
uated in a posterolateral fusion (PLF) clinical study, wherein outcomes measured at 
12 months of follow-up showed promise but did not meet a statistical difference, 
and again received an HDE approval for use as an alternative to autograft [57].

Regulatory agencies, clinical and patient communities, and payers are concerned 
with off-label use of current BMP products. The concern is centered on the high 
dose of BMPs (e.g., hrBMP-2 applied 12–40 mg for single-level fusion), the use of 

PRE 6 MON 5YR 10YR

Fig. 6 First patient OP-1® Implant: 10-year clinical follow-up
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animal-sourced collagen (bovine type I collagen), and synthetic ceramics (hydroxy-
apatite and tricalcium phosphate) as substratum to deliver rhBMP-2 at the implant 
site [58, 59]. Animal-sourced collagens and ceramics as carriers induce inflamma-
tory cytokine release and immune reactions at the local implant sites. Lower doses 
of BMPs with appropriate biocompatible and bio-friendly scaffold may provide the 
optimal bone formation without provoking unwanted ectopic bone formation. 
Future BMP studies should be directed to utilize BMPs such as BMP-6 that have 
less affinity to endogenous BMP antagonists (e.g., noggin) [60] and delivered with 
an autologous substratum, which does not provoke inflammatory signals and 
immune responses.

10  Conclusion

BMPs were originally purified from bone extracts employing a composite signal- 
scaffold matrix based on subcutaneous implant assay for bone induction. By utiliz-
ing the primary amino acid sequences obtained from purified bovine bone-inductive 
proteins, several BMP genes have been identified from human cDNA and genomic 
libraries. They are called BMPs and GDFs and constitute a large family of the TGF- 
beta superfamily of proteins. BMP proteins are highly conserved from fly to mam-
mals, expressed in many organs during embryogenesis, which can be recapitulated 
during adult tissue repair. BMPs signal through a set of specific Ser-Thr kinase 
receptors and act under the influence of a concentration gradient, which is governed 
by extracellular matrix proteins and a family of cysteine-knot proteins, called BMP 
antagonists. Though recombinant BMP protein-containing osteogenic devices are 
approved for therapeutic use in orthopedic medicine, there are numerous challenges 
due to the high doses employed, lack of autologous scaffold for sustained release, 
and need for adjunct instrumentation for biomechanical stability.
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The Systems Biology of Bone Morphogenetic 
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Abstract BMPs are originally identified based on their ability to induce new bone 
in vivo and represent large members of the TGF-β superfamily of proteins. BMPs 
serve as inductive signals for cell migration, growth, and subsequently differentia-
tion in many organ developments during embryogenesis and are shown to modulate 
inflammation, angiogenesis, and immune responses and thus provide biological 
cues for adult tissue repair, protection, and regeneration. BMP-2- and BMP-7- 
containing osteogenic devices have been approved for use as bone graft substitutes 
for spine fusion and long bone fractures. BMP-7 biology has been considered posi-
tively against parenchymal tissue fibrosis to improve function. In this chapter, I 
summarize the biology of BMPs to emphasize its (1) morphogenic role in skeletal 
tissue repair and regeneration; (2) modulatory role in curtailing inflammation, gov-
erning angiogenesis, suppressing apoptosis, and reducing fibrosis following immu-
nological and mechanical insults; (3) metabolic role in glucose, calcium, and 
phosphate and iron homeostasis; and (4) cytoprotective role to maintain skeletal and 
vascular integrity. The importance of BMP biology is further corroborated in rare 
genetic disorders (e.g., pulmonary arterial hypertension, hemochromatosis, fibro-
dysplasia ossificans progressiva, and osteogenesis imperfecta) and in cancer.

Keywords BMP receptors and signaling • BMP antagonists • BMPs in cartilage, 
bone and dentin repair • BMP-7 in inflammation, angiogenesis and fibrosis • BMP-7 
in caclium and posphate homeostasis • BMPs in diabetes • BMP type II receptor in 
pulmonary arterial hypertension • BMP-6 in hemochromatosis and anemia • BMP 
signaling in skeletal rare disorders

1  BMPs During Development

BMPs are potent chemoattractants (motogens) [1, 2], mitogens [3], and morpho-
gens [4, 5] which act across a concentration gradient during embryogenesis [6, 7]. 
BMPs recruit stem cells and determine the fate of the responding cells to undergo 
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condensation (proliferation) and subsequently trigger their differentiation by serv-
ing as an inductive signal at specific tissue compartment in order to promote mor-
phogenesis. During embryogenesis, in general, ectoderm expresses BMPs as 
secretary proteins, which bind to extracellular matrix (e.g., heparin sulfate proteo-
glycans and type IV collagen) and specific BMP antagonists and subsequently 
released as needed for mesoderm to respond. The cells that express BMPs also 
express BMP antagonists in order to establish a concentration gradient for ligand-
receptor binding to induce downstream signaling [7, 8]. For example, during 
embryogenesis, the ureteric bud synthesizes BMP-7 and nephrogenic mesenchyme 
response to it, which then undergo condensation and differentiation into S- and 
comma-shaped tubules that become a functional nephron [9, 10]. Likewise, BMP-2 
is required for cardiac mesoderm condensation and morphogenesis [11], while 
BMP-4 is responsible for lung epithelial morphogenesis [12]. Hence, the loss of 
function of BMP-2 and BMP-4 is embryonically lethal, and they die early at days 
11–14 of embryo due to impaired cardiac function, whereas the loss of BMP-7 
function results in death during birth due to the lack of functional kidney. The 
BMP signal-based tissue morphogenesis is so tightly controlled in space and time 
during embryogenesis, and thus the loss of a given BMP function at given tissue 
compartment can result in tissue malformation. Furthermore, BMP signaling cross 
talks with TGF-beta and activin signaling, the other members of TGF-beta super-
family proteins, as well as with Wnt and hedgehog signaling to govern tissue mor-
phogenesis [8, 13].

BMPs are responsible for endochondral bone formation during development, 
and the cellular events that are responsible for embryonic endochondral ossification 
can be recapitulated in postnatal life by implanting an osteogenic BMP with 
appropriate collagenous scaffold at subcutaneous sites to induce mesenchymal cell 
migration, proliferation, and differentiation to form the cartilage and bone [14–16]. 
The biological function of BMP is concentration-dependent, the lower amount is 
motogenic (chemotaxis), medium concentrations are mitogenic (proliferation), and 
higher concentrations are morphogenic (differentiation). The biological activities of 
BMPs with respect to chemotaxis, proliferation, and differentiation have been dem-
onstrated in  vitro using Boyden chamber, cell proliferation, and differentiation 
assays in cultures using a BMP and responding mesenchymal stem cells. The role 
of BMPs and its canonical downstream signaling with cross talk with Wnt signaling 
during embryonic skeletal and craniofacial development and osteo- and dentinogen-
esis are described in the chapter on “Embryonic Skeletogenesis and Craniofacial 
Development”.

2  Structure and Function

BMPs are homodimers, and all have the hallmark of “7-cysteine domain” held by 
an inter-disulfide bridge at the fourth cysteine between two monomers and are 
highly conserved from fly to humans. BMPs are produced as a large precursor with 
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signal peptide, pro-domain, and mature “7-cystein TGF-beta domain.” They syn-
thesized as monomer with three intra-disulfide bridges and then undergo dimeriza-
tion in endoplasmic reticulum by forming inter-disulfide bridge at the fourth 
cysteine and processing at RXXR site before they are secreted into extracellular 
space [17, 18]. The secreted BMP protein is a dimer at the mature TGF-beta 
domain, which is biologically active, whereas pro-domain is not active but can 
interact with mature, processed dimer by non-covalent interactions. The mature 
protein loses its biological activity if inter-disulfide bridge is broken. The crystal 
structure reveals that the BMP dimer is aligned antiparallel with Finger 1 and 
Finger 2 and Heal region [19]. A cysteine knot with intra- and inter-disulfide bridges 
holds the dimer protein, and because of this, it is very stable, even against proteases 
like trypsin.

BMPs signal through ser-thr kinase receptors type I and type II. Although both 
type I and type II bind to the ligand and form a complex, type I receptor renders 
specificity and recruits intracellular kinases signaling SMAD-1/5/8 and subse-
quently triggers phosphorylation, which forms a complex with a co-smad-4 and 
translocates into the nucleus to switch on and off a set of genes responsible for 
tissue morphogenesis, repair, and regeneration [20]. ALK-2, ALK-3, and ALK-6 
are known BMP- specific type I receptors, and BMPRII, ActRII-A, and ActRII-B 
serve as type II receptors; BMPs employ a specific type I receptor and type II 
receptor depending on the cell type and type of cellular responses it triggers [21]. 
There are several BMP co-receptors that have been described to activate or inhibit 
BMP signaling to trigger specific cellular function and outcome [22]. These 
include the Dragon family of protein, hemojuvelin, receptor tyrosine kinases 
(RTKs) TrkC, TGF-β type III receptors, BAMBI, betaglycan, and endoglin. Two 
downstream inhibitors, smads 6 and 7, are identified to play a functional role as 
checkpoints by de-plugging the BMP downstream signaling to modulate the bio-
logical activity. BMP ligands can also trigger non-canonical downstream signal-
ing directly or indirectly that are SMAD independent, such as MAPK, ERK, NK, 
p38, PI3K, Akt, RANK and RANKL, as well as substantial cross talk with the 
Wnt, hedgehog, and VEGF signaling cascades. In addition, known BMP antago-
nists like noggin, chordin, follistatin, gremlin, sclerostin, and USAG-1 are shown 
to govern the availability of BMP ligand to its receptor by binding avidly at the 
extracellular space to render specificity and establish a concentration gradient 
[23]. For more details, refer to the chapter on “BMP and BMP Regulation: 
Structure and Function”.

3  BMP: In Vitro and In Vivo Model Systems 
for Endochondral Bone Differentiation

The systems biology of BMP with respect to skeletal tissue morphogenesis has been 
well documented in  vivo [24]. The embryonic cellular events that culminate the 
formation of the new cartilage and bone can be recapitulated in post-fetal life by 
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implanting an osteogenic BMP (e.g., BMP-2, BMP-4, BMP-6, and BMP-7) with a 
carrier in the rat subcutaneous site and in diaphysis fracture, segmental defect, and 
lumbar spine fusion models. The presence of BMP is a must in the implant in order 
to attract sufficient amount of mesenchymal stem cells and induce proliferation and 
differentiation into the bone.

In Vitro Model Systems Several in vitro cell cultures have been used to examine 
BMP-like activity. Primary cultures generated from the chick [25] and mouse limb 
bud [26], synovial tissue [27], periosteum [28], primary bovine articular chondro-
cytes [29], calvarial-derived primary osteoblasts [16], established rat osteosarcoma 
cell lines [30], C2C12 mouse myoblast cell line [31], and bone marrow-derived 
W-29 stromal cells [32] have been routinely employed. To examine for chondro-
genic and osteogenic responses, the early responsive genes like id-1, id-2, and id-3 
[33], differentiation determinants like sox-5 and sox-9 [34] for chondrocyte and 
osterix and Runs-2 for osteoblast [35, 36], markers of chondrocyte phenotype like 
type II collagen and cartilage-specific proteoglycan [37], and markers of osteoblast 
phenotype, alkaline phosphatase, and osteocalcin are routinely monitored [16]. 
Identification of BMP-responding elements in the promotor region of the BMP- 
SMAD- dependent responding genes has allowed to engineer several established 
stable cell lines linking with luciferase enzyme to specifically qualify the biological 
activity of BMP from cell and tissue extracts and body fluids and for release assays 
for the recombinant BMP production [38]. Furthermore, pluripotent stem cells gen-
erated from patients from musculoskeletal disorder are being employed to drive 
chondrogenesis and osteogenesis in order to understand the loss or gain of function 
and to establish screens to select small molecules [39]. For more information, refer 
to the chapter “Novel In Vitro Assay Models to Study Osteogenesis and 
Chondrogenesis for Human Skeletal Disorders”.

In Vivo Model Systems BMP alone when implanted with an appropriate collage-
nous matrix can induce new bone formation at ectopic or orthotopic sites. This 
serves as a prototype for tissue engineering [40]. BMP serves as signal and collagen 
serves as scaffold. The local implant site provides a microenvironment to recruit the 
responding cells, and they attach onto the collagenous scaffold in order to promote 
the differentiation into endochondral bone. This BMP-induced new bone formation 
is dose-dependent [16] up to certain doses based on a given substratum used; how-
ever, at a higher dose, BMP can trigger a more number of progenitors’ recruitment 
and proliferation, which results in hematoma and cyst-like condensation and delays 
the differentiation into the bone. This high-dose cyst phenomenon is observed both 
in ectopic and orthotopic sites.

The most important component in BMP-based osteogenic device is scaffold. The 
current BMP-based osteogenic device utilizes bovine-derived collagen alone or in 
combination with ceramics (hydroxyapatite and tricalcium phosphate), and because 
of ceramics and an animal-derived collagen, the device triggers initially inflamma-
tion and immune responses and promotes the expression of makers associated with 
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fibroblast phenotype. In order to overcome this unwanted fibrogenic biology, high 
doses of BMP-2 (12–40 mg) are employed in the current osteogenic device. In addi-
tion, because of low affinity to collagen/ceramics, BMPs are diffused out readily 
from the implant site and induce unwanted ossification at the distant sites. These 
unwanted safety issues were observed in the clinical studies for posterolateral fusion 
which has been ascribed to a high dose of BMP and animal-derived collagen.

As the cells are prerequisite for BMP to signal, a situation wherein the site is 
compromised due to nonunion as seen in tibial diaphysis where the responding cells 
are not readily available in sufficient quantity, Efforts are being attempted to implant 
autologous bone marrow with BMP-containing scaffold. Autologous bone marrow- 
derived mesenchymal stem cells and periosteal-derived mesenchymal stem cells are 
also being considered for such BMP implants. It is likely that selecting autologous 
mesenchymal stem cells with specific cell surface markers that have high levels of 
BMP receptor expression at the cell surface may be beneficial to implant with a 
BMP and scaffold in certain rare indications like tibial nonunion, pseudo anthrosis 
and atypical fractures associated with long-term bisphosphonate or steroid use. The 
preferred components of bone tissue engineering are (1) BMP that lacks affinity for 
BMP antagonists as a signal, (2) autologous substratum (instead of animal-derived 
collagen), and (3) autologous responding cells, where they are short supplied. More 
details on this subject are discussed in the chapter “Towards Advanced Therapy 
Medicinal Products (ATMPs) Combining Bone Morphogenetic Proteins (BMP) 
and Cells for Bone Regeneration”.

4  Role of BMPs in Cartilage Repair and Regeneration

The therapeutic engineering of tissue formation requires three biological compo-
nents: signaling molecules, responding cells, scaffold and permissive microenviron-
ment. Carticel® (autologous chondrocyte implantation, ACI), the first FDA-approved 
cell-based therapy for the articular cartilage repair, employs the autologous cells 
and the live periosteum as scaffold, two of the biological components required for 
tissue engineering [41]. Bone morphogenetic proteins (BMPs) are potent chondro-
genic morphogens and are capable of inducing differentiation of MSCs into cell 
lineage of hyaline cartilage and maintenance of the expression of markers associ-
ated with chondrocyte phenotype in vitro and in vivo [42, 43]. Several studies have 
demonstrated that BMPs when applied alone or in combination with appropriate 
scaffold onto chondral or osteochondral defects are capable of inducing new articu-
lar cartilage formation in vivo [44]. However, the newly formed chondrocytes fail to 
maintain the cellular morphology and expression of articular cartilage phenotype 
over time, thus leading to the degeneration of the repaired tissue in the preclinical 
studies. It is likely that providing BMPs continuously or at periodic intervals instead 
of a one-time application in the beginning as used to repair bone fractures may 
induce sustainable cartilage differentiation readily and maintain the regenerated 
cartilage to attain articularization (surface, mid- and deeper zone) and function over 
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time under mechanical loading [45, 46]. The combination of responding cells with 
an appropriate scaffold and providing BMP signaling in situ will have added advan-
tage in the enhancement of chondrocyte differentiation and maintenance of pheno-
typic expression in order to sustain function over long time. As BMP-2, BMP-4, 
BMP-6, and BMP-7 are more osteogenic and CDMP-1/GDF-5/BMP-14 and 
CDMP-2/GD-6/BMP-13 are more chondrogenic in vitro and in vivo model systems 
[42], it remains to be seen which BMP is likely to render an expected outcome in 
articular cartilage and intervertebral disk repair and regeneration in the human 
clinical trials.

The first human clinical trial for cartilage repair was conducted to evaluate 
BMP-7 to treat symptomatic knee OA with emphasis to reduce pain [47]. This was 
a double-blind, randomized, multicenter, placebo-controlled, single-dose escalation 
safety study that examined four doses 0 (placebo), 0.03, 0.1, 0.3, and 1.0 mg in 5 % 
lactose, injected intra-articularly, evaluated at 4, 8, 12, and 24  weeks. Patients 
receiving the BMP-7 injections at the midrange doses (0.1 and 0.3 mg) reported 
some symptomatic improvement, while high- and low-dose cohorts do not have the 
same. For more details, refer to the chapter “BMP Signaling in Articular Cartilage 
Repair and Regeneration: Potential Therapeutic Opportunity for Osteoarthritis”.

5  Role of BMPs in Bone Repair and Regeneration

Several clinical trials have been conducted to assess the safety and efficacy of 
recombinant human BMP-containing devices for the treatment of acute diaphysis 
bone fractures and delayed union, tibial nonunion, and anterior lumbar interbody 
fusion (ALIF) and posterolateral lumbar fusion (PLF). Two BMP products, rhBMP2 
(InFUSE®) [48] and rhBMP-7 (OP-1® [49] and OP-1 Putty®) [50], are licensed 
under PMA and HDE for marketing and clinical application in the USA.

OP-1® Implant: The first human clinical study was performed to assess the effi-
cacy of recombinant human rhBMP-7 (OP-1®) for the treatment of tibial nonunion 
in a prospective, randomized, and controlled clinical trial [51]. The conclusion of 
this clinical study demonstrated that OP-1® Implant was a safe and effective treat-
ment modality for tibial nonunion and the outcome was comparable to the use of 
bone autograft but failed to achieve a statistical significance as the number of 
patients included in the study is not sufficient, and because of this, it has gotten only 
HDE approval in the USA.

OP-1 Putty®: It is an OP-1® Implant containing 230  mg of sterile carboxy-
methyl cellulose to provide putty-like property. The OP-1 Putty® device was evalu-
ated in the PLF clinical study to treat symptomatic single-level degenerative lumbar 
spondylolisthesis and spinal stenosis without instrumentation [52, 53]. Outcomes 
measured at 12 months of follow-up showed a promise but did not again meet a 
statistical difference. Therefore, OP-1 Putty® received again HDE approval for use 
as an alternative to autograft in compromised patients requiring revision posterolat-
eral (inter-transverse) lumbar spinal fusion.
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InFUSE® (rhBMP-2) was approved by FDA via premarketing approval (PMA) 
process, in conjunction with the LT-Cage Lumbar Tapered Fusion device for spinal 
fusion procedures via an anterior approach; the specific indication is for spinal 
fusion procedures in skeletally mature patients with degenerative disk disease 
(DDD) at one level from L2-S1 [54–56]. However, large clinical studies conducted 
using a high dose (40 mg/single-level fusion) of InFUSE® with compressive resis-
tant matrices bulking agents (Amplify™) did not result in a positive outcome; autol-
ogous ICBG was used as comparator [57, 58].

The FDA issued a public health notification regarding life-threatening complica-
tions associated with InFUSE® in cervical spine fusion used as off-label [59]. These 
complications were associated with swelling of the neck and throat tissue, which 
resulted in compression of the airway and/or neurological structures in the neck. 
Some reports described difficulty in swallowing, breathing, or speaking. Though 
fewer documented adverse events can be attributed to BMP, certain complications 
and safety issues are of concern. Adverse events that have been reported include but 
are not limited to inflammation, unwanted ectopic bone formation, infection, 
immune responses, vertebral osteolysis, and vertebral edema.

Regulatory agencies, clinical and patient communities, and payers are concerned 
with the off-label use of current BMP products. The concern is centered on whop-
ping dose of BMPs (e.g., hrBMP-2 applied 12–40 mg for single-level fusion) and 
the use of animal-sourced collagen (bovine type I collagen) and synthetic ceramics 
(hydroxyapatite and tricalcium phosphate) as substratum to deliver rhBMP-2 at the 
implant site [60]. Animal-sourced collagens and ceramics as carriers induce inflam-
matory cytokine release and immune reactions at the local implant sites. Lower 
doses of BMPs with appropriate biocompatible and bio-friendly autologous scaf-
fold may provide the optimal bone formation without provoking unwanted ectopic 
bone formation detailed in the chapter “Osteogrow: A Novel Bone Graft Substitute 
for Orthopedic Reconstruction.” Future BMP studies are directed to utilize BMPs 
that have little or no affinity to endogenous BMP antagonists [61] and delivered 
with an autologous substratum, which does not provoke inflammatory signals and 
immune responses. For more details, refer to the chapters “BMPs in Orthopedic 
Medicine: Promises and Challenges” and “Biology of Spine Fusion and Application 
of Osteobiologics in Spine Surgery”.

6  BMPs in Dentin Repair and Regeneration

Although autograft is a gold standard in dental medicine, because of donor site- 
associated mobility, BMP-containing bone graft substitutes (BGS) are preferred as it 
provides robust therapeutic benefit than osteoinductive (e.g., DBM) and osteoconduc-
tive (e.g., HA/TCP) biomaterials [62, 63]. The application of BMP-based BGS has its 
clinical utility in several dentin indications that include alveolar ridge and maxillary 
sinus augmentation, alveolar cleft and mandibular reconstruction, osteointegration 
following dentin implants, and periodontium repair. BMP-2- and BMP-7-containing 
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collagen implants and GDF-5-containing hyaluronic implants have been evaluated in 
dentin preclinical models and in the clinic for various dental indications [64–66]. 
Obtaining a robust bone formation to speed up the osteointegration for dental implants 
and avoiding ankyloses to regenerate periodontium with new cementum, ligaments 
containing sharpie fibers and regeneration of alveolar bone are unmet needs in dental 
medicine [67]. Application of a given BMP with an appropriate dose and acceptable 
autologous scaffold in a permissive microenvironment is lacking. The promises and 
challenges still remain in order to deliver BMP locally with a bio- scaffold that allows 
lesser inflammation and immune responses and thus allow dental tissue repair and 
regeneration in space and time. It is unlikely the same dose and same bio-scaffold will 
serve as therapeutic benefit for all the dental tissue repair and regeneration. For details 
refer to the chapter “BMPs in Dental Medicine: Promises and Challenges”.

7  BMP-7 in Acute and Chronic Kidney Failure

Although BMP-7 is originally isolated from bone matrix, the predominant site for 
its synthesis is the kidney [68]. The loss-of-function studies revealed that it is abso-
lutely required for kidney development during embryogenesis [69] and it plays a 
functional role in the adult kidney and is responsible for vascular and skeletal integ-
rity and modulates calcium and phosphate homeostasis. In preclinical studies, 
BMP-7 has been shown to provide protection against acute kidney injury (AKI) 
[70], glomerulosclerosis, diabetic nephropathy, chronic kidney disease (CKD), 
renal osteodystrophy, lupus nephropathy, and Alport’s syndrome [71, 72]. BMP-7 is 
available in circulation, and its level correlates with renal function. The mechanism 
of action studies indicates that BMP-7 suppresses inflammation, improves renal 
blood flow, preserves tubular structure, reduces interstitial fibrosis, and governs cal-
cium and phosphate homeostasis and subsequently vascular calcification by improv-
ing disordered bone remodeling. As BMP-7 is a potent bone-inducing morphogenic 
protein and forms ectopic ossification at the injection sites, it is believed that 
enhancing its biology through mimetics and secretagogoues may provide a safe and 
viable therapy than administering BMP-7 protein systemically. More details can be 
found in the chapter “Bone Morphogenetic Protein-7 and Its Role in Acute Kidney 
Injury and Chronic Kidney Failure”.

8  BMPs in Glucose Homeostasis

By employing a functional genomic approach, BMP-9, expressed in the liver, was 
first identified as a factor that regulates glucose homeostasis as it was shown to 
suppress hepatic glucose production to reduce insulin resistance and glycemia in 
diabetic mice [73]. In concurrence with the observation that the kidney is a major 
site for BMP-7 expression, it serves as autocrine survival factor for podocytes [74] 
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and maintains expression of structural proteins of the foot processes such as syn-
aptopodin and podocin. BMP-7 also inhibits the TGF-β1-activated signaling path-
way in mesangial cells and podocytes in vitro. In preclinical models of diabetic 
nephropathy, BMP-7 was shown to attenuate tubular pro-inflammatory responses 
by suppressing oxidative stress and multiple inflammatory signaling pathways in 
the mesangium and proximal tubular epithelium [75]. It is likely that BMP-7 may 
be useful in delaying diabetic glomerulosclerosis and reversing early podocyte 
injury. To support BMP-7 biology role in diabetics, a recent study indicates that 
removal of USAGA-1/Sostdc1, a BMP-7 antagonist, is able to enhance insulin 
secretion and glucose homeostasis by improving β-cell function under metabolic 
stress [76]. A metabolic approach of managing glucose homeostasis is through 
systemic energy homeostasis. Brown adipose tissue (BAT) is responsible for 
energy utilization by promoting thermogenesis [77]. Again BMP-7 has been shown 
to promote BAT differentiation and promote thermogenesis in  vitro and in  vivo 
suggesting a therapeutic role against obesity [78] and thus to improve glucose 
uptake and reduce insulin sensitivity. For details, refer to the chapter “Role of 
BMPs in Inflammation.”

9  BMP-7 and Calcium and Phosphate Homeostasis

The kidney is the site for the production of active 1,25-dihydroxy vitamin D3 from 
its precursor 25-dihroxy vitamin D3, and the loss of renal function results in vitamin 
D deficiency (Rickets) which then leads to secondary parathyroidism. The second-
ary hyperparathyroidism occurs in CKD, which produces a high turnover osteodys-
trophy that is associated with peritrabecular fibrosis. In animal models of CKD, 
BMP-7 treatment was shown to eliminate peritrabecular fibrosis, increased “active” 
osteoblast number, osteoblast surface, mineralizing surface, and significant decrease 
in the eroded surface [79, 80]. Loss of renal function is also associated with hyper-
phosphatemia and elevated calcium x phosphate (Ca x P) product, leading to vascu-
lar stiffness, dysfunction, and calcification. Hyperphosphatemia has been a known 
predictor of cardiovascular death, particularly in hemodialysis patients. Vascular 
smooth muscle cells (VSMC) are very responsive to changes in elevated serum 
phosphate and undergo a loss of phenotypic expression and differentiate into cell 
types of the osteoblast lineage. Although phosphate is managed through binders, it 
is becoming increasingly important to improve vascular tone and elastic modulus of 
vessel in ESRD patients. Hyperphosphatemia induces the loss of phenotype in 
VSMCs and induces dedifferentiation into myofibroblast and subsequently their 
proliferation in culture. In CKD models of hyperphosphatemia, BMP-7 treatment 
reduces the loss of VSMC phenotype and vascular calcification [81]. The effect of 
BMP-7 on osteoblast differentiation also reduces the systemic phosphate level thus 
indirectly has a positive influence on reducing phosphate levels in circulation. In 
summary, application of BMP-7 biology agonists may likely reduce hyperphospha-
temia, secondary parathyroidism-associated osteodystrophy (osteitis fibrosa), and 
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the loss of VSMC phenotype, thus reducing vascular stiffness, dysfunction, and 
calcification, bone pain, and high fracture incidence in patients with loss of kidney 
function.

10  BMPs in Iron Homeostasis

Currently, erythropoiesis-stimulating agents (ESA) like erythropoietin, EPO, or 
iron supplements have been used to manage anemia in CKD/ESRD patients. About 
1/3 of patients, however, do not respond to EPO. Oral dietary iron serves as an alter-
native but is not effective, and IV iron supplement provides some relief but does not 
overcome anemia successfully. High doses of EPO to manage anemia led to cardio-
vascular events, stroke, progression of cancer, and death, and because of this, the 
FDA issued black box warning on the EPO label. Patients nonresponsive to IV iron 
and EPO end up in iron overloading that associates with high levels of hepcidin in 
the blood.

Hepcidin is the iron regulatory hormone (25 amino acid peptides), and its expres-
sion is regulated tightly by circulating iron levels [82, 83]. Hepcidin is a ligand for 
ferroportin, an iron exporter [84]. Upon binding to ferroportin, hepcidin induces an 
internalization (endocytosis) and subsequently its degradation (proteolysis in lyso-
somes) [85]. Hepcidin inhibits the export of iron from enterocytes in the duodenum 
(obtained through dietary intake), reticular endothelial macrophages (recycled 
through senescent erythrocytes), and hepatocytes (stored intracellularly through fer-
ritin) into the plasma. High level of hepcidin results in “anemia,” and low level of 
hepcidin results in “hemochromatosis,” a rare hematological disorder.

BMP-6 has been shown to regulate the expression of hepcidin through its down-
stream smad-1/5/8-dependent pathway [86]. Hemojuvelin (HJV), a glycophospho-
lipid inositol (GPI)-anchored membrane protein, functions as a co-receptor for 
BMP-6 to enhance the effectiveness of BMP signaling-dependent SMAD pathway 
to stimulate hepcidin expression by acting on its promoter [87].

Inflammatory cytokine IL-6/JAK2/STAT3 pathway can also stimulate hepcidin 
expression; however, BMP-HJV-SMAD pathway-based functional SMAD binding 
is necessary for IL-6/JAK2/STAT3 pathway to effectively enhance hepcidin expres-
sion. BMP-6 (−/−) knockout mice showed reduced hepcidin levels in circulation 
and resemble “hemochromatosis” phenotype [88, 89]. A similar phenotype was 
also observed in HJV (−/−) mice [90]. Recently, three heterozygous missense 
mutations in BMP-6 were identified in patients with unexplained iron overload; 
these mutations lead to loss of signaling to SMAD proteins and reduced hepcidin 
production [91].

Inhibition of BMP-HJV-SMAD pathway is therefore a novel target to reduce the 
production of hepcidin in the liver. There are several ways one could approach, for 
example, the use of a drug that can antagonize BMP signaling (dorsomorphin) and 
the use of BMP antagonist proteins like gremlin, anti-BMP-6-neutralizing  monoclonal 
antibody, Fc-soluble ActRII-A receptor, activin/BMP/GDF ligand trap, anti- 
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hemojuvelin- neutralizing antibody, and Fc-soluble hemojuvelin, all of which may 
have some safety concerns, as they are not addressing the specific role of iron- sensing 
BMP-6 in regulating hepcidin expression with respect to iron homeostasis. For more 
details on the role of TGF-beta superfamily of proteins in iron homeostasis, refer to 
the chapter on “The Central Role of BMP Signaling in Regulating Iron Homeostasis”.

11  BMPs’ Role in Rare Genetic Disorders

Pulmonary Arterial Hypertension (PAH) PAH is a rare disease that occurs neo-
natal and young children due to poor vascular dilation and abnormal musculariza-
tion characterized by a progressive increase in pulmonary vascular resistance [92]. 
In older children and adults, abnormal vessel and enhanced muscularization occurs 
in the distal artery [93], all results in progressive intimal and medial thickening 
leading to occlusive changes and hence elevation in pulmonary arterial pressure 
[94]. An imbalance between vasodilators and vasoconstrictors has been linked to 
the onset of PAH [95]. Genetic studies showed a link to mutations in BMPRII 
among familial PAH (60 %) and idiopathic PAH (10 %–20 %) patients [96–98]. The 
mutations are spread along the ligand binding domain, kinase domain, and long 
cytoplasmic tail, all of which can affect negatively BMP-smad downstream signal-
ing. id, a BMP-responding gene, is paramount in governing endothelial and smooth 
muscle cell growth, perturbing id expression will have consequences [99]. That 
said, there are people who have BMPRII mutations who do not develop PAH [100]. 
This makes sense that BMPs do also engage the other type II receptors, ActRII-A 
and ActRII-B, for signaling, and likely in the absence of functional BMPRII, these 
receptors may compensate function in certain PAH patients. BMP-9 and TGF-beta 
utilize ALK-1, type I receptor, and endoglin, a co-receptor to mediate signaling in 
endothelial cells (ECs). Mutations in endoglin have also been linked to hereditary 
hemorrhagic telangiectasia which has been linked in some patients with PAH [101, 
102]. Overall, no doubt BMP signaling is paramount in governing normal growth of 
EC and SMC of the pulmonary artery, and perturbation of BMP-smad signaling 
may have detrimental effects for the onset of PAH. For more information, refer to 
the chapter on “BMP Signaling in Pulmonary Arterial Hypertension”.

Hereditary Hemochromatosis (HH) HH is a genetic disorder of iron overload 
characterized by an excess iron entry into the bloodstream surpassing the require-
ments for erythropoiesis, resulting in tissue iron deposition and organ dysfunction 
[103]. As there is no regulated mechanism for the removal of excess iron from the 
body and the excess iron in patients with HH deposits in other tissues, most notably 
parenchymal cells of the liver, pancreas, heart, and pituitary gland generate reactive 
oxygen species leading to tissue damage and ultimately resulting in cirrhosis, 
 diabetes, cardiomyopathy, hypogonadism, arthropathy, and increased skin pigmen-
tation that is characteristic of this disease. Mutations in hfe gene are identified as a 
causal for HH [104–106]. hfe is atypical major histocompatibility class-I-like 
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 protein [107] that competes with transferrin for binding to transferrin receptor-1 as 
well as transferrin receptor-2 (TRF1/TRF2). Hence, mutations in TRF1 or TRF2 
can also result in HH. It is believed that TFR1 in the liver sequesters HFE and when 
serum levels increase, iron-saturated transferrin displaces hfe from TFF1; thereby, 
HFE can regulate hepcidin expression possibly by interacting with TRF2 [108, 
109]. The precise mechanism by which hfe regulates hepcidin expression is still 
unknown. The loss of function of hfe studies in mice showed impaired BMP down-
stream smad signaling and low level of hepcidin expression. This is further corrobo-
rated that BMP-6 (−/−) mice and HJV (−/−) mice both exhibit hemochromatosis 
phenotype and have low level of hepcidin in circulation. For more details, refer to 
the chapter on “The Central Role of BMP Signaling in Regulating Iron Homeostasis”.

Fibrodysplasia Ossificans Progressiva Fibrodysplasia ossificans progressiva 
(FOP) is a rare genetic disorder characterized by progressive extra-skeletal (hetero-
topic) ossification [110]. Patients with FOP develop progressive heterotopic ossifi-
cation within soft connective tissues by recapitulating a developmental cascade of 
endochondral ossification in which cartilage forms initially at the lesion site and is 
subsequently replaced by the bone [111]. The effects of FOP are accelerated by 
inflammation and trauma, precluding surgical intervention, and there is an urgent 
need for an effective treatment. Linkage analysis has led to the identification of a 
recurrent heterozygous mutation (617G A; R206H) in the type I BMP receptor 
ALK-2 (ACVR1) [112, 113]. Additional FOP mutations have since been identified 
in both the GS and kinase domains of ALK-2 that differentially affect the age of 
onset of ossification, as well as the extent of skeletal malformation. Analyses of a 
subset of ALK-2 FOP mutants including L196P, R206H, and G356D suggest that 
FOP mutations are more weakly activating than constitutively active ALK-2, but 
show similar potential to induce osteogenic differentiation through reduced FKBP12 
binding to ALK-2 and increased Smad1/5/8 phosphorylation [114]. A recent study 
suggests that nonenzymatic scaffolding function provided by type II receptors is 
required for mutant ALK-2 to exert its function independent of a BMP ligand [115].

The FOP condition can be recapitulated in cultures using muscle cell lines trans-
fected with mutant ALK-2 and in animal models by transgenic overexpression of 
caALK-2 [116], a classic constitutively active ALK-2 receptor containing the artifi-
cial mutation Q207D and knock-in R206H mutation in mice [117]. Furthermore, 
pluripotent stem cells generated from FOP patients are also being pursued to screen 
for small molecules that could inhibit chondrocyte/osteoblast differentiation [118, 
119]. By using a dorsalization function assay in zebrafish, researchers in Harvard 
(MGH/Brigham) have identified a BMP inhibitor called dorsomorphin that led to 
the development of LDN compounds which tend to render a specificity to ALK-2 
kinase inhibition and functionally inhibit ALK-2 kinase activity in vitro and ectopic 
endochondral ossification in mutant ALK-2 FOP transgenic mouse model [120]. 
Based on ALK-2 crystal structure and kinase inhibition assay, researchers at Oxford 
have identified yet another BMP inhibitor specific to ALK-2 [121]. In addition to 
SM BMP inhibitors, researchers are looking at the possibility of intervening FOP 
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mutant ALK-2 activity using siRNA and/or antisense oligonucleotide. Attempts are 
also being made to inhibit the ectopic differentiation of endochondral ossification 
using retinoic acid receptor γ agonist [122], a potent stimulator of chondrocyte 
differentiation.

However, it remains to be established what are the cell types that are cued to 
manifest heterotopic ossification as a result of FOP-ALK-2 insult. Fascia/skeletal 
muscle-derived satellite cells/myoblasts, vascular endothelium-derived pericytes/
smooth muscle cells, blood-borne inflammatory cells, and endothelial- mesenchymal 
transition, all of these are contemplated as potential responding cell types. Still it 
remains elusive how the mechanical/inflammatory signals promote the FOP-ALK-2 
insult in  vivo. A recent study suggests that anti-activin antibody and ActRII-A/
ActRII-B trap are shown to provide therapeutic benefit against FOP mice [123]. For 
more details, refer to the chapter “BMP Signaling in Fibrodysplasia Ossificans 
Progressiva, a Rare Genetic Disorder of Heterotopic Ossification”.

Osteogenesis Imperfecta Osteogenesis imperfecta (OI), also known as “brittle 
bone disease,” is a collagen-related disorder characterized by low bone mass, 
increased bone fragility, and decreased bone strength. Dominant osteogenesis 
imperfecta is caused by defects in the quantity or quality (structure) of type I procol-
lagen, which affects the bone at multiple levels, for example, matrix structure and 
mineralization. Recessive osteogenesis imperfecta is caused by deficiency of pro-
teins that interact with collagen process collagen and/or affect its posttranslational 
modification or folding, such as CRTAP, P3H1, and PPIB and Serpin H1 and 
FKBP10 [124]. The common features of dominant and/or recessive osteogenesis 
imperfecta are delayed collagen folding and increased endoplasmic reticulum stress 
effects in the bone and are likely to be the key to understanding its pathogenesis. 
Bisphosphonates are widely administered to individuals with osteogenesis imper-
fecta, with positive effects on bone mass and vertebral geometry, but cause a decline 
in bone material quality in time [125]. In its various types, OI occurs in ~1  in 
15,000 in the USA (~20,000–50,000) with mostly autosomal dominant inheritance 
(about 85 %) and lesser with autosomal recessive (15 %).

The clinical overlap in both dominant and recessive phenotypes of OI is compa-
rable. A recent study for the first time demonstrated an excessive TGF-β signaling 
as evidenced by an increased ratio of pSMAD2/SMAD2 proteins and higher in vivo 
SMAD2 reporter activity that corresponds with higher expression of TGF-beta tar-
get genes. It is suggested that an alteration in collagen posttranslational modifica-
tions results in a dysregulation of matrix-cell signaling contributing to phenotype 
manifestation [126, 127]. Furthermore, anti-TGF-beta antibody (1D11) treatment 
demonstrated that treatments restored bone volume, trabecular number, trabecular 
thickness, and reduced trabecular separation in the lumbar and femur of OI mice 
comparable to WT mice. Biomechanical testing of femurs showed mice treated with 
the 1D11 showed significant improvements in bone strength as well. Hence, altered 
TGF-β matrix-cell signaling is a primary mechanism in the pathogenesis of OI.
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As BMP downstream signaling counteracts TGF-β activity, it is likely that BMP 
biology may serve as therapeutic avenue for OI. To support this notion, recent study 
showed anti-sclerostin, a BMP antagonist, antibody also effectively restored OI phe-
notype in mice [128]. Genetic linkage studies found mutations in BMP-1 and collagen 
C-peptidase as a causal for OI in man [129]. BMP-1 is also responsible for processing 
certain BMP family proteins from pro-form into active and BMP antagonists like 
chordin [130]. Since BMPs have direct influence on the differentiation of both bone-
forming (osteoblast) and bone-resorbing (osteoclast) cells and the bone undergoes a 
high turnover in OI skeleton, BMP biology-based therapy could be administered 
intermittently in combination with antiresorptive agents like bisphosphonate.

12  BMP in Oncology

The BMP signaling pathway involves many ligands, receptors, and antagonists 
extracellularly and downstream signaling smads-1/5/8 and co-smad-4 and inhibi-
tory smads-6/7 intracellularly, all of which are capable of impacting tumor growth 
and progression, both positively and negatively [131]. The effects of BMP on tumor 
growth are based on specific BMP, are dose- and context-dependent, and are associ-
ated with either increased or decreased survival. For example, in ovarian carcinoma, 
the MSCs that recruited at the tumor microenvironment exhibit a phenotype that 
expresses high levels of BMP-2, BMP-4, and BMP-6 [132]. On the contrary, in 
primary mammary tumor, BMP-7 expression is reduced which is accompanied by 
enhanced TGF-beta activity and EMT transition that leads to bone metastasis [133]. 
Aberrant expression of BMP ligands and their respective receptors and subsequently 
dysregulation of downstream signaling can influence growth inhibitory genes (e.g., 
id1-3) [134] and tumor suppressor genes (e.g., p53) [135, 136] and promote 
epithelial- mesenchymal transition [137], stromal cell proliferation [132], angiogen-
esis [138], inflammation, and immunosuppression to promote tumor growth and 
metastasis. Depending on the tumor cell type (carcinoma versus sarcoma) and stage 
(primary versus metastasis), BMPs can affect cancer growth and its progression and 
modulate responsiveness to endocrine and metabolic factors [139].

As an example, low expression of BMP-7 can shift a cell phenotype from 
androgen- dependent to androgen-independent activity in primary prostate tumor 
cells, and the loss of endogenous BMP-7 may encourage the prostate cancer cells to 
be more aggressive [133]. However, BMP-7 can be reexpressed once cancer cells 
metastasized in the bone suggesting when to consider BMP-based therapy for tar-
geting to curtail cancer growth [140, 141]. Likewise, not all BMPs are the same 
when it comes to angiogenesis; BMP-2, BMP-4, BMP-6, BMP-7, and GDF-5 are 
pro-angiogenic, while BMP-9 and BMP-10 are anti-angiogenic; thus, to inhibit 
angiogenesis, natural BMP antagonists like noggin can be used to target pro- 
angiogenic BMPs, and recombinant BMP-9 and BMP-10 can be used to suppress 
angiogenesis [142, 143]. However, in certain cancers, the attenuation of BMP-9- 
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induced ALK-1, a BMP type I receptor, signaling with neutralizing antibody and 
small molecule was able to inhibit endothelial cell sprouting [144–146]. PF- 
03446962, an antibody against ALK-1 (Pfizer), and dalantercept, a soluble chimeric 
protein (ALK1-Fc) which displays high-affinity binding with BMP-9 and BMP-10, 
have been shown as potent inhibitors for blocking the development of blood vessels 
[147, 148]. An endoglin antibody, also known as CD105, a co-receptor of BMP-9 
and TGF-β that mediates a transition of endothelial cells from quiescent to active 
status during angiogenesis through preferential phosphorylation of SMAD 1/5/8, 
has also exhibited anti-angiogenic potential [149, 150]. Overall, BMPs and their 
signaling pathways play critical roles in the development, progression, and metasta-
sis of various cancers in part by governing with their involvement in angiogenesis, 
inflammation, and immunosuppression and thus may serve as promising targets for 
therapeutic potential. Taken together, it remains to be seen that targeting one spe-
cific receptor with small molecule or an antibody or Fc conjugates could render the 
required outcome, as tumorigenesis is a result of a disturbed cascade of several 
biological events. For more details of the role of BMP signaling in mammary tumor 
growth and regulation, refer to the chapter on “Bone Morphogenetic Proteins in the 
Initiation and Progression of Breast Cancer”.

13  Conclusion

BMPs are highly conserved from fly to man. The systems biology of BMP is a pre-
requisite for most of tissue induction during development and recapitulates it in 
adult tissue repair, regeneration, and homeostasis. The outcome of tissue induction/
responsiveness is dictated by the responding cell than by BMP signal. BMP governs 
its function through a concentration gradient and is context-dependent in a permis-
sive microenvironment. There are several BMPs, BMP antagonists, and receptors to 
govern its function as and when needed and to govern the inductive events in control 
fashion. Extracellular matrices and various BMP-specific antagonists that interact 
with BMP ligands add to that regulation. An aberrant expression in either ligand or 
receptor or antagonist can dictate unwanted cell growth and differentiation than 
required for normalcy. Thus far, BMP-based biologics have been approved for use 
only for local bone formation. There are several BMP-based therapeutics that are 
being evaluated in the clinic as drugs and/or biologics to improve tissue function 
against parenchymal fibrosis and to curtail angiogenesis in certain rare genetic dis-
orders like FOP and anemia. Overall, the systems biology of BMP is promising, but 
the challenges are abundant as it comes to applying safely to achieve the required 
outcome in the clinic.
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Embryonic Skeletogenesis and Craniofacial 
Development

Yuji Mishina and Nobuhiro Kamiya

Abstract Bone morphogenetic proteins (BMPs) are originally identified with their 
ability to induce heterotopic ossification. Several decades of studies have demon-
strated that BMPs have pleiotropic functions in numbers of tissues for many differ-
ent aspects. This review focuses on the effects of BMP signaling on skeletogenesis 
and craniofacial development. We will summarize recent progresses on in  vitro 
studies, animal models, and human genetics to uncover highly context-dependent 
functions of BMP signaling, including unexpected outcomes, and the mechanisms 
of how BMP signaling regulates bone mass. We will also summarize reported find-
ings about BMP signaling-related genes identified as causes of human diseases in 
skeletal system such as chondrodysplasia, facial cleft, and craniosynostosis.

Keywords Osteoblast • Chondrocyte • Osteocyte • Osteoclast • Mesenchyme • 
Neural crest • BMP signaling • Wnt signaling • Hedgehog • FGF • Facial process • 
Cleft palate • Cleft lip • Craniosynostosis • Chondrodysplasia • Temporomandibular 
joint

1  Introduction

Bone morphogenetic proteins (BMPs) were discovered and named in 1965 by 
Marshall Urist, who initially identified the ability of a then unknown factor in the 
bone to induce ectopic bones in muscle [204]. In the past 50 years, the osteogenic 
function of BMPs has been extensively examined [188]. The US Food and Drug 
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Administration (FDA) has approved BMP2 and BMP7 for clinical use in long bone 
open fractures, nonunion fractures, and spinal fusion. Therefore, the exogenous role 
of BMPs in the bone is well known in orthopedics. However, it is crucial to under-
stand endogenous or physiological roles of BMPs during skeletogenesis and bone 
remodeling.

BMP signaling plays important roles in a variety of cell types in the skeleton 
including osteoblasts, chondrocytes, and osteoclasts. The osteogenic function of 
BMPs and BMP signaling has been further investigated over the last decade using 
gene-targeting technology in animals. This chapter focuses on the physiological 
roles of BMP signaling on bone formation, bone resorption, and bone mass control, 
specifically via its action on osteoblasts or chondrocytes by reviewing mouse 
genetic studies of skeletal development and bone remodeling. This chapter also 
focuses on roles of BMP during craniofacial development including formation of 
calvaria and mandible.

2  Embryonic Skeletogenesis

2.1   Developmental Stages of Ossification

One of the key components derived from the paraxial mesoderm is the bone. The 
skeleton which includes the bone is generated from three distinct lineages: (1) the 
somites which generate the axial skeleton, (2) the lateral plate mesoderm which 
generates the limb skeleton, and (3) the cranial neural crest which generates the 
branchial and craniofacial bones and cartilage. The skeleton in mammals is formed 
through two distinct processes during embryogenesis: intramembranous ossifica-
tion and endochondral ossification [51, 110]. Both processes involve the transfor-
mation of a preexisting mesenchymal tissue into the bone tissue as they are called 
“bone formation” or “osteogenesis.” The intramembranous ossification is a direct 
conversion of mesenchymal tissue into the bone, which primarily occurs in flat 
bones including the skull, the mandible, and the clavicle. On the other hand, endo-
chondral ossification, which occurs in long bones, is an indirect conversion of mes-
enchymal tissue into the bone; i.e., the mesenchymal tissue differentiates into 
cartilage and this cartilage is later replaced by the bone.

2.2   BMP and Osteogenesis

At cellular levels, the in vivo physiological process of “osteogenesis” or “bone for-
mation” can be described as two distinct processes: (1) intramembranous ossification 
through osteoblastogenesis that is direct differentiation of mesenchymal cells into 
bone cells (i.e., osteoblasts) and (2) the endochondral ossification, which includes an 
initial chondrogenesis that is differentiation from mesenchymal cells into cartilage 
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cells (i.e., chondrocytes) followed by the apoptosis of chondrocyte secondary differ-
entiation from osteoblast precursor to osteoblasts via osteogenesis. Therefore, “osteo-
genesis” encompasses osteoblastogenesis and chondrogenesis. The key molecules of 
BMP pathway involved in osteogenesis are listed (Table 1). Note that BMPRIA is a 
potent receptor of BMP2 and BMP4 [66], as is ACVRI for BMP7 [136].

In mice, BMP2 is expressed in a variety of sites including the developing limb 
buds [134], mesenchymal derivatives of which undergo endochondral ossification. 
The osteogenic (i.e., anabolic) roles of BMPs have been extensively examined over 
50 years, and human recombinant BMP2, BMP4, BMP6, and BMP7 proteins have 
been vigorously used for mammalian cells to induce their differentiation in culture. 
To induce chondrogenesis or osteogenesis, primary cells or pluripotent mesenchy-
mal cell lines such as C3H10T1/C3H10T2 [43], C2C12 [99], ATDC5 [186], N1511 
[90], MC3T3 [13], and ST2 [219] have been treated with BMPs. In these cells, 
BMPs directly activate Sox9 and Cbfa1, transcriptional master genes required for 
chondrogenesis and osteoblastogenesis, respectively [114, 160, 232], to secondarily 
induce expression of chondrogenic (i.e., aggrecan, ColII, ColIX, ColX, etc.) or 
osteogenic (i.e., ALP, osteocalcin, BSP, Col1, etc.) markers. Based on the accumu-
lated evidence of anabolic actions of BMPs, BMP2 and BMP7 have been approved 
by the US FDA for clinical application [56, 62]. It is noted that average circulating 
serum levels of BMPs are around 300~600 pg/ml [102, 206] while a typical dosage 
range of BMPs in culture experiments is 0~300 ng/ml. Also expression levels of 
BMPs by primary osteoblasts and pluripotent mesenchymal cell lines are quite low 
demonstrating a significant discrepancy between levels of BMPs found in tissues 
and those used for pharmacological experiments.

In addition to BMP signaling, the impacts of Wnt signaling on skeletogenesis 
and bone formation have been investigated for a decade [16, 57, 63, 64, 109]. The 
relationship of BMP signal with Wnt signal in the skeletal system is of interest. In 
vitro experiments using pluripotent mesenchymal cell lines or primary osteoblasts 
to test the interaction between BMP and Wnt signaling in osteoblasts have yielded 
both synergistic and antagonistic results: C2C12 cells and primary osteoblasts 
induce Wnt3a expression and stabilize Wnt/β-catenin signaling upon BMP2 treat-
ment [7, 33, 141]. Alternatively, C3H10T1/2 cells treated with Wnt3a induce BMP4 
expression [215]. These facts suggest the presence of a positive autocrine loop 

Table 1 The key molecules 
in BMPs’ signaling cascade 
regarding osteogenesis

Function Key molecules

Antagonists Noggin, Chordin, Gremlin
Ligands BMP2, BMP4, BMP6, BMP7
Type I receptors BMPRIA/ALK3, ACVRI/ALK2, 

BMPRIB/ALK6
Type II receptors BMPRII, ActRIIA, ActRIIB
R-Smad Smad1, Smad5, Smad8
Co-Smad Smad4
I-Smad Smad6, Smad7
Non-Smad pathways p38 MAPK, TAK1
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between BMP and Wnt signaling pathways [33, 171]. In contrast, primary osteo-
blasts show increased Wnt canonical signaling when BMP signaling is inhibited 
upon treatment with Dorsomorphin, an inhibitor for BMP type I receptors [92]. 
Wnt3a treatment represses BMP2-dependent Id1 expression in C2C12 cells [152]. 
Similarly, treatment of cultured skull bone with a BMP antagonist Noggin increases 
Wnt canonical signaling [95]. Moreover, one study investigated intracellular cross 
talk between BMP and Wnt pathways using uncommitted bone marrow stromal 
cells [127]. Dishevelled homolog 1 (Dvl1) is a cytoplasmic protein known to act as 
a signaling molecule for Wnt pathway. This study found that BMP2 antagonizes 
Wnt3a-induced proliferation and Wnt/β-catenin activation through an interaction 
between Smad1 and Dvl1. Another intracellular interaction via Pten/Akt pathway 
has been reported in hair follicle stem/progenitor cells [234]; however, this pathway 
is less likely functional in osteoblasts [68]. Taken together, these facts suggest that 
both positive and negative feedback loops are present between the two signaling 
pathways, BMP and Wnt, in a context-dependent manner.

2.3   Functional Studies in Animal Models

As detailed in Chap. 4, the BMP family members are involved with early patterning 
of the mouse embryo. Conventional knockout mice for the key genes (i.e., BMP2, 
BMP4, and BMP7 and their receptors BMPRIA and ACVRI) are lethal, and, thus, 
it is not possible to investigate bone development and remodeling using these mouse 
models [49, 61, 132, 143, 146, 216, 233]. To avoid the embryonic lethality, a strat-
egy of conditional knockout mice using a Cre-loxP system has been employed.

Both osteoblasts and chondrocytes are derived from mesenchymal cells and are 
responsible for the bone and cartilage, respectively. Recent animal studies have 
been designed to investigate the physiologic function of BMP signaling in these 
different cell types (mesenchymal cells, chondrocytes, and osteoblasts) indepen-
dently (Table 2). Interestingly, BMP signaling both in chondrocytes and mesenchy-
mal cells positively controls bone size and mass while negatively controls the same 
in osteoblasts. Accumulated evidence has revealed similarities between mesenchy-
mal cells and chondrocytes and differences between these cells and osteoblasts 
regarding how BMP signaling affects their behavior (i.e., bone size).

2.3.1  BMP and Osteoblasts

An osteoblast-specific conditional deletion of Bmpr1a using the Og2-Cre mouse 
line, in which Cre recombination is restricted in differentiated osteoblasts under the 
osteocalcin promoter, was first reported in 2004 [145]. The co-Smad, Smad4, was 
also conditionally deleted in osteoblasts using another Og2-Cre mouse line [197]. 
Interestingly, these two studies demonstrated that the response of osteoblasts after 
loss of BMP signaling is age dependent; trabecular bone volume is lower in young 

Y. Mishina and N. Kamiya

http://dx.doi.org/10.1007/978-3-319-47507-3_4


43

mutant mice but higher in aged mutant mice. In addition, the activity of osteoclasts 
is reduced in aged osteoblast-specific Bmpr1a-deficient mice, which may have led 
to the complex skeletal phenotype [145, 197]. These facts suggest that BMP signal-
ing in differentiated osteoblasts controls the balance between bone formation by 
osteoblasts and resorption by osteoclasts, thereby affecting the final outcome of the 
amount of bone mass in an age-dependent manner. Increased bone mass in Bmpr1a- 
deficient mice appeared to be challenging to the general concept of BMPs as osteo-
genic inducers.

Table 2 Mouse studies of BMP signaling in different cell type

Promoter to 
drive transgene 
or Cre

BMP 
signal Stage

Bone 
mass Ref.

Chondrocyte

Bmpr1a cKO Gdf5-Cre Down E12.5–E16.5, 
7w, 9M

Reduced [176]

Double knockout of 
Bmpr1a and Bmpr1b

Col2-Cre Down E12.5–E16.5 Reduced [227]

Bmp4 overexpression Col11a2 Up E18.5 Increased [202]
Noggin overexpression Col11a2 Down E18.5 Reduced [202]
Double cKO of Smad1 
and Smad5

Col2-Cre Down E12.5–
newborn

Reduced [172]

Bmpr1a cKO Aggrecan- 
CreER

Down 2, 4, 8, 20w Reduced [86]

Acvr1 cKO Col11a2-Cre Slightly 
down

E17.5, P0 Not 
reported

[174]

Mesenchymal cell

Double cKO of Bmp2 
and Bmp4

Prx1-Cre Down E10.5–
newborn, 3w

Reduced [11]

Bmp2 cKO Prx1-Cre Down 5M Reduced [201]
Bmpr2 cKO Prx1-Cre Normala 2 M Increased [130]
Osteoblast

Bmpr1a cKO Ogl2-Cre Down 3M
10M

Reduced
Increased

[145]

Smad4 cKO Ogl2-Cre Down 3~12w
11M

Reduced
Increased

[197]

Bmp4 overexpression 2.3 kb Col1 Up E18.5 Reduced [158]
Noggin overexpression 2.3 kb Col1 Down E17.5, 3w Increased [158]
Bmpr1a cKO 3.2 kb 

Col1-CreER
Down E18.5, 3w, 5M Increased [92, 94, 

95]
Acvr1 cKO 3.2 kb 

Col1-CreER
Down E18.5, 3w, 

5M
Increased [91]

Osteoclast

Bmpr1a cKO Ctsk-Cre Down 8w Increased [157]
Osteocyte

Bmpr1a cKO Dmp1-Cre Down 1M, 2M, 4M Increased [93, 124]
aActivin signal is increased while BMP signal is unchanged
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Comprehensive functions of BMP signaling in skeletogenesis have been further 
investigated and led to a new paradigm that alternation of Wnt signal by BMP is 
the key modulator of skeletal development. The loss of function of BMP signaling 
via BMPRIA in osteoblasts upregulates Wnt canonical signaling during embryonic 
and postnatal bone development, suggesting a negative regulation of Wnt signaling 
by BMP [92, 95]. These studies show that the upregulation of Wnt signaling is at 
least in part mediated by suppression of Wnt inhibitors including Sost/sclerostin 
and Dkk1 because both Sost/sclerostin and Dkk1 are direct targets of BMP signal-
ing (Fig. 1). In addition, Sost expression was severely downregulated in Bmpr1a- 
deficient bones as assessed by microarray analysis [92, 95]. Interestingly, both 
Smad-dependent and Smad-independent pathways appear to contribute to Dkk1 
expression, whereas Sost/sclerostin requires only Smad-dependent signaling, sug-
gesting differential regulation of these genes by BMP signaling via BMPRIA [92]. 
BMP and Wnt signaling regulate the development and remodeling of many tissues 
and interact synergistically or antagonistically in a context- and age-dependent 
manner in vivo [17, 77]. Lastly, the role of BMPR1A in osteocytes was recently 
investigated by conditional disruption of Bmpr1a using Dmp1-Cre mouse line 
from two independent groups [93, 124]. The resulting mutant mice demonstrated 
an increased bone mass concomitant with accelerated cell proliferation and SOST 
reduction [93, 124]. It is interesting that the increased bone phenotype was much 
stronger in the osteocyte-specific condition (i.e. Dmp1Cre:Bmpr1a mice)  compared 

Fig. 1 A proposed model of the relationship between the BMP signaling via BMPRIA and the 
canonical Wnt signaling in osteoblasts. Both Dkk1 and Sost/sclerostin are downstream targets of 
the BMP signaling. The BMP signaling upregulates Sost expression primarily through the Smad- 
dependent signaling while it upregulates Dkk1 expression through both the Smad and non-Smad 
signaling pathways (p38 MAPK). As DKK1 and SOST/sclerostin act as Wnt signaling inhibitors, 
BMP signaling in osteoblasts, in turn, inhibits osteogenesis and decreases bone mass. DKK1 and 
Sost/sclerostin play an important role in regulating bone mass and mechanical strength as down-
stream effectors of BMPR1A signaling in bone by taking balances between BMP signaling and 
Wnt signaling
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with osteoblast-specific condition (i.e. Col1Cre:Bmpr1a mice). In addition, similar 
to the Col1Cre:Bmpr1a mice, Wnt signal is activated while RANKL is suppressed 
in the Dmp1Cre:Bmpr1a mice [93]. This fact is very intriguing because recent 
reports show osteocytes as a primary source of RANKL production [153, 219] and 
therefore BMPR1A can be a key molecule in osteocytes by regulating RANKL 
production.

Similarly, the loss of function of BMP signaling in osteoblasts via ACVR1, 
another type I receptor, results in increased bone mass [91]. In this mouse model, 
upregulation of Wnt canonical signaling is observed concomitant with reduction in 
Dkk1 and Sost expression during embryonic and postnatal bone development [91]. 
Because the resulting Acvr1 mutant mice show similar bone phenotypes to those 
found in Bmpr1a mutant mice, despite structural and functional similarities between 
two receptors, the other does not compensate loss of one receptor.

Sost/sclerostin was originally reported as a member of the BMP antagonist DAN 
family [111, 214]. Although DAN family members modulate both BMP and Wnt 
signaling in Xenopus [19, 79, 167], recent studies suggest a primary role of Sost/
sclerostin in Wnt signaling in mouse and humans: Sost/sclerostin is not a BMP 
antagonist [207] but rather a Wnt inhibitor [208] that binds the Wnt co-receptors 
low-density lipoprotein receptor-related proteins 5 and 6 (LRP5 and LRP6) [123, 
183]. It is known that both DKK1 and Sost/sclerostin inhibit Wnt/β-catenin signal-
ing by binding to co-receptors. As both Dkk1 and Sost/sclerostin are secreted 
proteins expressed by osteoblasts, their role in regulating bone mass has been inves-
tigated using human and mouse genetic approaches. Although conventional knock-
outs of Dkk1 die in utero from defective head induction and limb formation [151], 
mice heterozygous for Dkk1 (Dkk1+/− mice) exhibit a high bone mass (HBM) phe-
notype [150], while overexpression of Dkk1 in osteoblasts causes osteopenia [118]. 
In addition, increased DKK1 expression in bone marrow has also been associated 
with lytic bone lesions in patients with multiple myeloma [199].

Similar to Dkk1+/− mice, conventional knockouts of Sost are viable and exhibit 
increased bone mass [122]. In humans, the loss of function and hypomorphic muta-
tions in SOST cause sclerosteosis [9, 30] and van Buchem disease [10, 191], respec-
tively, with a high bone mass (HBM) phenotype. These mutants share the HBM 
phenotypes with other gain of function of LRP5 mutation effects, due to defect in 
Dkk1-mediated regulation of LRP5 in humans [26, 125, 209] and overexpression of 
Lrp5 in mice [6]. In contrast, the loss of function of LRP5 leads to OPPG with low 
bone mass [59], which is similar to the bone phenotype of mice overexpressing Sost 
[214]. In addition, recent genome-wide SNP-based analyses identified a significant 
association between bone mineral density and the SOST gene locus [76, 194, 226]. 
Consistent with these observations, conditional knockouts of Bmpr1a, which show 
reductions in expressions of Dkk1 and Sost, show an HBM phenotype [92–95]. 
Furthermore, increased expression of Dkk1 and Sost in osteoblasts by constitutive 
activation of BMPRIA signaling is associated with a partial rescue of the bone phe-
notype of Bmpr1a-deficient mice [92]. These facts support the interpretation that 
Dkk1 and Sost/sclerostin act physiologically as inhibitors of Wnt canonical signal-
ing and therefore as negative regulators of bone mass.
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2.3.2  BMP and Chondrocytes

When BMP signaling was enhanced by overexpression of Bmp4 in chondrocytes 
using a chondrocyte-specific Cre mouse line, the mutant mice demonstrated an 
increase in bone mass [202]. By contrast, when the BMP signaling was attenuated 
by overexpression of Noggin, an antagonist for BMPs (BMP2, BMP4, BMP5, 
BMP6, and BMP7) [236], in chondrocytes, the mutant mice showed a decrease in 
bone mass [202]. Similarly, the loss of function of BMP signaling via BMPRIA in 
chondrocytes, which is a potent receptor for BMP2 and BMP4, demonstrated 
impairment of articular cartilage and growth plate cartilage, resulting in decreased 
bone size [86, 176, 227]. Mice deficient for Bmpr1a or Bmpr1b in chondrocytes can 
form intact cartilage during skeletal development, while double mutant embryos 
deficient for both Bmpr1a and Bmpr1b exhibit a severe defect in cartilage (i.e., 
chondrodysplasia) around embryonic day 12.5 (E12.5) to E16.5 [227]. These facts 
suggest a possible functional compensation mechanism between BMPR1A and 
BMPR1B in chondrocytes during early cartilage development in growth plates 
[227]. Mice deficient in Acvr1 in chondrocytes using a Col2-Cre-driven conditional 
deletion are viable but exhibit defects in the development of cranial and axial struc-
tures [174]. The mutant mice exhibit shortened cranial base, and cervical vertebrae 
are hypoplastic. Unlike compound mutant mice for Bmpr1a and Bmpr1b, com-
pound mutant mice for Avcr1 and Bmpr1b can develop cartilage primordia and sub-
sequent bones through endochondral ossification [174], suggesting that BMP 
signaling through ACVR1 plays a relatively minor role compared with other type 1 
receptors during chondrogenesis.

Recent study using aggrecan CreERT2-Cre mice to conditionally disrupt Bmpr1a 
in chondrocytes demonstrated a severe reduction in bone length and bone mass in 
the mutant femur at the age of 1  month [86], indicating a more distinct role of 
BMPR1A in chondrocytes postnatally which is not redundant with other receptors. 
Note that cell proliferation assessed by BrdU incorporation was strikingly reduced 
in the mutant mice at 2 weeks of age, which may reduce the size of cartilaginous 
foundation during the process of endochondral bone formation, leading finally to 
reduced bone length and mass. Taken together, these facts strongly demonstrate that 
BMP signal in chondrocytes plays a positive and potent role in regulating bone mass.

2.3.3  BMP and Mesenchymal Cells

Similar to chondrocytes, BMP signaling in mesenchymal cells contributes to an 
increase in bone mass (Table 2). A mesenchymal cell-specific Cre mouse line, 
Prx1- Cre, is used for these studies since Cre is active in mesenchymal cells as 
early as E9.5 in this line [128]. The simultaneous disruption of Bmp2 and Bmp4 in 
mesenchymal cells resulted in impairment of osteogenesis with reduced bone size 
[11]. Disruption of Bmp2 in mesenchymal cells impaired the initiation of fracture 
healing, presumably due to a defect in endochondral bone formation after a bone 
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fracture, in which chondrocytes derived from mesenchymal cells play an impor-
tant role [201]. These facts demonstrate the necessity of BMP signaling in mesen-
chymal cells for proper bone mass during development and remodeling. Recently, 
the role of type 2 receptor, BMPRII, in the skeleton was investigated using the 
Prx1-Cre mouse line. The resulting mutant mice are expectedly normal probably 
due to the compensation mechanism by other type 2 receptors, ACVR2A and 
ACVR2B, suggesting BMPRII is not required for endochondral ossification in the 
limb [54]. The same group further investigated the mutant mice and found 
increased bone mass at 2 months after birth [130]. While BMP signal is unchanged, 
activin signal is impaired in mutant mice, leading to increased osteoblast activity. 
This study raises the possibility that type 2 receptor segregation and/or competi-
tion could be a generalized mechanism by which BMP and activin signaling 
interact.

2.3.4  BMP and Osteoclasts

A putative coupling theory in bone metabolism states that in general, bone anabo-
lism is locally induced by bone catabolism [71]. Osteoblasts control bone resorp-
tion by expressing RANK ligand (RANKL) and its decoy receptor, osteoprotegerin 
(OPG) [112, 187]. BMPs induce osteoclastogenesis via the RANKL-OPG path-
way in an osteoblast-dependent manner. Exogenous treatment of BMP2 in vitro 
induces osteoclastogenesis by upregulating RANKL while treatment with BMP 
antagonist Noggin blocks osteoclastogenesis [1, 80, 159, 163]. In vivo studies 
using genetically engineered mutant mice demonstrated similar results (Table 2). 
Gain of function of BMP signaling by Bmp4 overexpression in osteoblasts results 
in an increase of osteoclastogenesis and reduced bone mass [158]. In contrast, the 
loss of function of BMP signaling by disruption of Bmpr1a or Noggin overexpres-
sion results in reduction of osteoclastogenesis, leading to an increase of bone mass 
[145, 158] due to a decrease in the RANKL-OPG ratio [94, 95]. Taken together, 
these facts indicate that BMP signal has an indirect positive role in osteoclast func-
tion through osteoblast as a secondary effect. In a nonhuman primate bone defect 
model, treatment with BMP2 increases the size of the defect in association with 
increased osteoclast number and bone resorption, which is followed by bone for-
mation [182].

In addition, it is also possible that BMPs directly control osteoclasts since Bmp2 
and its receptor Bmpr1a both are expressed in osteoclasts [55, 98]. When BMP sig-
naling through BMPR1A is conditionally ablated in osteoclasts using a cathepsin 
K promoter (CtsK) to drive Cre, bone mass increased in association with reduced 
osteoclast number in the bone as expected [157] (Table 2). Interestingly, both 
bone formation rate and osteoblast number assessed by bone histomorphometric 
analysis are greater in the mutant mice compared to their control littermates. This 
evidence suggests a possibility that BMPR1A signaling in osteoclasts negatively 
regulates osteoblast function though its downstream target genes within osteoclasts. 
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Several recent reports have emerged revealing factors secreted by osteoclasts 
such as sphingosine- 1-phosphate regulate osteogenesis [164]. It is an interest-
ing future direction how BMP signaling involves osteoclast-mediated osteoblast 
differentiation.

2.3.5  BMP and Other Cell Types in Skeletal System

Angiogenesis is another necessary step in new bone formation in skeletal devel-
opment as well as in bone remodeling after fracture [31, 97]. Both BMP2 and 
BMP7 are known to induce angiogenesis by associating with other growth factors 
such as VEGF (vascular endothelial growth factor), bFGF (basic fibroblast growth 
factor), and TGF-β1 [40]. Overexpression of BMP9  in muscle induces hetero-
topic bone formation similar to BMP2 [34, 166]. As BMP9 is abundantly 
expressed in endothelial cells that are a primary cell type for angiogenesis [38], it 
is possible that BMP signaling in endothelial cells synergizes anabolic bone for-
mation. The mechanism and origin of precursor cells for heterotopic bone forma-
tion, which is pathologically observed in fibrodysplasia ossificans progressiva 
(FOP) patients, is under investigation [96, 129, 229]. Taken together, the fact that 
BMPs implanted subcutaneously induce ectopic bone and increase bone mass 
[204] is likely due to the primary effects of BMP signaling on cells that are posi-
tive regulators for bone mass, including mesenchymal cells, chondrocytes, and 
endothelial cells (Table 3).

The current application of BMP therapy via systemic and local treatment can 
affect multiple cell types simultaneously in bone tissue including mesenchymal 
cells, chondrocytes, osteocytes, osteoblasts, osteoclasts, and endothelial cells, 
because typically a BMP2-soaked collagen sponge is applied around bone defects 
in orthopedic surgeries and the BMP2 diffuses to other tissues around the bone. 
Thus, it is important to evaluate the effects of BMPs on more than just osteoblasts. 
In addition to these cell types, we recently investigated the effects of high-dose 
BMP2 on periosteum and found that high concentration of BMP2 can reduce cell 
proliferation and increase apoptosis via DKK1 and SOST by inhibiting Wnt activity 
in human primary periosteal cells [102]. Interestingly, a lower concentration of 
BMP2 (i.e., 50–200 ng/ml) shows a trend of decreased caspase activity which is 

Table 3 A variety of cell types possibly affected by BMP therapy in the bone

Cell types that can increase bone mass Cell types that can reduce bone mass

Mesenchymal cells Osteoclasts
Chondrocytes Osteoblasts・osteocytesa

Osteoblasts・osteocytes Periosteal cells
Endothelial cells

aNote that both osteoblast and osteocyte may have an indirect effect on bone mass through osteo-
clast activation via RANKL
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opposite to the effect of higher concentrations of BMP2 (500–2000  ng/ml) that 
shows an increased caspase activity, suggesting a “biphasic nature” of BMP2 
depending on its concentration. Note that BMP2 belongs to the TGF-beta superfam-
ily and TGF-beta also has biphasic effects in a concentration-dependent manner 
with distinct molecular mechanisms [218]. This study is clinically significant 
because BMP2 is generally applied around the periosteum in orthopedic surgeries 
for fracture repair and spinal fusion and, therefore, it is important to delineate the 
effects of the BMP2 concentration on human periosteum-derived cells. In addition, 
the BMP2 concentration of clinical applications is extremely high (i.e., 1.5 mg/ml 
[InFUSE Bone Graft/LT-CAGE Lumbar Tapered Fusion Device. Summary of safety 
and effective data premarket approval application P000058, 2002, US Food and 
Drug Administration, Sliver Spring, MD, http://www.accessdata.fda.gov/scripts/
cdrh/cfdocs/cftopic/pma/pma.cfm?num=P000058]), compared with the BMP2 con-
centration of cell basis studies (i.e., 0~300 ng/ml) as described before. It is possible 
that the negative role of BMP2 on cell proliferation leads to a reduction in bone 
mass because the cell proliferation is an initial phase prior to the cell differentiation 
phase that is required for new bone formation (Table 3).

The potential effects of BMP signal on mesenchymal cells, chondrocytes, and 
osteoblasts have been discussed. It is possible that chondrocytes or mesenchymal 
cells increase bone mass by responding to BMPs while osteoblasts or osteocytes 
reduce net bone mass (Fig. 2). This possibility supports a physiological role of 
BMPs in endogenous bone formation and remodeling, while the current view that 
BMPs enhances bone formation reflects a pharmacological role. Apparently, BMP 
signal has a different function depending on each context (i.e., endogenous vs. 
exogenous, low dose vs. high dose, chondrocyte vs. osteoblast).

Fig. 2 Possible effects of BMP signal induced by BMPs on mesenchymal cells, chondrocytes, 
osteoblasts, and osteocytes. Based on the recent progresses shown in Tables 2 and 3, it is possible 
that BMP signaling in chondrocytes or mesenchymal cells can function to increase cell prolifera-
tion, bone size, mass, density, and mechanical strength while BMP signaling in osteoblasts or 
osteocytes may have opposite outcomes through regulating balance between bone formation and 
resorption
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2.4   BMP and Bone-Related Diseases

Studies of human mutations also suggest the importance of BMP signaling for 
skeletogenesis and bone-related diseases such as chondrodysplasia and fibrodyspla-
sia ossificans progressiva [185, 198]. Mutations in genes involving BMP signaling 
associated with skeletal abnormalities in humans are summarized in Table 4 
[5, 8–10, 30, 37, 41, 42, 115, 116, 168, 191, 225]. While the association of each 
molecule with its skeletal abnormality is known (Table 4), precise molecular mech-
anisms including tissue source and cell type responsible for the pathogenesis are 
still under investigation.

3  Craniofacial Development

3.1   Head Induction

Soon after implantation and before gastrulation, one group of cells formed at the 
distal tip of the visceral endoderm moves along one direction to form the anterior 
visceral endoderm (AVE). The AVE acts as a signaling center to instruct underneath 
epiblast (embryonic ectoderm) to form the future head [103, 193]. Nodal signaling 
plays a critical role for migration of the AVE [44, 222]. BMP signaling mediated by 
BMPR1A is critical to orient migration of the AVE [147, 221]. Similarly, BMPR1A 
signaling in epiblast regulates functions in the AVE for head induction [39]. The 
loss of Bmp4 and Bmp2 affect normal head formation; however, usage of different 

Table 4 Skeletal abnormalities associated with the molecules in BMP signaling

Gene Disease Ref.

BMP2 regulatory element Brachydactyly type A2 [37]
BMP4 Poly/syndactyly [8]
CDMP1/GDF5 Acromesomelic chondrodysplasia [198]

Brachydactyly type A1 [41]
Brachydactyly type C [168]

GDF6 Hemi-vertebrae, polydactyly, Klippel–Feil, rib 
malformation, spondylothoracic dysostosis

[5]

GDF3 Scoliosis, Klippel–Feil, vertebral fusion [225]
SOST Sclerosteosis [9, 30]

Van Buchem disease [10, 191]
BMPR1B Brachydactyly type A2 [116]

Acromesomelic chondrodysplasia [42]
ALK2 Fibrodysplasia ossificans progressiva [185]
NOGGIN Brachydactyly type B [115]
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receptors in this context is not fully understood [32, 216, 233]. These facts suggest 
that BMP signaling is critical for induction of the head structure around the gastru-
lation stage and causes of some of craniofacial abnormalities may be traced back to 
such early stages.

3.2   Facial Development and Abnormalities

Fetuses (by the end of 5 weeks for humans and at 10.5 days of mice) develop the 
frontonasal prominence (FNP) [154] (Fig. 3). Neural crest cells (NCCs) formed at 
the dorsal ectodermal midline in vertebrate embryos migrate laterally and ventrally 
on all axial levels [24]. Cranial neural crest cells (CNCCs) migrate into the FNP and 
branchial arches and differentiate to most of the facial tissues. The FNP further 
splits into four processes, a pair of the medial nasal process and a pair of the lateral 
nasal processes [195, 200] (Fig. 3). The maxillary and mandibular processes are 
derived from first branchial arch. The face is formed by fusion of these primordial 
structures, namely, four processes developed from the FNP and the paired maxillary 
and mandibular processes. Fusion of the two medial nasal processes at the midline 
provides the continuity of the nose, the middle upper lip, and the primary palate. 
Fusion of the medial nasal and maxillary prominences provides the continuity of 
the upper lip and jaw.

Fig. 3 Facial development and fusion of facial processes. During early facial development, pairs 
of the medial nasal processes and the lateral nasal processes are developed from the frontonasal 
prominences. Pairs of the maxillary process and the mandibular processes are developed from the 
first and second pharyngeal arches, respectively. Failure of the fusion of these processes causes 
facial clefts as detailed in the text. BMPs and related molecules play a critical role in the fusion 
process
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3.2.1  BMP and Cleft Lip

Failure of fusions of any processes will develop facial cleft. For examples, failure of 
fusion between the medial nasal and the maxillary processes results in uni- or bilat-
eral cleft lip and that between the lateral nasal and the maxillary processes results in 
oblique facial cleft. The fusion of these processes is critical for formation of the lip 
and the alveolar ridge in the primary palate. Following closure of the primary palate, 
closure of the secondary palate takes place by elevation of the palatal shelves. In 
some cases, these facial clefts occur alone (cleft lip without cleft palate), while other 
cases, these clefts accompany cleft palate (cleft lip with cleft palate) [45]. Studies in 
human genetics and animal models reveal several genes involved in development of 
cleft lips such as mutations in MSX1, tumor protein 63 (TP63), interferon regulatory 
factor 6 (IRF6), and fibroblast growth factor receptor 1 (FGFR1) [27, 28, 45]. Since 
MSX1 is one of the established downstream targets of BMP signaling, involvement 
of BMP signaling during fusion process for lip formation has been speculated. 
Disruption of Bmpr1a in a dental epithelial-specific manner using Nestin-Cre results 
in bilateral cleft lip in association with increased apoptosis in the medial nasal pro-
cesses [126] (Fig. 3).

3.2.2  BMP, Facial Cleft, and Midline Structure

Craniofacial syndromes that include median facial cleft are believed to be caused by 
dysplasia of the frontonasal prominence [181]. When the fusion between left and 
right medial nasal processes fails, that likely results in midface clefting [23]. In 
humans, it is reported that mutations in aristaless-related homeobox transcription 
factor 3 and 4 (Alx3 and Alx4) are identified in frontonasal dysplasia patients (FND 
OMIM ID, 136760; FND2 OMIM ID, 613451) [22, 203, 205]. FND is character-
ized by hypertelorism, severely depressed nasal bridge and ridge, and bifid nasal tip. 
In the mouse, similar phenotypes are seen in Alx3/Alx4 or Alx1/Alx4 compound 
mutant mice [23, 169]. A significant increase of apoptosis is detected in the out-
growing frontonasal prominence at E10, which is proposed to be the underlying 
cause of the subsequent nasal cleft [23]. Potential involvement of BMP signaling in 
FND is poorly understood. However, it is reported that a gain-of-function mutation 
in Msx2 causes midface clefting [217]. Neural crest-specific expression of caBm-
pr1a results in short nasal septum due to increased cell death [67] (Fig. 3). The 
amount of Hedgehog signaling is known to be strongly associated with alterations 
in midline facial structures [29, 231]. Since BMP signaling and Hedgehog signaling 
regulate each other in highly context-dependent manner, it is possible to speculate 
that BMP signaling may also play a critical role in midline development and failure 
of precise control of signaling activity may result in medial facial cleft and FND.

There are several evidences indicating that increased BMP signaling leads to a 
reduction or loss of the midline structure. Noggin mutant mice develop a microform 
of holoprosencephaly (HPE) [113]. The fact that compound mutations of Noggin 
and Chordin results in variable forms of HPE [104] suggests that levels of BMP 
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signaling are associated with severity of HPE. It is reported that BMP ligands inter-
act with NODAL, another TGF-beta superfamily ligand, and it is possible that 
increased availability of BMP ligands because of the loss of their binding antago-
nists (Noggin and Chordin) secondarily influences NODAL signaling activity that 
plays a critical role in head formation soon after gastrulation [223, 224]. Alternatively, 
but not exclusively, it is also possible to speculate that increased BMP signaling 
activity may suppress Hedgehog activity. In tooth development, BMP signaling has 
been shown to negatively regulate Hedgehog signaling activity [117]. It is reported 
that disruption of Shh in mice results in holoprosencephaly and cyclopia [35] and 
mutations in SHH in human are associated with holoprosencephaly [20, 175, 190]. 
Thus, there exists a possibility of cross talk with increased BMP signaling activity 
suppressing Hedgehog signaling leading to midline hypoplasia.

3.2.3  BMP and Cleft Palate

During palatogenesis, first a pair of palatal shelves is formed downward around 7 
weeks of gestation in humans and E11.5 in mice with interposition of the tongue. 
Fetal growth allows downward movement of the tongue to reorient palatal shelves 
to medial direction around 8 weeks in human and E13–14 in mice. These shelves 
grow, come closer, and then fuse to separate the oral and nasal cavity by 9 weeks in 
human and E15.5 in mice [45, 107] (Fig. 4). Thus, failure of fetal growth, movement 
of tongue reorientation of the palatal shelves, and/or growth of the palatal shelves 
may result in cleft palate. The final step of palatogenesis is dissolution of the medial 
edge epithelium (MEE) likely due to the cell death of this population. Persistence of 
the MEE results in submucosal cleft, i.e., the soft tissue has fused, while underlying 
palatal bone and muscle layer remain unfused.

Fig. 4 Development of the palatal shelf and formation of the secondary palate. During mid- 
gestation, a pair of palatal shelves are formed from the mandibular processes and grow down-
wards. Along with the growth of the mandibular, the position of the tongue lowers allowing the 
shelves elevate. The elevated shelves further grow to reach each other and then fuse together to 
form the secondary palate. The primary palate is formed anterior to the secondary palate as a 
derivative of the medial nasal process and the frontonasal prominence
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Mice homozygous for Tgfß3 null mutation develop cleft palate demonstrating for 
the first time that TGFß superfamily signaling plays a critical role in palatogenesis 
[89]. Tissue-specific inactivation of Tgfbr1, a type 1 receptor for TGFß, using Wnt1- 
Cre or K14-Cre also results in cleft palate [46, 47]. Involvement of BMP signaling 
in palatogenesis was initially suggested in a retinoic acid-induced cleft palate model 
[74, 131], where pathogenesis coincided with downregulation of BMP ligands such 
as Bmp2, Bmp3, Bmp4, Bmp5, and Bmp7. Msx1-null mice also develop cleft palate 
[180]. Msx1 is expressed in mesenchymal tissues in anterior palatal shelves, and the 
loss of Msx1 results in downregulation of Bmp4 [4, 235]. Detailed analyses suggest 
that in the palatal shelves, BMP4 induces Shh expression that in turn induces Bmp2 
expression that positively regulates cell proliferation [4].

Neural crest-specific disruption of Acvr1, one of the type 1 receptors for BMPs, 
results in cleft palate along with multiple craniofacial defects including a hypomorphic 
mandible [48]. Neural crest-specific disruption of Bmpr1a results in mid- gestation 
lethality due to cardiac malfunctions [156, 192]. When the said cardiac malfunction is 
compensated by administration of isoproterenol, a beta-adrenergic agonist, the mutant 
embryos can survive until term and develop reduced projection of facial structures 
[148] and cleft palate [119]. In addition to the cleft lip mentioned above, deletion of 
Bmpr1a using Nestin-Cre resulted in cleft palate [126]. However, deletion of Bmpr1a 
in a neural crest-specific manner using Wnt1-Cre resulted in anterior clefting only 
[119], suggesting that BMP signaling mediated by ACVR1 and BMPR1A positively 
regulates proliferation of the cells in the anterior palatal shelve mesenchyme.

A BMP antagonist Noggin is highly expressed in the palatal shelf epithelium 
[138]. Disruption of Noggin results in cleft palate [70] suggesting that increased 
BMP signaling activity also affect normal palatogenesis. In the anterior regions of 
the secondary palate, the loss of Noggin results in upregulation of Bmp2 expression 
leading to an increase of cell proliferation. In the posterior regions of the secondary 
palate, in contrast, the loss of Noggin induces ectopic expression of Tgfß3 that 
coincides to ectopic fusion of palatal shelves to epithelia of the oral cavity and 
tongue [70]. Expression of a constitutively active form of Bmpr1a in the oral epithe-
lium also leads to the similar phenotype [70]. Taken together, these facts suggest 
that suppression of BMP signaling is critical to prevent premature or ectopic fusions 
of palatal shelves to maintain structural integrity within the oral cavity. In contrast, 
expression of a constitutively active form of Acvr1 in the oral epithelium using K14- 
Cre results in submucosal cleft in association with a reduced cell death in the MEE 
[155]. These results might suggest that BMP signaling mediated by different recep-
tors plays distinct roles during palatogenesis. Further investigation is required to 
address this exciting hypothesis.

3.3   Calvarial Vault and Cranial Base

Mammalian craniofacial skeleton consists of a little more than 20 bones. Bones com-
prising the cranial vault are generated through intramembranous ossification. In con-
trast, bones in cranial base are generated through endochondral ossification. The 
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majority of cranial bones and cartilage residing in the anterior part of the head are 
derived from cranial neural crest cells (CNCCs), whereas the posterior part of ele-
ments is from paraxial mesoderm [137, 144, 177, 189, 212]. BMP signaling compo-
nents are highly expressed in the migrating cranial neural crest cells and later in the 
cranial cartilage and bone [135]. These reports suggest that BMP signaling regulates 
skeletal development by organizing neural crest cell proliferation and cell death [36]. 
Both CNCC-derived and paraxial mesoderm-derived osteoprogenitor cells undergo 
intramembranous ossification to generate corresponding skull elements. Interestingly, 
osteoblasts from neural crest-derived bones show a higher level of activation of FGF 
signaling pathways compared with osteoblasts from paraxial mesoderm-derived 
bones [121, 170]. Osteoblasts from neural crest-derived bones also show lower apop-
totic response when stimulated by TGFß signaling [120]. Regenerative ability of 
skull defects in the frontal bone is higher than that in parietal bones [18]. Taken 
together, these results suggest that neural crest-derived bones are more proliferative 
and less apoptotic than paraxial-derived bones due to enhanced signaling of FGF, 
BMP, and Wnt signaling pathways with a reduction in the TGF-beta pathway [184].

Sutures are a fibrous connective tissue found between bones in the cranial vault 
and cranial base. Sutures are critical growth sites in the skull. Mesenchymal cells 
proliferate and differentiate into osteoblasts that deposit collagen fibers and miner-
als to the bony plates to increase their size. Genetic studies in mice demonstrate that 
nasal and metopic sutures, which connect nasal bones and frontal bones, are of 
neural crest origin [83]. Coronal sutures are of mesodermal origin and are formed 
between the neural crest-derived frontal bones and the mesoderm-derived parietal 
bones. The sagittal suture is formed between the two mesoderm-derived parietal 
bones and is of neural crest origin. Since sutures are critical for growth of the skull, 
premature fusion of sutures results in cessation of skull growth at the site of fusion 
causing a pathological condition called craniosynostosis resulting in increased 
intracranial pressure and skull deformity [144, 149, 173].

3.3.1  BMP and Skull Formation

BMP signaling alters the homeobox Msx genes which are important for normal 
skull development [15, 21, 140]. A conventional gain-of-function mutation in Msx2 
results in skeletal defects such as mandibular hypoplasia and aplasia of interparietal 
bone [217]. BMP signaling plays crucial roles in regulation of cranial suture mor-
phogenesis [101]. BMP signaling components such as Bmp2, Bmp4, Msx1, and 
Msx2 are expressed in sagittal suture during its development [101]. Local applica-
tion of BMP4 protein into mouse calvarial explants induces expression of Msx 
genes and obliteration of the mid-sutural space [101], which is probably through a 
BMP-responsive element located proximal to the Mxs2 promoter [12]. Both Msx1 
and Msx2 mutant mice develop persistent calvarial foramina [78, 179, 180]. 
Compound heterozygous mutant mice for Msx1 and Msx2 lack formation of the 
frontal and parietal bones [78]. These results suggest that BMP signaling plays a 
critical role through expression of Msx1 and Msx2 on osteoblast differentiation for 
normal skull vault formation.

 Embryonic Skeletogenesis and Craniofacial Development



56

3.3.2  BMP and Suture Formation

Fibroblast growth factor (FGF) family is known to play critical role during facial 
development and cranial vault formation [65, 142, 144]. Gain-of-function mutations 
in FGF signaling are known to cause some types of craniosynostosis [162, 213]. For 
example, two missense mutations (S252W and P253R) have been found in the IgII- 
LgIII linker region of FGFR2 and are associated with Apert syndrome [149, 162]. 
Gain-of-function mutations in MSX2 also result in Boston-type craniosynostosis in 
human (OMIM ID: 604757) by inducing premature fusion in cranial sutures [82]. 
Noggin is present in postnatal sutures, and its expression is under negative regula-
tion of FGF signaling. Fgf gain-of-function mutations in syndromic forms of cra-
niosynostosis might inappropriately reduce Noggin expression such that the suture 
loses its patency [211]. Direct involvement of BMP signaling in skull deformity and 
craniosynostosis was recently demonstrated. Enhanced BMP signaling through 
constitutively active form of Bmpr1a (caBmpr1a) in neural crest cells results in 
craniosynostosis through premature fusion of the anterior frontal suture in mice [95, 
105]. Increased BMP signaling in neural crest cells also leads to craniofacial skel-
etal defects. Constitutive activation of Bmpr1a in neural crest cell linage using 
P0-Cre or Wnt1-Cre leads to increased level of cell death in skeletal primordia. 
These mutant mice exhibited bone and cartilage defects of nasomaxillary complex 
such as nasal bone and nasal septum [60, 67, 105].

In contrasting to neural crest-specific augmentation of BMP signaling activity, 
osteoblast-specific augmentation of BMPR1A signaling does not cause overt skull 
deformity [105]. Increased apoptosis is found in the skull vault in this animal model, 
and the skull deformity is rescued by prevention of cell death by inhibition of p53 
together suggesting that augmented BMP signaling increases p53-dependent cell 
death resulting in depletion of osteogenic progenitor cells leading to premature 
suture fusion [67, 105]. This is an interesting finding since it is believed that prema-
ture fusion of cranial sutures is a result of increased bone formation within the cra-
nial suture [52].

In the craniosynostosis mouse model caused by neural crest-specific augmentation 
of BMPR1A signaling, it is shown that only a small increase in BMP signaling (50 %) 
is enough to result in skull deformity and craniosynostosis [105]. It is reasonable to 
speculate that several folds of changes in BMP signaling may result in early embry-
onic lethality [53, 75]. Recent genome-wide association studies find single-nucleo-
tide polymorphisms (SNPs) located in proximity to BMP-related genes that are 
associated with skull morphology such as sagittal suture craniosynostosis [88]. Direct 
connection between mutations in BMP-related genes and human skull deformity has 
not been demonstrated; however, gain-of-function mutation in MSX2, a known down-
stream target gene of BMP signaling, results in Boston-type craniosynostosis as men-
tioned earlier [82]. Suture mesenchymal cells isolated from craniosynostosis patients 
show mutations in glypican-1 and glypican-3 (GPC1 and GPC3) that negatively 
regulate BMP signaling [50]. It is possible to speculate that SNIPs found in proximity 
of BMP2 may alter enhancer activity to increase BMP signaling in the sagittal suture 
[88]. Taken together, these circumstantial evidences imply that some human cases 
may be caused by augmented BMP signaling in suture mesenchymal cells.
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3.3.3  BMP and Cranial Base

Unlike calvarial vault, bones in the calvarial base (ethmoid, presphenoid, and basi-
sphenoid) are formed through endochondral ossification. Very little is known about 
involvement of BMP signaling in the calvarial base. Cartilage structures called syn-
chondrosis connect between the bones in the skull base. The ethmoid bone and the 
basisphenoid bone are articulated to the frontal and the basioccipital bones, respec-
tively, through synchondrosis. Bmp2, 3, 4, 5, and 6 are expressed in cranial base 
with a temporally dynamic manner [100]. Development of growth plates in syn-
chondrosis are tightly regulated by SHH and FGF signaling like the ones in long 
bones [139, 228]. Expression of inhibitor of differentiation 2 (Id2) is regulated in 
part by BMP-Smad signaling. The mutant mice for Id2 are born without overt 
abnormalities; however, they show a narrower hypertrophic zone in the synchondro-
sis postnatally [178].

3.4   Mandibular Development and Temporomandibular Joint 
Formation

The mandible that forms the lower jaw is unique among bones in the body because 
it is formed through both intramembranous ossification and endochondral ossifica-
tion [161] (Fig. 5). The body (or base) of the mandible and the ramus undergo 

Fig. 5 Mandibular development. A pair of mandibular condensation occurs along with Meckel’s 
cartilage that forms the body of mandibular. Another pair of condensation forms posteriorly to give 
rise ramus of mandibular that eventually fused with the body of the mandibular. Secondary carti-
lage is developed at the tip of the condylar process and participates formation of the temporoman-
dibular joint
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intramembranous ossification; however, processes from these bones such as con-
dyle, coronoid, and symphysis undergo endochondral ossification. The body of the 
mandible forms along with the Meckel’s cartilage; however, cells in the Meckel’s 
cartilage do not contribute the body. The body and the ramus form separately then 
fused together [45]. Cartilage is formed between 10 and 14 weeks in the human 
fetus at the head of condyle, coronoid, and symphysis. These cartilages are called 
as secondary cartilage since the cartilage primordia for endochondral ossification 
are formed at 5  weeks. The endochondral bone growth driven by the condylar 
cartilage is the most significant contributor to mandibular growth. The condylar 
process articulates to the temporal bone to form the temporomandibular joint (TMJ) 
[72, 73].

3.4.1  BMP and Mandible

Bmp2 and Bmp7 are expressed at early stages of the developing Meckel’s cartilage, 
while Noggin expression persists and is continuous [210]. Noggin-deficient mice 
that result in increased pSmad1/pSmad5/pSmad9 develop a significantly thicker 
Meckel’s cartilage that is later ossified instead of degenerating [210]. In contrast, 
the growth of Meckel’s cartilage is reduced in Bmp7-deficient mice [108]. This 
animal model develops small mandible (micrognathia) leading to cleft palate since 
the palatal shelves can fuse when whole upper jaws are cultured in vitro [108, 237]. 
Similar skeletal defects are observed when Tak1, a downstream component critical 
for non-Smad signaling pathway, is disrupted in a neural crest-specific manner and 
the cleft palate phenotype is rescued when the whole upper jaws are cultured [230]. 
These suggest that compromised BMP signaling during mandibular development 
may be one of the causes of the Pierre Robin syndrome [196].

Neural crest-specific disruption of both Bmp2 and Bmp4 using Wnt1-Cre results 
in mandibular and cranial bone defects in mice [25]. Subsequent analyses demon-
strate that BMP signaling is required for self-renewal of cranial neural crest cells, 
and thus the loss of BMP signaling results in micrognathia and enlarged frontal 
fontanelle phenotype [25]. Similar skeletal phenotypes are reported in neural crest- 
specific mutant mice for Acvr1 [48]. In contrast, overexpression of Bmp4 in neural 
crest cells leads to syngnathia, a rare human bony birth defect manifested by a bony 
connection between maxilla and mandible [69].

3.4.2  BMP and the Temporomandibular Joint

The temporomandibular joint (TMJ) forms between the condyle process and the 
temporal bone in the calvarial vault and plays a critical role in jaw movement during 
chewing and articulating sound while speaking. The secondary cartilage found in 
the TMJ is different from primary cartilages by the fact that cells in the prechondro-
blastic layer produce type 1 collagens rather than type 2 collagens [73]. Cells in the 
prechondroblastic layer are dual potent, i.e., they can differentiate into either 
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cartilage or bone depending on their mechanical environment [58, 133]. Direct 
transformation of chondrocytes in condylar cartilage into osteoblasts is recently 
demonstrated in vivo using a lineage tracing technique [87]. Genes affecting growth 
and differentiation of primary cartilages such as Sox9, Shh, and Pthrp play impor-
tant roles in normal TMJ development [72, 84]. Neural crest-specific disruption of 
Bmpr1a results in malformation of TMJ including failure of articular disc separa-
tion from a hypoplastic condyle [60]. Similarly, cartilage-specific removal of 
Bmpr1a also develops chondrodysplastic phenotypes in TMJ, and mandibular con-
dyle growth is significantly compromised [85]. In the global Bmp7 mutant mice, the 
secondary cartilage does not form at the anterior end of the mandible (symphysis) 
[106]. In this animal model, condylar cartilage however seems to be developed sug-
gesting that requirement of BMP signaling activity in the secondary cartilage may 
be different depending on anatomical sites.

4  Perspective and Conclusions

The current review elucidates how BMP signal has multifaceted functions in differ-
ent cell types, ages, and anatomical sites of bones. Knowledge gained from studies 
on genetically altered animal models and human genetics demonstrates that func-
tions of BMP signaling are highly context dependent and that alterations of BMP 
signaling in one tissue type secondarily affect behavior of other tissues. It is note-
worthy that levels of BMP2 or BMP7 clinically used for fracture healing are very 
high compared with endogenous levels of BMPs. The functions of BMPs that we 
have learned from clinical applications may be better applied to understand patho-
genesis of genetically induced and trauma-induced heterotopic ossifications [2, 3, 
165, 185]. It is now an established concept that both bone mass and bone quality 
such as collagen cross-linking and mineral crystallinity are important factors con-
tributing to biomechanical properties of bones [14, 81]. How BMP signaling influ-
ences bone quality in addition to bone mass in a physiological condition is an 
interesting future direction.
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BMP and BMP Regulation: Structure 
and Function

Kristof Nolan and Thomas B. Thompson

Abstract Due to their vast roles in human development, differentiation, homeosta-
sis, and disease, bone morphogenetic proteins (BMP) have evolved along with 
numerous potentiating and inhibitory mechanisms to fine-tune signaling outcomes. 
As such, this chapter focuses on some of the best-studied and utilized extracellular 
mechanisms of BMP signal regulation. Due to their inherent binding characteristics, 
BMP ligands are often found engaged with at least of one of these many interacting 
partners. From a structural and functional perspective, we discuss our current under-
standing of how BMP ligands interact with these numerous binding partners, includ-
ing secreted extracellular antagonists, BMP prodomains, and various co-receptors 
and noncanonical binding partners. Interestingly, while the BMP ligands themselves 
exhibit very redundant structural features, the composition and structure of their 
interacting proteins is quite diverse, lending to different ligand-binding modes and 
mechanisms, which lead to very different biological outcomes. Collectively, bio-
chemical and structural characterization of these important interactions has pro-
vided valuable insight into BMP signal regulation.

Keywords BMP • TGF-beta • Regulation • Structure • DAN family • Follistatin • 
Chordin • Noggin • Antagonism

The transforming growth factor-β (TGF-β) superfamily represents one of the largest 
protein families in all of vertebrates with at least 33 known and unique signaling 
ligands. The bone morphogenetic proteins (BMPs) represent the largest subclass of 
these ligands within the TGF-β superfamily, with greater than 13 members (reviewed 
in [1, 2]). For this large family of protein cytokines, a filtering process takes place 
to drastically reduce the number of molecular signaling schemes, where only five 
Type I and seven Type II receptor subtypes are available for interaction, ultimately 
leading to one of two possible outcomes: either SMAD 1/5/8 or SMAD 2/3 
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activation (reviewed in [3–5]). Because of their powerful influence on cell program-
ming and development, several modes of regulation have evolved to further accom-
modate BMP signaling and increase the number of possible signaling outcomes at 
the cell surface through the action of very diverse families of proteins.

1  General Mechanisms for BMP Binding to BMP Type 
I and Type II Receptors

In general, BMP ligands are processed from their larger precursor forms by furin or 
furin-like proteases to cleave the prodomain region away from the functional mature 
domain. Following processing, the prodomain can remain bound to the mature, 
dimeric ligand, which can either function to maintain the ligand in a latent/inactive 
state, stay associated but not inhibit signaling, or immediately dissociate (discussed 
below and reviewed in [6, 7]). Mature BMP ligands most typically signal from a 
dimeric state, where BMP ligand monomers are covalently linked through a central 
disulfide bond such that they can form functional homo- or heterodimers. Following 
secretion, mature BMP ligands can subsequently bind to two of each of their respec-
tive Type I and Type II serine/threonine kinase receptors. The signaling complex 
promotes phosphorylation of the Type I kinase domain by the Type II receptor. This 
results in the phosphorylation of receptor-regulated or rSMAD proteins by the Type 
I receptor kinase. Subsequently, the activated rSMAD associates with SMAD4 or 
co-SMAD leading to higher-order complexes, nuclear localization, and target gene 
activation and/or deactivation (reviewed in [1, 3, 5]). It should also be mentioned 
that while this represents the canonical signaling pathway, ligands can activate or 
inhibit noncanonical signaling pathways that are SMAD independent, such as JNK/
p38 [8–10], PI3K/Akt [10–15], RANK/RANKL [16, 17], MAPK/ERK/p38 [9–12, 
14, 18], as well as substantial cross talk with the Wnt [19, 20] and VEGF [12, 21, 
22] signaling cascades (reviewed in part in [23–27]). While the details underlying 
BMP signaling were being developed from a biochemical and cellular standpoint, 
our understanding of these mechanisms was greatly accelerated through the high- 
resolution structures of the free and bound forms of the BMP ligands and their target 
receptors.

Despite the vast array of physiological functions that the many BMP ligands play 
in the developing organism, the structures of these ligands gave an unprecedented 
view of the striking architectural conservation across this family of proteins. As 
such, each mature BMP ligand can be very adequately described as two hands com-
ing together and shaking, where one monomer, composed of two fingers and a cen-
tral wrist helix, “shakes” the hand of the opposing monomer with a disulfide linkage 
near the wrists that joins the hands together (Fig. 1). Furthermore, the fingers of 
each monomer point toward the periphery, giving the ligand dimer a propeller-like 
appearance from the top view or a butterfly appearance from the side view (Fig. 1) 
[28–32]. Lastly, each BMP monomer contains a characteristic cystine knot, com-
posed of three intramolecular disulfide bonds that assemble into a knot- or ringlike 
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Fig. 1 Canonical BMP/TGF-β signaling. Structures of various BMP signaling components. 
(Center) Structure of a mature BMP/TGF-β ligand with one monomer colored in pink and the 
opposing monomer colored in gold (BMP7, PDBID 1BMP). In their mature form, these proteins 
exist as disulfide-linked homo- or heterodimers. Dimer formation can be described as either two 
hands shaking or as a propeller. In this sense, each monomer can be described as containing 2 
fingers, denoted F1 and F2, and a wrist, denoted W. Dimer formation exposes large hydrophobic 
surfaces for receptor binding, denoted convex and concave. (Left and right) Active signaling com-
plexes of a respective BMP-ternary receptor complex (left, Alk3-BMP2-ActRIIa, PDBID 2GOO) 
and a TGF-β-ternary receptor complex (right, TβRI-TGF-β1-TβRII, PDBID 2PJY). Ligands are 
shown in surface with one monomer in white and the opposing in gray. The receptors are shown in 
ribbon with the Type I receptors shown in orange and the Type II receptors shown in yellow. 
Differences in the BMP and TGF-β are apparent, where for BMPs, Type II receptor binding occurs 
closer to the knuckle region of the ligand while for TGF-β binding occurs near the fingertips, where 
the Type I and Type II receptors form a synergistic interaction upon ligand binding. Ligand sur-
faces are colored in dark blue and light blue for opposing monomers to highlight the interfaces 
utilized on the mature ligand dimers to achieve receptor binding. Upon receptor activation by 
ligand binding, the intracellular kinase domain of the Type II receptor phosphorylates the Type I 
receptor, leading to kinase domain activation. This activation allows for the Type I receptor to 
phosphorylate target SMAD transcription factors (SMAD 2/3 for TGF-β ligands and SMAD 1/5/8 
for BMP ligands). Upon SMAD activation, tetrameric complexes form with the aid of SMAD 4 
that can subsequently traverse into the nucleus to target specific DNA-binding elements that lead 
to specific genetic regulatory events. In addition to activation, specific SMADs (SMAD 6/7), 
known as inhibitory SMADs, can bind to activated SMAD proteins to inhibit their signaling 
ability

BMP and BMP Regulation: Structure and Function



76

structure in the center of the protein, similar to other well-characterized growth fac-
tors, including VEGF, PDGF, and FSH [30, 32–35].

Following the resolution of numerous BMP and TGF-β ligand structures, multi-
ple ligand-receptor complex structures were solved. These studies strengthened our 
understanding of ligand-receptor stoichiometry and clearly highlighted the epitopes 
utilized for receptor binding and activation. From these structures, it became evi-
dent that BMP ligands utilize their dimer interfaces (or concave surfaces) to bind the 
Type I receptors, where binding of the Type II receptors occurs away from the dimer 
interface at the “knuckle” region of the ligand (or convex surface) [36–47]. Clearly, 
this showed that the BMP surfaces utilized for receptor binding did not promote 
intermolecular receptor-receptor contacts on the extracellular surface [37]. This is 
in contrast to the TGF-β ternary receptor structure, where the Type II receptor binds 
at the fingertip region of the ligand, bringing the Type II receptor into contact with 
the Type I receptor [43]. Interestingly, these observations are consistent with noted 
differences in BMP versus TGF-β receptor affinity, where BMPs utilize high- 
affinity Type I receptor interactions, whereas TGF-βs utilize high-affinity Type II 
receptor interactions (reviewed in [3, 5, 48]).

In addition, the differences seen in BMP and TGF-β receptor assembly may in 
part be due to observed differences in mature ligand flexibility. BMP ligands appear 
more rigid (less flexible) than TGF-β ligands, resulting in a more ordered Type I 
receptor interface (as observed in the numerous receptor-ligand complexes) [3, 5, 
36, 44, 47]. Interestingly, differences within these flexible regions, localized to the 
ligand wrist, account for the highest sequence divergence across the TGF-β super-
family and likely account for their variable Type I receptor preferences (reviewed in 
[3, 5, 48]). Supporting this, biochemical studies have shown that swapping ligand 
wrist regions or using specifically engineered single point mutations can alter their 
binding preferences or completely abrogate their Type I receptor specificity (e.g., 
L51P for BMP2) [36, 38, 46, 49–54]. Furthermore, due to the similarities in overall 
structure, chimeric ligands have been generated, creating novel signaling ligands 
that have different receptor utilization and designed or enhanced biological proper-
ties [53–55]. With this in mind, these structural studies have provided unique insight 
into how to rationally design novel ligands with engineered and desired receptor- 
binding affinities and specificities.

2  General Mechanisms for BMP Inhibition and Antagonism

Because of the extreme biological importance of BMP ligands and signaling, 
numerous mechanisms have evolved to regulate, inhibit, and fine-tune BMP signal-
ing. While mechanisms of regulation have been identified at nearly each stage of the 
BMP signaling cascade, secreted extracellular antagonists play a major role in regu-
lation, where many of these protein counterparts have been shown to function 
through direct interactions with the mature ligand dimer, blocking the receptor- 
binding motifs and inhibiting signal activation (reviewed in [1, 2, 56]).
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Extracellular BMP inhibitors span multiple, unique families of proteins, includ-
ing the follistatin, growth and differentiation factor-associated serum protein 
(GASP), differential screening-selected gene in neuroblastoma (DAN), noggin, and 
chordin families of antagonists. Interestingly, while BMP ligands maintain a high 
level of structural conservation, being nearly identical in architecture from ligand to 
ligand, the different families of antagonists are extraordinarily diverse, ranging 
from small single-domain proteins (such as noggin and the DAN family) to large, 
multidomain proteins (such as GASP, follistatin, and the chordin families) (reviewed 
in [1–3, 56]). Furthermore, structural architecture and secondary structure elements 
are highly variable across the various BMP inhibitors, even between proteins of 
nearly similar size (e.g., noggin and the DAN family) (reviewed in [56]). Not sur-
prisingly, the expression patterns, developmental significance, and pathologies 
resulting from misregulation of these extracellular inhibitors are highly diverse. 
Additionally, these antagonists have likely evolved to recognize specific subsets of 
ligands within the BMP and TGF-β subclasses (e.g., preferred inhibition of activin 
A and myostatin by follistatin versus preferred inhibition of BMP2, BMP4, and 
BMP7 by noggin and DAN family proteins). With these details in mind, there is a 
need for a comprehensive study of these ligand-antagonist interactions, where struc-
tural insight provides the clearest details into the features driving these interactions 
and how they distinguish one BMP ligand from the next.

To date, structures have been solved for the follistatin, noggin, and chordin fami-
lies of proteins bound to their target ligands, where more recent studies have char-
acterized the unbound forms of the DAN family of antagonists. Collectively, it 
appears a conserved mechanism arises within these variable antagonists, allowing 
them to directly compete with the receptor-binding motifs on the mature ligands 
(Fig. 2a). However, as would be expected from the aforementioned antagonist diver-
sity, vastly different approaches or modes have evolved to achieve this result. The 
following sections will attempt to describe each of these antagonist families, their 
structures, and the impact that these works have had on our understanding of BMP 
signaling, inhibition, and disease.

3  Noggin-Mediated Antagonism

The protein antagonist noggin was originally identified in Xenopus and shown to be 
critical during embryogenesis by negatively regulating BMP signal activation. 
Furthermore, it was shown that noggin is released from the Spemann organizer, 
leading to important cell-fate decisions [57–61]. Additionally, noggin has been 
physiologically linked to successful bone and cartilage development [62–64] as 
well as limb bud patterning and development [65–71]. Similar to many BMP ligands 
(e.g., BMP2 and BMP7), noggin also interacts with heparin/heparan oligosaccha-
rides, localizing it to cellular surfaces. While these heparin-/heparan-based interac-
tions do not appear to interfere with noggin-mediated BMP antagonism, this feature 
is likely critical for establishing anti-BMP gradients through controlled diffusion 
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a

b

Fig. 2 Extracellular BMP/TGF-β antagonists. (a) General mechanism of BMP/TGF-β extracel-
lular antagonism. Under normal conditions (top), the mature ligand can engage and bind to two of 
each target Type I and Type II receptors, utilizing its hydrophobic convex and concave surfaces, to 
initiate downstream signaling. Although there are numerous families of extracellular antagonists, 
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during embryogenesis, which has been shown to be important for proper patterning 
in and among other growth factor families, including Wnt [72–75].

In 2002, the first structure of a BMP-bound antagonist, noggin-BMP7, was 
solved through the use of X-ray crystallography. In this seminal work, the mature 
noggin dimer was shown to form a symmetrical complex with the mature, dimeric 
BMP ligand, simultaneously binding and sterically blocking both Type I and Type 
II receptor-binding motifs (Fig. 2b) [76, 77]. Unexpectedly, noggin was shown to 
adopt a striking growth factor-like fold with a central cystine-knot core, similar to 
the BMP ligands [42]. Furthermore, both noggin and BMP form symmetric 
disulfide- linked dimers. Despite these similarities, helical segments in the 
N-terminus of noggin help orient two opposing monomers in a head-to-head 
arrangement as opposed to the head-to-tail arrangement of the BMP ligands, result-
ing in very different dimer architectures. Interestingly, disruption of the noggin 
disulfide link has little impact on its anti-BMP activity, supporting the extensive 
nature of the noggin-BMP interface [42]. Despite this, although untested, it is antic-
ipated that a noggin dimer would function as a more potent BMP inhibitor as com-
pared to a noggin monomer due to avidity effects.

The functional region of noggin lies within its extreme N-terminus, lying away 
from its central cystine core and forming a ‘clip’ that wraps from the Type II inter-
face, weaving over the apical surface of BMP7 and inserting into the Type I inter-
face of BMP7 (similar to chordin family proteins and likely different from DAN 
family proteins, discussed in following sections) (Fig. 2b) [77]. This N-terminal 
region, based upon observed and predicted secondary structure, likely exists in the 
random coil state prior to binding. Additionally, noggin uses its second finger to 
form additional contacts with the convex surface of BMP7. Overall, the majority of 
the noggin-BMP7 interaction overlaps with the Type II receptor-binding motif of 
the ligand, where mutation of large hydrophobic amino acids within this region of 
noggin leads to a severe loss in functional inhibitory activity, to a much greater 
extent than similar mutations within the concave or Type I competing motif 
(N-terminus) of noggin [77]. Of note, while noggin and the BMP receptors utilize 

with very different structures, they have all been determined to utilize conserved mechanisms to 
inhibit BMP/TGF-β signaling. For inhibition to occur, these antagonists directly bind to their target 
BMP/TGF-β ligand, where they utilize identical surfaces necessary for Type I and Type II receptor 
binding, leading to an inability of the ligands to bind to and activate downstream SMAD signaling. 
(b) Known structures of various BMP/TGF-β antagonists and their complexes (noggin-BMP7, 
PDBID 1M4U; follistatin-myostatin, PDBID 3HH2; FSTL3-myostatin, PDBID 3SEK; CV2- 
BMP2, PDBID 3BK3; PRDC, PDBID 4JPH; NBL1, PDBID 4X1J). Each structure is labeled with 
features identified in their corresponding published manuscripts. BMP/TGF-β ligands are shown 
in surface representation, with one monomer shown in white and the opposing shown in gray. The 
antagonists are colored in yellow and orange and shown in the ribbon representation. The ligand 
surfaces are colored dark blue and light blue to show the regions utilized by the antagonists for 
binding. Compare to the structures in Fig. 1 to compare and see the similarities between the recep-
tor and antagonist-binding surfaces
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similar surfaces on BMP, a number of unique amino acids are utilized for each of 
these interactions. For example, mutation of leucine 333 to proline (L51P in the 
mature protein, L333P in the full-length sequence) in BMP2 was shown to nearly 
completely abrogate the ability of BMP2 to signal and bind to its Type I receptor 
(Alk3 or BMPRIa) [36]. While noggin binds this corresponding amino acid in 
BMP7 utilizing its N-terminus, this mutation in BMP7 (L367P) did not abrogate 
noggin binding [77, 78]. With this in mind, amino acids important for discriminat-
ing receptor and antagonist binding could provide useful therapeutic options to treat 
numerous disease states that require controlled selectivity.

Functionally, noggin works by binding to mature BMP ligands, with the highest 
affinity to BMP2, BMP4, and BMP7 and to a lesser extent BMP5, BMP6, and GDF5. 
Most interestingly, noggin does not inhibit BMP9 or BMP10 [79–81]. The molecular 
basis for this difference has recently been identified through analysis of disease caus-
ing SNPs. For instance, a SNP in GDF5 (N445 to either T or K) was identified in 
patients with multiple synostosis syndrome (SYM1). In the structure of noggin- 
BMP7, this corresponding asparagine is necessary for hydrogen bonding to the 
N-terminus of noggin, which is disrupted in the N445K and T mutations in GDF5 [77, 
79]. Researchers were subsequently able to show that the GDF5 SNP results in resis-
tance to noggin inhibition [79]. Furthermore, BMP9 contains a lysine within this posi-
tion, where mutation to asparagine leads to noggin susceptibility [79]. More recently, 
a mutation in GDF6, Y444N, was also found to invoke a similar disease phenotype 
(SYM4) based upon the likely ability of the protein to evade noggin-based inhibition 
[82]. Taken together, these studies have greatly improved our understanding of BMP- 
mediated antagonism, providing evidence of the molecular mechanisms important for 
imparting antagonistic specificity and disease-state pathologies, and demonstrate that 
single amino acid differences can dictate ligand-antagonist specificity.

4  Follistatin Family-Mediated Antagonism

Follistatin was originally identified in the follicular fluid of the ovaries, where it was 
shown to functionally inhibit FSH release through inhibition of the TGF-β ligand 
activin A [83–87]. Follistatin is a glycoprotein consisting of four modular domains: 
a unique N-terminal domain (ND) followed by three relatively well-conserved fol-
listatin domains (FSD1–3) [88]. Follistatin has since been shown to have broad 
ligand specificity, with the highest affinity for activin subclass ligands (e.g., activin 
A, activin B, myostatin, and GDF11) and low- to mid-level antagonist propensities 
toward a number of BMP subclass members (e.g., BMP2, BMP4, and especially 
BMP7) [89]. Interestingly, follistatin can be alternatively spliced, producing either 
the human 288 or 315 amino acid forms. Functionally, these proteins bind to BMP/
TGF-β ligands the same. However, the additional acidic amino acids at the 
C-terminus in the 315 form confer resistance to heparin/heparan binding as com-
pared to the 288 form, likely suggesting mechanisms for generating a follistatin 
form with better diffusion or serum availability characteristics [90–92].
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In addition to follistatin, a group of related molecules termed follistatin-like pro-
teins (FSTL1–5) also contain at least one conserved FSD domain [93–95]. 
Furthermore, a group of molecules containing a single follistatin domain, known as 
the GASP proteins, have been more recently identified [96, 97]. Within this group, 
FSTL1 and FSTL3 have been implicated in binding and antagonizing specific 
TGF-β superfamily ligands [98, 99]. FSTL3 is the most similar to follistatin, having 
a similar domain layout and architecture, but lacking the last (or third) FSD domain 
when compared to follistatin. In contrast, FSTL1 only contains a single, functional 
FSD domain. A number of studies have been performed comparing FSTL3 to fol-
listatin and have concluded that FSTL3 is more specific for the activin subclass 
[89]. Additionally, these two proteins show drastic differences in their bioavailabil-
ity and diffusion characteristics. This arises from the inability of FSTL3 to bind 
heparin, thereby making this protein more readily available in serum [89, 100, 101].

Following the resolution of the noggin-BMP7 structure, a number of follistatin 
structures were resolved (from here on, follistatin will correlate with the follistatin 
288 variant), including follistatin-activin A, FSTL3-activin A, follistatin-myostatin, 
FSTL3-myostatin, isolated domains of follistatin, and follistatin 315-activin A, 
making the follistatin family of antagonists the most rigorously characterized of all 
BMP/TGF-β inhibitors (Fig. 2b) [50, 102–107]. As revealed by these structures, two 
molecules of follistatin or FSTL3 bind symmetrically in a head-to-tail fashion (no 
follistatin dimers are known to exist), using multiple domains to completely encircle 
the mature ligand (Fig. 2b). Unlike noggin, which forms a continuous interface with 
BMP7, follistatin and FSTL3 have two separate and distinct binding epitopes linked 
by the first FSD domain. Similar to noggin, follistatin binds both receptor- binding 
motifs on each ligand, where the ND nestles into the ligand concave surface, similar 
to the Type I receptors, and the second FSD (FSD2) buries the majority of the con-
vex surface of the mature dimer, similar to the Type II receptors [50, 77, 104]. While 
a structure of follistatin bound to BMP has yet to be solved, binding data suggests 
that BMP ligands could interact with the Type I receptor in the presence follistatin. 
This suggests that the ND does not bind BMP ligands significantly [108]. On the 
other hand, the ND of FSTL3 appears to form a much tighter interaction with activin 
A and myostatin in comparison to follistatin (Fig. 2b). In this case, superposition of 
the BMP ligands onto these complexes reveals potentially hindering steric clashes 
within the ligand wrist regions, possibly explaining why FSTL3 is a poor BMP 
antagonist [89]. Further contrasting FSTL3 and follistatin, one follistatin molecule, 
when bound to a mature ligand, is supported by a significant cooperative interaction 
with the opposing follistatin monomer, where the head of one follistatin (ND) binds 
the tail of the other (FSD3) (Fig. 2b). This interaction is missing in FSTL3 since it 
lacks the third FSD domain, not being able to completely wrap around the mature 
ligand (Fig. 2b). Furthermore, these cooperativity differences have been supported 
both in vitro and in cellular-based reporter assays [109]. Thus, the ND of follistatin 
appears more plastic and can likely accommodate changes within the ligand wrist 
region, which may be further stabilized by cooperative interactions with the adja-
cent follistatin monomer. Taken together, these findings likely account for the ability 
of follistatin to target, albeit weakly, specific subsets of BMP ligands [50, 102–104]. 
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While the noggin and follistatin structures represent the most complete antagonist 
structures to date, it is clear that different strategies have evolved between these very 
different protein antagonists to inhibit TGF-β ligands. Despite these differences, and 
very interestingly, direct competition for the ligand-receptor-binding motifs appears 
to be a common, universal theme in BMP inhibition.

While structures of FSTL1 are not currently available, its function is in stark 
contrast to that of FSTL3 and follistatin, where FSTL1 shows a preference for 
BMP2, BMP4, and TGF-β1-based inhibition with no known ability to inhibit activin 
subclass ligands [99, 110]. For example, it has been demonstrated that FSTL1 
knockout mice exhibit severe and pathological defects in both skeletogenesis and 
lung organogenesis, where the pulmonary effects of FSTL1 could be directly pre-
vented or rescued by introduction of the BMP-specific antagonist, noggin [110, 
111]. However, despite its preferences for BMP-based antagonism, FSTL1 exhibits 
much faster dissociation kinetics in comparison to the slow dissociation kinetics of 
noggin and follistatin for specific BMP subclass ligands [80, 108, 110]. Taking into 
account that FSTL1 only contains a single FSD domain, most similar to follistatin 
FSD1 (the bridging domain in follistatin and FSTL3), it is likely that FSTL1 will 
utilize a completely different mechanism to achieve ligand binding and inhibition as 
compared to follistatin and FSTL3, supporting the need for additional structural and 
biochemical work in this family.

5  Chordin Family-Mediated Antagonism

Chordin was first identified in Xenopus, where it was shown to be actively secreted 
from the developmentally important Spemann organizer, similar to noggin [112]. 
Furthermore, chordin is crucial for proper embryonic tissue dorsalization [112–
114], neural induction [115], skeletogenesis [116], vascular patterning [117], and 
mesoderm differentiation [118], physiologies specifically resulting from its inhibi-
tory actions on BMP signaling, mainly BMP2, BMP4, and BMP7. Interestingly, 
during gastrulation in mice, chordin and noggin can be found co- expressed within 
the node and primitive streak, where their activities appear to be redundant and one 
can supplement for the other within this specific cellular niche during forebrain 
development. In contrast, specific regulatory events belonging uniquely to chordin 
(e.g., antagonism and proteolytic processing) during dorsal- ventral patterning make 
it uniquely required within specific environments, such as during dorsal-ventral pat-
terning, where its activity cannot be adequately replaced by noggin [119, 120]. Vice 
versa, noggin has been shown to be critical during somite development, where chor-
din cannot replace this function [121]. Taken together, this supports that alternative 
antagonists, although similar in their ability to inhibit BMP ligands, house molecu-
lar differences that are required to achieve unique and specific outcomes during 
development.

Chordin is a large multidomain protein characterized by four Von Willebrand 
factor type C (VWC) domains [112]. Interestingly, VWC domains are commonly 
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found in numerous extracellular proteins (e.g., collagen proteins, complement fac-
tors, and integrins), exhibiting a vast variety of functions. To date, a number of 
proteins containing at least one VWC domain capable of modulating BMP signaling 
have been identified and collectively classified within the chordin-like family of 
proteins, including chordin-like protein 1, chordin-like protein 2, kielin, and cross-
veinless- 2 (CV2 or its mammalian homologue BMPER) [122–125]. In fact, the 
VWC domains from a number of these proteins were shown to play important roles 
in directly binding to BMP ligands, albeit with different affinities [122–126]. 
Subsequently, it was shown only specific VWC domains within chordin, chordin- 
like 2, and CV2 were utilized in BMP binding and inhibition/modulation, despite 
each containing multiple VWC domains. Furthermore, each chordin-like protein 
had slightly different affinities for their main target ligand, BMP2, where the pro-
teins chordin and chordin-like 2 bind and form a ternary complex in the presence of 
Tsg to enhance BMP antagonism, while CV2 cannot. This indicates differences in 
the overall binding mechanisms across this family of proteins and likely different 
abilities to inhibit signaling in vivo [126]. The chordin family of proteins directly 
competes for the receptor-binding interfaces on BMP2, similar to both follistatin- 
activin and noggin-BMP complexes [77, 102, 126]. Interestingly, similar to the 
structural and functional differences of the FSD, the VWC domains appear to form 
modular units or scaffolds that have the capacity to evolve the necessary amino 
acids needed to engage the ligand, as suggested by the variability across this family 
of proteins as well as other VWC domain-containing proteins. Therefore, function 
cannot simply be assigned based on the type of domain.

In 2008, the structure of the functional VWC domain (N-terminal domain or 
VWC1) of CV2 was solved in complex with BMP2, where two VWC1 molecules 
are found binding to one mature BMP2 dimer (Fig. 2b) [127]. CV2, like chordin, 
can function as both an inhibitor and enhancer of BMP signaling depending upon 
the specific cellular context [127–130]. The structure of VWC1 in complex with 
BMP2 is rather unique, showing a tripartite orientation that can be divided into 
subdomains based upon disulfide spacing, including subdomains 1 and 2 (SD1 and 
SD2) (Fig. 2b). These contain two disulfide bonds each and a small two- or three- 
stranded β-sheet with an N-terminal or ‘clip’ domain that is unstructured, similar to 
noggin (Fig. 2b). While bound to BMP2, SD1 provides the majority of the interac-
tion surface for CV2-BMP2, binding to the large convex Type II receptor interface 
on BMP2. The ‘clip’ segment wraps around the apical surface of the mature ligand 
dimer, weaving into the concave Type I receptor-binding interface on the ligand. 
Together, these interactions functionally block both receptor-binding motifs avail-
able on BMP2 through the utilization of a number of hydrophobic residues to 
directly compete for these epitopes [127]. Taken together, these findings further 
support the notion that common inhibitory mechanisms have evolved across these 
variable antagonist families, including the ability to directly block the Type I and 
Type II receptor-binding motifs on BMP ligands, mediated by strong hydrophobic 
interactions (Fig. 2a).

Unlike CV-2, chordin binds in a 1:1 stochiometric ratio with the BMP ligand, 
where at least two of its four VWCs domains are needed to maintain a high-affinity 
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BMP interaction and effectively achieve signal inhibition [127, 131]. It is proposed 
that a single molecule of chordin will stretch along the dimer in a rather unique 
asymmetric manner using different VWC modules to bind corresponding receptor 
epitopes on each side of the ligand [131]. This arrangement sensitizes chordin to 
negative regulation by the metalloprotease, tolloid, which acts to cleave chordin 
between its functional VWC domains, alleviating inhibition and allowing the mature 
BMP ligand to signal [119, 120]. It remains to be seen if inactivation of other BMP 
antagonists by proteolysis can also occur. However, this form of antagonist regula-
tion may be more prominent than currently appreciated given that a similar mecha-
nism is used to activate certain ligands from latency (discussed below).

6  DAN Family-Mediated Antagonism

The DAN family of protein antagonists represents one of the largest families of 
structurally related BMP antagonists. The founding member, NBL1 (or DAN), was 
identified based upon its upregulation in specific neuroblastoma cell lines, where it 
was further hypothesized to affect cell cycle progression [132]. Over the years, a 
number of proteins, including NBL1, were shown to functionally inhibit BMP sig-
naling within developing Xenopus organisms [133]. To date, the DAN family con-
sists of seven members: NBL1, gremlin-1 (Grem1), gremlin-2 (Grem2 or PRDC), 
cerberus (or Cer1), coco (Grem3 or DAND5), sclerostin (or SOST), and USAG-1 
[132, 134–139]. Interestingly, each member within this family has been shown to 
exhibit unique physiological roles, patterns of expression, and signal localization, 
leading to a wide array of disease-state pathologies upon misregulation (reviewed 
in [140]). For example, Grem1 has been extensively studied in development, where 
it has been shown to play crucial roles in limb bud outgrowth and patterning through 
a signaling relay system with Shh and FGF4 [141–143]. In addition, Grem1 knock-
out mice fail to develop functional kidneys, supporting that Grem1 plays a critical 
role in proper kidney development [144, 145]. As such, Grem1 misregulation/
upregulated is pivotal in innumerable pathologies, including chronic kidney dis-
eases (CKDs) and fibrosis (as well as USAG-1) [145–151], pulmonary arterial 
hypertension (PAH) [152–154], as well as numerous and unique pro-cancer pheno-
types [155–160]. In contrast, PRDC, which is most closely related to Grem1 (59 % 
identity), has been implicated in heart development and was shown to regulate 
atrial-specific cardiomyocyte differentiation during development, where misregula-
tion of PRDC has been linked to atrial hypertrophy in zebra fish [161, 162]. 
Furthermore, the protein sclerostin, identified in the bone disease sclerosteosis, is 
highly expressed in osteoclasts and osteocytes [163–165], leading to current efforts 
to target this protein in a number of bone remodeling diseases [166–172]. Beyond 
their roles in development and disease, Grem1 has been utilized to identify a new 
population of stem cells (osteochondroreticular) in the bone marrow [173]. The 
presence of a BMP antagonist is not surprising since ligands are found in several 
instances to direct stem cell self-renewal or differentiation (reviewed in [174]).
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While each member of the family is characterized based upon the spacing of 
eight conserved cysteines, which form four intramolecular disulfide bonds, the 
amino acid conservation across the family is rather poor. Similar to noggin, DAN 
family proteins are single-domain, cysteine-rich proteins. This cysteine-rich domain 
(CRD), or DAN domain, is composed of a central cystine-knot core and is flanked 
by highly variable N- and C-terminal extensions. In addition, this lack of conserva-
tion likely accounts for the drastically different abilities of each DAN family mem-
ber to inhibit BMP, where the proteins Grem1, PRDC, and coco can be classified as 
potent BMP inhibitors, cerberus and NBL1 as moderate BMP inhibitors, and 
sclerostin and USAG-1 as poor or incapable BMP inhibitors (reviewed in [140]). In 
terms of specificity, DAN family members have been implicated in antagonizing 
mainly BMP2, BMP4, and BMP7, with implications for also inhibiting BMP5, 
BMP6, and GDF5. Similar to noggin, DAN family members do not appear to inhibit 
BMP9 and BMP10. However, the reason for these discrepancies remains unknown 
(reviewed in [140]).

To date, no structure of a DAN-BMP complex is available. Rather, and unique to 
the DAN family of BMP antagonists, four structures have been solved of these pro-
teins in their unbound state, including two separate NMR structures of sclerostin 
and crystal structures of PRDC and NBL1 [175–178] (Fig. 2b). In each structure, 
the core DAN domain of these proteins takes on a striking growth factor-like fold, 
highly similar to both the BMP ligands and noggin. This fold can also be described 
using the conserved finger-wrist etiology, composed of two fingers and a wrist 
region, showing the formation of a central cystine-knot core (three disulfide bonds) 
with an additional intramolecular disulfide bond linking the opposing fingers, simi-
lar to noggin [140, 177]. Most apparent in the structures of sclerostin, PRDC, and 
NBL1 are their noticeable differences in oligomeric state. Sclerostin, on two 
accounts, has been observed as a monomer in solution, whereas PRDC and NBL1 
exist as non-covalent dimers, stabilized by long, intermolecular β-sheets [175–178]. 
Lastly, as suggested above, are the obvious differences in the terminal extensions 
among these various protein structures. In sclerostin, these regions take on a com-
pletely random coil fold. Similarly for NBL1, its short, punctate N-terminus is void 
of any secondary structure, which is also predicted to be the case for its nonfunc-
tional C-terminus. In this regard, PRDC is unique as it forms N-terminal helices that 
intimately lie over the core domain of the protein, likely protecting the hydrophobic 
convex surface created by dimer formation [177].

Interestingly, in terms of dimerization, only PRDC and NBL1 have been thor-
oughly tested in this regard, with some level of study being performed on USAG-1, 
Grem1, and cerberus, supporting the notion of dimerization [179–182]. Historically, 
members of this family were believed to exist as disulfide-linked dimers, similar to 
both BMP ligands and noggin [183]. This arises based upon cysteine conservation 
across the family, where the majority of the members contain nine odd cysteines. 
Based upon sequence alignments, and now structural data, only eight of these cys-
teines are required for the DAN family fold, forming cystine knots equal in spacing 
with those found in the BMP ligands (reviewed in [140]). The placement of the final 
cysteine is approximately located where the intermolecular disulfide-bonding 
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cysteine within the BMPs is found. For this reason, Grem1, PRDC, coco, and cer-
berus were all believed to exist as covalent dimers. Only recently has this concept 
been resolved, indicating that these proteins in fact exist as non-covalent dimers, 
supported by various biophysical studies [179, 182, 184]. Furthermore, it was 
shown for PRDC that this odd cysteine could be mutated away with no functional 
loss in its ability to form dimers or inhibit BMP signaling [179]. NBL1 uniquely 
contains ten cysteines and forms an additional fifth disulfide bond, linking this odd 
cysteine to the one located at its proximal C-terminal extension [178].

Given the recent evidence of dimers within the family, including that for USAG- 
1, the oligomeric state of sclerostin has been the topic of recent investigation, where 
it has been shown that sclerostin can exist either in monomeric, dimeric, or higher 
order oligomeric states depending upon the tissue-specific context [185]. With this 
in mind, more work is needed to further clarify these concepts and determine the 
role, if any, that oligomeric states play in BMP-based antagonism.

Functionally, the core domain of DAN family antagonists appears to be impor-
tant for their ability to inhibit BMP signaling. Initially, studies on Grem1 indicated 
that its N-terminus was dispensable for BMP4 inhibition [186]. Extending from 
this, work on PRDC and NBL1 pinpointed several hydrophobic amino acids located 
on the convex dimer surface of these proteins that are important for BMP- based 
inhibition, both in vitro and in vivo [177, 178]. Looking at sequence conservation 
across these antagonists, the amino acids identified in PRDC as important for BMP-
mediated inhibition are conserved in the stronger antagonists while only partially or 
not conserved in the weaker inhibitors [140, 177, 178].

To study these differences in affinity, comparative studies were performed on 
PRDC and NBL1. It has been shown, for BMP2, BMP4, and BMP7, that NBL1 is 
consistently weaker than PRDC, where sclerostin showed no ability to inhibit these 
ligands via a luciferase reporter assay. For example, PRDC and NBL1 exhibit sig-
nificantly different potencies toward BMP, where PRDC inhibits BMP2 with an 
IC50 of ~1 nM and NBL1 is roughly 380-fold less potent [178]. Differences in the 
BMP-binding epitope between PRDC and NBL1, including Y105 in PRDC and the 
synonymous S67  in NBL1, are largely responsible for their variation in potency. 
Introduction of the S67Y mutation into NBL1 increases its activity for BMP2 nearly 
40-fold, making it a much more effective antagonist of BMP signaling. In addition, 
the S67Y mutation in NBL1 makes it functionally equivalent to PRDC for inhibi-
tion of BMP7 [178]. Expanding these findings to other DAN family members, these 
important hydrophobic amino acids show poor conservation in both sclerostin and 
USAG-1, consistent with weak BMP antagonism.

In terms of a model of inhibition, it has been observed in PRDC that the func-
tional BMP-binding epitope is partially shielded from the solvent by interactions 
with the N-terminal helices. Therefore, for PRDC, it has been proposed that dis-
placement of this helix might be required to expose the larger, putative BMP-binding 
epitope [177]. NBL1, on the other hand, has a much shorter N-terminus in compari-
son, with no helical structure (Fig. 2b). However, in this case it may not be needed 
since the BMP-binding epitope of NBL1 is significantly less hydrophobic in nature, 
where, perhaps, the N-terminus of PRDC and others can provide additional  contacts 
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with BMP ligands to enhance binding affinity and possibly specificity (not tested). 
How DAN family members bind and antagonize BMP ligands, including stoichi-
ometry of the interaction and the receptors they compete with, remains to be deter-
mined, though recent studies suggest, at least for cerberus, it blocks both Type I and 
Type II receptor-binding epitopes [187].

7  Prodomain Interactions and Latent Complex Formation

Each BMP/TGF-β superfamily member contains a long, roughly 300 amino acid 
long N-terminal prodomain. Within the ER, it is believed that the prodomain ensures 
proper folding and allows the C-terminal mature domains of BMP/TGF-β ligands to 
dimerize through a central disulfide linkage, either in homo- or heterodimeric (e.g., 
GDF9/BMP15, BMP2/BMP7, and Inhibin) forms [188–193]. Once translated, the 
proteins exist in their unprocessed form as a multidomain, prodomain-mature ligand 
precursor. Upon secretion, furin or furin-like proteases cleave specific sequences 
linking the prodomain and mature domain [194]. Following processing, depending 
upon the specific ligand, a number of different fates can occur. For the TGF-β sub-
class ligands, including TGF-β1, TGF-β2, and TGF-β3, as well as GDF-8 and GDF- 
11, ligands are inhibited from receptor binding and signaling by the non-covalent 
association of the prodomain, which remains bound to the mature ligand, blocking 
its ability to activate its target receptors [195–207]. This association of the prodo-
main maintains the mature ligand in a latent form that is bound to the extracellular 
matrix through specific protein molecules, such as fibrillin-associated proteins and 
LTBPs. The latent state remains inactive until specific activating cues arise. 
Examples of these cues include force-based releasing interactions guided by LTBP 
(often bound to the fibrillin matrix) [195, 208–213] and integrin [214–218] binding 
(e.g., TGF-β1), binding to other associated extracellular matrix proteins and oligo-
saccharides such as thrombospondin or perlecan (e.g., TGF-β1, activin A, and myo-
statin) [219–221], proteolytic processing by tolloid-like proteins (e.g., myostatin 
and GDF11) [222–225], or direct binding to fibrillin, which potentially mediates 
trade-off of the mature ligand with the receptors (e.g., BMP7) (Fig. 3a–c) [226–
230]. For the ligands BMP2, BMP4, BMP7, BMP9, BMP10, and GDF5, binding 
and association have been documented between their corresponding prodomains 
and mature regions, including the ability of these prodomains to associate in several 
instances with fibrillin [229, 230]. However, for many of these ligands, latent or 
inhibitory complexes do not appear to form or occlude activity, as is the case for 
BMP4, BMP5, and BMP7, where transfection of these ligands with their prodo-
mains shows no reduction in mature ligand signaling activity (Fig. 3d) [226, 229, 
230]. Although for BMP10, latent complexes were shown to directly occlude func-
tional ligand signaling [230]. While these results begin to address the roles that the 
prodomain plays in regulating BMP signaling, much more work is needed to better 
identify which ligands are associated into latent forms, which specific molecules 
can relieve this latent inhibitory state, and what roles the prodomains play in 
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Fig. 3 Prodomain regulation of BMP/TGF-β signaling. Various mechanisms for prodomain-
based latency and activation have been suggested. (a) As has been seen for the TGF-β subclass of 
ligands, the mature dimers stay tightly associated with their prodomains. This latent complex stays 
bound in the ECM, binding to LTBP or other ECM matrix proteins that can bind to fibrillin pro-
teins within the matrix. For activation to occur, the opposing end of the prodomain can bind to 
integrins associated with the cell surface. Binding to both LTBP and integrins can lead to tensile 
force generation that is proposed to abrogate the prodomain fold, leading to dissociation of the 
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inhibiting/promoting receptor or other antagonist binding events. Recent evidence 
suggests that multiple protease sites may play a role in cleaving the prodomain at 
alternate locations, creating multiple latent complex forms with unique activities 
[231–234].

Phenotypically, the prodomains and the formation of latent complexes play a 
number of important roles in development and disease-state progression. As was 
suggested above, the prodomains are necessary for proper ligand folding and secre-
tion. As such, numerous SNPs have been identified within the prodomain regions of 
several TGF-β superfamily members, such as mutations in TGF-β in Camurati- 
Engelmann disease [189, 235], GDF3 in microphthalmia [236], GDF5 in brachy-
dactyly types A2 and C [237, 238], GDF6 in Klippel-Feil syndrome Type I [239], 
BMP4 in non-syndromic orofacial cleft type 11 [240], BMP7 with ocular develop-
ment disorders [241], and BMP15 with premature ovarian failure type 4 [242–244]. 
Furthermore, mutations in the interacting partners of the prodomains and/or latent 
complexes, including fibrillin, the LTBPs, and other ECM components, have been 
linked to numerous pathologies stemming from a lack of ligand processing or 
release (e.g., mutations if fibrillin being associated in patients with Marfan syn-
drome) [245–247].

Biochemically, multiple mechanisms have been discovered to relieve prodo-
main-mature ligand interactions that lead to latency. The best studied of these 

promain from the mature ligand domain, allowing the ligand to then initiate downstream signal-
ing. (b) Certain ligands, such as myostatin, can remain in a latent complex with their prodomain 
and can stay within the ECM bound to a number of suggested fibrillin-binding molecules, such as 
LTBP3 or perlecan. For activation to occur, various proteases are released, such as BMP1 or tol-
loid, which can bind to the latent complex and proteolyze the prodomain. This leads to the release 
of the ligand for signaling purposes. (c) For certain BMP subclass ligands, prodomain-bound 
forms, such as for BMP7, have the ability to associate with specific ECM proteins, particularly 
fibrillin. This interaction, although not shown to be latent in currently explored contexts, can per-
haps function to localize ligands to a particular cellular niche or aid in proper formation of ligand 
signaling gradients. It has been hypothesized that fibrillin, or other proteins, can hand off the 
mature ligand from the prodomain to achieve receptor binding, possibly forming an intermediate 
fibrillin-prodomain-BMP-receptor complex. It is believed that the prodomain, in this instance, 
will not interfere with receptor binding and activation when presented by specific proteins. (d) 
Lastly, many ligands, such as various BMP subclass proteins, including BMP9, stay associated 
with their prodomain. However, the ability of the prodomain to keep the ligand in a latent state is 
not well known and may be context dependent. As such, the complex can readily lead to an open 
arm conformation, where the prodomain is not adequately able to inhibit the mature ligand from 
signaling. Therefore, signaling likely occurs as it would for the unbound mature ligand form, 
uninhibited by the presence of the prodomain, but may exhibit altered receptor-binding prefer-
ences. (e) Structures of the pro-TGF-β1 latent complex (closed arm, PDBID 3RJR) and the non-
latent pro-BMP9 complex (open armed, PDBID 4YCG). Differences are readily seen between the 
two structures, including the helices utilized by the opposing prodomains to achieve binding. The 
prodomains are shown in ribbon representation and are colored orange and yellow. The mature 
ligands are shown in surface representation in white and gray, with the interacting surfaces colored 
in dark blue and light blue
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interactions has been the TGF-β subclass of ligands and their latent complexes, 
which bind to molecules including the LTBPs and integrins (reviewed in [6]). Latent 
TGF-β complexes bind to LTBP through a free cysteine near the N-terminus of the 
prodomain that covalently partners with a free cysteine on LTBP [248]. On the 
opposite end, and closer to the C-terminus of the prodomains, an RGD sequence is 
exposed (in TGF-β1 and TGF-β3), allowing for the latent complex to bind to spe-
cific integrin targets (αvβ6 and αvβ8) on signal-receiving cells [214–218]. When teth-
ered together at both ends, a tensile force is hypothesized to pass through the latent 
TGF-β complex [249] (Fig. 3a). This likely stretches the prodomain within the 
latent complex, relaxing its associated ternary structure and contacts with the mature 
ligand, thereby releasing the mature TGF-β molecule to signal through its target 
receptors (Fig. 3a) [249]. Additionally, LTBP within this larger, tethered complex 
can be further found associated with fibrillin within the ECM, explaining the neces-
sity of fibrillin and its role in TGF-β-related diseases [250–252].

For latent complexes of myostatin, and perhaps other activin subclass mole-
cules such as GDF11, the process is much different. The latent myostatin complex 
has been shown to directly bind to fibrillin-associated molecules in addition to 
LTBP3, such as the heparan-modified proteoglycan, perlecan (Fig. 3b) [209, 230]. 
While latent myostatin maintains some minimal ability to initiate downstream sig-
naling, in order for complete, full-level activation to occur, the myostatin prodo-
main has to be proteolytically processed by a member of the tolloid-like family of 
proteases, thereby releasing the mature ligand from the bonds of its prodomain 
(Fig. 3b) [202, 222, 225, 253]. For the BMP subclass, most ligands do not appear 
to remain associated with their prodomains and form latent complexes, although 
certain members, such as BMP7, have been suggested to remain latent under spe-
cific cellular contexts, where the prodomain of several BMPs (BMP2, BMP4, 
BMP7, BMP10, and GDF5) has been shown to directly bind fibrillin proteins 
through no associated partners, very different from TGF-β and myostatin (Fig. 3c) 
[226, 229, 230]. Particularly for BMP7, this interaction could potentially keep spe-
cific mature BMP ligands within a latent state, securing the ligand within the extra-
cellular matrix. However, this is likely not the case as BMP7, despite binding its 
prodomain, maintains the ability to signal. With this in mind, fibrillin is likely 
functioning to localize BMP7 to specific cellular environments and to form proper 
developmental gradients. In this case, the prodomain-bound form of BMP7 was 
capable of binding to its Type I and Type II receptors, suggesting a hand-off mech-
anism for the mature ligand from the prodomain and extracellular matrix to the 
receptors (Fig. 3c) [228].

Our best insight into mechanisms of prodomain regulation, guiding TGF-β 
latency, comes from the crystal structures of the latent TGF-β1 and BMP9 com-
plexes (Fig. 3e) [249, 254]. The structure of latent TGF-β1 revealed a very unique 
and unprecedented protein fold, where the prodomain consists of a straightjacket 
domain that weaves into both Type I and Type II receptor-binding motifs and a large 
arm domain positioned distally from the apical side of the ligand (Fig. 3e). The 
straightjacket forces the TGF-β1 ligand into a distorted or closed confirmation, 
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breaking away from the classic propeller-like shape of the dimer, where the long 
helices from the prodomain (α1) insert intimately into the Type I receptor-binding 
motif of the mature ligand. Furthermore, two small α-helices (α2 and α5) and one 
strand (β1), as well as the coined latency lasso following α2, interact with the fin-
gers of the TGF-β1 ligand, blocking Type II receptor binding (Fig. 3e) [249]. 
Interestingly, α1 engages the arm domain to form a fastener or clasp, likely stabiliz-
ing the position of α1 in the Type I receptor pocket. The structure also reveals that 
opposing TGF-β1 monomers interact with the opposing monomer’s prodomain 
(Fig. 3e). This crossover will likely have a profound impact on dimerization of the 
ligand and might restrict homo- and heterodimerization to certain ligand pairs. Thus 
it might be possible to direct the formation of certain heterodimers by interchanging 
the prodomain [249].

Whereas the TGF-β1 structure exists in a closed-arm conformation, supported by 
an intermolecular disulfide bond between opposing prodomains, the two recent 
structures of the prodomain-BMP9 complex (one latent and one not) depict a rather 
striking open-armed conformation, where the two opposing prodomains do not 
come into contact with one another and lack cysteines necessary to stabilize the 
closed-arm conformation seen in the latent TGF-β1 structure (Fig. 3e) [254]. In the 
latent form of the prodomain-BMP9 structure, the ligand conformation is not sig-
nificantly altered, where BMP9 adopts the standard propeller-like morphology (Fig. 
3e). This is consistent with the trend that BMP dimers are more rigid, whereas the 
more recently evolved ligands, including the TGF-β and activin subclasses, are 
much more flexible (reviewed in [3, 5, 48]). Furthermore, binding interfaces in the 
prodomain-BMP9 structure are quite unique, such that the prodomain α1 is not 
utilized to bind to the Type I receptor interface, but rather α5, much different than 
that found within latent TGF-β1 (Fig. 3e) [254]. While the Type II receptor interface 
is relatively similar between the prodomain-ligand complexes, β1 in the prodomain- 
BMP9 structure is much longer in comparison and there is no discernable latency 
lasso, suggesting a lack of contact with the mature BMP9 ligand [254].

While the structure shows blockage of at least a portion of the receptor-binding 
motifs, when tested in vitro, the purified prodomain-BMP9 complex maintained its 
ability to signal, albeit slightly reduced when compared to mature BMP9 alone. 
Furthermore, the complex was able to maintain reasonable binding to the Type I 
receptor, ALK1, but, interestingly, lost affinity for ActRIIa when compared to the 
mature ligand [254]. In addition, ActRIIb and BMPRII maintain equal affinities for 
the unbound and prodomain-bound forms of BMP9, suggesting a mechanism to 
alter specific receptor utilization and signaling outcomes [254]. While unexplored, 
potentially unidentified ECM partners could enhance the prodomain-mature ligand 
interaction for certain prodomain-BMP complexes, helping to maintain or promote 
the formation of a more closed-arm, possibly more latent, conformation. As such, 
events leading to the release of these prodomain-BMP complexes, as suggested for 
prodomain-BMP9 complex, could result in a shift to an open-armed conformation 
capable of signaling and modulating receptor utilization (Fig. 3d). As prodomain- 
BMP9 complexes have been found in significant levels in human blood, determining 
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the roles for these non-latent BMP complexes could provide useful information for 
our general understanding of BMP signaling.

8  Co-receptors, Signal Enhancers, and Other Antagonists

TGF-β family co-receptors and related antagonists perform a number of roles in the 
regulation of BMP signaling, spanning many different families of proteins similar 
to the mature ligand-binding antagonists discussed above. Categories of co- receptors 
include the dragon family of proteins (RGMs), receptor tyrosine kinases (RTKs), 
TGF-β Type III receptors, and the protein BAMBI, where, depending on the protein 
and the context, these various proteins can either function to inhibit, enhance, or 
promote unique cellular signaling outcomes.

In the simplest case, BAMBI represents a negative regulator of TGF-β and BMP 
signaling. BAMBI can be classified as a pseudo-BMP receptor highly similar to the 
Type I ligand receptors [255, 256]. Although termed a pseudo-receptor, the func-
tional domain of BAMBI is thought to be the short intracellular domain, which was 
shown to inhibit receptor activation through direct association with the Type I and/
or Type II receptors (Fig. 4a) [255–257]. Curiously, it was determined that the 
inhibitory action of BAMBI did not depend on the presence of its extracellular 
domain, which is also incapable of ligand binding [257]. Why BAMBI is structur-
ally homologous to the Type I receptor extracellular domain is not known.

For the RTKs, signal inhibition is achieved very differently from the above extra-
cellular antagonists. Thus far, a number of RTKs have been found to modulate BMP 
signaling, including TrkC and Ror2. For both of these proteins, direct interactions 

Fig. 4 Mechanisms of co-receptor regulation. (a) Various general binding schemes for various 
families of co-receptors, including enhancers and inhibitors. Various families include the BAMBI 
protein, Type III receptors, RTKs, RGM, and RGM-NEO1 complexes. These various pathways can 
lead to canonical SMAD signal enhancement, signal inhibition, or activation of independent or 
noncanonical signaling pathways. Descriptions for each family are given in the text and described 
in short in the figure below the corresponding cartoon. Ligands are colored gray and white, Type I 
receptor blue, and the Type II receptor green (for general comparisons). (b) Structure of the ZPC 
domain of betaglycan shown in ribbon representation (PDBID 3QW9). (c) Structure of the RGMB-
BMP2-NEO1 complex (PDBID 4UI2). BMP2 is shown in surface representation as white and 
gray, while RGMB is shown in yellow ribbon and NEO1 is shown in orange ribbon. RGMB and 
NEO1 interact independent of the BMP2 ligand, showing an interaction between the NEO1 FN6 
domains and the RGMB CD domain. The ND domain of RGMB binds the Type I interface of 
BMP2. Although the crystal structure shown NEO1 binding to the convex surface of BMP2, this is 
a crystallographic artifact. No binding between BMP2 and NEO1 occurs. The surface of BMP2 is 
colored dark blue and light blue to show the interfaces utilized for this binding event
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were observed with the BMP receptors [258–261]. Once bound, the RTKs block or 
modulate signaling by preventing the Type II receptor from interacting with the 
Type I receptor, independent of BMP ligand binding, thus inhibiting intracellular 
phosphorylation events that lead to SMAD activation (Fig. 4a) [258–261]. In the 
case of Ror2, it is possible that preformed ALK6-Ror2 complexes directly modulate 
GDF5 signaling. Upon GDF5 binding, ALK6 would phosphorylate Ror2 and not 
BMPRII. This is believed to be in part due to the strong binding association of Ror2 
with ALK6, leading to the displacement of BMPRII and, thus, down regulation of 
BMP signaling and enhancement of Ror2 signaling [258]. Biochemically, the inter-
action between ALK6 and Ror2 was determined to be dependent upon the frizzled- 
like cysteine-rich domain (CRD) within Ror2 [259]. Different from Ror2, TrkC was 
shown to interact directly with BMPRII or TβRII, but not other Type II receptors, to 
inhibit BMP2- or TGF-β-dependent SMAD activation [260, 261]. The interaction 
between TrkC and BMPRII or TβRII requires a functional kinase domain within 
TrkC that functions to inhibit the Type II receptors from Type I receptor association, 
thus preventing pathway activation (Fig. 4a) [260, 261]. Interestingly, TrkC has 
been largely considered an oncoprotein important in a number of different cancers. 
Since BMP signaling has been shown to maintain cells in a more differentiated 
state, an increase in TrkC might lead to potential stem cell-like transitions necessary 
for cancer progression [260, 261].

The most well-studied co-receptor proteins of BMP and TGF-β signaling are 
the Type III signaling receptors, namely, betaglycan and endoglin. Interestingly, 
these Type III co-receptors have been implicated in nearly all aspects of TGF-β 
signaling, where the context of the expression of these proteins can lead to either 
signal augmentation or inhibition for numerous BMP and TGF-β ligands (Fig. 4a, 
reviewed in [262]). Furthermore, for both betaglycan and endoglin, direct links 
have been found associating them to numerous cancer phenotypes directly result-
ing from aberrant TGF-β signaling [262–268]. On the molecular level, the Type III 
receptors have been shown to directly bind to and interact with several mature 
BMP/TGF-β ligands, as well as numerous ECM components, where the prefer-
ences for binding between these two related proteins are quite different (reviewed 
in [262]).

Structurally, both betaglycan and endoglin each contain an extracellular orphan 
domain (OD), followed by a zona pellucida domain (ZPD), transmembrane region, 
and a cytoplasmic domain, which contains a PDZ-binding region [269–273]. While 
both exist as dimers, endoglin dimers are supported through two intermolecular 
disulfide linkages, while betaglycan is stabilized non-covalently [271]. For both 
Type III receptors, each has been shown to directly interact with specific subsets of 
TGF-β superfamily ligands (reviewed in [262]). For betaglycan, the OD and ZPD 
have been shown to bind to numerous mature proteins, including, mainly, the 
TGF-β subclass as well as BMP2, BMP4, BMP7, and GDF5, while inhibin can 
only bind to its ZPD domain and requires this binding to achieve activin signal 
inhibition [274–277]. For endoglin, binding seems to occur primarily for BMP9 
and BMP10  in addition to interactions with TGF-β1 and TGF-β3, excluding  
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TGF-β2 [275, 278–280]. Functionally, betaglycan has been shown to augment 
binding of TGF-β subclass ligands to the Type II TGF-β receptor, where binding of 
the mature ligands can occur independently of the receptors and acting, in a sense, 
to hand off the mature ligand to the receptors to achieve signal enhancement [281–
284]. Endoglin, on the other hand, can only bind the majority of its targets (activin 
A, BMP2, BMP7, and TGF- β1) within the presence of the Type II receptor [280, 
285, 286]. Only BMP9 and BMP10 have been shown to directly bind to and com-
plex with endoglin independent of the canonical signaling receptors [278, 287]. 
Lastly, the cytoplasmic domains of both co-receptors can be actively phosphory-
lated by the canonical Type I and Type II receptors, perhaps suggesting alternative 
signaling mechanisms leading to either SMAD-dependent or SMAD-independent 
signaling [272, 288–291].

In the antagonistic sense, betaglycan and endoglin can function to inhibit BMP/
TGF-β signaling very differently from their ability to augment canonical signal-
ing. Most typically, these proteins are shed from the cellular surface and allowed 
to diffuse into the extracellular environment (Fig. 4a, reviewed in [262]). 
Specifically, both proteins are released from the surface by the action of metallo-
proteases [292, 293]. For soluble endoglin, this inhibitory form has been linked to 
cancer metastasis, where it functions to bind and sequester specific secreted 
ligands (e.g., TGF- β1), leading to depressed activation of their target ligands (Fig. 
4a) [294–298].

Molecularly, a couple of studies have been performed to clarify structural details 
of the Type III receptors, leading to important conclusions regarding their functional 
roles. The structure of the betaglycan ZPC domain was resolved by X-ray crystal-
lography and shows a similar fold to other known ZPC structures, formulated 
through a concession of several β-sheets (Fig. 4b) [299]. Functionally, the AB loop 
of this structure is critical for ligand binding. Interestingly, while other ZPC domains 
are often involved in polymerization through specific proteolytic events, betaglycan 
and endoglin lack this motif, thus explaining their inability to polymerize [299]. 
More recently, small-angle X-ray scattering and other biochemical studies of 
endoglin have provided insight into its role for modulating TGF-β and BMP9 
signaling [279]. While endoglin enhances binding for TGF-β to both the Type I and 
Type II receptors, this is not observed with BMP9 and ALK1 [279]. Furthermore, 
BMP9 and BMP10 only bind to the endoglin OD, different from TGF-β [278]. With 
all of these studies in mind, additional work is needed to clarify the details and dif-
ferences in ligand specificity and signal enhancement or inhibition, where structural 
work of Type III receptor complexes will prove valuable.

Lastly, the dragon family of proteins, including several repulsive guidance mol-
ecule (RGM) proteins, has been mainly implicated as noncanonical enhancers of 
BMP signaling [300–303]. For signaling to occur within the dragon family, RGMs 
have to bind to the co-receptor neogenin (NEO1) [304, 305]. Importantly, the 
dragon family of proteins has been directly linked to a number of severe disease-
state pathologies, ranging from cancer (autoimmune encephalomyelitis and colon 
cancer) [306, 307], inflammatory diseases [308], multiple sclerosis [309], and 
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hemochromatosis [310]. The RGM proteins were originally identified as BMP-
based co-receptors based upon their ability to respond to BMP ligands within 
 BMP- responsive cellular assays, where the receptor NEO1 is modulated in response 
to this process [303, 304]. Mechanistic studies of the RGM-NEO complexes have 
determined that the RGM C-terminal domain was responsible for binding to the 
NEO1 receptor, supported by crystallographic studies [311, 312].

In 2015, the binding epitope in RGM for BMPs was discovered and the crystal 
structures of the extracellular domains of these various players were solved, includ-
ing three structures of BMP bound to the N-terminal binding domain of RGM 
(RGMA-BMP2, RGMB-BMP2, and RGMC-BMP2). Further, the ternary RGMB- 
BMP2- NEO1 complex has been solved, containing Fn5 and Fn6 of NEO1 and the 
ND and CD of RGMB (Fig. 4c) [313]. In the RGM-BMP2 structures, the BMP2 
ligand, similar to all other BMP subclass structures, resembles the ligand in the 
unbound conformation. In each structure, the ND of RGM takes on a unique 3- helical 
bundle fold (α1–α3) that engages the Type I binding motif of BMP2 (Fig. 4c). This 
is similar to the Type I interaction with BMP and utilizes a combination of hydropho-
bic and hydrogen bonding amino acids, where the characteristic two tryptophans on 
the ligand concave surface directly interact with two RGM histidines residing within 
α3 (where Alk3 uses phenylalanine) [313]. Similar to Alk3, RGMs utilize surfaces 
on both monomers composing the Type I binding interface to bury this motif on 
BMP2. Interestingly, the interaction of RGM-ND with BMP2 was shown to be pH 
dependent and not stable at more acidic pH. In contrast, the Alk3-BMP2 complex 
appears to be more broadly stable from pH 5.5–7.5. This difference in stability might 
explain how BMP2 signaling is enhanced even though RGM-ND occupies the Type 
I receptor site, where the low pH of an endosome might allow RGM to be displaced 
from this complex, thus enabling the BMP ligand to bind the Type I receptor [313].

In the RGMB-BMP2-NEO1 structure, again, BMP2 maintains its rigid-like pro-
peller fold. NEO1 directly interacts with the Type II, convex surface of BMP2, mak-
ing the ternary structure similar in architecture to that of the BMP2-Alk3-ActRIIa 
structure (Fig. 4c) [313]. The Fn5 domain of NEO1, which takes on a typical 
Fn-fold, directly binds to BMP2 at the fingertips of the protein in a similar location 
as to ActRIIa. However, as outlined in this study, NEO1 and BMP2 do not directly 
interact, suggesting that binding of NEO1 to BMP2 within this structure is a direct 
result of the crystallization process and not physiologically represented [313]. In 
addition, RGMB and NEO1 do not interact utilizing the Fn5 domain of NEO1. 
Instead, a major interaction between RGMB and NEO1 occurs distal to the mature 
BMP2 ligand, where Fn6 of NEO1 and the CD of RGMB form intimate contacts 
between two predominantly β-strand-rich domains, similar to the RGM-NEO struc-
ture [312, 313]. These domains are closer to the cell surface and transmembrane 
regions of the co-receptors. As RGM-NEO1 signals, it has been hypothesized that 
BMP2 functions to propagate this event by allowing clustering of tandem RGM- 
NEO1 complexes, which has been experimentally supported through TIRF (total 
internal resonance fluorescence) dSTORM (direct stochastic optical reconstruction) 
microscopy experiments (Fig. 4a) [313]. With this in mind, cells may be able to 
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modulate the context of SMAD activation or RGM-NEO1 signaling based upon 
which receptors are present and the expression levels of BMP ligands. While the 
exact interplay of RGM-NEO1 with BMP signaling is not fully understood, future 
studies need to address how these pathways synergize and what this means for 
SMAD activation and downstream signaling.

9  Summary of BMP Regulation Through Different 
Mechanisms

With the emerging structures that have become available in the TGF-β/BMP field, we 
now have a deeper understanding of the mechanisms dictating activation and regula-
tion of these highly important pathways. While there are numerous questions abound, 
these structures reveal a number of important findings: (1) BMP ligands interact with 
a host of receptors, antagonists, prodomains, and co-receptors, indicating a set of 
complex interactions where it is unlikely that ligands exist in a “free” or unbound 
state but are more likely in equilibrium with a host of binding proteins; (2) that BMP 
ligands utilize conserved surfaces to interact with numerous different families of 
structurally unrelated proteins that most certainly have evolved independently; (3) 
despite each BMP ligand sharing highly similar tertiary structures, individual ligands 
contain unique surfaces and amino acids that impart specificity toward the binding of 
different antagonists and receptors (such as noggin binding to BMP2 with very high 
affinity but not at all to BMP9); and (4) the basis for specific BMP-related diseases, 
thus expanding the number of therapies that can be developed for modulating BMP 
signaling to enhance patient outcomes.

As observed in the structures outlined above, most BMP-binding proteins utilize 
both the Type I and Type II receptor interfaces to inhibit and/or enhance BMP sig-
naling. In general, it appears that the Type II interface functions as the main interac-
tion domain for these proteins, where large, typically hydrophobic surfaces account 
for the major affinity of these interactions. In addition, most antagonists utilize, 
rather uniquely, varying mechanisms to bind the Type I receptor motif, which 
exhibits significant sequence variation across family members. While not providing 
the majority of the binding interaction, this epitope likely provides the specificity 
needed to give individual BMP regulatory proteins their preferences for unique sub-
sets of BMP and TGF-β ligands.

In summary, our understanding of the mechanisms governing BMP and TGF-β 
signaling and modulation/antagonism has been greatly enhanced through structural 
resolution of protein-ligand complexes. Without this information, our understand-
ing of the regions necessary for signaling and how these play into ligand specificity 
would be severely underdeveloped. As we build upon this knowledge, we enhance 
our ability to generate and engineer novel molecules capable of targeting desired 
subsets or specific ligands, which can ultimately be used as biological tools (e.g., in 
stem cell protocols) for discovery and, also, disease treatment.
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Novel In Vitro Assay Models to Study 
Osteogenesis and Chondrogenesis for Human 
Skeletal Disorders

Takenobu Katagiri

Abstract Bone morphogenetic proteins (BMPs)/growth and differentiation factors 
(GDFs) are involved not only in the physiological development of skeletal tissues 
but also in the pathological conditions in the tissues. Osteogenesis and chondrogen-
esis during skeletal formation can be studied in vitro using cell lines and primary 
cultured cells, which are able to differentiate into osteoblasts and chondrocytes in 
response to BMP/GDF signaling. These in vitro model systems have been applied 
to the examination of molecular mechanisms of skeletal disorders related to BMPs/
GDFs. Moreover, these in vitro model systems are useful for the development of 
novel treatments for the disorders.

Keywords Osteoblast differentiation • Chondrocyte differentiation • Mesenchymal 
cells • In vitro model systems

Osteogenic members of the transforming growth factor -β (TGF-β) family, such as 
bone morphogenetic proteins (BMPs) and growth and differentiation factors (GDFs), 
regulate skeletal development during embryogenesis and tissue regeneration in various 
vertebrates [1, 2]. Optimal activity of BMPs and GDFs is required for normal skeletal 
tissue because inadequate activity or overactivity causes skeletal disorders in humans 
and other animals (please see other chapters for details). As Marshall R. Urist originally 
reported [3], new bone formation is induced by osteogenic BMPs and GDFs in vivo. It 
has been reported that the implantation of a pharmacological dosage of BMPs or GDFs 
induces chondrocytes and osteoblasts in the implants within a week [4–8], suggesting 
that those osteogenic ligands directly regulate differentiation of chondrocytes and 
osteoblasts from progenitor cells. In this chapter, I will describe in vitro assay models 
to study molecular mechanisms underlying skeletal disorders in humans.
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1  Phenotypic Markers of Skeletal Tissue-Forming Cells

1.1   Osteoblasts

Osteoblasts are unique and specialized cells that form bone tissue in vivo [9–11]. 
They are believed to develop from undifferentiated mesenchymal cells during 
embryonic development. The bone-forming osteoblasts secrete typical organic com-
ponents of bone matrices, such as type I collagen, bone sialoprotein, osteonectin, 
and osteocalcin [9–11]. Moreover, osteoblasts regulate the accumulation of miner-
als, such as hydroxyapatite (calcium phosphate) crystals, in the organic bone matrix 
(osteoid) by removing pyrophosphate with high alkaline phosphatase (ALP) activity 
[9]. Osteoclast-dependent bone resorption is indirectly regulated by osteoblasts via 
expression of receptor activated nuclear factor-kB ligand (RANKL) and its decoy 
receptor osteoprotegerin (OPG) as well as macrophage colony-stimulating factor 
(M-CSF) [10, 12, 13]. These differentiations and functions of osteoblasts are regu-
lated by various extracellular stimuli, including a calcium hormone, parathyroid 
hormone (PTH), various cytokines, and growth factors. Runx2 and Osterix are tran-
scription factors abundantly expressed in osteoblasts. Thus, the expression levels of 
these phenotypic markers are examined to study osteoblast differentiation in vitro.

1.2   Chondrocytes

Although chondrocytes, similar to osteoblasts, are also derived from undifferenti-
ated mesenchymal cells, they are specialized cells that form cartilage tissue, which 
is a template before bone formation in endochondral ossification [11, 14–16]. 
Commitment of chondrocyte differentiation in progenitor cells is regulated by criti-
cal transcription factors, such as SOX9, SOX5, and SOX6 [11, 14–16]. Type II col-
lagen and aggrecan are abundantly secreted by proliferating chondrocytes in growth 
plates. Terminally differentiated hypertrophic chondrocytes express type X colla-
gen, metalloproteinase-13 (MMP-13), and ALP and induce a transition from carti-
lage to bone tissues [11, 14–16].

2  C2C12 Myoblasts for BMP/GDF Research

2.1   C2C12 Myoblasts

The murine myoblast cell line C2C12 was originally established from regenerating 
thigh muscle for studying the molecular mechanisms of myogenesis [17]. Indeed, 
C2C12 myoblasts proliferate as mononuclear cells expressing MyoD, a skeletal 
muscle-specific transcription factor, and differentiate into myocytes expressing pro-
teins for muscle contraction such as myosin heavy chain and troponin T (Fig. 1). 
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The cells fuse together and form multinucleated myotubes in vitro (Fig. 1). However, 
C2C12 myoblasts are also widely used for studying BMP signaling and BMP-
induced osteoblastic differentiation.

2.2   Osteoblastic Differentiation of C2C12 Myoblasts by BMPs

In the early 1990s, just after molecular cloning of several BMPs, in in vitro assay 
systems that reflect the bone-inducing activity of BMPs in vivo were developed 
[18–21]. These systems allowed the evaluation of biological activity of each 
recombinant BMP produced, which was needed to study intracellular signal trans-
duction of BMPs. Among the cells examined, C2C12 myoblasts showed the high 
response to BMP-2, which was evaluated by the induction of ALP activity in vitro 
[20]. Moreover, the expression of other phenotypic markers related to osteoblast 
differentiation, such as osteocalcin secretion and PTH receptor, were also induced 
by the treatment with BMP-2 in C2C12 cells [20]. In contrast, the C2C12 myo-
blasts treated with BMP-2 were suppressed to express markers related to skeletal 
muscle differentiation, such as myogenin, myosin heavy chain, and troponin T, 
and they remained as mononuclear cells [20]. Although BMP-2 induced the 
expression of type II collagen mRNA and small droplets stained with oil red-O 
staining, it was still unclear whether chondrogenesis and/or adipogenesis occurred 
in the cells.

It has been reported that TGF-β1 does not induce heterotopic ossification in vivo 
[22]. In C2C12 cell cultures in vitro, TGF-β1 has been shown to inhibit myogenesis, 
but it does not induce any markers related to osteoblast differentiation in vitro [20]. 
Other inhibitors of myogenesis, such as fibroblast growth factors (FGFs), suppress 
myogenesis of C2C12 myoblasts but do not induce the markers of osteoblastic dif-
ferentiation, suggesting that the inducing capacity of osteoblastic differentiation of 
C2C12 cells is limited for the osteogenic members of the TGF-β family. In addition, 
all-trans-retinoic acid has been shown to induce ALP activity in C2C12 and another 

Fig. 1 Murine C2C12 myoblasts. C2C12 cells cultured for 1 (a) and 14 (b) days in vitro. They 
proliferate as mononuclear cells and form multinucleated myotubes after differentiation
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mesenchymal cell line, C3H101/2 clone 8, but it does not induce other markers 
related to osteoblast differentiation [20]. Together, these findings suggest that 
C2C12 cells can reflect the osteogenic and non-osteogenic activities of the members 
of TGF-β family in vitro.

The differentiation capacity of C2C12 cells into osteoblastic cells in vitro has 
been applied to evaluate osteogenic activity of 14 types of human BMP (BMP-2 
through BMP-15), which were individually overexpressed in the cells using adeno-
virus vectors [23, 24]. In the assay, not only BMP-2 but also BMP-4, BMP-6, BMP- 
7, and BMP-9 have been found to induce ALP activity [23, 24]. After transplantation 
of these C2C12 cells expressing each BMP in mice, BMP-2, BMP-6, BMP-7, and 
BMP-9 have been found to induce heterotopic ossification in vivo [24]. It is possible 
that the failure of BMP-4 to induce heterotopic ossification in vivo was due to rapid 
diffusion of the ligand.

2.3   Applications of C2C12 Myoblasts for Signaling Molecules 
of BMPs/GDFs

The osteoblastic differentiation of C2C12 cells in response to osteogenic BMPs is 
clear and easily detectable because the basal levels of ALP or osteocalcin expres-
sion are quite low in the untreated C2C12 cells. Thus, this cell line has been used to 
elucidate intracellular signaling molecules of BMPs, and the findings have been 
expanded to studies of human skeletal disorders related to BMPs later.

2.3.1  Receptors

Osteogenic BMPs and GDFs bind to type II receptors (BMPR-II, ActR-IIA, and 
ActR-IIB) and type I receptors (ALK1, ALK2, ALK3, and ALK6) [25–31], and 
they are expressed in C2C12 cells even though ALK1 and ALK6 are quite low [32, 
33]. Each BMP and GDF binds to various combinations of the type I and type II 
receptors that are expressed on target cell plasma membranes and activates intracel-
lular signaling.

Both types of receptors are transmembrane serine/threonine kinase. Although 
type II receptors are active regardless of ligand binding, type I receptors are inactive 
and activated by type II receptors via phosphorylation at the glycine/serine rich 
domain (GS domain) in the intracellular region at the juxtamembrane [25–31]. Type 
I receptors, rather than type II receptors, determine intracellular signaling pathways. 
Overexpression of constitutively active forms of type I receptors for osteogenic 
BMPs and GDFs (ALK1, ALK2, ALK3, or ALK6) in C2C12 cells can inhibit myo-
genesis and induce osteoblastic differentiation without the addition of exogenous 
ligands [33–35]. In contrast, overexpression of dominant negative forms of type I 
receptors, which have the extracellular ligand-binding domain and transmembrane 
domain but lack a functional intracellular kinase domain, inhibits osteoblastic 
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differentiation of C2C12 cells even in the presence of ligands [32]. These findings 
support a hypothesis that type I receptors are downstream effectors of type II 
receptors.

2.3.2  Transcription Factors

The type I receptors bound to osteogenic ligands phosphorylate intracellular signal-
ing molecules in the cytoplasm and subsequently transduce intracellular signaling. 
Smad1, Smad5, and Smad9 (also known as Smad8) are known as major substrates 
critical for downstream signaling [25–31]. The type I receptors phosphorylate two 
serine residues in the serine-valine-serine (SVS) motif at the carboxyl termini of 
these Smad proteins [25–31]. The phosphorylation of the carboxyl termini leads to 
a conformational change of Smad proteins and allows them to form complexes with 
other transcriptional regulators, such as coactivators and corepressors including 
Smad4 and RAN-binding domain-containing protein 2, respectively [36–38].

Indeed, co-expression of a constitutively active type I receptor kinase, with 
Smad1 or Smad5, which is a substrate of the receptor kinase, induces osteoblastic 
differentiation of C2C12 cells [39–41]. This induction is blocked by addition of a 
small molecule inhibitor of type I receptor kinases, such as LDN-193189 and LDN- 
212854, thus supporting that the kinase activity of type I receptors is essential for 
intracellular signal transduction through Smad proteins [39–41].

Stimulation of cells with a ligand of BMP/GDF members activates multiple 
intracellular signaling pathways, including Smad1, Smad5, Smad9, phosphati-
dylinositol- 3 kinase, and p38 mitogen activated protein kinase. C2C12 cells have 
been used to examine the role of each Smad pathway in osteoblastic differentiation. 
To activate only one phosphorylated Smad without activating the others, the consti-
tutively activated forms of Smad1, Smad5, and Smad9 have been generated by sub-
stituting the SVS motif with the DVD sequence in each Smad [36, 38]. The DVD 
forms of Smad1, Smad5, and Smad9 are recognized by an antibody against phos-
phorylated Smad1/Smad5/Smad9 [36, 38]. Moreover, they activate transcription of 
target genes and osteoblastic differentiation of C2C12 cells without addition of 
ligands or active receptors [36, 38]. However, Smad9 shows weaker transcriptional 
activity than Smad1 and Smad5 and fails to activate osteoblastic differentiation of 
the cells, owing to a deletion of a small part of the linker region [38]. Interestingly, 
expression of Smad9 mRNA has been found to be induced by BMP-4 stimulation in 
C2C12 cells, similarly to that of an inhibitory Smad, Smad6 [38]. Although Smad6 
suppresses BMP receptors, Smad9 suppresses a constitutively active form of Smad1 
as a dominant negative Smad [38].

Osterix (also known as SP7) is a transcription factor essential for bone forma-
tion during embryogenesis in mice. Osterix was identified as a novel transcription 
factor in C2C12 cells stimulated with BMP [42]. Osterix-deficient mice lack bone 
formation due to a loss of osteoblast differentiation similarly to Runx2-deficient 
mice. A premature natural mutation of Osterix/SP7 has been identified in a patient 
with osteogenesis imperfecta, type XII (MIM: 613849) [43]. Heterozygous 
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loss-of- function mutation of RUNX2 has been found in patients with cleidocranial 
dysplasia (MIM: 119600) [44–46].

2.3.3  Early Response Genes of BMP Signaling

Although BMP/GDF proteins are multifunctional growth factors, they activate tran-
scription of common genes within an hour after binding in various types of cells. 
The inhibitor of differentiation/DNA binding (Id) genes, Id1, Id2, and Id3, have 
been identified as the early responsive genes of BMP signaling [47, 48]. The regula-
tory elements in their 5′ enhancer regions have a conserved GGCGCC sequence, 
which is recognized by a complex of Smad1/5 and Smad4 [47, 48]. The same 
sequence has been found in the 5′ region of BMP-inducible transcript-1, which is 
also induced by BMP signaling within an hour [48]. The regulatory regions of the 
BMP early responsive genes can be placed in front of the luciferase gene to examine 
quantitatively examine BMP-specific intracellular signaling [47, 48]. However, the 
direct targets of Smad proteins, which regulate osteoblastic differentiation upstream 
of Osterix and/or Runx2  in the BMP/GDF signaling pathway, still need to be 
clarified.

3  Models of Chondrogenesis

Because osteogenic BMPs and GDFs induce cartilage before the induction of bone 
tissue in vivo, the differentiation of chondrocytes in response to ligands are exam-
ined in vitro.

3.1   Skeletal Muscle Cells

The induction of cartilage in skeletal muscle by BMPs in vivo suggests that skeletal 
muscle contains progenitor cells of chondrocytes. Thus, the minced skeletal muscle 
has been cultured on the demineralized bone matrix to examine the chondrogenesis 
in vitro [49]. Histological analysis has identified chondrocytes in the cavities formed 
in the bone matrix, confirming that the possibility of the presence of chondrocyte 
progenitor cells in the skeletal muscle [49]. Chondrogenesis-inducing activity in the 
extracts of the demineralized bone matrix has been examined in vitro using skeletal 
muscle cells embedded in agarose by monitoring synthesis of cartilage-specific pro-
teoglycans [50]. Recent studies of cell lineage tracing using fluorescent proteins 
have revealed that the progenitor cells in the skeletal muscle tissue, which differen-
tiate into chondrocytes and/or osteoblasts in response to BMP signaling, are inter-
stitial mesenchymal cells, not satellite cells or endothelial cells [51].
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3.2   Embryonic Fibroblasts, Embryonic Stem Cells, 
and Induced Pluripotent Stem Cells

Embryonic fibroblasts and embryonic stem (ES) cells are used in vitro as sources of 
pluripotent cells. In these types of cells, chondrogenesis is inducible in pellet cul-
tures in the presence of TGF-β and/or BMPs. Cells prepared from chicken or mouse 
embryonic limb buds also show the chondrogenic activity in high-density micro-
mass cultures. Recently, induced pluripotent stem (iPS) cells established from 
patients with skeletal disorders have also been used in chondrogenesis in vitro.

4  Analysis of Skeletal Disorders Related to BMP Activity 
In Vitro

4.1   Fibrodysplasia Ossificans Progressiva

Fibrodysplasia ossificans progressiva (FOP) (MIM: 135100) is a rare disorder char-
acterized by progressive heterotopic ossification in soft tissues, such as skeletal 
muscle, tendon, and ligaments, after birth [27, 28, 52]. Although the soft tissues are 
almost normal at birth, muscle trauma induces an acute heterotopic ossification. The 
incidence of FOP is estimated to be one in two million, regardless of race, gender, 
location, or age [52]. The involvement of BMP signaling has been suggested in 
heterotopic ossification in FOP [53]. Although there is no approved treatment for 
inhibiting heterotopic ossification in FOP, the in vitro models are useful for studying 
the molecular mechanisms of the disease and the development of novel treatments.

4.1.1  Functional Changes of ALK2/ACVR1 in FOP

In 2006, a recurrent mutation in both familial and sporadic cases of FOP was identi-
fied in one BMP type I receptor, ALK2/ACVR1 [54]. The mutation, c.617G>A, 
causes an Arg to His substitution mutation of ALK2 at position 206 (p.R206H) in 
the GS domain, which is a phosphorylation site of BMP type II receptors [54]. The 
mutation changes conformation of the GS domain and affects the interaction 
between the GS domain and kinase domain.

Functional changes of the mutant ALK2 has been examined in vitro using C2C12 
cells. Transient overexpression of ALK2(R206H) in C2C12 cells induces phosphor-
ylation of Smad1/Smad5/Smad9 and activates a BMP-specific luciferase reporter 
driven by an enhancer region of the early responsive gene of BMP signaling, such 
as Id1 [39–41]. ALP activity, a typical marker of osteoblastic differentiation of 
C2C12 cells, is also induced when ALK2(R206H) is co-expressed with Smad1 or 
Smad5 [39–41]. Moreover, myogenesis of is suppressed in the ALK(R206H)-
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expressing C2C12 cells [39, 40]. These BMP activities induced by the mutant ALK2 
are blocked by treatment with a small chemical inhibitor against BMP type I recep-
tor kinases [39–41], suggesting that the kinase activity of the mutant ALK2 is 
increased and phosphorylated Smad1 and/or Smad5 mediate the biological activity 
of the receptor.

4.1.2  Molecular Mechanisms of the Activation of ALK2 in FOP

To date, more than 10 different mutations in the intracellular region, such as the GS 
domain and the kinase domain, of ALK2 have been identified from patients with 
typical or atypical FOP [28, 29]. All of the mutant ALK2 identified activate BMP 
signaling when they are overexpressed in C2C12 cells, although some mutants 
show quite weak activity [55]. FKBP12, a small binding protein for an immunosup-
pressor FK506, has been shown to bind to type I receptors for the TGF-β family and 
stabilize the inactive state of the kinase [56]. Crystal structures of the cytoplasmic 
domain of ALK2 and FKBP12 have revealed that the FOP mutations break critical 
interactions with FKBP12 [57].

In C2C12 cells, co-expression of BMP type II receptor, such as BMPR-II or 
ActR-IIB but not ActR-IIA, synergistically increases the kinase activity of the 
mutant forms of ALK2 associated with FOP but not the wild type or associated 
with heart diseases [55]. This stimulation depends on the kinase activity of the 
type II receptors. ALK2(Q207D), a constitutively active form created by genetic 
engineering, is activated even by the kinase activity-deficient type II receptors in 
C2C12 cells [55]. This suggests that the mutant forms of ALK2 associated with 
FOP are not constitutively active but require upstream effectors, such as type II 
receptors and possible ligands [55]. The threonine residue at position 203 in ALK2 
is essential for the type II receptor-dependent activation of BMP signaling through 
regulating the phosphorylation levels of ALK2 by the type II receptors [55]. 
Moreover, the conserved Thr residues in other BMP type I receptors, such as 
ALK1, ALK3, and ALK6, are also required for the ligand-induced intracellular 
signaling [55].

Recently, Activin A, which is a non-osteogenic member of the TGF-β family, has 
been shown to activate BMP-like activity in cells expressing ALK2(R206H) [58]. 
Moreover, anti-Activin A antibody suppressed heterotopic ossification in condi-
tional- on knock-in mice of human ALK2(R206H) [58]. These findings suggest that 
heterotopic ossification in patients with FOP is a ligand-dependent event, and 
Activin A is responsible for it.

4.1.3  Chondrogenesis Models in Vitro for FOP

Heterotopic skeletal tissues in FOP are formed through an endochondral ossifica-
tion process, suggesting that mutant forms of ALK2 induce chondrocyte differentia-
tion in progenitor cells in the soft tissues.
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Murine ES cells that express human ALK2(R206H) under the control of the Tet- 
off system have been established, and their chondrogenic capacity in vitro has been 
analyzed [59]. Withdrawal of doxycycline from the culture medium induces the 
expression of ALK2(R206H), the phosphorylation of Smad1/5 and the expression 
of markers related to chondrocyte differentiation, such as type II collagen and 
aggrecan [59]. As expected, a small chemical inhibitor of the BMP type I receptor 
kinases inhibits these doxycycline-dependent events except for the expression of 
human ALK2 [59].

Knock-in mice of the ALK2(R206H) mutation have been examined. Although 
they show the malformation of great toe and the heterotopic ossification in soft tis-
sues, similarly to patients with FOP, these mice die after birth [60]. Embryonic 
fibroblasts prepared from the knock-in mice show enhanced chondrogenic activity 
in vitro compared to that of wild-type mice [61]. iPS cells have been established 
from patients with typical FOP who carry the R206H mutation [62]. The iPS cells 
show accelerated chondrogenic ability in  vitro compared to that of the gene- 
corrected and rescued iPS cells [63].

4.2   Brachydactyly, Symphalangism, and Multiple Synostosis 
Syndrome

Among BMPs/GDFs, GDF5 is a key regulator of skeletal development during 
embryogenesis, especially for digit and joint formation. Loss-of-function and gain- 
of- function mutations have been identified in a ligand (GDF5), receptor (BMPR-IB/
ALK6), and antagonist (Noggin) in patients with skeletal disorders, such as brachy-
dactyly, symphalangism, and multiple synostosis syndrome.

4.2.1  Gain-of-Function and Loss-of Function Mutations in GDF5

Human GDF5 has been shown to be mutated in skeletal malformation syndromes 
including brachydactyly type C (BDC) (MIM: 113100), which is characterized by 
the shortening of digits and hypersegmentation of phalanges and the recessive 
acromesomelic dysplasias of the Hunter-Thompson, Grebe, and DuPan types, 
which are characterized by short stature, severe limb shortening, and profound 
brachydactyly.

A mutation of p.L441P in GDF5 has been identified from patients showing short 
index fingers and variable clinodactyly, similarly to the patients with brachydactyly 
type A2 (BDA2) (MIM: 112600), which is caused by a mutation in BMPR-IB/ALK6 
[64]. Another mutation in GDF5, p.R438L, has been identified in patients with prox-
imal symphalangism (SYM1) (MIM: 185800) and is characterized by a bony fusion 
between the proximal and middle phalanges in the digits [64]. C2C12 cells express 
BMPR-IA/ALK3, but they do not express functional levels of BMPR-IB/ALK6. 
Thus, the cells respond to BMP-2, but they do not respond to GDF5 [64]. GDF5 
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stimulates chondrogenesis of chicken limb bud cells in micromass cultures [64]. The 
p.L441P mutant GDF5 seems to be a loss-of-function mutation because it does not 
show BMP/GDF-like activity in vitro [64]. In contrast, the p.R438L mutant is a gain-
of-function mutation, because it has increased in binding affinity to BMPR-IA/
ALK3 [64]. The p.R438L mutant GDF5, but not p.L441P, induces ALP activity in 
C2C12 cells and suppresses myogenesis similarly to BMP-2 [64].

Additional mutations in GDF5, p.N445T/K, and p.W414R have been identified 
from patients with SYM1 and combined clinical features of brachydactyly type A2 
(BDA2) and multiple synostosis syndrome 2 (SYNS2) (MIM: 610017), respec-
tively [65]. These mutant GDF5 are insensitive and resistant to Noggin, similarly to 
BMP-9 and BMP-10 [65]. Overexpression of the mutant GDF5 or BMP-9 in the 
micromass cultures of chicken limb bud cells shows high chondrogenic activity 
[65], suggesting that normal joint formation induced by GDF5 requires a negative 
feedback through an antagonist, i.e., Noggin.

5  Conclusion

The original bone-inducing activity of BMPs can be reflected, at least in part, in 
in vitro model systems using cell lines or primary cultured cells. These systems 
have been applied to the examination of molecular mechanisms of skeletal disorders 
related to BMPs/GDFs. Moreover, these in vitro model systems are useful for the 
development of novel treatments for the disorders.
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1  Introduction

Long-bone fractures are most frequently the result of trauma but can also be associ-
ated with a variety of conditions including osteoporosis, infection, tumors, and con-
genital diseases. Moreover, over 10 % of tibia fractures lead to delayed healing or 
nonunion, which greatly affects quality of life for the individual. This patient popu-
lation ultimately demands an effective restoration strategy to fulfill functional 
requirements. Current state of the art for the reconstruction of skeletal defects 
involves transplantation of autologous or allogenic bone grafts, which can be har-
vested from sites such as the iliac crest, fibula, scapula, or radius [189]. However, 
the inherent drawbacks of this approach, including insufficient autologous resources, 
pain, and donor-site morbidity, strongly urge clinicians and researchers to explore 
alternative therapeutic strategies.

Several alternative strategies are emerging to treat nonhealing fractures: (1) a 
“smart” biomaterial device with or without growth factors, which is frequently 
used in non-compromised conditions, and (2) an advanced therapeutic medici-
nal product (ATMP) composed of cell-based implants with or without osteoin-
ductive biomolecules on optimal carrier materials, which is typically targeted 
for use in compromised conditions. The combined factors in such ATMP should 
function synergistically with a potent regenerative effect. Hypothetically, when 
implanted in vivo, they act as a robust engine steering bone formation and integra-
tion, subsequently leading to successful healing of the defect [104]. Indeed, it is 
envisioned that cell-based ATMPs can overcome the limited and defective regen-
erative capacity of the patient. Moreover, in contrast to the single use of growth 
factors which seems to require high doses, the combined cell growth factor ATMP 
is expected to eliminate the necessity of supraphysiological doses of growth factors 
which could potentially induce adverse clinical complications [25]. It is antici-
pated that the soluble growth factors will stimulate proliferation and differentia-
tion of progenitor cells both in carriers and defect site to form new bone tissue. 
Meanwhile, the implanted progenitor cells cross talk with the surrounding tissue 
via the secretion of signaling molecules to accelerate tissue formation, integration, 
and remodeling.

This chapter will focus on ATMPs combining bone morphogenetic proteins 
(BMPs) and stem cells for the clinical treatment of large bone defects in compro-
mised environments. We will describe the BMP signaling that is involved in the 
process of bone fracture healing with specific emphasis on clinically relevant 
BMP ligands, followed by characterization and BMP responsiveness of stem 
cells obtained from different sources. Then we will explore different biomaterials 
and their contribution to achieve optimal BMP release and osteoinduction. 
Finally, we will provide a perspective on the applicability of ATMPs in bone 
repair by reviewing the preclinical studies carried out so far in various animal 
models.
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2  Lessons from Biology: BMP Signaling Involved in Bone 
Healing

2.1   Biological Fundamentals of Bone and Fracture Healing

Bone formation during embryonic development involves three distinct structures 
that generate the skeleton. The somites give rise to the axial skeleton, the lateral 
plate mesoderm generates the limb skeleton and the cranial neural crest gives rise to 
the craniofacial cartilage and bones. Depending on the bone to be formed, two 
major modes of bone formation occur where both involve the transformation of a 
pre-existing mesenchymal tissue into bone tissue. Intramembranous ossification is 
a slow process that involves direct conversion of mesenchymal tissue into bone, 
primarily giving rise to the flat bones of the skull. The second bone-forming pro-
cess, endochondral bone formation, gives rise to the long bones through a process 
where progenitor cells differentiate into cartilage, which subsequently is degraded, 
remodeled, and replaced by bone.

Throughout the life span of an individual, bones continuously undergo remodel-
ing, leading to changes in bone size, shape, and density during growth and load-
induced damage, adapting the bone to an individual’s development. This remodeling 
process is tightly coordinated between bone-forming osteoblasts and bone-resorb-
ing osteoclasts, the latter ones originating from hematopoietic stem cells. The inter-
play between these cells is regulated on both the systemic and local level by 
hormones, cytokines, mechanical signals, and metabolites. Imbalance, upon aging 
or immobilization, between bone formation and resorption, often leads to reduced 
bone density, osteoporosis, and fractures [68].

In healthy individuals, the skeleton acts as a scaffold by providing support and 
protection for the soft tissues that together make up the body. Subsequently, the 
bone has a complex structure and can stand high-impact and mechanical load. 
Fracture occurs upon severe trauma or on minor trauma in diseased bones such as 
osteoporosis. The majority of the fractures can heal spontaneously, due to the high 
regenerative potential of our skeletal system. The healing process, initiated by 
trauma causing the fracture, can be divided in four stages: (1) initial inflammatory 
response and hematoma formation, (2) callus formation, (3) remodeling of callus to 
immature bone, and subsequently (4) remodeling to mature lamellar bone [127]. 
During the initial inflammatory response, cytokines and growth factors are secreted 
by cells at the fracture site to recruit skeletal progenitor cells from mostly the peri-
osteum to aid in the succeeding stages [7]. The nature of secreted stimulatory sig-
nals is partially driven by the type of fracture, hence also which healing process that 
will be initiated.

Fracture healing can occur through two different routes, depending on the 
mechanical stabilization of the fracture: intramembranous (stable fractures) or 
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endochondral (unstable fractures) fracture healing. In the former, osteoblasts 
directly produce and deposit woven bone. This process often takes place in impact 
or compression fractures, where the mechanical stability is high. In more 
 mechanically unstable fractures, bone is formed through an intermediate cartilagi-
nous tissue that can function under hypoxic conditions. The cartilage intermediate 
contributes to stabilization of the fracture, and upon matrix calcification, angiogen-
esis occurs and with new bone formation and remodeling through resorption by 
osteoclasts delivered through the invading blood vessels.

In clinics, over 10 % of annual tibial fractures lead to delayed or nonunions, due 
to the critical size of the defect, severely damaged or infected surrounding tissue, 
and/or genetic disorders [47]. Typically, nonunions can be characterized as hyper-
trophic or atrophic nonunions or a combination of both (Fig. 1) [131] . Hypertrophic 
nonunions are caused by excessive motion at the fracture site, causing abnormal 
vascularity and abundant callus formation, and these can often be successfully 
treated by a stabilizing fixation. Atrophic nonunions are the result of inadequate 
biological conditions, causing fibrous tissue to fill the fracture.

Fig. 1 Long-bone fractures. A fracture of long bones such as tibiae heals spontaneously under 
normal conditions (a). Under specific circumstances, the fracture can develop into an atrophic (b) 
or hypertrophic (c) nonunion (Radiographic images received from Professor, J.  Lammens, UZ 
Leuven, Belgium)
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2.2   BMPs Involved in Bone Development and Fracture 
Healing

Among the different ligands of the BMP family, BMP-2, BMP-4, BMP-5, BMP-6, 
BMP-7, BMP-9, and GDF5 play important roles during bone development and frac-
ture healing. During the early stages of non-compromised endochondral fracture 
healing, BMP-2, BMP-4, BMP-5, BMP-9, and GDF5 can be detected in activated 
periosteal cells and inflammatory cells in the granulation tissue [28]. As the fracture 
healing progresses, the expression level of these signals decreases/fluctuates. The 
proliferating chondrocytes express BMP-2, BMP-6, BMP-7, and BMP-9, while pre- 
hypertrophic chondrocytes express BMP-2, BMP-6, and BMP-7. Once cells have 
differentiated to hypertrophic chondrocytes, they are strongly positive for BMP-2, 
BMP-4, BMP-5, BMP-6, BMP-7, and BMP-9 [28, 222].

While many of the BMP ligands can exert a similar function during fracture heal-
ing as in bone development, some of them seem to play more crucial roles than 
others. For instance, global loss of BMP-2 leads to embryonic lethality [224]. In a 
limb-specific knockout of BMP-2, embryogenesis was not affected but spontaneous 
postnatal fractures occurred that did not heal. These data confirm that other ligands 
cannot compensate for the absence of BMP-2, hence ratifying its crucial role in 
postnatal bone development and fracture repair [196]. In similarity to BMP-2, 
BMP-4 and BMP-7 are present during all stages of bone development and regenera-
tion. However, both have been reported dispensable in these processes in mice [138, 
197, 198].

Nonsense mutations of the BMP-5 gene give rise to a short-ear phenotype 
in mice and lead to reduced plate growth and height as well as body mass [87, 
133]. Upon fracture, these mice display a delayed formation and maturation 
of the cartilaginous fracture callus, only half the volume of healthy fracture 
callus [60].

BMP-6 is highly expressed in the growth plate as well as during the different 
stages of fracture repair. However, the BMP-6 ligand is not crucial for skeletal 
development, maintenance, or fracture healing [59, 100]. Nevertheless, BMP-6 
mutant mice displayed a reduced size of long bones, impaired growth plate func-
tion, and a delayed ossification of the developing sternum [149, 182]. GDF5, another 
member of the BMP family, is found throughout the growth plate of the developing 
long bones, and mutations in this gene have been shown to cause impaired joint 
morphogenesis and brachypodism in mice and man [185, 194]. During fracture 
repair, deletion of GDF5 does not compromise long-term fracture healing, but a 
delay in callus formation and remodeling suggests a role in the early phase of bone 
repair [30]. BMP-9 is mainly known for its regulatory role in angiogenesis, evi-
denced by arteriovenous malformations in BMP-9-deficient mice [155, 218]. 
Interestingly, recent research efforts suggest BMP-9 to be one of the most osteo-
genic ligands, and a first report on skeletal malformations in BMP-9-deficient mice 
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is currently being processed [155]. Moreover, additional support for BMP-9 as an 
interesting osteoinductive factor was evidenced by its role during trauma-induced 
heterotopic ossification [58].

The BMP signaling pathway is strictly regulated; hence, BMP antagonists are 
also present in fluctuating levels during fracture healing. In cartilage- and bone- 
forming cells as well as in granulation tissue, BMP-3, noggin, chordin, gremlin, 
SMAD6, and SMAD7 have been detected [222]. Moreover, BMP ligands and 
receptors, phosphorylated SMAD1/5/8, and BMP inhibitors are also express in non-
unions in similarity to non-compromised fractures [92]. Interestingly, an imbalance 
between the level of ligands and inhibitors was reported with the most striking dif-
ferences in the early cartilaginous tissue intermediates. Potentially, the disrupted 
balance in BMP signaling may be a mechanistic cause of the nonunion (Table 1).

2.3   Current Status of BMPs in Clinical Application

Since the discovery by Marshall Urist of BMPs and their potent bone-inducing 
capacity in 1965, comprehensive research efforts have led to the characterization 
of several ligands from the family. When it comes to bone regenerative medicine 
and the treatment of nonunions, BMP-7 and BMP-2 have gained most attention 

Table 1 The functions of different BMPs during bone development and fracture healing

BMP- Knockout phenotype Fracture healing References

BMP- 2 Embryonically lethal; limb, 
spontaneous fractures and impaired 
fracture repair; chondrocyte, severe 
chondrodysplasia

Expressed during 
inflammatory, chondrogenic, 
and osteogenic stages

[28, 90, 91, 
181, 196, 224]

BMP- 4 Embryonically lethal, limb: 
defective patterning

Expressed during 
chondrogenic and osteogenic 
stages

[28, 90, 91, 
174, 210]

BMP- 5 Short-ear mice, reduced growth 
plate height, growth rate, and body 
mass

Expressed during 
mesenchymal condensation, 
delayed fracture callus 
formation and maturation

[60, 87, 133]

BMP- 6 Delay in sternum ossification, 
smaller long bones

Expressed during 
inflammatory, chondrogenic, 
and osteogenic stages

[28, 149, 182]

BMP- 7 Die after birth, defect in skeletal 
patterning, in limb: no effect

Expressed during 
chondrogenic and osteogenic 
stages

[28, 38, 90, 91, 
119, 171, 198]

BMP- 9 Skeletal malformations, phenotype 
not yet published

Decreased mean levels in 
nonunions

[200]

GDF5 Brachypodism, joint phenotype 
delayed callus formation, and 
remodeling

Expressed during 
chondrogenic stage

[28, 30]
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for a number of reasons including biotech-driven focus. In 2001 and 2002, FDA 
approved the clinical products OP-1® (BMP-7) and Infuse® (BMP-2) for the treat-
ment of long-bone nonunion and anterior lumbar interbody fusions, respectively 
[2, 44]. In the following years, these approvals were extended to posterolateral 
fusion, posterolateral lumbar pseudarthrosis, and nonhealing tibia shaft fractures 
[3–5, 140].

Currently, 11 clinical trials are registered under bone morphogenetic proteins for 
critical bone fractures, one for BMP-7 and the remaining for BMP-2 [71] (Table 2). 
In the majority of these studies, the BMP ligand is delivered through the use of an 
adsorbable collagen sponge (ACS), a calcium phosphate matrix (CPM), or as a 
liquid solution in buffer. The investigated concentrations of BMP-2 are reported 
between 1–12 mg/ml, and the product efficacy in fracture healing was compared to 
autograft or allograft transplants.

Reports from these studies display that approved BMP devices function as an 
alternative treatment, providing similar efficacy as autologous transplants, but does 
not result in an superior outcome [33, 46, 81, 121]. Even though promising, a 
debated therapeutic outcome has been reported due to safety issues and side effects 
possibly related to the usage of supraphysiological doses [49, 187, 211].

2.4   BMP Signaling Pathway

2.4.1  Ligand-Receptor Binding and Oligomerization

When inducing physiological cellular responses, BMP ligands activate intracel-
lular signaling by binding to their respective transmembrane receptors. The active 
receptor complex involves typically one of the type 1 receptors, activin receptor-
like kinase-1 (ALK)1., ALK2, ALK3, or ALK6, and one of the type 2 receptors, 
BMP- receptor type 2 (BMPR2) or activin type 2 receptor (ACVR2 or ACVR2b) 
[178]. It has been reported that BMP-2 and BMP-4 preferentially and predomi-
nantly bind to ALK3 or ALK6, whereas BMP-6 and BMP-7 primarily bind to 
ALK2 [41, 193]. Moreover, BMP ligands bind to type 1 and type 2 receptors with 
different affinities, likely due to their structural conformation [96]. For instance, 
while BMP-2 and BMP-4 bind with high affinity to their type 1 receptor, BMP-7 
binds with high affinity to the type 2 receptors ACVR2a or ACVR2b and less to 
the type 1 receptors [57, 94].

Ligand-receptor oligomerization occurs through two different mechanisms, for-
mation of a pre-formed receptor complex (PRC) or a BMP-induced receptor com-
plex (BRC), causing distinct downstream signaling mechanisms [139]. PRC induces 
signaling through the SMAD-dependent signaling pathway, while BRC-induced 
signaling activates the (mitogen-activated protein kinases) MAPK pathway (Fig. 2). 
The difference in downstream signaling, induced by the oligomerization mecha-
nism, has been explained by two different endocytosis routes, clathrin dependent or 
independent [54, 69, 139].
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2.4.2  SMAD-Dependent Signaling During Bone Formation

The SMAD-dependent signaling cascade is initiated, as the constitutively active 
type 2 receptor phosphorylates the (glycine-serine rich) GS domain of the type 1 
receptor which subsequently phosphorylates and activates the receptor-regulated 
SMAD1/5/8 complex (Fig. 2) [165]. These SMADs commonly consist of a DNA- 
binding domain at the N-terminus and a protein-protein interaction domain at the 
C-terminus domain, connected through a linker domain [83]. Upon phosphorylation 
of the C-terminus domain by the common mediator SMAD4, the R-SMAD com-
plex is formed and translocates to the nucleus where it regulates the expression of 
BMP-responsive genes [97, 118, 165, 180].

The downstream signaling cascade of the R-SMADs can be modulated by phos-
phorylation of the linker region by other cellular kinases such as MAPKs and gly-
cogen synthase kinase 3-beta (GSK-β). These compete with the receptor-mediated 
phosphorylation for deactivation through proteasomal-mediated degradation [50, 
162]. Further fine-tuning of the signaling cascade is regulated by intracellular medi-
ators such as small C-terminal domain phosphatases (SCP)-1 and SCP-2 and tran-
scriptional cofactor BMP type 2 receptor-associated protein cGMP-dependent 

BMP ligand

SMAD1/5/8

P

PPP

P

P

P

P

R-SMAD

Co-SMAD4

Cytoplasm

Nucleus

TABXIAP

TAK

MKK
MEK

p38 JNK Erk1/2

Id1-3

DLX5
RUNX2

SOX9 ACAN

Co-factors/
inhibitors

OSX

2 21 1

Fig. 2 Schematic view of BMP signal transduction. BMP ligands activate intracellular signaling 
by binding to their related transmembrane type 1 and type 2 receptors. Ligand-receptor oligomer-
ization occurs through two different mechanisms where formation of a preformed receptor com-
plex (PRC) mainly induces signaling through the SMAD-dependent signaling route, while 
BMP-induced receptor complex (BRC) preferentially activates the MAPK pathway
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protein kinase 1 (cGK1) [163, 167]. Ubiquitination is another mode of regulating 
SMAD activity, which can lead to either proteasomal-mediated degradation causing 
repressed signal transduction or protein aggregate formation and regulate cellular 
processes as a potential protective mechanism [168]. SMAD6 and SMAD7 are also 
called inhibitory SMADs (I-SMADs), due to their antagonizing of the activation of 
R- and Co-SMADs. SMAD6 mitigates BMP signaling through competing with 
SMAD4 for complex formation [70]; SMAD7, on the other hand, is recruited to the 
receptor and induces degradation of the type 1 receptor kinase together with 
SMURF1 [40].

2.4.3  SMAD-Independent Signaling During Bone Formation

While the SMAD-dependent BMP signaling pathway is well investigated, less is 
known regarding the SMAD-independent pathways. Upon ligand binding to a pre-
formed complex of the types 1 and 2 receptors, activation on gene transcription 
level occurs through the activation of the MAPK pathway (Fig. 2). MAPKs are 
evolutionary conserved enzymes that convert various extracellular stimuli into dif-
ferent cellular responses during biological processes such as fracture healing. The 
key effector enzymes p38, extracellular signal-regulated kinase (ERK), and c-Jun 
N-terminal kinase 1-3 (JNK) are part of a multistep cascade which is tightly regu-
lated by phosphorylation and dephosphorylation processes [61, 80, 141]. JNK sig-
naling is mainly known for its regulatory role in inflammation, apoptosis, and cell 
migration [136, 195]. The ERK-1 and ERK-2 kinases modulate cell survival, prolif-
eration, and differentiation as well as protein synthesis in multiple cell lineages 
[144, 216]. Altered ERK-1/ERK-2 signaling is found in several genetic diseases 
with skeletal phenotypes such as neurofibromatosis type 1, suggesting a role in the 
regulation of skeletal development [9]. BMP-induced ERK signaling occurs through 
MEK1 activation, subsequently increasing Runx2 stability and transcriptional 
activity [82].

Among the various MAPK subfamilies, p38 kinase has attracted elevated atten-
tion in the last years and has proven essential for skeletogenesis and bone 
homeostasis due to its role in cell proliferation, differentiation, apoptosis, senes-
cence, as well as cytokine production and function [56, 79, 106]. Upon BMP 
receptor phosphorylation, it associates with TAK1, TAB1, and XIAP, leading to 
activation of p38 which translocates to the nucleus [56]. Then, p38 activates tran-
scriptional factors ATF2, c-Jun, or c-Fos to regulate BMP target genes such as 
RUNX2, OSX, OPN, ACAN, and ALP [103]. Each of the pathways has been 
proven of importance, since an effect can be seen upon inhibition, and the system 
is tightly controlled through fine-tuning between the activated MAPK pathways 
[98]. Moreover, cross talk between MAPK and SMAD signaling occurs, since it 
has been shown that TAK1 can modulate the duration and intensity of SMAD sig-
naling [15, 72, 167, 177].
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3  Candidate Cell Types for BMP/Cell-Based ATMPs

As aforementioned, the cells can be a driving force for tissue regeneration in cell- 
based ATMPs. Moreover, the necessity of (stem) cells to be included in the develop-
ment of ATMPs becomes particularly important for fractures in compromised 
conditions, such as severely damaged surrounding tissues, elderly patients with sub-
optimal conditions (e.g., diabetes and osteoporosis), or in young children with con-
genital disease (e.g., neurofibromatosis type 1), which all may lead to poor healing 
of the fracture. In such compromised conditions, the surrounding tissue may not be 
able to efficiently respond to the BMP stimuli. In view of this, it is a potential advan-
tage to pre-seed the scaffold with (stem, progenitor) cells combined with a physio-
logical dose of BMP. From a clinical point of view, it is preferable for cell-based 
ATMPs to have a source of human stem cells that can be derived from a small 
biopsy via a noninvasive initial harvest and can proliferate in large numbers and be 
BMP responsive including proliferate and/or differentiate into the osteochondro-
genic lineage upon BMP exposure [126].

3.1   Bone Marrow Stromal Cells (BMSCs)

Bone marrow, which is composed of the hematopoietic compartment and the 
stroma, is the conventional source to obtain human somatic stromal cells for use in 
regenerative medicine. In the hematopoietic compartment, hematopoietic stem 
cells and committed progenitors of different specific hematopoietic lineages reside. 
In the stroma, stromal cells, accessory cells, extracellular matrix components, and 
soluble factors have been described [77]. Taking the heterogeneous population of 
cells into account, it is of relevance to choose a well-defined and robust methodol-
ogy to isolate, characterize, and study the functionality of the expanded stromal 
cell [45].

3.1.1  Isolation and Expansion

BMSCs are usually isolated by cultivation of cells adherent to plastic and obtained 
from untreated whole bone marrow in the form of bone marrow explant or bone 
marrow filter washout [148]. However, this method may lead to low yield of isola-
tion because a large proportion of erythrocytes reside in the untreated bone marrow 
and their presence may interfere with the initial attachment of BMSCs [6]. An alter-
native method to isolate BMSCs is through an initial isolation of mononuclear cells 
by a Ficoll-Hypaque gradient before further cultivation [45]. By removing the 
unwanted high-density blood cells, this method is helpful to increase the number of 
colony-forming unit (CFU) in the primary BMSC culture [6].
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The isolated BMSCs are usually cultured for expansion in basal medium supple-
mented with irradiated fetal bovine serum (FBS) [105]. FBS batches may differ 
from one to another, which could deeply affect the proliferation rate, reproducibil-
ity, and consistency of the production process [23]. Furthermore, FBS raises a gen-
eral concern regarding immunological issues due to potential transfer of xenogeneic 
proteins as well as communicable disease such as prion-transmitted bovine spongi-
form encephalopathy, hence, posing potentially a long-term health risk [122]. In 
consequence, the regulatory authorities encourage replacing the FBS with a non- 
xenogeneic alternative, albeit GMP-compliant FBS batches are available and used 
in clinical-grade manufacturing [23].

As an alternative, human platelet lysate (hPL), a blood-derived product prepared 
as a clinical-grade reagent, has drawn attention for BMSC expansion, since it is a 
rich source of growth factors such as platelet-derived growth factor (PDGF), epider-
mal growth factor (EGF), and basic fibroblast growth factor (bFGF)[19]. Previous 
studies revealed that hPL-expanded MSCs have comparable characteristics with 
those cultured in the presence of FBS [16]. Furthermore, hPL increases prolifera-
tion capacity of BMSCs, hence providing more efficient expansion [22]. However, 
also hPL shows important variability in its growth factor content, and a clinical- 
grade preparation poses still concern.

3.1.2  Characterization and BMP Responsiveness

In vitro, BMSCs represent a phenotypically heterogeneous population of cells. 
Fernandez Vallone et al. comprehensively reviewed the current progress on the phe-
notypic characterization of BMSCs using the fluorescence activated-cell sorter 
(FACS) and magnetic separation techniques [45]. Also our results demonstrated that 
primary cultures of human BMSCs are positive for the following markers: Strol-1, 
CD73, CD49, CD105, CD90, CD146, CD147, and lack of expression of CD14, 
CD20, CD34, and CD45. However, the aforementioned marker expression decreases 
during in vitro passaging, in association with the disappearance of multipotency of 
BMSCs [137]. When subjected to appropriate culture conditions, BMSCs readily 
differentiate into the osteoblastic and chondrogenic lineages, which is particularly 
of interest for bone regeneration. Research showed that BMSCs even possess greater 
osteogenic potential than either chondrogenic or adipogenic potential [137]. 
Moreover, their osteogenic potential appeared to be one of the last lineage commit-
ment phenotypes to be lost [137, 188].

The age and skeletal site of harvest of BMSCs can affect their responses to BMP 
exposure. Osyczka et al. [142] assessed BMP-2 responsiveness (100 ng/ml supple-
mented in serum-containing and serum-free medium) of BMSCs harvested from 
adult maxilla, mandible, and iliac crest BMSCs from the same individuals and pedi-
atric iliac crest. Their results showed that adult orofacial BMSCs were more BMP-2 
responsive than iliac crest BMSCs based on higher gene transcripts of alkaline 
phosphatase, osteopontin, and osteogenic transcription factors MSX-2 and Osterix 
in serum-free insulin-containing medium. Pediatric iliac crest BMSCs were more 
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responsive to recombinant human BMP-2 (rhBMP-2) than adult iliac crest BMSCs 
based on higher expression of alkaline phosphatase and osteopontin in serum- 
containing medium [142].

Nevertheless, it is noted that BMPs are relatively inefficient in inducing human 
BMSC to undergo osteogenesis, albeit they are strong inducers for rat and mouse 
BMSCs [143]. It is shown that mouse-derived BMSCs respond to BMP-2, BMP-4, 
BMP-6, BMP-7, and GDF5 and further undergo chondrogenic differentiation [24, 
43, 172, 173]. However, human BMSCs respond in a different way to distinct 
BMPs. Continuous stimulation of BMP-2, -4, or -7 upregulated the osteochondro-
genic gene expression (e.g., NOGGIN, BMP-2, osteopontin) in human BMSCs 
[36]. However, they failed to enhance alkaline phosphatase activity, an indicator of 
osteogenic differentiation [36, 37]. In addition, continuous stimulation of BMP-2 
with relatively high dosage (100 ng/ml) significantly increased human BMSC pro-
liferation [36]. In contrast, short-term BMP-2 stimulation at lower doses (10–
20 ng/ml) is more effective to induce in vitro osteogenic differentiation, evidenced 
by significantly increased gene expression of RUNX2, COLI, ALP, and OCN, as 
well as protein levels of COLI and ALP [36]. It was hypothesized that the impaired 
BMP response of human BMSCs is correlated with the absence of ALK6 expres-
sion [143]. However, the overexpression of ALK6 in human BMSCs had no effect 
on alkaline phosphatase mRNA transcripts, suggesting that the precise relation-
ship between BMP receptor ALK6 and osteoblast-related genes remains to be 
defined [143]. There is limited research focusing on systematic in vivo evaluation 
of cell- based implants combining BMSCs and BMP. Wang et al. [207] reported a 
moderate increase of bone formation when loading BMSCs and BMP on calcium 
phosphate cements subcutaneously implanted in nude rats after 8 weeks, and such 
improved bone formation can be further enhanced by additional low dosage of 
bFGF (50 ng/ml).

3.2   Periosteum-Derived Cells (PDCs)

Anatomically, the periosteum is a thin vascular membrane that covers the external 
surface of the bone except for the articular joint surfaces of the long bones. It serves 
as an attachment site for tendons, ligaments, and muscles and is a rich source of 
blood vessels that deliver 70–80 % of the blood supply to the bone cortex [26]. 
Microscopically, the periosteum is composed of an outer fibrous layer and an inner 
cambium layer. The fibrous layer contains fibroblasts, collagen, and elastin along 
with a nerve and microvascular network [8], while the inner cambium layer consists 
of progenitor cells with the capacity to differentiate into osteoblasts and chondro-
cytes [64, 183].

The osteogenic potential of the periosteum was revealed early in the eighteenth 
century, when the integrity of the periosteum was found crucial to achieve  successful 
fracture healing [39, 102]. Upon fracture, progenitor cells in the periosteum adja-
cent to the fracture undergo extensive expansion and differentiation to form a 
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cartilaginous fracture callus [31]. The cartilaginous callus progressively bridges the 
fractured bone fragments, followed by replacement by the bone, resulting in the 
formation of a hard callus which eventually is remodeled to the original cortical and 
trabecular bone configuration by osteoclasts.

3.2.1  Isolation and Expansion

To isolate periosteal tissue from the patient, a periosteum elevator, shaped like a 
curved chisel, is typically used to cut off the Sharpey’s fibers that anchor the perios-
teum to the bone, hence maintaining the integrity of the periosteum [27]. Periosteum- 
derived cells (PDCs) are then harvested by enzymatic digestion of the tissue or by 
spontaneous cell egression from the biopsy onto plastic cell culture flasks [156].

In culture, PDCs exhibit a fibroblast-like morphology, which is stably main-
tained over several passages [156]. During in vitro expansion, PDCs do not express 
osteogenic and chondrogenic properties; however, they can be induced to differenti-
ate into the osteogenic, chondrogenic, and adipogenic lineage by exposing them to 
specific differentiation medium [34, 156, 202], confirming their multi-lineage 
potential at the single-cell level.

3.2.2  Characterization and BMP Responsiveness

During expansion, over 90 % of human PDCs express CD73, CD90, and CD105 
[156, 202], while lacking the presence of hematopoietic markers such as CD14, 
CD20, CD34, and CD45 (Ji et al. submitted). In addition, it has been reported that 
PDCs express perivascular cell markers, including αSMA [130], CD146 [156], and 
PDGF receptor beta [202], most likely due to their perivascular location [132, 
159]. This concept is further underscored by our recent report that PDC enhanced 
vasculogenesis by adapting a pericyte-like phenotype when they were implanted 
in vivo [202].

Our data show that continuous in vitro stimulation of BMP-2, BMP-4, BMP-6, 
and BMP-9 (100 ng/ml) significantly enhanced the osteochondrogenic differentia-
tion of human PDCs, evidenced by the upregulation of SOX9, ACAN, RUNX2, OSX, 
DLX5, and ID1. Through mRNA transcript analysis, the BMP-induced differentia-
tion could be correlated to the expression of BMP type 1 and type 2 receptors 
Bolander et al., Eur Cell Mater. 2016 Jan 5;31:11-25. PMID: 26728496.

Upon coating onto calcium phosphate (CaP) carriers followed by hPDC seeding 
and 5-week in vivo implantation in nude mice, only BMP-2- and BMP-6-containing 
constructs gave rise to ossicle formation, including cartilage intermediates, trabeculae- 
like structures embedded in bone marrow with a surrounding cortex-like bone struc-
ture. In these ossicles, the implanted human PDCs contributed to 20 % of de novo 
bone (Bolander et al. submitted). Such enhanced in vivo bone formation might be 
correlated with the activation of SMAD-dependent pathway and MAPK pathway 
within hPDCs induced by BMP and Ca2+ exposure (Bolander et al. submitted).
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3.3   Induced Pluripotent Stem Cells (iPSCs)

Induced pluripotent stem cells (iPSCs) are adult cells that have been genetically 
reprogrammed to an embryonic stem cell-like state by being forced to express genes 
and factors important for maintaining the defined properties of embryonic stem 
cells [124]. Since iPSCs can be derived directly from adult tissues, they not only 
bypass the need for embryos, but can be made in a patient-matched manner, which 
means that each individual could have their own pluripotent stem cell line, revealing 
a potential in personalized medicine.

3.3.1  Generation of iPSCs

In 2006, Yamanaka et al. first reported the generation of mouse iPSCs using retrovi-
ral transduction with 24 transcription factors highly expressed in embryonic stem 
(ES) cells [89]. This cluster of genes was gradually reduced to four key genes that 
encode the transcription factors OCT4, SOX2, KLF4, and c-Myc [191]. Shortly 
after the initial reprogramming success in the mouse, Yamanaka et al. [190] reported 
the generation of iPS cells from adult human dermal fibroblasts using a retroviral 
system with the same four factors: OCT3/4, SOX2, KLF4, and c-Myc. Concurrently, 
Yu et al. [219] reported the generation of human iPSCs from human somatic cells 
with lentivirus using a slightly different combination of genes including OCT4, 
SOX2, NANOG, and LIN28. Notably, the conversion from human somatic fibro-
blast to iPSCs is very low, with reported transduction rate from 0.001 to 1  %, 
depending on different vectors and gene combinations [89]. In 2012, Zhou et al. 
[229] reported a detailed protocol for generating human iPSCs from exfoliated renal 
epithelial cells present in urine, which allow a less-invasive and cost-effective sam-
ple harvest procedure and up to 4 % retroviral transduction efficiency.

3.3.2  Characterizations and BMP Responsiveness

Human iPS cells are similar to human ES cells in morphology, proliferation, 
surface antigens, gene expression, epigenetic status of pluripotent cell-specific 
genes, and telomerase activity, with capacity to further differentiate into cell types 
of the three germ layers including teratoma formation. Based on the guideline 
from the International Stem Cell Banking Initiative (ISCBI), Marti et  al. [128] 
published a detailed characterization of iPSCs. In summary, human iPSCs dem-
onstrate the following characteristics: (i) pluripotency – human iPSCs positively 
express human ES cell markers, such as pluripotent markers placental alkaline 
phosphatase (hPLAP); nuclear transcription factors OCT4, NANOG, and SOX2; 
the keratin sulfate antigens Tra-1-60 and Tra-1-81; and the glycolipid antigens 
SSEA3 and SSEA4. (ii) Differentiation  – In vitro, human iPSCs colonies can 
form large aggregates called embryoid bodies (EBs), which should differentiate 
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spontaneously to different cell types derived from the three germ layers (spon-
taneous differentiation) or can be cultured in different substrates with different 
media to favoring differentiation toward a specific lineage (guided differentia-
tion). Furthermore, the iPSCs will proliferate and differentiate in vivo in the tissue 
where they are injected and ultimately form a teratoma that contains multiple tis-
sues from the three primordial germinal layers characterized by specific markers 
[11] (Table 3).

Recently, we reported in collaboration with Tsumaki labs the reprogramming of 
human dermal fibroblast into induced chondrogenic cells (iChon cells) using lenti-
virus system for Klf4, c-Myc, and Sox9 [192]. The iChon cells demonstrated a 
highly hypertrophic differentiation capacity in vitro and direct or indirect contribu-
tion to cartilage and bone formation in vivo [192], which highlights the promise of 
cellular reprogramming for the creation of functional skeletal cells that can be used 
for novel bone healing strategies.

The generation of iPSCs is regulated by multiple types of signaling cascades, 
including those mediated by BMPs. A recent study demonstrated that BMP signal-
ing during the early stage of iPSC induction can induce a set of miRNAs associ-
ated with the mesenchymal-to-epithelial transition (MET), which can accelerate 
the generation of iPSCs [161]. Such enhancement might be mediated by a receptor 
complex consisting of ALK3 and BMPR2, since suppression of ALK3 and BMPR2 
inhibited the generation of iPSCs [161]. Hamasaki et al. [66] recently showed that 
constitutive activation of ALK2 affected both the upregulation of pluripotent 
markers and the downregulation of fibroblastic markers during the early phase of 
iPSC generation, thus resulting in incomplete reprogramming. The role of ALK3 
and ALK6  in the generation of iPSCs in cellular reprogramming still remains 
unknown.

Similar to ES cells, pluripotency and differentiation of iPSCs are also regulated 
by BMPs. However, many studies have highlighted differences between mouse and 
human ES cells regarding the response to extrinsic signals. For instance, Ying et al. 
[217] reported that BMP-4 sustains self-renewal of mouse ES cells by inducing the 
expression of ID genes. In contrast, in human ES cells, BMP-4 has been shown to 

Table 3 Characteristic markers expressed in human iPSCs

Pluripotency hPLAP,
Oct4, Nanog, Sox2
Tra-1-60, Tra-1-81;
SSEA3, SSEA4, SSEA1 (mouse)

Differentiation Endoderm α-1-Fetoprotein
FoxA2

Mesoderm Brachyury (nuclear)
(Muscle-like tissue) α-smooth muscle actin and 
α-sarcomeric actin
(Cartilage-like tissue) Sox9, fibronectin, chondroitin 
sulfate

Ectoderm Pax6, Sox1, Tuj1
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induce specification into the trophoblastic lineage [212], as well as germ cell lin-
eage differentiation [209]. Consistently, Hamasaki et  al. [66] showed that the 
BMP-4 or BMP-7 reduced the colony-forming capacity of iPSCs and directed 
iPSCs into both mesodermal and endodermal lineage. Therefore, we should be very 
careful to interpret the data obtained from mouse iPSCs and to extrapolate the 
results for studies using human cells.

4  Scaffolding Material for BMP Cell-Based ATMPs for Bone 
Regeneration

4.1   Clinical Perspectives of Desired Scaffold Properties

Effective clinical repair of bone defects is highly dependent on mechanical stability 
in the defect site and requires osteogenic cells and osteoinductive growth factors in 
combination with a proper delivery system, conceptualized as the “diamond concept” 
that provides the optimum mechano-biological conditions for bone regeneration 
[53]. The standard clinical practice for fracture immobilization is by using internal 
or external fixators to prevent micro-motion that will lead to scar tissue or cartilage 
formation. This technique is necessary especially when non-load-bearing biomate-
rial is used as the BMP delivery system/scaffold within an ATMP. Alternatively, 
metallic scaffolds with high mechanical strength could play a role in alleviating 
the adverse effects arising from mechanical instability. Although metallic scaffolds 
provide temporary supports to patients to regain immediate mobility, the non-bio-
degradability of the metals has limited its clinical applications. Nevertheless, sig-
nificant research efforts on developing biodegradable metallic scaffolds with high 
mechanical strength are being carried out in order to overcome this limitation [223].

In addition to the mechanical stability aspect, the biodegradation kinetic of a 
biomaterial needs to match the bone formation process, to precisely control the 
release of BMPs, to guide cell differentiation and bone tissue formation, and to 
timely provide free space for blood vessel ingrowth and bone tissue formation. It is 
being suggested that an ideal biomaterial for bone defect repair should be partially 
degraded by 7  weeks and fully degraded around 14  weeks post-implantation, 
slightly depending on the defect nature including defect site, size, and patient 
profile. Moreover, the degradation by-products should not or minimally interfere 
with the activation of BMP signaling, if possible rather enhance the molecular and 
cellular cascade of bone healing. Therefore, the pharmacokinetic profile of a 
 BMP- based ATMP should preferably be sustained over an appropriate period of 
time that matches the bone healing process in accordance to the cell proliferation 
and differentiation and mineralization effects elicited by BMP, instead of long but 
low concentration of BMP release or initial burst release. In fact, a delicate balance 
in concentration of BMP loading onto scaffolds is required. Furthermore, the phar-
macokinetic profile should be specific to BMP ligands (due to different amino acid 
sequences of the BMP subtypes), the type of fracture or the application, host species 
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(different optimal release profiles are required), and implantation site. These factors 
would determine the form of the BMP delivery system conformations (from injec-
tion, micro-/nanoparticles to 3D porous scaffold), formulation (single or composite 
materials), and the type and amount of BMP in use.

Host environment is another crucial factor that needs to be considered thoroughly 
for designing an effective BMP-based ATMP therapy for bone defects, including the 
suitable BMP dosing and the concentration of BMP at the graft site. However, find-
ings from animal studies are not easy to be translated into a clinical protocol as the 
BMP concentration used in animal studies appears to be lower than the dose required 
in patients. Moreover, the host environment is rich in a variety of organic and inor-
ganic molecules that potentially influence the interaction between the biomaterials 
and BMP as well as the BMP bioactivity, such as in vivo temperature and bodily 
fluid pH and osmolarity. Other clinical implications of BMP treatment that require 
careful considerations include the route of administration and BMP antibody forma-
tion (i.e., 38 % of treated patients in some trials).

Ideally, a BMP carrier should (1) be biodegradable or present adequate poros-
ity to allow the formation of an interface with the surrounding biological tissues 
for cell infiltration, vascularization, and new bone formation, (2) possess full bio-
degradability for complete integration of healed bone tissues, (3) provoke some 
mild inflammatory responses to activate the healing process, and (4) protect BMPs 
from deactivation while releasing the protein in a time- and space-controlled way 
to promote bone regeneration. On top of the requirements from the biomaterial’s 
point of view, other stringent criteria for clinical usage include adaptability to the 
wound site, surgical malleability, as well as patient specificity or customization in 
respect to the treatment duration, anatomical geometry of the defect, and vascu-
larity [65]. Lastly, the ATMPs need to be sterile without either loss of material 
integrity or deactivation of BMPs. Therefore, the respective manufacturing pipe-
lines require special production and handling processes that would give rise to 
conveniently sterilizable, surgeon-friendly implants, stable over time with well-
defined storage procedures (long shelf life). By combining manufacturing tech-
nologies, minimal manual intervention in the production pipeline is highly 
preferable for efficient commercial scale-up manufacturing of the respective 
BMP-based ATMPs, an additional criterion that would facilitate approval by regu-
latory agencies.

4.2   Injectable Materials for BMP- and Cell-Based ATMPs

Due to its water solubility, albeit rather poorly soluble, BMPs can be dissolved in 
water-based buffer solutions (e.g., physiological saline) and delivered in vivo sim-
ply via injection. New generation of BMPs is being developed that improve the 
solubility. Local injection is a potential minimally invasive delivery technique for 
treatment of delayed and nonunions, spinal fusion, and acceleration of healing of 
closed fractures. However, injection of BMPs in solution results in burst release of 
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BMP molecules, hence, a rapid clearance from the defect into surrounding tissues 
which reduces the differentiation effect and potentially causes toxicity and hetero-
topic bone formation.

To overcome these potential adverse effects, BMPs are often added into a protein 
carrier for precise injection into the defect to ensure sustainable BMP release to 
enhance long duration of local-acting differentiation effects. Besides maintaining 
the local BMP concentration, the carriers also provide protection to BMPs from 
deactivation by harmful conditions such as endogenous enzyme digestion and pro-
tein denaturation due to pH shifts. For this, collagen is often used as BMP delivery 
vehicle because it is easy to prepare in an injectable hydrogel form and can be 
obtained as purified recombinant human collagens that are free of animal compo-
nents from reliable and chemically defined sources. Moreover, the binding affinity 
of BMPs to collagen can be modulated by changing the pH or isoelectric point of 
the two proteins in order to obtain specific BMP-release profiles to enhance bone 
formation [52]. Alternatively, gelatin is a cost-effective collagen-derived protein 
carrier that could provide controlled BMP release, by changing the electrical nature 
of gelatin via acidic or alkaline preparation process of collagen. In fact, delivery of 
BMP using collagen or gelatin as carriers showed increased retention ranging from 
15 to 55 % as compared to less than 5 % of BMP dose remaining at the application 
site when no carrier was used [73].

Furthermore, the BMP release and bioactivity can be modulated by varying the 
extent [213] or employing site-specific enzymatic cross-linking of BMP onto gela-
tin [101]. Hyaluronic acid, a natural extracellular matrix (ECM), has been used as 
an effective injectable control release system to augment bone formation due to its 
specific chemical structures that allow chemical modification to ease cross-linking 
and for covalent binding of BMPs [129]. Self-assembly silk fibroin is another inter-
esting injectable BMP hydrogel due to its processing flexibility, biodegradability, 
biocompatibility, and high mechanical toughness. The BMP release can be tailored 
by adjusting the enzymatic degradability of silk fibroin via the control of the crystal-
line state, molecular weight, and secondary structure [150, 157, 226]. Other natural- 
origin biopolymers that are used as injectable BMP hydrogel include alginate [18, 
76], fibrin [145, 214], chitosan/chitin [184], and heparin [107]. Several studies 
showed that the composites of the above mentioned biopolymers either simply by 
mixing two biopolymers [147] or by conjugation [e.g., heparin-conjugated fibrin 
[215] provided more sustainable BMP release and improved in vivo bone regenera-
tion as compared to using collagen alone as a carrier.

Synthetic polymers offer an advantage over the natural-origin biopolymers of 
being free from the risk of disease transmission. These polymer carriers are biode-
gradable, and thus allow for a controlled release of BMPs by fine-tuning the mate-
rial degradation kinetics to match in vivo bone healing processes. Poly(lactic acid) 
(PLA) was an initial carrier to be used for BMP delivery, but it was ineffective due 
to the release of acidic degradation by-products that deactivate BMP. Subsequently, 
poly(lactic-co-glycolic acid) (PLGA) received particular attention because it com-
bines the absorptive stability of PLA with mechanical strength of polyglycolic acid 
(PGA) and offers tunable biodegradability by varying the proportion of the two 
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components. Poly(ethylene glycol) (PEG) is a bio-inert hydrophilic polymer that is 
versatile for hydrogel formation or for conjugating with biomolecules including 
growth factors, cell adhesion peptides, and enzymes for controlling matrix degrada-
tion (e.g., matrix metalloproteinase)[179, 230]. Because of its unique chemical 
structure (i.e., two hydroxyl end groups), PEG can be converted into other func-
tional groups to obtain a tunable physical state. This tunable state renders the PEG 
injectable and in situ cross-linkable either via a temperature-dependent liquid- 
semisolid transition [called thermosensitive polymers, such as polypropylene 
fumarate- co-ethylene glycol [14], poly-D,L-lactic acid-polyethylene glycol (PLA- 
PEG) block copolymers [85, 160]] or via in situ polymerization through chemical 
[e.g., poly(ethylene glycol) fumarate[179]] or photo-cross-linking mechanisms 
[e.g., poly(ethylene glycol) diacrylate [35, 228]]. Furthermore, synthetic polymers 
also provide higher mechanical properties (such as torsional strength) than the bio-
polymers which are crucial for healing large bone defects. However, additional 
materials for intervention may hinder BMP release from the bulk or alter BMP 
molecular integrity and thus compromise its bioactivity. Nonetheless, these materi-
als are often bio-inert and lacking bone-inducing effects. This has led to the devel-
opment of injectable, in situ setting ceramic cements as BMP delivery carriers.

Ceramic cements, such as calcium phosphate or hydroxyapatite, have been 
shown to have high binding affinity for BMP molecules [108, 206], thus making 
them suitable carriers for effective delivery of BMP in addition to their well-known 
osteoconductive and osteoinductive effects. The osteoinductive effect of calcium 
phosphate is beneficial as BMP devices as currently formulated must be used at 
very high concentrations to be effective [55]. In fact, ceramic pastes incorporated 
with rhBMP-2 showed to accelerate healing of critical-sized bone defects in pre-
clinical large animals, such as canine [42] and nonhuman primate [170]. Bioactive 
glass is another promising bone-inducing biomaterial and delivery vehicle for 
BMPs due to its unique ability to bond to living bone and promote bone regenera-
tion [220]. It has been reported that BMPs can be covalently immobilized onto 
bioactive glass effectively via surface functionalization techniques such as silaniza-
tion [205] or physical absorption onto apatite coating formed on bioactive glass 
[123]. The benefits of injectable synthetic polymer and ceramic carriers for BMP 
delivery gave rise to the development of injectable composite carriers that were 
found to enhance bone formation and were linearly dependent on the amount of 
additional calcium phosphate powder in respect to the rhBMP-2/calcium phosphate 
ratio [84]. Nevertheless, lack of open-pore structures or low porosity of the hardened 
paste appears to be the major drawback of this delivery method, which may inter-
rupt BMP release kinetics and prevent ingrowth of surrounding tissues and the for-
mation of neo-tissues, thereby compromising or delaying bone formation. For this, 
injectable micro- or nanocarriers that are encapsulated or chemically immobilized 
with BMPs are developed to circumvent these drawbacks by providing a higher 
specific area for BMP release and interparticle open spaces for tissue growth. For 
instances, these injectable micro- or nanocarriers have been reported to be success-
fully made from PLGA [152], chitosan [125], silk fibroin [17], polycaprolactone 
[12], and calcium phosphate [208].
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Recently, carbon nanotube (CNT) was reported to be a promising biomaterial for 
bone tissue engineering [1]. In addition to the high mechanical strength, surface 
functionalizing the nanotube surface with BMPs was shown to be feasible and gave 
rise to controlled release of BMPs and accelerated chondrogenic and osteogenic 
differentiation of progenitor cells and in vivo bone formation [112]. Interestingly, an 
inhibitory effect of CNT was found on carboxylated CNT that showed to inhibit 
proliferation and differentiation of precursor cells which may be modulated via a 
SMAD-dependent BMP signaling pathway [113]. This indicates that further inves-
tigation is necessary to gain more insights into the biomedical applicability of CNT 
as BMP delivery system, in addition to the potential cytotoxicity effects due to intra-
cellular accumulation of CNTs [62] or generation of reactive oxygen species [151].

4.3   Solid Porous Scaffolds for BMP- and Cell-Based ATMPs

Three-dimensional (3D) scaffolds play an important role in tissue regeneration by 
providing attachment sites, void spaces, as well as bioactive signals for cells to grow 
and differentiate into specific lineages. Specifically, it aims to provide a precise 
microenvironment for optimal expansion and control of differentiation of precursor 
cells that subsequently lead to 3D functional organ formation. Conventional tech-
niques are employed to produce 3D porous scaffolds in solid (e.g., salt leaching, 
porogen sacrifice, and gas foaming), fibrous (e.g., electrospinning), and micro-
spheres (e.g., water-to-oil emulsion and droplet generation). These scaffolds could 
act as efficient drug delivery systems, delivering BMP homogeneously in a three- 
dimensional manner which is an important criterion to elicit bone formation in all 
or a targeted direction.

It is known that the clinical efficacy of recombinant human BMPs (rhBMPs) will 
depend on the carrier system used to ensure an effective delivery of adequate protein 
concentrations to the defect site [134]. Various modes of BMPs incorporation into the 
scaffolds have been developed and showed promising bone formation outcomes [20]. 
The most convenient method is by physical absorption onto porous scaffold, whereby 
BMPs are randomly impregnated within the delivery matrix without  chemical bond-
ing. However, physical absorption will lead to an initial burst release of BMPs. BMPs 
can also be incorporated into the porous scaffolds by entrapment within a hydropho-
bic polymeric matrix during scaffold production in order to obtain an extended period 
of BMP release. The risk of BMP protein denaturation and loss of bioactivity could 
arise due to temperature changes during the production process or pH shift due to 
material degradation. Hydrogel scaffolds made from extracellular matrix (e.g., hyal-
uronic acid, heparin sulfate, heparin proteoglycans) or charged polymers (e.g., chito-
san, alginate, or synthetic polyelectrolytes) are interesting biomaterials for BMP 
delivery, attributed to the strong affinity of BMPs or via ion complexation binding of 
BMPs with the biomaterials. Modification of surface chemistries of the porous scaf-
folds for immobilization of BMPs via covalent binding showed to be more promising 
than any nonspecific immobilization methods. This immobilization can be achieved 
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by either modifying the chemical backbone structures of the biomaterials or grafting 
functional groups that are specific for BMP molecules onto the surface of scaffolds. 
Alternatively, BMP protein with a domain of specific binding to the scaffolds can be 
produced due to the great versatility of the recombinant technology nowadays. 
Therefore, chemical immobilization of BMPs has provided feasibility to develop 
“smart” BMP-releasing scaffolds which guaranteed precise dosing and control over 
BMP release such as via cell-mediated activity [114], light [93], temperature [115], 
and pH changes [51]. Incorporation of other essential biological cues to enhance cell 
adhesion and growth on the porous scaffolds is an attractive approach to enhance the 
biological functions of the porous scaffolds. For instance, hyaluronic acid scaffold 
was reported to be superior over collagen gel as carrier for a gradual and sustainable 
release of functional rhBMP-2 [86], and covalent grafting of fibronectin fragments 
within the hyaluronic acid structures enhanced cell attachment and spreading, as well 
as improved quality of ectopic bone formation [88].

Besides biochemical signals between cells, physical parameters of the scaffolds are 
shown to exhibit significant effects on tissue formation starting at the single-cell level. 
Indeed, the behavior of stem cells or osteochondro-progenitors is strongly influenced 
by the geometrical features of scaffold pores. It is reported that small pore sizes 
(<500 μm in diameter) gave rise to lower scaffold permeability (than the bigger pore 
size; >500 μm in diameter), thus, resulting in significantly higher in vitro cell seeding 
efficiency but faster occlusion of the pores that blocked further cell growth [201]. In 
vivo, subcutaneous implantation of porous hydroxyapatite scaffolds (in combination 
with BMP-2) with pore sizes of 300–400  μm resulted in highest bone formation, 
whereas pore size of 90–120 μm gave rise to cartilage tissues, a phenomenon that was 
dependent on the vascular invasion [99, 199]. Additionally, the pore curvature imposed 
active mechanical forces that influenced the speed of cell growth, which resulted in a 
curvature-driven cell growth pattern that was associated with distinct patterns of actin 
organization and alignment [63, 95]. Interestingly, a study using sheep critical-sized 
bone defects showed that the scaffold architecture directed bone tissue organization 
through structural guidance and load transfer, while BMP stimulation accelerated bone 
formation without  altering the bone tissue microstructure at different length scales [29]. 
These findings indicated important implications toward the understanding of natural 
processes of bone defect healing and bone remodeling, as well as important clues for 
designing optimum 3D porous scaffolds [158].

Advances in 3D additive manufacturing (e.g., selective laser melting/sintering, 
fused deposition modeling, and solid free-form fabrication) have opened up the fea-
sibility to fabricate synthetic 3D microenvironments that mimic the regulatory char-
acteristics of natural extracellular matrices (ECMs) and ECM-bound growth factors 
in addition to the indispensable biological and physical criteria required on the scaf-
folds to warrant success during in vitro 3D culture and in vivo tissue formation [10]. 
Since BMPs are delicate proteins that are vulnerable to temperature and pH, it is of 
utmost importance that the employed 3D printing technology must not compromise 
the bioactivity of the incorporated BMPs; otherwise incorporation of BMPs is to be 
carried out on the surface of scaffolds after the production process via the aforemen-
tioned methods. Examples of 3D-printed porous scaffolds for BMP delivery include 
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Table 4 Types of biomaterials as potential BMP-related ATMPs: advantages and disadvantages

Types of biomaterials Advantages Disadvantages

A. Non-ceramic based
1. Natural-origin
(e.g., collagen, gelatin, 
fibrin, chitin/chitosan, 
alginate, hyaluronic 
acid, and agarose)

Biocompatible and biodegradable
Allows clinical malleability 
according to defect geometry and 
application (injectable, moldable 
putty like, sponges, hydrogels, 
3D-printed porous scaffolds)
Simple incorporation of BMP into 
the biomaterials

Risk of disease transmission 
and immunogenic
Limited sources and 
impurities contamination
Low mechanical properties

2. Synthetic polymers 
(e.g., polylactic acid, 
polylactic- glycolic 
acid, polycaprolactone, 
polyethylene oxide, 
polyethylene glycol, 
polypropylene, 
polyvinyl alcohol)

Biocompatible, biodegradable, and 
free of risk of disease transmission
Available by mass production via 
chemical synthesis
Tunable chemical and material 
properties for specific BMP release 
and material degradation profiles to 
match bone healing
Allows cells encapsulation and 
chemical immobilization of 
biomolecules to enhance biological 
activity
No or low intervention with BMP 
bioactivity
Presence in hydrogel form or 
3D-printed porous scaffolds to allow 
patient-customary implant design

Potential deactivation of 
BMP and immunogenic due 
to acidic degradation 
products
Insufficient mechanical 
strength for load-bearing 
applications
No bone-inducing property 
thus required high BMP 
dosage to achieve the desired 
therapeutic effect

B. Ceramic-based biomaterials
1. An organic animals’ 
bone granules

Confers superior osteoinductivity 
due to high similarity of chemical 
composition and structure to native 
bone
Biocompatible, biodegradable, and 
non-immunogeni
Ideal delivery vehicle for BMPs due 
to high binding affinity and material 
degradation
Possess physiological calcium and 
phosphate ions release kinetics for 
stimulating bone formation

Risk of zoonosis transmission 
and limited sources
Limited sources and 
impurities contamination and 
toxicity
Inconsistent bone formation 
outcomes due to the variation 
in animals and production 
factors

(continued)

polymer-based scaffolds [e.g., polycaprolactone [225]], hydrogels [e.g., PEG [164, 
175]], ceramics [e.g., biphasic calcium phosphate [186]], and metallic [e.g., titanium 
alloys [227]]. This technology has potential to fulfill the needs for engineering an 
efficient upscale production of ATMPs with quality attributes of high controllability 
and reproducibility. Table 4 shows a summary of different types of biomaterials and 
their advantages and disadvantages as potential BMP-related ATMPs.
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Table 4 (continued)

Types of biomaterials Advantages Disadvantages

2. Calcium carbonate 
(e.g., corals, egg shells)

Alternative resources and cost 
effectiv
Can be synthesized into calcium 
phosphate-based apatites

Risk of zoonosis 
transmission and impurities 
contamination

3. Calcium phosphate 
and bioactive glasses 
(e.g., hydroxyapatite, 
tricalcium phosphate, 
biphasic CaP, 
octacalcium phosphate, 
calcium pyrophosphate, 
dicalcium phosphate)

Widely used as synthetic bone 
substitutes due to its excellent 
osteoconductivity and 
osteoinductivity
Possess higher biomechanical 
strength than polymer- or hydrogel-
based biomaterials
Allows fine-tuning of the material 
degradation and BMP release 
kinetics
Synthetic and thus free of risk of 
disease transmission and impurities 
contamination
High affinity for BMPs binding, and 
unlimited availability
Can be formed into paste-like or 
3D-printed porous scaffolds

Rigid, brittle, and requires 
fixators in load-bearing 
application
May induce adverse 
inflammatory responses and 
osteoclastic resorption
May interfere BMP signaling 
activation

C. Metals (e.g., 
titanium- based, 
cobalt-chromium, 
zirconium, stainless 
steel, tantalum, 
magnesium alloys)

Biocompatible and offers excellent 
mechanical strength
Can be produced into implants with 
desired defect geometry and 
3D-printed porous scaffolds
Allows surface immobilization of 
BMPs for controlled delivery 
applications
Bio-inert and thus not interfering 
with BMP effects
Provide immediate mechanical 
support and mobility to patients

Nonbiodegradable and 
requires surgical intervention 
due to implant wear off
Risk of metal toxicity or 
chronic inflammatory 
responses

D. Composites made 
from the above 
biomaterials
(e.g. Composites of 
CaP with collagen, 
hydrogels or polymers; 
Hydrogel or CaP-
coated of collagen, 
polymer or metallic 
sponges or scaffolds)

Improved mechanical strength, 
osteoconductivity and 
osteoinductivity
Higher versatility and flexibility in 
fine-tuning the material properties 
and bioactivities
Offers higher technological 
flexibility for different clinical 
implications and demands
Improved BMPs delivery as 
compared to single material  
delivery

Lack of technological tools 
as well as knowledge on the 
BMP-material-host 
interactions for developing an 
ideal biomaterial that 
optimally elicits bone 
regeneration based on BMP 
technology
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5  Toward ATMP Combining BMP and Cells

Since powerful “raw materials” are now available in clinical grade such as BMPs, 
CE-approved smart biomaterials, and GMP-manufactured cell suspensions such as 
BMSCs or periosteal-derived cell populations, we have set out to produce combina-
tions of these that exceed the biological potency of the single products such as 
BMPs or biomaterials only. These combination products are envisioned to be of use 
for large bone defects in compromised environments, with sick tissues, lack of stem 
or progenitor cells close by, and where the implant needs to drive semiautonomously 
the process of tissue formation and integration despite an unfavorable environment. 
This may be in genetic diseases such as NF1, where the periosteum compartment is 
simply ineffective or an aging patient with diabetes and osteoporosis or 
osteomalacia.

The search for these optimal combination products is quite challenging and 
should be based on the principles of developmental engineering as a concept of 
“in vitro biomimetics of in vivo tissue development” [109, 110]. In short, the 
design of cell-based products should integrate the concepts of developmental 
biology, so that the behavior of networks of genes, proteins, or cells that govern 
the unfolding of developmental processes could be related to the design param-
eters. In addition, it is necessary to involve new methodologies such as design of 
experiment (DoE) approach to determine the optimal setup for each design 
parameters. We recently conducted a full-factor DoE analysis of bone formation 
capacity induced by ATMPs with different calcium phosphate scaffolds, BMP 
loading dosage, and cell seeding dosage (Ji and Kerkhofs et al. in preparation). 
Our data indicates that indeed the proper dosage combinations of BMPs and cells 
seeded on specific scaffolds can generate skeletal tissue intermediates with 
higher bone-forming potency, improved bone quality, and more active contribu-
tion from donor cells, exceeding these of smart biomaterials only with growth 
factors or cells.

To turn this into robust manufacturing processes, new enabling technologies 
such as perfusion bioreactors in combination with biosensors are required. Such 
setup provides several advantages for a manufacturing pipeline, including (1) direct 
cell-cell and cell-extracellular matrix interaction, (2) direct control over shear 
stress development, and (3) accurate sensor readouts at the outlet of the bioreac-
tors. It also helps to develop structurally defined and functionally effective complex 
3D-engineered constructs at the patient scale using scale-out strategies [146]. In 
addition, noninvasive imaging will be necessary to further tailor the quality charac-
teristics of specific stem cell culture as well as for more complex 3D TE construct 
culture [146]. Furthermore, regulatory requirements are evolving for these novel 
3D products and their manufacturing processes. Therefore, the effective bioreac-
tor systems with incorporation of multiple sensors would provide information-
rich processes for the manufacturing of TE products that could meet regulatory 
demands [146].
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6  Preclinical Evaluation of ATMPs Combining BMP 
and Cells

BMP, stem cells, and biomaterials can be considered as “raw materials” in the 
development of ATMPs. Although recent progress has been achieved in BMP pro-
duction, (stem) cell culture and expansion as well as new biomaterials fabrication, 
respectively, the translation of knowledge from in vitro model systems to in vivo 
and upscaling to the clinical setting is still challenging. Therefore, it is necessary to 
use sequential animal model systems to fully understand the biological performance 
of these devices in a living organism before translation into the clinics can be made. 
The following section will focus on animal models suitable for preclinical evalua-
tion of BMP-/cell-based ATMPs.

6.1   Ectopic Model

Particularly for bone regeneration, the ectopic model provides a relatively con-
trolled and clean system to evaluate the in vivo de novo bone formation capacity of 
human cell-based ATMPs. Therefore, this is suitable as a first-line screening model 
to identify the biocompatibility, toxicity, and bioactivity of ATMPs. The three most 
commonly used ectopic models are subcutaneous, intramuscular thigh, and under- 
the- kidney capsule implantation [169]. Despite the advantages of the ectopic model, 
the differences in the inflammatory, immunological, biochemical, and mechanical 
environment between ectopic and orthotopic locations are distinct, which greatly 
affects the bone-forming process induced by the ATMP. For instance, Levi et al. 
[111] showed that adipose-derived stem cells successfully ossified a critical size 
defect. However, the same implants did not result in significant bone formation in 
the ectopic model.

Another concern comes from the different tissue responses between immune- 
deficient and immune-competent animals upon ATMP implantation. Liu et al. [116] 
showed that hydroxyapatite tricalcium phosphate (HA-TCP) scaffolds combined 
with mouse BMSCs were much less osteoinductive in syngeneic immune- competent 
mice than immune-deficient mice when implanted ectopically. Furthermore, recipi-
ent T lymphocytes were found to inhibit bone formation in immune-competent mice 
via inflammatory factors such as IFN gamma and TNF alpha. In a different study, 
gene expression profiles of the implants showed that T lymphocyte differentiation 
and activation gene markers were upregulated in immune-competent mice in com-
parison to immune-deficient mice [21]. Our recent data confirmed that BMP-6- mouse 
PDCs combined implants induced bone formation in the ectopic model in immune-
deficient mice, but failed to do so when tested in immune-competent mice (Fig. 3).

On the other hand, it is well known that a proper inflammatory response is an 
essential part of the natural bone healing process [135]. Consequently, modulation 
of inflammation in ATMP implantation is of utmost importance. More recent 
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a

Immune-deficient mouse Immune-competent mouse

b

Fig. 3 Mouse PDC-mediated bone formation in immune-deficient and immune-competent mouse. 
HE staining of tissue explants from immune-deficient mouse (a) and immune-competent mouse 
(b) 6 weeks after subcutaneous implantation of BMP-6-coated scaffolds with syngeneic mouse 
PDCs (scale bar = 100 μm, B bone, BM bone marrow)

emphasis has been given to the modulation of the inflammatory reaction toward 
improved bone regeneration. New strategies based on surface modifications of bio-
materials, coupling of anti-inflammatory drugs to biomaterials, delivery of growth 
factors, and infusion of MSCs have been explored [48, 117, 153, 176]. For instance, 
it was reported that Nel-like molecule-1 (NELL-1), a protein first identified for its 
osteoinductive properties in craniosynostosis patients, could suppress the BMP-2- 
induced inflammatory reaction in  vivo [176]. Furthermore, systemic infusion of 
MSCs had a positive effect on reducing IFN gamma and TNF alpha and promoted 
bone formation when scaffolds combined with MSCs were implanted ectopically in 
immune-competent mice [117]. Nevertheless, there are no methods that generate 
the same amount of bone in immune-competent mice compared to immune- 
deficient mice without concerns regarding its clinical safety. Therefore, further 
studies are required to fully understand the interaction between the immune system 
and bone tissue formation, providing new insights for successful application of 
bone tissue engineering strategies.

6.2   Orthotopic Model

Orthotopic models refer to studies in which the bone is formed in its correct and 
relevant anatomical location. These can be applied in different species to fulfill spe-
cific research questions, which can be categorized as (1) understanding of mecha-
nism of action and (2) clinical upscaling, feasibility, safety, and efficacy prediction. 
For instance, to understand the mechanism underlying bone formation, small 
rodents such as mice and rats are preferred due to availability of immune-deficient 
animals for xenograft-based experiment [169]. For clinical translation, the defect 
should be upscaled in a clinically relevant setting with critical size, which is “above 
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the threshold size intraosseous defect dimensions that will not heal spontaneously 
during the lifetime of the animal” [166]. Therefore, large animals are more appro-
priate. Table 5 summarizes the advantages and disadvantages when applying ortho-
topic models in different animal species.

From a surgical point of view, orthotopic models can be categorized as (1) cal-
varial defect and (2) segmental long-bone defect, which has different critical sizes 

Table 5 Orthotopic models in different animals with critical size

Animal Advantages Disadvantages
Calvarial 
defect

Segmental 
long-bone 
defect References

Rodents 
(mice 
and rat)

Easy to perform 
surgery
Availability of 
Immunodeficient 
animals
Availability of 
specific disease-
target gene 
knockout animal

Relatively thicker 
and fewer trabeculae 
than humans
Mice and rat do not 
have Haversian 
system
Periosteum in rats 
and is well 
vascularized, hence 
improving bone 
healing

Mice: 
5 mm 
diameter
Rat: 8 mm 
diameter

Mice: 
0.4 cm in 
the radius, 
0.5 cm in 
the femur
Rat: 1 cm in 
the radius, 
0.4–0.5 cm 
in the tibia, 
0.5-1 cm in 
the femur

[13, 32, 
203, 204]

Dog Tractable nature
Similar bone 
mineral density to 
humans

Higher rate of solid 
bony fusion when 
compared to 
humans
Low nonunion rates
Ethical issues and 
negative public 
perception
Significant 
inter-animal 
variations due to 
breed diversity

N/A 0.3–2.5 cm 
in the 
radius
2–2.5 cm 
in the ulna
2.1–7 cm 
in the 
femur

[74, 154]

Sheep Docile animals 
with easy outdoor 
housing
Similar body 
weight to humans
Hind limb 
anatomy similar to 
humans
Dimension of long 
bones suitable for 
human implants

Higher trabecular 
bone density than 
humans
Late skeletal 
maturity,, with 
Haversian 
remodeling at 
7–9 years of age

N/A 3–3.5 cm 
in the tibia
2.5 cm in 
the femur

[74, 203, 
221]

Pig Better social 
acceptance
Bone mineral 
density and 
healing similar to 
humans

Hind limb anatomy 
is different to 
humans
Rapid growth rate
Difficult handling

N/A 2.5–3 cm 
in the 
radius

[74, 203, 
221]
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depending on location, age, and animal species (Table 5). The calvarial defect model 
provides a good non-loading-bearing bone-healing environment with relative bio-
logical inertness due to poor blood supply and limited access of bone marrow, which 
is thought to resemble the atrophic mandibular bone in humans. Furthermore, it 
provides a good simultaneous environment to study the intramembranous ossifica-
tion and allows the establishment of a uniform, reproducible, and standardized 
defect. The standard rodent calvarial bone defect is typically created by using a 
trephine drill that makes a circular defect in the cranial skeleton on the midline 
[189]. It is suggested that the sagittal suture and the dura mater underlying the 
defect have to be carefully protected during the surgery which is important for the 
cranial skeleton healing. Furthermore, the filling materials should be strong and suf-
ficiently resistant to avoid the dilation of brain tissue beneath the defect [78]. The 
rodent models are the first-choice models for in vivo testing of regenerative and/or 
therapeutic approaches but are not suited to the establishment of long-term studies 
and immediately translation to a clinical setting.

Segmental long-bone defects allow researchers to test and understand the tis-
sue formation destined for long-bone healing with mechanical loading and in 
upscaled treatment modalities for clinical application. The creation of segmental 
long-bone defects is usually done in an osteotomy approach, which utilizes a drill 
or saw to surgically remove the required length of the bone from a predetermined 
site, producing a consistent defect in all animal species. After filling the defect, it 
can be internally fixed with either bone plates or intramedullary rods [74] or by 
external fixation such as the Ilizarov fixation technique. In addition, we recently 
developed a sheep segmental tibial defect bone model, which provides additional 
insights on the handling, safety, feasibility, and upscaling possibilities of different 
regenerative treatments. However, also in this large-animal bone defect model, 
discussions still remain in defining a critical size defect being the one that does 
not achieve spontaneous healing during the lifetime of the animal. Therefore, the 
design of a large-animal model has to be stringent, where factors such as the age 
of the animal, the defect size, and the fixation material used will have a significant 
impact. Moreover, this phenomenon of spontaneous bone regeneration, which can 
occur in a large-animal bone model and thus can interfere with a regenerative 
treatment applied in the defect, can be seen as “background noise” and can there-
fore lead to over-enthusiastic conclusions about the actual effect of a regenerative 
treatment (Fig. 4).

7  Cell-Based Combination Products: Challenges 
and Perspectives

Bone fracture healing is essential for the quality of life and even survival. Therefore, 
a natural tightly regulated cascade of cellular and molecular events has evolved in 
evolution leading to a successful healing process allowing the individual to survive 
and resume normal function within 6–10 weeks. However, the bone-healing process 
gets delayed and leads to a nonunion or nonhealing fracture when the defects are too 
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large or comprising conditions such as infection and diseased bones arise. In the 
animal world, a nonunion or nonhealing fracture results inevitably to death. In 
humans we have the challenge to try to obtain healing by other means in an attempt 
to restore function and thus independence of the patient.

Novel solutions have been developed in the past decades, including the discovery 
of antibiotics to fight infection, new surgical techniques and instrumentation to 
obtain full immobilization, and bone distraction osteogenesis as developed by 
Ilizarov [67, 75]. In addition, impressive progress in our knowledge on the cell and 
developmental biology of bone as well as fracture healing has triggered the discov-
ery of new growth and differentiation factors such as BMPs and the development of 
smart biomaterials. This in turn has led to an unprecedented number of opportuni-
ties and strategies to enhance bone healing.

Despite all these stellar developments, there are still quite some clinical chal-
lenges, and growing in number, also due to the aging population. These include 
large bone defects in compromised environments in the patient with comorbidities 
such as cardiovascular disease, diabetes, osteoporosis, and osteomalacia. In addition, 
large bone defects as a result of revisions of joint prostheses are becoming a real 
challenge in daily clinical practice.

In view of this, we need to turn to more sophisticated strategies, combining and 
improving all the powerful tools and insights that nature has provided us. 
Opportunities include the use of (stem) cell technologies, the development of 
more sophisticated growth factor formulations, and the optimization of biologi-
cally relevant scaffolds that are enhancing the biological processes and not just 
sitting there as an inert material. Ultimately, the dream is to combine all these to 
create living tissue intermediates or provisional tissues that upon implantation 
steer the healing process in the right direction, also called developmental engi-
neering [109, 110]. Growing knowledge and insights on both materials engineer-
ing and cell biology is crucial to implement the essential natural temporal and 
spatial complexity within the synthetic microenvironment that recapitulates 
developmental and healing processes of cell proliferation, differentiation, and tis-
sue morphogenesis [120].

Fig. 4 Animal models for preclinical evaluation of regenerative treatment possibilities for bone 
regeneration. (a) Ectopic model in rodents is mainly used for biocompatibility and bioactivity 
screening. Orthotopic defect with Ilizarov fixation technique in mouse (b) and rabbits (c) is usually 
used to study the mechanism of action underlying the tissue formation. The upscaled orthotopic 
defect in sheep (d) is useful for clinical translation
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To produce these living tissues “of the shelf,” we have serious manufacturing 
challenges. In combination with robust in  vitro culture technology that mimics 
closely the in vivo “biological chamber,” upscaled tissue engineering constructs or 
ATMPs could be engineered into sufficiently pre-differentiated tissue intermediates 
that are directly recognized by the microenvironment and readily initiate the cas-
cade of bone regeneration. In this perspective, bioreactors with sophisticated online 
monitoring systems tracking all relevant cellular metabolic profiles and culture 
environment readouts become critical assets. Novel enabling technologies such as 
biosensors will be instrumental for industrial manufacturing modular processes for 
cell-based combination products.

In conclusion, we believe the era of regenerative medicine has just started. First- 
generation BMP and stem cell technologies have demonstrated that in the postnatal 
environment, one can successfully enhance the healing of damaged tissues by reca-
pitulating the principles of developmental tissue formation. The stage is set; it is up 
to us to take on the challenge for the second-generation products that lead to the 
creation of living replacement body parts.
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BMP Signaling in Articular Cartilage Repair 
and Regeneration: Potential Therapeutic 
Opportunity for Osteoarthritis

Susan Chubinskaya and David C. Rueger

Abstract Eight years ago we reviewed the role of bone morphogenetic proteins 
(BMPs) in articular cartilage repair in the last edition of this series on BMPs. Since 
that time our understanding of the function of BMPs and especially BMP-7, also 
called osteogenic protein-1 (OP-1), in cartilage homeostasis and repair has signifi-
cantly increased. The primary focus of this chapter is the potential therapeutic oppor-
tunity for BMPs in the treatment of osteoarthritis. The intervening data confirm that 
among BMPs, BMP-7 exhibits the most robust evidence supporting its use for carti-
lage repair and regeneration. In the current review, we continue to unravel more of 
the underlying mechanisms of the anabolic and anti-catabolic activities of BMPs to 
provide a better understanding of the interactions between BMPs and signaling path-
ways and highlight the increased role BMP-7 and other BMPs play in human carti-
lage homeostasis. In regard to in vivo activities, exciting new data have been published 
demonstrating that BMP-7, in multiple models of osteoarthritis, can delay or inhibit 
degradation of the articular cartilage. Most interesting is that for the first time, a clini-
cal trial has been reported, and Phase I data evaluation of the effect of a single injec-
tion of BMP-7 into osteoarthritic knees demonstrated enough of a positive response 
to warrant a Phase II study. Together, recent studies continue to indicate a significant 
opportunity for BMPs and particularly BMP-7 as therapeutics for osteoarthritis.

Keywords BMP-7 • Articular Cartilage Homeostasis • Osteoarthritis • Cartilage repair

1  Introduction

Cartilage repair and regeneration is a major obstacle in orthopedic medicine [1, 2]. 
Mature human articular cartilage has a limited innate ability to regenerate. The con-
sequence is enormous since osteoarthritis (OA) is a major cause of disability among 
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the adult population in the United States. Knee OA affects between 19 and 28 % of 
Americans over age 45 [3–4] and, of this number, a significant number had an iden-
tifiable acute trauma to the joint. OA is considered a disease of the whole joint. In 
regard to cartilage, it is viewed as a process of attempted, but gradually failing, 
repair of damaged extracellular matrix, as the balance between synthesis and break-
down of matrix components is disturbed and shifted toward catabolism. There is a 
potential window for intervention with biologic agents to prevent progression of OA 
or even to reverse accumulated damage. In recent times members of the bone mor-
phogenetic protein (BMP) family of proteins have demonstrated a great potential as 
anabolic factors for treatment of focal osteochondral defects and posttraumatic OA 
because of their ability to induce matrix synthesis and promote repair in cartilage 
defect models [5].

Since the first BMP genes were identified in the late 1980s, the corresponding 
recombinant proteins have been produced, and two of these early BMPs, BMP-7 
and BMP-2, have been extensively characterized both biochemically and biologi-
cally. Initial in vivo characterization involved a variety of animal models to evaluate 
the therapeutic potential in bone repair applications. These studies led to the dem-
onstration of bone repair in humans and eventually in BMP-7 and BMP-2 receiving 
regulatory approval as the first commercial BMPs. The purpose of our previous 
chapter was to review the knowledge to 2008 on BMPs in cartilage biology from the 
standpoint of both in vitro studies and a variety of animal repair studies. The data 
clearly showed that BMPs have an important role in cartilage, both in normal 
homeostasis and in repair, and predicted a bright future for the use of certain BMPs 
in the engineering of cartilage.

In vitro studies demonstrated that many BMPs are endogenously expressed in 
cartilage, and some act as anabolic factors for chondrocytes in culture. BMP-2, 
BMP-3, BMP-4, BMP-5, BMP-6, and BMP-7 and GDF-5 and GDF-6 have been 
localized to cartilage, and BMP-7 has also been localized to synovial fluid, 
synovium, ligament, tendon, and meniscus. In regard to the anabolic activity, the 
role that exogenously applied BMPs play in stimulating chondrocyte differentia-
tion, extracellular matrix production, and maintenance of the adult chondrocytic 
phenotype has been well documented. However, few direct comparisons of the dif-
ferent BMPs had been reported, and the only extensively studied BMP has been 
BMP-7. Application of recombinant BMP-7 was shown to stimulate the synthesis of 
all the major cartilage extracellular matrix proteins and to counteract the degenera-
tive effect of numerous catabolic mediators. Thus the data from in  vitro studies 
clearly demonstrated that at least one BMP, BMP-7, is very important in articular 
cartilage homeostasis. It was concluded that a more detailed analysis of the impor-
tance of other BMPs needed to be done.

Data from numerous studies in animals showed that at least three BMPs, BMP-7, 
BMP-2, and GDF-5, have therapeutic potential for cartilage repair, both in articular 
cartilage models and models of damaged intervertebral discs. Although most stud-
ies reported the use of recombinant proteins, a few described the potential use of a 
BMP in gene therapy. In several large osteochondral defect studies, both BMP-7 
and BMP-2 were observed to induce a significant improvement in repair of both the 
cartilage and bone compartment over that observed in untreated control defects; the 
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BMP-treated sites exhibited less fibrocartilage and more hyaline-like cartilage. In a 
large chondral defect study in sheep, BMP-7 was shown to induce significant repair 
in a model where no repair takes place in the controls; the repair was hyaline like 
and well bonded with the surrounding cartilage. However, the goal of perfectly 
repaired cartilage was not achieved. In preliminary results of studies evaluating 
models of osteoarthritis (OA), BMP-7 was shown to possibly prevent the develop-
ment of damage and in some models reverse the damage. It was concluded that the 
potential of BMPs and especially BMP-7 as therapeutics for OA should be the focus 
of future animal studies. There needed to be extensive evaluations of a variety of 
formulations, scaffolds, methods of administration, and possibly combinations with 
other factors. In addition a wider range of BMPs needed to be evaluated since in the 
limited number of BMPs tested thus far, there appeared to be differences between 
BMPs, and particular BMPs may be better suited for different OA stages.

The conclusion from the data presented in our 2008 chapter stated that a BMP- 
based therapy for damaged cartilage would appear to have significant clinical poten-
tial. The clinical demand is immense for new cartilage repair procedures particularly 
to address OA. Animal studies have clearly demonstrated that one BMP, BMP-7, is 
efficacious and can safely be delivered to the joint. It was concluded that pilot 
clinical studies with at least BMP-7 should be initiated. In addition, the use of an 
injectable BMP, most probably in a slow-release formulation, would seem to be the 
ideal route of administration. In the present chapter, we present data from studies 
that use these strategies and, in fact, demonstrate significant progress toward real-
izing the clinical potential of BMPs for OA. These studies have, as in our previous 
chapter, focused on BMP-7.

2  In Vitro Studies

Recent in vitro studies covering BMPs in cartilage repair are reviewed emphasizing 
data that extends the characterization of the role of BMPs in cartilage homeostasis 
and OA. In the first part of this section, studies are reviewed evaluating the effects 
of exogenously applied samples of BMPs on chondrocytes either embedded in 
native cartilage matrix and cultured as explants or isolated from the extracellular 
matrix and cultured under a variety of conditions. In the second part, studies are 
reviewed evaluating the expression and roles of endogenous BMPs in chondrocytes 
in culture or in cartilage tissue. The focus of this section will be on recent data 
evaluating human cartilage samples.

2.1   Exogenous Activity

In recent years, the number of BMPs evaluated under in vitro conditions has dimin-
ished with few studies reported for BMPs other than BMP-7 and BMP-2. However, 
one study reported a side-by-side comparison of the anabolic and anti-catabolic 
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activities of BMP-2, BMP-4, BMP-6, BMP-7, and CDMP-1 (GDF-5) and 
CDMP-2 in cultures of normal human adult articular chondrocytes [6]. Proteoglycan 
synthesis was stimulated to a greater extent by BMP-2, BMP-4, and BMP-7 with 
BMP-7 treatment resulting in maximal proteoglycan synthesis. However, only 
BMP-7 showed consistent anti-catabolic activity as demonstrated by restoration of 
proteoglycan synthesis after IL-1 treatment. Other studies have demonstrated that 
some BMPs, such as BMP-2, can stimulate cartilage degradation by stimulating 
MMP-13 production [7]. In regard to the effects on mesenchymal cell preparations, 
BMP-2, BMP-6, and BMP-7 can induce chondrogenesis, but the results depend on 
culture conditions [8]. These results confirmed the importance of BMPs and stimu-
lated additional studies evaluating the effects of particularly BMP-7  in cartilage 
homeostasis.

In regard to anabolic activity, treatment of both human and animal chondrocytes 
with BMP-7 has demonstrated increased production of a large number of cartilage- 
specific extracellular proteins, such as collagens type II and VI, aggrecan, decorin, 
fibronectin, and hyaluronan, via upregulation of enzymes such as hyaluronan syn-
thase [9]. When applied to other cell types in the knee, BMP-7 has been shown to 
increase extracellular matrix (ECM) synthesis in synovial- and bone marrow- 
derived MSCs, both alone and in combination with TGF-β [10–11]. This profound 
anabolic response stems from BMP-7 regulatory properties as a modulator of other 
growth factors, such as insulin-like growth factor-1 and fibroblast growth factor, as 
well as their receptors, kinases involved in signaling, inhibitory binding proteins, 
and downstream transcription factors [12]. Furthermore, BMP-7 has been shown to 
restore tissue responsiveness to IGF-1 [13]. The evaluation of anti-catabolic activi-
ties of BMP-7 has also been extended. BMP-7 has been shown to downregulate 
multiple catabolic mediators (IL-1, IL-6, IL-8, IL-11, and tumor necrosis factor 
[TNF-α]) and inhibit both baseline- and cytokine-induced expression of MMP-1 
and MMP-13 [12]. Lastly, BMP-7 modulates expression of receptors for certain 
matrix components, such as CD44 [14], and the synthesis of chondrocyte cytoskel-
eton proteins, such as talin, paxillin, and focal adhesion kinase [15], bolstering the 
cartilage scaffold and strengthening newly formed tissue. While several growth fac-
tors have shown decreased efficacy with aged or diseased chondrocytes, BMP-7 
induces an anabolic response across a variety of age groups and different stages of 
cartilage degeneration and OA [9, 16]. In summary, the recent in vitro data continue 
to point to BMP-7 as the BMP with the most short-term promise for cartilage repair 
clinical trials.

2.2   Endogenous Expression

Although clinical application of recombinant BMPs is the primary focus, the under-
standing of the regulation and function of endogenously expressed BMPs in adult 
articular cartilage offers significant supporting data. Knowledge of the mechanisms 
that control their synthesis, activation, induction, signaling, and interaction with 
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other pathways in articular cartilage provides critical information which is neces-
sary to develop and correct strategies for the application of recombinant BMPs for 
cartilage restoration and repair in OA. Of importance is confirming which BMPs 
offer the most therapeutic opportunity.

In recent reports, there has been a renewed effort to evaluate BMP expression 
in cartilage and synovia from OA patients in order to determine if a correlation 
could be found between expression levels and the disease state. Early studies had 
demonstrated that BMP-2, BMP-3, BMP-4, BMP-6, BMP-7, and CDMP-1 (GDF-
5) and CDMP-2 are expressed in human normal and OA cartilage [17–18]. 
However, in subsequent studies, different groups have reported differences in 
expression levels. For example, the intra-articular expression and localization of 
BMP-2 and BMP-7 and their receptors BMPR-1A, BMPR-1B, and BMPR-2 were 
evaluated in clinical samples taken from patients undergoing autologous chondro-
cyte implantation [19]. BMP-2, BMP-7, and BMPR-1A were found expressed in 
the cartilage and synovia from these knees. BMP-7 was highly expressed in all 
samples with BMP-2 found in about half of the samples. In addition, increased 
levels of BMPR-1A, but not of BMPR-1B and BMPR-2, were found in all synovia 
and about half of the cartilage samples. Although duration of symptoms and local-
ization of lesions of the patients were evaluated, there was no correlation with 
protein expression. This data conflicted with an earlier study that showed BMP-2 
to be more consistently expressed in the knees with local chondromalacia com-
pared to BMP-7 [20]. In this study BMP-2 but not BMP-7 levels were associated 
with a better clinical outcome. However, BMP-7 expression has been extensively 
investigated in a variety of cartilage samples from both normal donors and OA 
patients. It was found that BMP-7 gene and protein expressions were dramatically 
reduced with cartilage aging and degeneration [16]. It was suggested that one of 
the mechanisms responsible for this decrease in BMP-7 production with aging is 
the methylation of the BMP-7 promoter [21]. This might provide an explanation 
for the apparent conflict in the results on BMP expression reported by different 
groups.

Early studies had demonstrated endogenously expressed and synthesized 
BMP-7 in adult articular cartilage of a variety of species, suggesting that this BMP 
had a functional role in the maintenance of normal cartilage homeostasis. This was 
confirmed by inhibition studies with a BMP-7 antisense probe [22], where 
 transfection of human adult articular chondrocytes with the BMP-7 probe led to 
about 70 % inhibition in the BMP-7 gene expression. The downregulation of BMP-7 
mRNA induced a significant inhibition of aggrecan expression, aggrecan core pro-
tein synthesis, and PG synthesis. Histological evaluation of cartilage explants cul-
tured in the presence of the BMP-7 antisense oligonucleotides revealed a remarkable 
depletion of prostaglandins, paucity of chondrocytes, initial fibrillation of the carti-
lage surface, and a decrease in Safranin O staining in the upper and middle cartilage 
zones. Similar results were obtained with the inhibition of BMP-7 gene expression 
using the siRNA approach. Thus these data, together with previous results, provide 
strong evidence for endogenous BMP-7 being a critical factor that controls cartilage 
matrix integrity and is involved in the maintenance of normal cartilage homeostasis. 
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In addition, the data strongly suggest that the lack of endogenous BMP-7 could 
predispose cartilage to degenerate processes and make the tissue more susceptible 
to the influence of catabolic agents.

To confirm the role of BMP-7 in cartilage, the Affymetrix GeneChip technology 
was used to monitor BMP-7 regulation of 22,000 genes from the human genome 
with specific emphasis on genes that are relevant to adult articular cartilage [12]. 
These included matrix proteins, anabolic and catabolic gene products, as well as 
their intracellular regulators and receptors. In this analysis, the role of BMP-7 was 
evaluated under conditions where the BMP-7 antisense probe inhibited BMP-7 
gene expression, or BMP-7 signaling was activated or enhanced by recombinant 
BMP-7 using high-density human chondrocyte monolayers. The results confirmed 
and considerably extended the knowledge about the role of BMP-7. In summary, the 
data showed that BMP-7 controls cartilage homeostasis on multiple levels including 
regulation of genes responsible for the chondrocyte cytoskeleton (cyclin D, Talin1, 
and cyclin M1), matrix production, and other anabolic pathways (TGF-β/BMP, IGF, 
VEGF, genes responsible for bone formation) as well as regulation of cytokines, 
neuromediators, and various catabolic pathways responsible for matrix degradation 
and cell death. In many of these cases, BMP-7 modulated the expression of not only 
the ligands but also their receptors, mediators of downstream signaling, kinases 
responsible for an activation of the pathways, binding proteins responsible for the 
inhibition of the pathways, and transcription factors that induce transcriptional 
responses. Of most importance, the data led to the conclusion that BMP-7 is clearly 
a unique growth factor in its capacity to display simultaneously pro-anabolic and 
anti-catabolic activities.

Finally, gene knockout studies have recently been conducted to further explore 
the role of endogenous locally produced BMP-7 in the joint. Since early studies 
showed that the complete knockout of the BMP-7 gene led to perinatal lethality of 
the mice [23–24], limb mesenchyme-specific BMP-7 conditional knockout mice 
were established to define the roles of BMP-7 in potential bone and joint homeosta-
sis [25]. Initial studies examined bone homeostasis and demonstrated that the con-
ditional deletion of endogenous BMP-7 from the limb skeleton did not affect bone 
formation or fracture repair in these animals. Subsequent studies evaluated the role 
of endogenous BMP-7 in the cartilage of these animals [26]. Mice were sacrificed 
at 4, 8, and 24 weeks for evaluation. The results demonstrated that the absence of 
BMP-7 led to a significant reduction at 24 weeks in the amount of proteoglycan and 
aggrecan present in the articular cartilage and an increase in the MMP-13. In addi-
tion, extensive synovial hyperplasia and macrophage infiltration were observed, as 
well as enhanced expression of activin A, a proinflammatory cytokine. In the early 
time points observed, there was no effect on the formation of articular cartilage, but 
with age the cartilage degeneration became evident. In regard to type II collagen 
expression, there were no changes observed at any time point, and histological 
analysis showed that cartilage morphology and thickness were normal, as was the 
morphology of the meniscus and underlying bone. The data led the authors to sug-
gest that other factors, along with BMP-7, are necessary for the progression of 
OA. In regard to other BMPs, earlier data from these authors [27] demonstrated 
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reduced type II collagen expression during cartilage formation in their study using 
BMP-2 conditional knockout mice, but there was no extensive cartilage evaluation 
done as with the current BMP-7 study. The BMP-7 analysis also demonstrated that 
endogenous BMP-7 was not directly involved in the proliferation, hypertrophic dif-
ferentiation, and survival of articular chondrocytes. These results are in contrast to 
data reported using exogenous BMP-7 [28], but the authors suggested the differ-
ence may be due to the high doses used in those studies. In summarizing their data, 
the authors believe that loss of locally produced BMP-7 clearly leads to degenera-
tive changes in articular cartilage, and these changes correlate with the develop-
ment of age-related OA. Thus the data is consistent with a critical role of endogenous 
BMP-7 activity in synovial joint homeostasis and suggests along with the data from 
the in  vitro studies that supplementing endogenous BMP-7 with recombinant 
BMP-7 may be beneficial to prevent or slow the development of OA.

3  Animal Studies

The pivotal role of BMPs in the development and regeneration process of the skel-
eton had originally suggested a role in articular cartilage repair. Furthermore, the 
accumulation of data from in  vitro studies has clearly demonstrated that certain 
BMPs have an important role in chondrocyte differentiation and extracellular matrix 
production as well as the maintenance of adult chondrocyte phenotype. For the most 
part, two BMPs, BMP-7 and BMP-2, were the subjects of most of the initial animal 
models of cartilage repair, although another BMP, GDF-5 (also called CDMP-1 or 
MP-52), was also investigated [5]. Studies were reported in a wide range of animal 
species and involved both articular cartilage models, as well as non-articular carti-
lage tissue, particularly the intervertebral disc. Numerous studies were reported 
using deep osteochondral defects in articular cartilage with the BMPs delivered 
locally into the defect site on a collagen scaffold that was press fitted into the defect 
site. However, a few studies were also reported using the more difficult chondral 
(partial thickness) defect models where the defect did not penetrate the calcified 
cartilage layer. For these studies the BMP was delivered by a variety of methods to 
the defects, including via a mini-pump, into the synovial fluid. To summarize, these 
animal studies demonstrated that certain BMPs can improve both cartilage and bone 
repair in osteochondral defects. However, the repaired tissues are not perfect, and 
some studies show the repaired cartilage may not be stable over extended periods. 
Few studies have been done with chondral defects, but the data showed that the 
repaired cartilage is more hyaline than has been obtained using osteochondral 
defects. In regard to OA, treatments are seldom administered at the time of injury, 
and most patients with impending or early osteoarthritis will have areas of hypocel-
lular cartilage matrix, superficial zone delamination, and fibrillation. Thus, the ani-
mal study data relating to repair of focal chondral and osteochondral defects also 
supports the use of BMPs in early or posttraumatic OA. Since we last reviewed 
animal studies, the research focus has been on extending the investigations 
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evaluating BMPs for the treatment of OA. Studies have been reported with BMP-7 
using several established animal models of OA, but it is important to recognize that 
the majority of these models represent posttraumatic or early OA, in which a well- 
defined insult to the joint has been introduced (Table 7.1). These studies have 
involved rats, rabbits, and sheep, and OA was induced using anterior cruciate liga-
ment (ACL) transection, impaction, or mechanical stress models. For the most part, 
BMP-7 was injected into the knee, but one study delivered BMP-7 via an implanted 
osmotic pump. In this section, we review these results.

A series of studies were done evaluating the potential of liquid BMP-7 to inhibit 
articular cartilage damage using the rabbit ACL transection model of induced OA 
[29–30]. The BMP-7 was delivered via Alzet osmotic pump implanted in the thigh 
with an intra-articular catheter. An initial study was done implanting the pump at the 
same time as the ACL transection. The BMP-7 was delivered for approximately 6 
weeks, and the animals sacrificed at 9 weeks. Analysis showed a clear effect in 
reducing the development of OA by gross observation, histological staining, and 
semiquantitative polymerase chain reaction (PCR). A subsequent study to evaluate 
BMP-7 as a treatment when OA had already developed was done using the same 
model, but the pump was implanted 4 weeks after the ACL transection, and the 
animals were sacrificed 5 weeks later. This data showed that BMP-7 again had a 
positive effect in reducing the amount of cartilage loss, and this delayed treatment 
showed only a slightly smaller protective effect when comparing gross histology 
and histomorphometry. Interestingly, both studies also showed enhanced expression 
of the anabolic genes aggrecan and collagen type II, and decreases in the catabolic 
mediators aggrecanase, MMP-3 and MMP-13 in the BMP-7-treated joints.

A second series of studies were done evaluating the potential of liquid BMP-7 to 
inhibit articular cartilage damage [31–32], but those were conducted in rats using a 
strenuous running model to induce OA, and BMP-7 was injected rather than 
continuously delivered via osmotic pump. Five days after cessation of running, 

Table 7.1 OA animal studies: BMP-7 as therapeutic

Citation Species Formulation Model Treatment
OA 
progression

Badlani et al. 
(2008) [29]

Rabbit Liquid ACL 
transection

At 0 weeks/osmotic 
pump for 6 weeks

Prevention

Badlani et al. 
(2009) [30]

Rabbit Liquid ACL 
transection

At 4 weeks/osmotic 
pump for 6 weeks

Inhibition

Sekiya et al. 
(2009) [31]

Rat Liquid Strenuous 
running

At 5 days/6 weekly 
injections

Inhibition

Hayashi et al. 
(2010) [32]

Rabbit Liquid ACL 
transection

At 0 weeks
At 4 weeks/8 weekly 
injections

Prevention
Inhibition

Hurtig et al. 
(2009) [28]

Sheep Putty Impaction At 0 weeks
At 3 weeks
At 12 weeks/two 
injections, 1 week 
apart

Prevention
Inhibition
No effect

S. Chubinskaya and D.C. Rueger



179

BMP-7 was injected into the test knee and repeated five more times at weekly inter-
vals, and the animals sacrificed 1 week later. The analysis showed that although 
BMP-7 did not block progression of OA completely, it significantly delayed pro-
gression of cartilage degeneration in this model. As a result of the positive data, 
studies were extended to the ACL transection model in rabbits. BMP-7 was injected 
intra- articularly at weekly intervals starting immediately after transection and at 4 
weeks after transection for a total of eight injections. After sacrifice at 12 weeks, the 
knees were evaluated by gross morphology, histology, immunohistochemistry, and 
micro- CT. The results showed when BMP-7 was injected immediately after transec-
tion there was inhibition of progression of cartilage degeneration, and thus BMP-7 
demonstrated an ability to prevent the development of OA in this model. When 
BMP-7 was injected 4 weeks after transection and mild degeneration had already 
taken place in the joint, the data demonstrated that BMP-7 inhibited the progression 
of cartilage degeneration. In other words, BMP-7 did not induce regeneration of the 
damaged cartilage but delayed further damage; all BMP-7-treated knees showed 
less OA damage than the control knees by all analytical tools. In addition, there 
were no adverse effects observed such as osteophytes or ectopic bone or fibrosis.

Finally, the most advanced series of studies were done using a sheep impaction 
model for OA and an injectable formulation of BMP-7. This formulation, called 
BMP-7 Putty, was bound to type I collagen and mixed with carboxymethyl cellulose 
and phosphate-buffered saline [28]. In advance of these studies, bioavailability of 
BMP-7 was evaluated by injecting BMP-7 Putty into the knee joint of adult sheep 
and the BMP-7 levels in the synovial fluid measured periodically for 5 days. Peak 
synovial fluid BMP-7 concentrations occurred 24 hours after intra-articular  injection 
(1.9 μg +/−0.17 μg/ml), and detectable levels were still present at 48 and 72 hours 
(80 ng +/−1.0 ng/ml and 4.7 ng +/−1.9 ng/ml, respectively). BMP-7 was adminis-
tered bound to the collagen vehicle because the half-life of liquid BMP-7 was 
believed to be on the order of a few hours. In this model of direct injury to the knee 
joint [33], focal cartilage lesions developed in the medial femorotibial joint com-
partment of horses, dogs, and sheep by 3 months and progressed to severe medial 
femorotibial compartment arthritis by 6 months. The ability of BMP-7 to preempt 
lesion development and progression was tested in six sheep by intra- articular injec-
tion of 300 μg of BMP-7 in the putty formulation at the time of injury and 1 week 
later. The contralateral limb received carrier alone. BMP-7 injections resulted in 
significant improvements in histological scores, cell viability, and proteoglycan 
content of the injured cartilage 12 weeks after injury. Lesions at the impact site were 
absent or very subtle in three of six animals and consisted of minor superficial zone 
delamination in the remaining three; however, all six contralateral joints had severe 
cartilage degeneration in the medial condyle. A similar experiment using a single 
injection 1 week post-injury also suppressed proteoglycan loss and progression of 
histological degeneration in the medial femoral condyle. In subsequent experiments 
the ability of BMP-7 to reverse an established injury was studied by delayed admin-
istration of 300 μg BMP-7  in the putty formulation 3 and 4  weeks after injury. 
Assessments were made 12  weeks after the last injection. Macroscopic and 
histological damage to the femoral condyle was reduced, as was the C3/C4 short 
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collagen epitope immunostaining, the latter indicating that there was protection 
against metalloproteinase-mediated collagen breakdown. Another experimental 
group received the same dose of BMP-7 12 and 13 weeks after injury, but when 
these animals were sacrificed 12 weeks after the last intra-articular injection, there 
was only minor improvement in histological scores and no other indications of effi-
cacy. This was not surprising given that well-established lesions were present in 
control animals 12 weeks post-injury, and any improvement would have required 
extensive regeneration and repair. However, these studies demonstrated that BMP-7 
afforded protection against the development of posttraumatic cartilage degeneration 
when administered immediately after injury and again 1 week later. Delayed treat-
ment 1 month after injury still prevented progression of degeneration, but the origi-
nal injury remained. Delayed treatment 12 weeks after injury was not protective, 
and degeneration progressed beyond the original injury site. In addition, it was 
noted that in all the sheep experiments, there were no intra-articular bone formation 
or osteophytes in joints that received intra-articular BMP-7 Putty.

In summary, this body of preclinical evidence supports a role for the administra-
tion of BMP-7 in prevention and treatment of early posttraumatic injuries and osteo-
arthritis. Although BMP-7 seems to restore intrinsic cartilage repair, data from the 
sheep studies suggested that BMP-7 did not induce chondrocyte proliferation dur-
ing repair but allowed survival and retention of the native chondrocytes that replen-
ished and remodeled the damaged matrix. Despite its anabolic capacity, BMP-7 has 
not been shown to induce chondrocyte hypertrophy or other changes in chondro-
cytic phenotype, nor have BMP-7-treated animal knees displayed any histological 
evidence of uncontrolled fibroblast proliferation or radiographically detectable 
osteophyte formation. In regard to clinical studies, the duration of exposure and 
concentration of BMP-7 needed to create the repair response seen in the OA animal 
studies in patients is unknown. Furthermore, the window of opportunity to address 
developing lesions may differ depending upon the energy absorbed and size of the 
impact zone of the injury, but the sheep data suggest that in many cases, treatment 
within the first 4–6 weeks should be beneficial.

4  Clinical Studies

Human clinical trials evaluating BMP-7 to treat OA have begun as a result of the 
promising data accumulated from animal and in vitro studies. Data from in vitro 
studies suggesting a potential role for BMP-7 in reducing pain had also added to its 
importance for human testing [12]. The first clinical study reported was a Phase I 
study of BMP-7 used to treat symptomatic knee OA [34]. The study was a double- 
blind, randomized, multicenter, placebo-controlled, single-dose escalation safety 
study evaluating four doses of a liquid formulation of BMP-7. The primary study 
objective was to determine the safety and tolerability of BMP-7, and secondary 
objectives were to determine improvement in WOMAC pain and function and 
changes in OARSI responder criteria. The 33 participants enrolled had symptomatic 
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knee OA, were over 40 years of age, and were evaluated at 4, 8, 12, and 24 weeks. 
Doses of BMP-7, 0 (placebo), 0.03 mg, 0.1 mg, 0.3 mg, and 1.0 mg in 5 % lactose, 
were injected intra-articularly. The results showed more injection site pain at the 
highest BMP-7 dose, but otherwise there were no overall differences in toxicity or 
adverse event rates between BMP-7 and the placebo group, and no patient devel-
oped anti-BMP-7-binding antibodies during the study. In regard to the lack of anti-
bodies, BMP-7 levels were evaluated 1 hour post-injection and were observed to be 
extremely low, suggesting a rapid clearance rate. Patients receiving the BMP-7 
injections at the midrange doses (0.1 mg and 0.3 mg) reported some symptomatic 
improvement and anti-pain effects. These effects were not seen in the high- and 
low-dose cohorts. However, it was concluded that the trend to a positive response, 
together with the lack of toxicity provided support for the continued development of 
BMP-7 for the treatment of OA. As a result, a Phase II clinical study was conducted 
to further evaluate the BMP-7 formulations that showed the greatest promise. 
Although this second trial has not appeared to be successful, the data has not yet 
been published (personal communication). Hopefully, the reasons for such an out-
come can be determined and more trials initiated.

5  Conclusion

The purpose of this chapter is to review the current knowledge of BMPs in cartilage 
biology with a focus on the potential as a therapeutic for OA. Since our last chapter, 
the data have clearly expanded what is known about the role BMPs play in normal 
homeostasis and in repair. A large body of additional in vitro evidence has accumu-
lated for BMP-7 that suggests a very important role as an anabolic agent to increase 
matrix components and as an anti-catabolic agent to decrease components active in 
degeneration. These activities have translated to the effects seen in multiple animal 
studies using different models of OA and have demonstrated, in certain models, an 
inhibition or a delay of degeneration in BMP-7-treated joints. In the initial clinical 
study with a BMP used to treat cartilage repair, certain doses of BMP-7 injected into 
the knees of OA patients demonstrated some symptomatic improvement and anti- 
pain effects. In addition, there was no toxicity or adverse events observed in these 
patients.

Although a BMP-7-based therapy appears to have significant clinical potential in 
treating cartilage degeneration, many unanswered questions remain. Future short- 
term goals should include obtaining a better understanding of the pathophysiology 
of cartilage degeneration so that growth factor therapy can be tailored to various 
stages of the healing process [35–36]. Optimal doses and formulations must be 
determined in order to maximize clinical response and minimize side effects. In this 
regard, joint clearance studies must be done to evaluate whether slow delivery for-
mulations should be developed. In addition, BMP-7 and other BMPs must be stud-
ied further in hostile, inflammatory environments to better understand their efficacy 
in disease states. This will likely underscore a difference in potential therapy for 
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posttraumatic chondral defects versus therapy for chronic degenerative joint dis-
ease, and future clinical trials must be conducted with carefully selected patient 
cohorts. Reliable delivery of therapeutic proteins to the synovial environment is 
difficult, but the stability of the BMP-7 protein confers an advantage over more 
labile agents, and a series of timed injections, with or without slow-release carriers, 
may be able to maintain therapeutic levels. This may be quite useful in the context 
of sports injuries where the injury time, such as a tear of the ACL, is known and 
surgical reconstruction anticipated. However, a significant amount of effort will 
need to be undertaken to address issues regarding formulation and what disease 
state and study end points would be most appropriate for new clinical trials.

Historically, most growth factors have been evaluated on an independent basis 
rather than in combination, to assess their effects on cartilage homeostasis in vitro 
or in vivo. Given the array and interactions of growth factors that are involved in 
cartilage development and homeostasis, it is possible that any single growth factor 
will not lead to acceptable cartilage repair, but rather a combination of factors might 
be required [37]. This has been shown by the fact that BMP-7 produces better carti-
lage repair when applied in combination with TGF-β or IGF-1[13]. BMP-7 and 
IGF-1 would seem to be an ideal first combination. However, other growth factors, 
such as other BMPs, TGF-β, PDGF, and FGF family members, have also shown 
some promise in cartilage repair, and recently an initial clinical study using FGF-18 
has been reported [38].

Because of the difficulty in translating the potential of large proteins like BMPs 
to therapeutics in OA, alternative strategies that boost signaling such as small mol-
ecule inducers or antagonist inhibitors may provide an alternative route for investi-
gators [39]. For instance, increases in the level of several BMP antagonists including 
noggin, chordin, and follistatin have been implicated in OA [40]. Thus inhibitors, 
possibly antibodies against these antagonists, could be tested for therapeutic poten-
tial, and in fact an anti-gremlin antibody has been demonstrated to be useful in 
ameliorating pulmonary disease in a mouse model [41]. Furthermore, small mole-
cule agonists or antagonists could be developed and tested. In this regard, a small 
molecule called tilerone has been shown to increase the expression of BMP-7 [42]. 
Also a small peptide mimetic of BMP-7 called THR123 has been described which 
activates the BMP ALK3 receptor [43], and a small molecule called dorsomorphin 
has been described as an inhibitor of BMP signaling [44]. In addition, a new class 
of ALK2 inhibitor, the lead compound of which is called KO2288, has been shown 
to inhibit BMP-stimulated Smad1/5/8 phosphorylation [45]. In summary, these are 
some of the molecules of the future that demonstrate a different and exciting new 
path in realizing the therapeutic potential of BMPs in OA, and the well-developed 
in  vitro models for evaluating their activities create obvious opportunities for 
screening these compounds.

In summary, the future of BMP-7 as an initial BMP therapeutic for OA seems 
bright. Aside from which formulations or delivery procedures produce optimal 
regeneration, future studies will need to be determined whether clinicians and 
researchers should strive to use exogenous recombinant BMP or perhaps to boost 
endogenous BMP production. Other BMPs should be evaluated, and combinations 
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of growth factors should be tested in animal models. Finally, in addition to protein 
therapy, small molecules should become a part of the OA investigations where 
mimetics and antagonists are compared directly with BMP-7. Thus, the potential to 
use BMPs as therapeutics in OA has become more complex but has also brought a 
significant number of new opportunities and made the future of this field very excit-
ing. Although the clinical path will not be simple, the reward for millions of OA 
sufferers will be tremendous.
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BMPs in Orthopaedic Medicine:  
Promises and Challenges

Peter V. Giannoudis and Nikolaos K. Kanakaris

Abstract Over the last 50 years the concept of inducing bone formation, using 
biologically active signalling molecules, has evolved significantly. The most potent 
of these osteoinductive molecules remain the Bone Morphogenetic Proteins, with 
established role on the chemotaxis, proliferation and differentiation of mesenchy-
mal progenitor cells to form cartilage and bone.

The initial enthusiasm following the synthetic production of BMP2 and BMP7 
using recombinant gene technology, was followed by an expansion of their use “in-” 
and “off-label” in clinical practice, on parallel to a large number of basic science 
and translational medicine studies attempting to define further their effect.

The key role of BMPs in bone repair stimulated their widespread use in the ortho-
paedic discipline including the management of delayed union and non-union of frac-
tures, bone defects, open fractures, fusion of joints, spinal fusions, as well as treatment 
of osteoarthritis and intervertebral disc cartilage degeneration. It is quite evident that 
rhBMPs in humans have a different dose–response relationship in comparison to ani-
mal species, as well as that the final outcome of their use is also relevant to the specif-
ics of their carrier and delivery system, their containment, the timing of their 
application, as well as the state of the recipient host local environment. The different 
effect of different BMPs, and their variable interaction with inhibiting molecules and 
negative feedback mechanisms, are nowadays better understood, widening further the 
horizon of contemporary research of bone, as well as of cartilage regeneration.
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The reputation of BMPs has been negatively affected lately due to the recent 
redraw from the market of their recombinant synthetic forms, which is however 
attributed mostly to strategic commercial planning rather than their performance. 
New osteoinductive molecules emerge attempting to fill in the gap, whilst the chal-
lenge of evidence based clinical practice remains.

This article presents the contemporary understanding, as well as a summary of 
selected published evidence on the roles of the BMPs in bone and cartilage 
regeneration.

Keywords BMP • Bone morphogenetic protein • Cartilage degeneration • Bone 
repair • Intervertebral disc degeneration

Bone morphogenetic proteins (BMPs) are biologically active signalling molecules 
first described by Dr Marshall Urist in 1965 [1]. They are members of the transfor-
mation growth factor-β (TGF-β) superfamily possessing a unique osteoinductive 
property. At least 40 different subtypes have been described to date, and these have 
been divided into groups according to their primary amino acid sequence [2]. It is 
of interest that they have been isolated from various species and have been given 
alternative names, for instance, BMP-7 is OP-1, BMP-8 is OP-2, BMP-12 is growth 
and differentiation factor 7 (GDF-7) and BMP-13 is both GDF-6 and cartilage- 
derived morphogenetic protein-2. A number of studies in vivo have established the 
role of BMPs in inducing chemotaxis, proliferation and differentiation of mesen-
chymal progenitor cells to form cartilage and bone [3–5]. Consequently, it has soon 
become evident that the properties of BMPs could have clinical benefits, and this 
has generated great interest for commercial exploitation. Due to the fact that human 
cadaver bone contains only small quantities of human BMP (hBMP), commercial 
production of the purified composite protein was found to be impractical. 
Accordingly, industry has turned to recombinant gene technology and focused on 
the production of those isotypes with the greatest potential for bone induction, i.e. 
recombinant human (rh) BMP-2 and BMP-7 (OP-1). Noteworthy, these two mole-
cules received different levels of approval from the US Food and Drug Administration 
(FDA) for use in trauma surgery (rhBMP-2 has full premarket approval for the treat-
ment of fresh (open) tibial fractures, whereas rhBMP-7 (rhOP- 1) has limited 
approval as part of a Humanitarian Device Exemption (HDE) for use as an alterna-
tive to bone autograft for the management of recalcitrant tibial non- unions). HDE is 
granted by the FDA when it is believed that a small group of patients may benefit 
from a treatment whose effectiveness has not yet been fully proven. Under such a 
waiver program, a device can be used in up to 4,000 patients a year.

The osteoinductivity of a single BMP vial appears to have a dose–response rela-
tionship unaffected by the individual characteristics of the recipient. Nevertheless, 
BMPs must be administered to humans in higher doses compared to other species 
in order to attain osteoinductive activity, but the subsequent bone formation is not 
consistent. It is thought that the dose must overcome a certain level before  successful 
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induction of bone formation can happen. The dose–response curve becomes steeper 
with the progression from rodent to nonhuman primate models. The latter species, 
most closely related to humans, was used to derive the human therapeutic dosages 
of 3.5 mg rhOP-1/4 ml sterile saline solution or 0.88 mg rhOP-1/1 ml sterile saline 
solution and 12 mg rhBMP-2/8 ml sterile water or 1.5 mg rhBMP-2/1 ml sterile 
water. Currently, in the clinical setting, rhBMPs are used at concentrations that are 
10–1000 times higher than those of endogenous BMPs [6]. These high doses are 
implanted in an effort to fabricate a clinical effect comparable with that shown to be 
osteoinductive in animal studies. Higher doses of BMPs have also been dictated by 
the multifaceted signalling mechanisms and quick local and systemic clearance of 
BMPs in higher species. It has been presumed that higher species have less respond-
ing cells than do lower species, which has generated important questions regarding 
combination therapies of BMPs with stem or progenitor cells and the development 
of more efficient and more cost-effective delivery systems [6].

When rhBMPs are implanted to the site of anatomical interest with a compromised 
bone repair response, they exhibit quite short biological half-lives. Moreover, they are 
difficult to retain at sites of local application. The large bolus doses implanted are coupled 
with a non-uniform release. For instance, from the bolus, there is rapid flux causing satu-
ration of the surrounding tissues with very high concentrations, thus leading to systemic 
exposure. Subsequent release, albeit slower, results in much inferior, suboptimal concen-
trations [7]. Thus, if the dose of BMP is too low, there may be inadequate bone formation, 
and if it is too high, there may be more bone formation and more rapid osteoinduction 
than anticipated [8]. The increased bone formation eventually leads to intramembranous 
ossification, bypassing the intermediate phase of endochondral ossification occurring 
when lower doses are used. Still, with high doses of BMPs, initial localised resorption of 
bone can be caused by an increase in osteoclastic activity, as BMPs also stimulate osteo-
clastogenesis [9]. It has not been proven as yet under what specific conditions or with 
what predisposing risk factors resorption of bone may be elicited. Local overdoses of 
BMPs could be expected to lead to heterotopic ossification, but this phenomenon has not 
been consistently observed under physiological conditions [10]. A variety of carrier and 
delivery systems for BMPs have been explored including synthetic polymers, natural-
origin polymers, inorganic materials and composites. Carriers range from nanoparticles 
to complex three-dimensional scaffolds, membranes for tissue- guided regeneration, bio-
mimetic surfaces and smart thermosensitive hydrogels [11]. Carrier systems are usually 
absorbed over time, helping to sustain the concentration of the rhBMP at the treatment 
site, provide temporary scaffolding for osteogenesis and prevent ectopic bone formation. 
The rhBMP and carrier may be implanted in the recipient area using a delivery system 
that could also provide mechanical support. Interbody fusion cages being used for inter-
body spinal fusion represent an illustration of this concept [12]. As carrier and delivery 
systems are variables with great importance and different clinical applications require 
different dosages of rhBMP with different carriers and delivery systems, the results of one 
clinical application cannot be generalised to others [13].

Parameters such as the optimal therapeutic dosages, delivery systems and local 
conditions for bone repair are still under exploration. Moreover, it should be empha-
sised that fundamental surgical management to offer suitable environmental 
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 circumstances of the recipient site (soft tissue coverage, host tissue bed vitality and 
biomechanical stability) continues to be considered essential. Overall, a more com-
prehensive understanding of the mechanisms that control BMP expression and sig-
nalling is required to design the most effective carrier systems and perhaps the 
concept of combination therapies with other BMPs or inductive molecules. For 
example, it has been shown that heterotopic ossification in fibrodysplasia ossificans 
progressiva may not be secondary to the genetic overexpression of BMP-4 but 
rather to the underexpression of noggin (extracellular antagonist of BMPs) [14]. In 
the animal model used, excessive ossification was preventable by the local delivery 
of noggin, thus demonstrating a highly regulated negative feedback mechanism for 
BMPs that could theoretically be used to prevent abnormal or heterotopic bone 
formation occurring with the use of high therapeutic doses of a BMP. Thus, the 
action of BMPs is controlled by corresponding BMP inhibitors, involving negative 
feedback loops and crosstalk of various pathways in order to decrease cellular expo-
sure to the signalling molecules and temper their cellular activities [14].

These inhibitory effects can occur at different levels of the cascade: the extracel-
lular compartment, the receptor level itself, the intracellular compartment and the 
nucleus. The different levels of inhibition reveal the complexity of signal regulation 
during various physiological processes. The balance between all the signalling mol-
ecules involved in bone formation with their inhibitors, and most importantly 
between BMPs and their antagonists, is a critical determinant of osteogenesis and 
therefore of skeletal development, fracture repair and bone remodelling. Furthermore, 
the potential to suppress BMP inhibitors is emerging as a biological therapeutic tar-
get in bone tissue engineering, to achieve unopposed synergy between the various 
growth factors that are involved in osteogenesis, in their physiological milieu [15].

The key role of BMPs in bone repair stimulated their widespread use in the 
orthopaedic discipline even in an ‘off-licence mode’. The basic objective related to 
their use is to speed up fracture healing and consolidation in situations where this 
might not naturally or reliably occur. Not surprisingly therefore, they have been 
used for the treatment of delayed union and non-union of fractures, bone defects, 
open fractures, fusion of joints, spinal fusions and even cartilage regeneration. 
Several studies have reported on their effectiveness particularly for fracture non- 
unions (Table 1) [16–25], (Fig. 1), open fractures (Table 2) [26–29], fusion of joints 
(Table 3) [30–32] and spinal fusions (Table 4) [33–37].

The use of BMPs for cartilage regeneration is based on the fact that an intermediate 
phase of the process of bone formation following the activation of multipotent mesen-
chymal cells is to differentiate into cartilage tissue consisting of proliferative, pre-
hypertrophic and hypertrophic chondrocytes, which secondarily are replaced by bony 
tissue [38, 39]. Noteworthy, the interaction of the BMPs with the different chondro-
cytes and their matrix has been investigated in the specific setting of articular cartilage 
and osteoarthritis (OA), as well as of the cartilage of the intervertebral disc and its 
degeneration (DDD), where the cartilage represents the main affected tissue and the 
chondrocytes the targeted cell population, aiming to the development of new thera-
peutic and/or preventive strategies. Throughout the morphogenesis of the articular 
cartilage during its initial development, as well as its maintenance subsequently via 
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Fig. 1 (a) Radiographs AP and lateral of left tibial fracture 9 months after fixation with intramed-
ullary nail with no evidence of bone healing. (b) Intraoperative images demonstrating the fracture 
non-union and the implantation of BMP-7. (c) Radiographs AP and lateral demonstrating fracture 
union 4 months later

a

b
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c

Fig. 1 (continued)

Table 2 Interaction of BMPs with open fractures

Molecule – action Type of evidence Study Combination of use

Investigate the benefit and 
safety of the osteoinductive 
protein recombinant human 
bone morphogenetic 
protein-2 (rhBMP-2) when 
implanted on an absorbable 
collagen sponge in 
combination with freeze- 
dried cancellous allograft

Randomised, 
controlled trial, 30 
patients

Jones et al., 
Journal of Bone 
and Joint Surgery 
American, 2006

Allograft (cancellous 
bone chips) in 
combination with 
rhBMP-2 on an 
absorbable collagen 
sponge

Evaluate the effectiveness of 
BMP in acute open tibial 
shaft fractures with main 
diaphyseal component

Cost analysis 
based on a single 
empirical study 
(Govender 2002), 
291 patients

Alt et al., Z Orthop 
Ihre Grenzgeb, 
2006

BMP used alone

Use of OP-1 in the treatment 
of open tibial shaft fractures 
was evaluated by the 
Canadian Orthopaedic 
Trauma Society

Prospective, 
randomised, 
multicentre 
controlled, 124 
patients with open 
tibial fractures

McKee et al., 
Proceedings of the 
18th Annual 
Meeting of the 
Orthopaedic 
Trauma 
Association, 2002

BMP used alone

(continued)
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Table 3 Interaction of BMPs with joint fusion

Molecule – action Type of evidence Study Combination of use
Union 
rates (%)

Evaluation of the efficacy  
of rhBMP-2 treatment in 
complex ankle arthrodesis

Retrospective chart 
study, 82 patients

Fourman 
et al. 2014

Application of 
Ilizarov frame and 
rhBMP-2 vs. 
control

93

Evaluation of the use of  
bone morphogenetic 
protein-2 (BMP-2) in 
revision tibiotalocalcaneal 
arthrodesis

Retrospective chart 
and radiographic 
review study, 23 
patients

DeVries 
et al. 2012

Retrograde 
intramedullary 
nailing with the use 
of BMP-2 vs. 
control

71.4

Evaluation of the efficacy  
of BMP-7, bone 
morphogenetic protein-7/
OP-1 in joint fusion

Case series, 19 
patients, ankle, 
subtalar, 
talonavicular, pubic 
and sacroiliac

Kanakaris 
et al. 2009

BMP-7 used alone 
or in combination 
with autograft or 
allograft

89

Table 4 Interaction of BMPs with spinal fusion

Molecule – 
action Type of evidence Study

Combination  
of use Union rates (%)

rhBMP-2/
ACS vs. 
ICBG

Prospective randomised 
controlled trial, 40 
patients

Michielsen  
et al. 2013

Single-level PLIF 
with pedicle 
screw fixation

100

rhBMP-2 
vs. control

Retrospective study, 509 
patients

Crandall  
et al. 2013

TLIF 98.40

rhBMP-2 
vs. control

Prospective randomised 
study, 197 patients

Hurlbert  
et al. 2013

Posterior lumbar 
with pedicle 
screw fixation

96 (6 months)
94 (48 months)

rhBMP-2 
vs. autograft

Prospective randomised 
controlled trial, 410 
patients

Dimar et al. 
2009

Single-level PLIF 
with pedicle 
screw fixation

96

rhBMP-2 
vs. ICBG

Retrospective study, 148 
patients

Glassman  
et al. 2007

Single-level PLIF 
with pedicle 
screw fixation

100 
(non-smokers)
95.2 ( smokers)

Molecule – action Type of evidence Study Combination of use

Evaluation of the safety and 
efficacy of the use of 
recombinant human bone 
morphogenetic protein-2 
(rhBMP-2; dibotermin alfa) 
to accelerate healing of open 
tibial shaft fractures and to 
reduce the need for 
secondary intervention

Prospective, 
randomised, 
controlled, 
single-blind study, 
450 patients with 
an open tibial 
fracture

Govender et al., 
Journal of Bone 
and Joint 
American, 2002

BMP used alone

Table 2 (continued) 
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the homeostatic pathways, is governed by specific signalling molecules (Table 5) [40]. 
As far as our contemporary understanding, most molecular and biochemical research 
of the cartilage morphogenesis is influenced by work on the bone morphogenetic 
proteins (BMPs); therefore, all BMPs could be considered as cartilage morphogens.

At the early stages of posttraumatic osteoarthritis, a common condition affect-
ing healthy adults, the mechanical disruption of the interaction between chondro-
cytes and matrix leads to irregular chondrocyte behaviour and transient increase 
of their proliferation and their metabolic activity. The latter is reflected to the 
appearance of cell clusters and changes of the quantity/composition of the matrix 
proteins with a decrease of the proteoglycans and cleavage of type II collagen 
[41–43]. During the evolution of osteoarthritis, part of the joint chondrocytes lose 
their stable phenotype and revert to changes resembling terminally differentiating 
cells, with basic characteristic the increased synthesis of the enzyme metalloproteinase-13 
(MMP-13) [44, 45]. BMPs have been identified to be involved to all phases of 
chondrogenesis (mesenchymal condensation, chondrocyte proliferation, extracel-
lular matrix deposition and terminal differentiation), regulating the expression of 
several chondrocyte- specific genes (Fig. 2) [46–48]. As shown in numerous 
in  vivo and in  vitro studies, BMPs (specifically the BMP-2, BMP-4, BMP-7) 
enhance the chondrocyte proliferation and the expression of type II collagen 
mRNA [49–51], regulate the activity of the essential transcription factor sox-9 
[52] and stimulate the synthesis of aggrecans and of matrix [53, 54] (Table 6) 
[54–91]. The terminal differentiation of the chondrocytes during the process of 
endochondral bone formation, as well as the transformation of differentiated car-
tilage cells, is regulated by the BMP membrane receptors, Smad1 or Smad5, as 
well as the transcription factor Runx2 [92–95].

Table 5 Cartilage morphogenetic proteins

Cartilage-derived morphogenetic proteins
CDMPs
CDMP-1 GDF-5 Mesenchymal condensation, chondrogenesis
CDMP-2 GDF-6 Cartilage development and hypertrophy
CDMP-3 GDF-7 Ligament and tendon development
Bone morphogenetic proteins
BMPs
BMP-2 BMP-2A Cartilage and bone morphogenesis
BMP-4 BMP-2B Cartilage and bone morphogenesis
BMP-3 Osteogenesis Bone formation
BMP-3B GDF-10 Membrane bones
BMP-5 n/a Bone morphogenesis
BMP-6 n/a Hypertrophy of cartilage
BMP-7 Osteogenic protein Bone differentiation
BMP-8 Osteogenic protein Bone formation
BMP-9 n/a
BMP-10 n/a
BMP-11 GDF-11

BMPs in Orthopaedic Medicine: Promises and Challenges
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BMP-2 and BMP-4 have been recognised of having a critical role to the morpho-
genesis and growth of the articular cartilage. The signalling by BMPs is modulated 
by extracellular BMP antagonists such as noggin and chondrin. As shown in vivo, 
the absence of noggin expression in a knockout mouse caused the complete absence 
of joints [96–98]. Furthermore, an additional standpoint of the role of the BMPs in 
healthy and diseased articular cartilage has been highlighted following research rel-
evant to the endogenous production of these proteins. The local BMP environment 
has been implicated as far as either the maintenance of the cartilage homeostasis or 
the acceleration of its auto-destruction during the phases of OA. The existing evi-
dence (Table 6) is limited and also contradicting as far as the measurable differences 
between the types and concentrations of different BMP molecules (BMP-2, BMP-4, 
BMP-6, BMP-11 and GDF-5) in normal and diseased articular cartilage [89–92]. It 
appears that locally produced BMPs are contributing to the regeneration of the artic-
ular cartilage after traumatic or inflammatory damage. An elevated local ratio of the 
BMPs to their inhibitors increases the BMP activity and is understood to enhance 
the chondrocyte differentiation/regeneration. A reverse ratio, with dominance of the 
inhibitors, has been identified to decrease the synthesis of matrix molecules. All in 
all, how these ratios differ in osteoarthritic cartilage and how these ratios affect the 
disease process have not been yet clarified. It appears that blocking intrinsic BMP 
activity either by overexpression of BMP inhibitors (noggin) [89] or by intraarticu-
lar IL-1 challenge using gremlin leads to decrease of aggrecan synthesis and deple-
tion of the necessary proteoglycans [90].

The upregulation of the expression of BMP inhibitors, as the gremlin, follistatin 
and less that of noggin, has been reported by several authors in cartilage with OA 
[88, 91, 99]. Although the short-term effects of BMP activity are not clear-cut, fol-
lowing evidence from a number of publications, the long-term effects appear to lead 
to chondrocyte phenotype modulation and terminal differentiation with upregula-

Fig. 2 Involvement of BMPs to all phases of chondrogenesis

P.V. Giannoudis and N.K. Kanakaris



197

Ta
bl

e 
6 

Se
le

ct
ed

 e
vi

de
nc

e 
on

 th
e 

in
te

ra
ct

io
n 

of
 b

on
e 

m
or

ph
og

en
et

ic
 p

ro
te

in
s 

w
ith

 a
rt

ic
ul

ar
 c

ar
til

ag
e

M
ol

ec
ul

e 
– 

ac
tio

n
Ty

pe
 o

f 
ev

id
en

ce
St

ud
y

B
M

P
-2

Fu
ll-

th
ic

kn
es

s 
tr

oc
hl

ea
r 

ar
tic

ul
ar

 c
ar

til
ag

e 
de

fe
ct

s 
 

sh
ow

ed
 im

pr
ov

em
en

t i
n 

th
e 

hi
st

ol
og

ic
al

 a
pp

ea
ra

nc
e 

 
an

d 
co

m
po

si
tio

n 
of

 th
e 

ex
tr

ac
el

lu
la

r 
m

at
ri

x 
at

 1
 y

ea
r 

po
st

op
er

at
iv

el
y,

 c
om

pa
re

d 
w

ith
 c

on
tr

ol
s

In
 v

iv
o 

– 
ra

bb
it 

m
od

el
 –

 a
rt

ic
ul

ar
 c

ar
til

ag
e 

de
fe

ct
 a

nd
 

rh
B

M
P-

2/
co

lla
ge

n 
sp

on
ge

Se
lle

rs
 R

S,
 e

t a
l. 

20
00

, J
 B

on
e 

Jo
in

t S
ur

g 
A

m
 [6

0]

U
pr

eg
ul

at
es

 g
en

e 
ex

pr
es

si
on

 o
f 

SO
X

9
In

 v
iv

o 
m

ur
in

e 
bo

ne
 f

ra
ct

ur
e 

m
od

el
U

us
ita

lo
 H

, e
t a

l. 
20

01
, J

 B
on

e 
M

in
er

 R
es

 [6
1]

St
im

ul
at

io
n 

of
 th

e 
re

pa
ir

 o
f 

ar
tic

ul
ar

 c
ar

til
ag

e 
de

fe
ct

s 
 

of
 th

e 
m

an
di

bu
la

r 
co

nd
yl

e 
he

ad
 in

 h
ig

h-
do

se
 g

ro
up

s
In

 v
iv

o 
– 

ra
bb

it 
m

od
el

 –
 a

rt
ic

ul
ar

 c
ar

til
ag

e 
de

fe
ct

 
tr

ea
te

d 
w

ith
 B

M
Pi

2 
ly

op
hi

lis
ed

 w
ith

 c
ol

la
ge

n 
as

 th
e 

ca
rr

ie
r

Su
zu

ki
 T

, e
t a

l. 
20

02
, B

r 
J 

O
ra

l 
M

ax
il

lo
fa

c 
Su

rg
 [

62
]

H
ar

dl
y 

pr
es

en
t i

n 
no

rm
al

 h
um

an
 a

rt
ic

ul
ar

 c
ar

til
ag

e
C

le
ar

ly
 d

et
ec

te
d 

in
 b

ot
h 

cl
us

te
ri

ng
 a

nd
 in

di
vi

du
al

 
ch

on
dr

oc
yt

es
 in

 o
st

eo
ar

th
ri

tic
 c

ar
til

ag
e

In
 v

itr
o 

hu
m

an
 c

ar
til

ag
e 

an
d 

in
 s

itu
 h

yb
ri

di
sa

tio
n 

an
d 

im
m

un
e 

hi
st

oc
he

m
is

tr
y 

fo
r 

th
e 

ex
pr

es
si

on
 o

f 
B

M
P-

2
N

ak
as

e 
T,

 e
t a

l. 
20

03
, O

st
eo

ar
th

ri
ti

s 
C

ar
ti

la
ge

 [
26

]

In
cr

ea
se

d 
ex

pr
es

si
on

 f
ol

lo
w

in
g 

re
le

as
e 

of
 I

L
-1

be
ta

 a
nd

 
T

N
F-
α 

in
 th

e 
pr

es
en

ce
 o

f 
an

 in
ju

ry
 to

 h
um

an
 c

ar
til

ag
e

In
 v

itr
o 

– 
hu

m
an

 c
ho

nd
ro

cy
te

s 
– 

m
R

N
A

 e
xp

re
ss

io
n 

le
ve

ls
 f

or
 B

M
P-

2,
 B

M
P-

4,
 B

M
P-

6,
 c

ar
til

ag
e-

de
ri

ve
d 

m
or

ph
og

en
et

ic
 p

ro
te

in
-1

 (
C

D
M

P-
1)

, c
on

ne
ct

iv
e 

tis
su

e 
gr

ow
th

 f
ac

to
r 

(C
T

G
F)

 a
nd

 a
ct

iv
in

Fu
ku

i N
, e

t a
l. 

20
03

, J
 B

on
e 

Jo
in

t S
ur

g 
A

m
 [

27
]

m
R

N
A

 e
xp

re
ss

io
n 

in
 n

or
m

al
 a

nd
 o

st
eo

ar
th

ri
tic

 a
du

lt 
hu

m
an

 c
ar

til
ag

e
In

 v
iv

o 
m

ou
se

 m
od

el
s 

of
 o

st
eo

ar
th

ri
tis

C
he

n 
A

L
 e

t a
l. 

20
04

, J
 O

rt
ho

p 
R

es
 [

31
]

St
ro

ng
 u

pr
eg

ul
at

io
n 

in
 a

re
as

 o
f 

ca
rt

ila
ge

 le
si

on
s

In
cr

ea
se

d 
ex

pr
es

si
on

 f
ol

lo
w

in
g 

re
le

as
e 

of
 I

L
-1

be
ta

 a
nd

 
T

N
F-
α 

in
 th

e 
pr

es
en

ce
 o

f 
an

 in
ju

ry
 to

 h
um

an
 c

ar
til

ag
e

In
 v

itr
o 

hu
m

an
 c

ar
til

ag
e 

ex
pl

an
t c

ul
tu

re
s

D
el

l’
 A

cc
io

 F
, e

t a
l. 

20
06

, A
rt

hr
it

is
 R

es
 

T
he

r 
[2

8]
H

ig
hl

y 
in

du
ci

ng
 m

ol
ec

ul
e 

fr
om

 b
on

e 
m

ar
ro

w
 M

SC
s 

 
in

to
 in

 v
itr

o 
ca

rt
ila

ge
 f

or
m

at
io

n
In

 v
itr

o 
bo

ne
 m

ar
ro

w
 ta

ke
n 

fr
om

 n
or

m
al

 a
du

lt 
do

no
rs

Se
ki

ya
 I,

 e
t a

l. 
20

05
, C

el
l T

is
su

e 
R

es
 [6

3]

A
 n

ew
 b

io
te

ch
no

lo
gy

 f
or

 a
rt

ic
ul

ar
 c

ar
til

ag
e 

re
pa

ir
: 

su
bc

ho
nd

ra
l i

m
pl

an
ta

tio
n 

of
 a

 c
om

po
si

te
 o

f 
in

te
rc

on
ne

ct
ed

 p
or

ou
s 

hy
dr

ox
ya

pa
tit

e,
 s

yn
th

et
ic

  
po

ly
m

er
 (

PL
A

-P
E

G
) 

an
d 

bo
ne

 m
or

ph
og

en
et

ic
 

pr
ot

ei
n-

2 
(r

hB
M

P-
2)

In
 v

iv
o 

– 
ra

bb
it 

m
od

el
 –

 c
ar

til
ag

e 
de

fe
ct

 tr
ea

te
d 

w
ith

 
tr

ip
le

 c
om

po
si

te
 (

in
te

rc
on

ne
ct

ed
 p

or
ou

s 
hy

dr
ox

ya
pa

tit
e 

(I
P-

C
H

A
),

 r
ec

om
bi

na
nt

 h
um

an
 b

on
e 

m
or

ph
og

en
et

ic
 p

ro
te

in
-2

 (
rh

B
M

P-
2)

 a
nd

 a
 s

yn
th

et
ic

 
bi

od
eg

ra
da

bl
e 

po
ly

m
er

 [
po

ly
-d

,l-
la

ct
ic

 a
ci

d/
po

ly
et

hy
le

ne
 g

ly
co

l (
PL

A
-P

E
G

)]
 a

s 
a 

ca
rr

ie
r)

Ta
m

ai
 N

, e
t a

l. 
20

05
, O

st
eo

ar
th

ri
ti

s 
C

ar
ti

la
ge

 [
64

]

(c
on

tin
ue

d)

BMPs in Orthopaedic Medicine: Promises and Challenges



198

rh
B

M
P-

2 
w

as
 f

ou
nd

 to
 r

ed
uc

e 
th

e 
se

ve
ri

ty
 o

f 
ca

rt
ila

ge
 

le
si

on
s 

of
 lu

m
ba

r 
fa

ce
t j

oi
nt

 c
om

pa
re

d 
w

ith
 c

on
tr

ol
s.

 
H

ow
ev

er
, h

ig
he

r-
do

se
 r

hB
M

P-
2 

re
su

lte
d 

in
 jo

in
t s

pa
ce

 
ob

lit
er

at
io

n 
ca

us
ed

 b
y 

ca
rt

ila
ge

 o
ve

rg
ro

w
th

, a
nd

 th
er

e 
w

er
e 

si
gn

ifi
ca

nt
 s

yn
ov

iu
m

 r
ea

ct
io

ns

In
 v

iv
o 

– 
ra

t m
od

el
 –

 o
st

eo
ar

th
ri

tis
 m

od
el

 a
nd

 
in

tr
aa

rt
ic

ul
ar

 in
je

ct
io

n 
of

 r
hB

M
P-

2
Y

eh
 T

T,
 e

t a
l. 

20
07

, O
st

eo
ar

th
ri

ti
s 

C
ar

ti
la

ge
 [

65
]

St
im

ul
at

es
 a

gg
re

ca
n 

sy
nt

he
si

s
In

 v
itr

o 
cu

ltu
re

d 
hu

m
an

 n
or

m
al

 a
rt

ic
ul

ar
 a

nk
le

 
ch

on
dr

oc
yt

es
C

hu
bi

ns
ka

ya
 S

, e
t a

l. 
20

08
, G

ro
w

th
 

Fa
ct

or
s 

[1
7]

St
im

ul
at

io
n 

w
ith

 B
M

P-
2 

fo
llo

w
ed

 b
y 

IL
-1

 e
xp

os
ur

e 
le

d 
to

 in
cr

ea
se

d 
ex

pr
es

si
on

 o
f 

M
M

P-
13

In
 v

itr
o 

im
m

or
ta

lis
ed

 m
ou

se
 c

ho
nd

ro
cy

te
s

M
aj

um
da

r 
M

K
, e

t a
l. 

20
08

, J
 C

el
l 

Ph
ys

io
l. 

[6
6]

L
on

g-
te

rm
 c

ul
tu

re
 w

ith
 B

M
P-

2 
up

re
gu

la
te

s 
th

e 
ex

pr
es

si
on

 o
f 

M
M

P-
13

St
im

ul
at

ed
 c

ho
nd

ro
cy

te
 c

ul
tu

re
 ti

ss
ue

 w
as

 f
ra

ile
r 

th
an

 
tis

su
e 

cu
ltu

re
d 

w
ith

ou
t i

t

In
 v

itr
o 

cu
ltu

re
 o

f 
ch

on
dr

oc
yt

es
K

ra
w

cz
ak

 D
A

, e
t a

l. 
20

09
, T

is
su

e 
E

ng
 

Pa
rt

 A
 [

35
]

R
ep

ai
r 

of
 e

xp
er

im
en

ta
lly

 in
du

ce
d 

la
rg

e 
os

te
oc

ho
nd

ra
l 

de
fe

ct
s 

in
 r

ab
bi

t k
ne

e 
w

ith
 v

ar
io

us
 c

on
ce

nt
ra

tio
ns

 o
f 

E
sc

he
ri

ch
ia

 c
ol

i-
de

ri
ve

d 
re

co
m

bi
na

nt
 h

um
an

 b
on

e 
m

or
ph

og
en

et
ic

 p
ro

te
in

-2

In
 v

iv
o 

– 
ra

bb
it 

m
od

el
 –

 la
rg

e 
os

te
oc

ho
nd

ra
l d

ef
ec

ts
To

ku
ha

ra
 Y

, e
t a

l. 
20

10
, I

nt
 O

rt
ho

p 
[6

7]

Sp
at

io
te

m
po

ra
l c

on
tr

ol
 o

f 
pr

ol
if

er
at

io
n 

an
d 

di
ff

er
en

tia
tio

n 
of

 b
on

e 
m

ar
ro

w
-d

er
iv

ed
 m

es
en

ch
ym

al
 

st
em

 c
el

ls
 r

ec
ru

ite
d 

us
in

g 
co

lla
ge

n 
hy

dr
og

el
 f

or
 r

ep
ai

r 
of

 a
rt

ic
ul

ar
 c

ar
til

ag
e 

de
fe

ct
s

In
 v

iv
o 

– 
ra

bb
it 

m
od

el
 –

 f
ul

l-
 th

ic
kn

es
s 

ch
on

dr
al

 
de

fe
ct

s
M

im
ur

a 
T,

 e
t a

l. 
20

11
, J

 B
io

m
ed

 M
at

er
 

R
es

 B
 [

68
]

H
ya

lin
e 

ca
rt

ila
ge

 r
eg

en
er

at
io

n 
by

 c
om

bi
ne

d 
th

er
ap

y 
of

 
m

ic
ro

fr
ac

tu
re

 a
nd

 lo
ng

-t
er

m
 b

on
e 

m
or

ph
og

en
et

ic
 

pr
ot

ei
n-

2 
de

liv
er

y

In
 v

iv
o 

– 
ra

bb
it 

m
od

el
 –

 lo
ng

- t
er

m
 d

el
iv

er
y 

of
 B

M
P-

2 
to

 c
ar

til
ag

e 
de

fe
ct

s 
su

bj
ec

te
d 

to
 m

ic
ro

fr
ac

tu
re

Y
an

g 
H

S,
 e

t a
l. 

20
11

, T
is

su
e 

E
ng

 P
ar

t A
 

[6
9]

C
ar

til
ag

e 
re

pa
ir

 o
f 

ex
pe

ri
m

en
ta

lly
 in

du
ce

d 
os

te
oc

ho
nd

ra
l d

ef
ec

ts
 p

os
t m

ec
ha

ni
ca

l d
ri

lli
ng

 o
f 

th
e 

m
ed

ia
l f

em
or

al
 c

on
dy

le

In
 v

iv
o 

– 
ra

bb
it 

m
od

el
 –

 f
ul

l-
 th

ic
kn

es
s 

os
te

oc
ho

nd
ra

l 
de

fe
ct

 a
nd

 in
tr

aa
rt

ic
ul

ar
 d

el
iv

er
y 

of
 B

M
P-

2
A

ul
in

 C
, e

t a
l. 

20
13

, L
ab

 A
ni

m
 [

70
]

Ta
bl

e 
6 

(c
on

tin
ue

d)

M
ol

ec
ul

e 
– 

ac
tio

n
Ty

pe
 o

f 
ev

id
en

ce
St

ud
y

P.V. Giannoudis and N.K. Kanakaris



199

B
M

P
-4

St
im

ul
at

es
 a

gg
re

ca
n 

sy
nt

he
si

s
In

 v
itr

o 
cu

ltu
re

d 
hu

m
an

 n
or

m
al

 a
rt

ic
ul

ar
 a

nk
le

 
ch

on
dr

oc
yt

es
C

hu
bi

ns
ka

ya
 S

, e
t a

l. 
20

08
, G

ro
w

th
 

Fa
ct

or
s 

[1
7]

St
ro

ng
 u

pr
eg

ul
at

io
n 

in
 a

re
as

 o
f 

ca
rt

ila
ge

 le
si

on
s

In
 v

iv
o 

m
ou

se
 m

od
el

s 
of

 o
st

eo
ar

th
ri

tis
B

M
P

-6
D

et
ec

te
d 

in
 b

ot
h 

os
te

oa
rt

hr
iti

c 
an

d 
no

rm
al

 a
du

lt 
hu

m
an

 
ar

tic
ul

ar
 c

ar
til

ag
e

In
 v

itr
o 

– 
hu

m
an

 c
ho

nd
ro

cy
te

s 
– 

m
R

N
A

 e
xp

re
ss

io
n 

le
ve

ls
 f

or
 B

M
P-

2,
 B

M
P-

4,
 B

M
P-

6,
 c

ar
til

ag
e-

de
ri

ve
d 

m
or

ph
og

en
et

ic
 p

ro
te

in
-1

 (
C

D
M

P-
1)

, c
on

ne
ct

iv
e 

tis
su

e 
gr

ow
th

 f
ac

to
r 

(C
T

G
F)

 a
nd

 a
ct

iv
in

g

Fu
ku

i N
, e

t a
l.,

 2
00

3,
 J

 B
on

e 
Jo

in
t  

Su
rg

 A
m

 [
27

]

B
M

P
-7

U
pr

eg
ul

at
es

 c
ho

nd
ro

cy
te

 m
et

ab
ol

is
m

 a
nd

 p
ro

te
in

 
sy

nt
he

si
s 

w
ith

ou
t c

re
at

in
g 

un
co

nt
ro

lle
d 

ce
ll 

pr
ol

if
er

at
io

n 
an

d 
fo

rm
at

io
n 

of
 o

st
eo

ph
yt

es

In
 v

itr
o 

hu
m

an
 c

ho
nd

ro
cy

te
s

Fl
ec

ht
en

m
ac

he
r 

J,
 e

t a
l. 

19
96

, A
rt

hr
it

is
 

R
he

um
 [

71
]

N
is

hi
da

 Y
, e

t a
l. 

20
00

, A
rt

hr
it

is
  

R
he

um
 [

72
]

L
oe

se
r 

R
F,

 e
t a

l. 
20

03
, A

rt
hr

it
is

  
R

he
um

 [
73

]
Fa

n 
Z

, e
t a

l. 
20

04
, C

li
n 

E
xp

  
R

he
um

at
ol

 [
74

]
G

en
er

at
es

 n
or

m
al

, f
un

ct
io

na
l p

ro
te

og
ly

ca
ns

 (
PG

s)
, 

w
ith

 a
 h

yd
ro

dy
na

m
ic

 s
iz

e 
un

al
te

re
d

In
 v

itr
o 

ex
pl

an
ts

 o
f 

po
rc

in
e 

ar
tic

ul
ar

 c
ar

til
ag

e
L

ie
tm

an
 S

, e
t a

l. 
19

97
, J

 B
on

e 
J 

Su
rg

  
A

m
 [

75
]

U
si

ng
 r

ec
om

bi
na

nt
 O

P-
1/

B
M

P-
7 

de
liv

er
ed

 o
n 

bo
ne

-d
er

iv
ed

 ty
pe

 I
 c

ol
la

ge
n 

pa
rt

ic
le

s 
pr

es
s-

fit
te

d 
in

to
 

la
rg

e 
fo

ca
l d

ef
ec

ts
 im

pr
ov

ed
 th

e 
re

pa
ir

 o
f 

bo
th

 b
on

e 
an

d 
ca

rt
ila

ge
 ti

ss
ue

In
 v

iv
o 

os
te

oc
ho

nd
ra

l d
ef

ec
t r

ab
bi

t m
od

el
G

rg
ic

 M
, e

t a
l. 

19
97

, A
ct

a 
M

ed
  

C
ro

at
ic

a 
[7

6]

O
P-

1/
B

M
P-

7 
de

liv
er

ed
 o

n 
bo

ne
-d

er
iv

ed
 ty

pe
 I

 c
ol

la
ge

n 
pa

rt
ic

le
s 

pr
es

s-
fit

te
d 

in
to

 d
ef

ec
ts

 im
pr

ov
ed

 h
ea

lin
g 

in
 

bo
th

 c
ar

til
ag

e 
an

d 
bo

ne

In
 v

iv
o 

os
te

oc
ho

nd
ra

l d
ef

ec
t g

oa
t a

nd
 d

og
 m

od
el

s
L

ou
w

er
se

 R
T,

 e
t a

l. 
20

00
, J

 B
io

m
ed

 
M

at
er

 R
es

 [
77

]
C

oo
k 

SD
, e

t a
l. 

20
03

, J
 B

on
e 

Jo
in

t  
Su

rg
 [

78
]

(c
on

tin
ue

d)

BMPs in Orthopaedic Medicine: Promises and Challenges



200

In
fu

se
d 

liq
ui

d 
O

P-
1/

B
M

P-
7 

in
 a

ce
ta

te
 b

uf
fe

r 
de

liv
er

ed
 

in
to

 th
e 

kn
ee

 jo
in

t f
or

 2
 w

ee
ks

 le
d 

to
 th

e 
pr

og
re

ss
iv

e 
fil

lin
g 

of
 th

e 
de

fe
ct

 b
y 

ne
w

ly
 f

or
m

ed
 c

ar
til

ag
e 

st
ai

ne
d 

po
si

tiv
e 

fo
r 

co
lla

ge
n 

ty
pe

 I
I

In
 v

iv
o 

la
rg

e 
ch

on
dr

al
 s

he
ep

 d
ef

ec
t m

od
el

Je
lic

 M
, e

t a
l. 

20
01

, G
ro

w
th

 F
ac

t [
79

]

B
M

P-
7 

ex
pr

es
si

ng
 c

ho
nd

ro
cy

te
s 

su
pp

re
ss

ed
 in

gr
ow

th
 o

f 
de

st
ru

ct
iv

e 
fib

ro
us

 c
on

ne
ct

iv
e 

tis
su

e 
(p

an
nu

s)
, s

o 
th

is
 

pr
ot

ei
n 

m
ay

 a
ls

o 
be

 u
se

fu
l i

n 
in

fla
m

m
at

or
y 

ar
th

ri
tis

In
 v

iv
o 

m
ic

e 
m

od
el

 ti
ss

ue
 e

ng
in

ee
ri

ng
 –

 tr
an

sg
en

ic
 

ch
on

dr
oc

yt
es

 w
er

e 
as

se
m

bl
ed

 in
 a

lg
in

at
e 

or
 in

 
bi

or
es

or
ba

bl
e 

co
po

ly
m

er
 fl

ee
ce

s

K
ap

s 
C

, e
t a

l. 
20

02
, A

rt
hr

iti
s 

R
he

um
 [8

0]

In
du

ce
s 

si
m

ila
r 

an
ab

ol
ic

 r
es

po
ns

es
 in

 n
or

m
al

 a
nd

 O
A

 
ch

on
dr

oc
yt

es
 f

ro
m

 b
ot

h 
yo

un
g 

an
d 

ol
d 

do
no

rs
D

oe
s 

no
t c

au
se

 c
ho

nd
ro

cy
te

 h
yp

er
tr

op
hy

 o
r 

ch
an

ge
s 

in
 

ch
on

dr
oc

yt
ic

 p
he

no
ty

pe

In
 v

itr
o 

hu
m

an
 a

rt
hr

iti
c 

ca
rt

ila
ge

L
oe

se
r R

F,
 e

t a
l. 

20
03

, A
rt

hr
iti

s 
R

he
um

 [7
3]

M
er

ri
he

w
 C

, e
t a

l. 
20

03
, J

 O
rt

ho
 R

es
 [8

1]
C

hu
bi

ns
ka

ya
 S

, e
t a

l. 
20

07
, O

st
eo

ar
th

ri
ti

s 
C

ar
ti

la
ge

 [
82

]
M

od
ul

at
es

 th
e 

ex
pr

es
si

on
 o

f 
va

ri
ou

s 
gr

ow
th

 f
ac

to
rs

 
(i

ns
ul

in
- l

ik
e 

gr
ow

th
 f

ac
to

r-
1 

[I
G

F-
1]

, T
G

F-
β/

B
M

Ps
) 

an
d 

ca
ta

bo
lic

 m
ed

ia
to

rs
 (

IL
-6

 f
am

ily
 o

f 
pr

o-
in

fla
m

m
at

or
y 

cy
to

ki
ne

s)

In
 v

itr
o 

– 
hu

m
an

 c
ho

nd
ro

cy
te

s
Im

 H
J,

 e
t a

l. 
20

03
, J

 B
io

l C
he

m
 [

83
]

C
hu

bi
ns

ka
ya

 S
, e

t a
l. 

20
08

, G
ro

w
th

 
Fa

ct
or

s 
[1

7]

A
dd

in
g 

O
P-

1/
B

M
P-

7 
to

 c
ol

la
ge

n 
m

at
er

ia
l t

o 
au

gm
en

t a
 

m
os

ai
cp

la
st

y 
(u

si
ng

 o
st

eo
ch

on
dr

al
 a

ut
og

ra
ft

) 
im

pr
ov

ed
 

th
e 

hi
st

ol
og

ic
al

 o
ut

co
m

e

In
 v

iv
o 

os
te

oc
ho

nd
ra

l d
ef

ec
t s

he
ep

 m
od

el
s

Sh
im

m
in

 A
, e

t a
l. 

20
03

, T
ra

ns
 I

C
R

S 
[8

4]

T
he

 O
P-

1/
B

M
P-

7 
ge

ne
 o

n 
an

 a
de

no
vi

ra
l v

ec
to

r 
w

as
 

de
liv

er
ed

 to
 th

e 
de

fe
ct

 s
ite

 v
ia

 tr
an

sf
ec

te
d 

al
lo

ge
ni

c 
ch

on
dr

oc
yt

es
 e

m
be

dd
ed

 in
 a

 fi
br

in
 c

lo
t. 

In
 c

om
pa

ri
so

n 
to

 th
e 

co
nt

ro
ls

, a
cc

el
er

at
ed

 h
ea

lin
g 

an
d 

cr
ea

tio
n 

of
 

hy
al

in
e-

lik
e 

m
or

ph
ol

og
y 

w
as

 n
ot

ed
, w

hi
ch

 w
as

 
ho

w
ev

er
 n

eu
tr

al
is

ed
 b

y 
8 

w
ee

ks

In
 v

iv
o 

la
rg

e 
ch

on
dr

al
 h

or
se

 d
ef

ec
t m

od
el

H
id

ak
a 

C
, e

t a
l. 

20
03

, J
 O

rt
ho

 R
es

 [
85

]

B
M

P-
7 

(1
00

 n
g/

m
l)

 d
ra

m
at

ic
al

ly
 im

pr
ov

ed
 c

el
l-

as
so

ci
at

ed
 p

ro
te

og
ly

ca
n 

de
po

si
tio

n 
an

d 
pr

ev
en

te
d 

m
at

ri
x 

de
gr

ad
at

io
n 

ca
us

ed
 b

y 
hy

al
ur

on
an

 
he

xa
sa

cc
ha

ri
de

 d
ep

le
tio

n 
of

 th
e 

C
D

44
 r

ec
ep

to
r 

ca
rt

ila
ge

 e
xp

la
nt

s

In
 v

itr
o 

hu
m

an
 c

ho
nd

ro
cy

te
s

N
is

hi
da

 Y
, e

t a
l. 

20
04

, O
st

eo
ar

th
ri

ti
s 

 
C

ar
t [

86
]

D
oe

s 
no

t r
es

ul
t i

n 
si

gn
ifi

ca
nt

 c
ha

ng
es

 in
 M

M
P-

13
 

ex
pr

es
si

on
In

 v
itr

o 
no

rm
al

 a
nd

 o
st

eo
ar

th
ri

tic
 h

um
an

 
ch

on
dr

oc
yt

es
Fa

n 
Z

, e
t a

l. 
20

04
, C

li
n 

E
xp

  
R

he
um

at
ol

 [
74

]

Ta
bl

e 
6 

(c
on

tin
ue

d)

M
ol

ec
ul

e 
– 

ac
tio

n
Ty

pe
 o

f 
ev

id
en

ce
St

ud
y

P.V. Giannoudis and N.K. Kanakaris



201

St
im

ul
at

es
 o

nl
y 

ca
rt

ila
ge

-s
pe

ci
fic

 e
xt

ra
ce

llu
la

r 
pr

ot
ei

ns
: c

ol
la

ge
ns

 ty
pe

 I
I 

an
d 

V
I,

 a
gg

re
ca

n,
 d

ec
or

in
, 

fib
ro

ne
ct

in
 a

nd
 h

ya
lu

ro
na

n

In
 v

itr
o 

hu
m

an
 a

nd
 p

ri
m

at
e 

ch
on

dr
oc

yt
es

L
oe

se
r 

R
, e

t a
l. 

20
05

, A
rt

hr
it

is
 R

he
um

 
[8

7]
C

hu
bi

ns
ka

ya
 S

, e
t a

l. 
20

07
, O

st
eo

ar
th

ri
ti

s 
C

ar
ti

la
ge

 [
82

]
U

si
ng

 O
P-

1/
B

M
P-

7 
ca

n 
au

gm
en

t t
he

 s
tim

ul
at

in
g 

ef
fe

ct
 

of
 th

e 
m

ic
ro

fr
ac

tu
re

 p
ro

ce
du

re
In

 v
iv

o 
os

te
oc

ho
nd

ra
l d

ef
ec

t r
ab

bi
t m

od
el

K
uo

 A
C

, e
t a

l. 
20

06
, O

st
eo

ar
th

ri
ti

s 
C

ar
t 

[8
8]

B
M

P-
7 

ha
d 

a 
pr

ot
ec

tiv
e 

ef
fe

ct
 o

n 
ca

rt
ila

ge
 

de
ge

ne
ra

tio
n.

 S
ig

ni
fic

an
t i

m
pr

ov
em

en
ts

 in
 h

is
to

lo
gi

ca
l 

an
d 

m
or

ph
om

et
ri

c 
sc

or
es

 a
nd

 e
xp

re
ss

io
n 

of
 ty

pe
 I

I 
co

lla
ge

n 
w

er
e 

fo
un

d 
in

 a
dd

iti
on

 to
 s

up
pr

es
si

on
 o

f 
ag

gr
ec

an
as

e 
ac

tiv
ity

In
 v

iv
o 

A
C

L
 tr

an
se

ct
io

n 
m

od
el

 in
 r

ab
bi

ts
B

ad
la

ni
 N

, e
t a

l. 
20

08
, O

st
eo

ar
th

ri
ti

s 
C

ar
ti

la
ge

 [
89

]

St
im

ul
at

es
 a

gg
re

ca
n 

sy
nt

he
si

s
In

 v
itr

o 
cu

ltu
re

d 
hu

m
an

 n
or

m
al

 a
rt

ic
ul

ar
 a

nk
le

 
ch

on
dr

oc
yt

es
C

hu
bi

ns
ka

ya
 S

, e
t a

l. 
20

08
, G

ro
w

th
 

Fa
ct

or
s 

[1
7]

In
cr

ea
se

d 
le

ve
ls

 o
f 

B
M

P-
7 

w
er

e 
fo

un
d 

in
 s

yn
ov

ia
l fl

ui
d 

an
d 

tis
su

es
 a

ft
er

 jo
in

t i
nj

ur
y,

 a
n 

ar
th

ro
to

m
y 

in
ci

si
on

 o
r 

in
du

ct
io

n 
of

 o
st

eo
ar

th
ri

tis
B

M
P-

7 
pr

ev
en

te
d 

po
st

tr
au

m
at

ic
 o

st
eo

ar
th

ri
tis

; 
m

ac
ro

sc
op

ic
 a

nd
 h

is
to

lo
gi

ca
l d

am
ag

e 
to

 th
e 

ar
tic

ul
ar

 
su

rf
ac

e 
w

as
 re

du
ce

d,
 a

s 
w

as
 th

e 
C

3/
4 

sh
or

t c
ol

la
ge

n 
ep

ito
pe

 im
m

un
os

ta
in

in
g,

 in
di

ca
tin

g 
th

at
 th

er
e 

w
as

 
pr

ot
ec

tio
n 

ag
ai

ns
t m

et
al

lo
pr

ot
ei

na
se

-m
ed

ia
te

d 
co

lla
ge

n 
de

gr
ad

at
io

n
Si

m
ila

r 
re

su
lts

 w
er

e 
se

en
 w

ith
 tw

o 
do

se
s 

of
 B

M
P-

7 
in

je
ct

ed
 th

re
e 

an
d 

fo
ur

 w
ee

ks
 a

ft
er

 in
ju

ry
, b

ut
 n

ot
 w

he
n 

th
er

ap
y 

w
as

 d
el

ay
ed

 f
or

 1
2 

w
ee

ks

In
 v

iv
o 

– 
sh

ee
p 

m
od

el
 –

 tw
o 

in
tr

aa
rt

ic
ul

ar
 in

je
ct

io
ns

 o
f 

B
M

P-
7 

w
er

e 
gi

ve
n 

at
 th

e 
tim

e 
of

 in
ju

ry
 a

nd
 o

ne
 w

ee
k 

la
te

r

H
ur

tig
 M

B
, 2

00
9,

 J
 O

rt
ho

p 
R

es
 [

90
]

E
nh

an
ce

s 
ge

ne
 e

xp
re

ss
io

n 
of

 th
e 

an
ab

ol
ic

 m
ol

ec
ul

e 
tis

su
e 

in
hi

bi
to

r 
of

 m
et

al
lo

pr
ot

ei
na

se
 (

T
IM

P)
 in

 n
or

m
al

 
an

d 
O

A
 c

ho
nd

ro
cy

te
s

In
 v

itr
o 

hu
m

an
 c

ho
nd

ro
cy

te
s 

tr
an

sf
ec

te
d 

w
ith

 O
P-

1 
an

tis
en

se
 o

lig
on

uc
le

ot
id

e 
or

 tr
ea

te
d 

w
ith

 r
ec

om
bi

na
nt

 
O

P-
1 

fo
r 

48
 h

 f
ol

lo
w

ed
 b

y 
R

N
A

 is
ol

at
io

n 
– 

fo
llo

w
ed

 
by

 s
el

ec
te

d 
ge

ne
 a

rr
ay

 r
es

ul
ts

, r
ea

l-
tim

e 
PC

R
, i

n 
vi

tr
o 

m
ea

su
re

s 
of

 p
ro

te
og

ly
ca

n 
sy

nt
he

si
s 

an
d 

si
gn

al
 

tr
an

sd
uc

tio
n

C
hu

bi
ns

ka
ya

 S
, e

t a
l. 

20
11

, A
rt

hr
it

is
 R

es
 

T
he

r 
[9

1]

BMPs in Orthopaedic Medicine: Promises and Challenges



202

tion of the MMP-13 synthesis [87, 100]. Besides the effect of BMPs on the chon-
drocyte differentiation, they also increase the synthesis of matrix molecules, which 
also represents a characteristic of osteoarthritis [101–103]. In arthritic cartilage, 
elevated levels of BMPs improve the synthesis of the matrix, contributing to the 
local reparative processes, but on the other hand may stimulate further cartilage 
degeneration by altering the characteristics of the chondrocyte population, stimulat-
ing the expression of MMP-13. As indicated in a number of publications, different 
BMPs will have different effects in the morphogenesis and regeneration of the artic-
ular cartilage. As evident from the effect of the BMPs to the bone tissue, where most 
of them stimulate bone formation while the BMP-3 acts as a negative regulator 
[104], it is expected that there are similar differences to their biological function on 
the chondrocyte lineage [105]. Additionally, osteoarthritis subtypes and patient age-
ing alter the expression of the BMP receptors, which subsequently changes the bio-
logical effects of the BMPs on their target cells [106, 107]. Overall, BMPs can have 
a protective role but also can be harmful to the articular cartilage.

Lately, the BMP-7 molecule has received significant attention mostly because of 
its availability in a synthetic form and experience gained from its wide use in bone 
regeneration. An array of in  vivo and in  vitro studies focusing on cartilaginous 
 tissue have explored the unique function of this molecule that acts both as a strong 
pro-anabolic and a potent anti-catabolic agent (Table 6). It is a molecule endoge-
nously expressed in cartilage, synovial fluid synovium, meniscus, ligaments and 
tendons. The ability of BMP-7 to enhance the repair of articular cartilage in several 
models of focal osteochondral and also of pure chondral defects, as well as of early 
osteoarthritis, has been pivotal for its inclusion to the future therapeutic strategies of 
articular cartilage pathologies. In a number of in  vivo studies, BMP-7 has 
 demonstrated significant chondroprotective effect in several histological and mor-
phometric scores and expression of type II collagen in addition to suppression of 
aggrecanase activity. Especially the evidence from recent animal studies, where 
BMP-7 augmented significantly the efficiency of joint repair procedures (mosaic-
plasty, microfracture) after it was delivered locally to the chondral defect on an 
appropriate scaffold/carrier or even infused to the joint with a minipump, creates the 
basis of future clinical testing. The arthroscopic delivery of such molecules either 
alone or in conjunction to cell-based therapies to treat cartilage defects or prevent 
the progress of osteoarthritis represents some of the currently tested hypothesis.

However, there are two major concerns in regard to the use of the BMPs 
locally into the joints, which have been explored in all small and larger animal 
in vivo studies. The first concern is relevant to the formation of heterotopic or 
intraarticular bone, a condition which is clearly evident at the clinical setting of 
bone healing enhancement as a result of poor containment and limitations of the 
BMP carrier. Fortunately, at most of the existing studies (Table 6), it has not been 
observed to the degree of justifying these concerns. The second concern relates 
to the observed anabolic effect of the BMPs to the cartilage being attributed to 
the modulation of the remaining chondrocyte population to the area of implanta-
tion/concern and not to any extrinsic cartilage repair pathways. This finding is 
suggestive that their use should be at the early stages of arthritis when this popu-
lation is higher and more potent.
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It is of interest that the isolation and cloning of the BMP family from the bone 
has led to further research on the identification and characterisation of the cartilage- 
derived morphogenetic proteins (CDMPs) from the articular cartilage. More spe-
cifically, the key signalling molecule is the cartilage-derived morphogenetic 
protein-1 (CDMP-1) also known as growth/differentiation factor-5 (GDF-5). The 
homeostasis of the articular cartilage has been described as a balance between the 
anabolic agents as the BMPs and/or CDMPs and catabolic such as interleukin IL-1, 
IL-17 and/or the tumour necrosis factor-α (TNF-α). In combination, BMPs and 
CDMPs induce cartilage morphogenesis and maintenance. Furthermore, the mor-
phogenesis of the cartilage is well associated to the supramolecular synthesis of the 
extracellular matrix. The cartilage matrix consists of collagens, glycoproteins and 
proteoglycans. Over 90 % of this collagen is type II with minor concentrations of 
collagens IX and XI [108]. As evident in a number of studies, genetic mutations in 
collagen II result in chondrodysplasias and cartilage degeneration [109, 110].

Overall, regenerative medicine of cartilage is currently based on the triad of sig-
nals, stem cells and scaffolds. Since the articular cartilage is damaged in joint arthri-
tis, the growing interest over the last 20 years on the identification and manipulation 
of the signalling molecules is expected to lead to tissue engineering techniques reca-
pitulating the embryonic cartilage regeneration, restoring local anatomy and func-
tion. Furthermore, BMPs/CDMPs modulators may be used to alleviate the pain of 
osteoarthritic patients via deceleration of the progress of arthritis.

The effect of BMPs at the intervertebral disc (IVD) cartilage has been tested in 
several in vivo and in vitro studies (Table 7) [111–121]. The aim of the researchers 
has been either to address the problem of degenerative disc disease, as well as that 
of discogenic back pain. For instance, both the BMP-2 and BMP-7 have been shown 
to boost the synthesis of extracellular matrix in several in vitro studies on rat, bovine 
and human intravertebral disc cells [110–115]. The delivery of these molecules has 
evolved through the years and ranges from the direct local injection of BMPs to the 
disc space to viral transfection methods leading to the modification of the target 
cells to stimulate the secretion of the specific growth factors [116]. Mainly small 
animal in  vivo models have been used to study the effect of local injection of 
BMP-7 in normal as well as in models of degenerative/injured intervertebral discs. 
[122] Similarly, the role of BMP-2 in disc cartilage repair has been postulated, in a 
number of animal and in vitro studies, to involve promotion of both cartilage forma-
tion and subsequent cartilage degradation through hypertrophy and endochondral 
ossification [117, 123]. Direct administration of BMP-2 to IVD chondrocytes has 
been observed to stimulate the production of the extracellular matrix. Furthermore, 
the upregulation of the BMP pathway, via molecules as statins and LIM mineralisa-
tion protein-1, has led to similar observations [118].

Nonetheless, a major drawback of the existing evidence is based on in vivo studies 
of small animal models, in rodents and rabbits. These species retain their notochordal 
cells in adult life, whereas larger animals and humans loose them during their ado-
lescence [124]. The notochordal cells are precursor cells of the nucleus pulposus and 
participate actively to the homeostasis of the extracellular matrix of the intravertebral 
disc. Thus, in such species, it may be that the regenerative effect of molecules as the 
BMPs may be exaggerated and inherently different from what could be observed in 
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humans. Further studies focusing on such strategies at the clinical setting are expected 
to supplement the amplitude of the existing in vitro and in vivo animal studies, trans-
lating these attractive experimental concepts to the bedside practice.

Despite all the intense research and clinical activity on the effectiveness of BMPs 
on musculoskeletal conditions, their widespread use has been hampered by several 
issues and concerns. For instance, the results obtained are not consistent and do vary 
from study to study. In addition, the excellent results seen in studies carried out in 
small animal models have never been replicated in humans. This discrepancy is 
reflected at the cellular level [125]. Of interest, the skeletal maturity of the rodents 
used in research, whose growth plates never close could be another reason of the 
differences seen between experimental and human studies. Moreover, regardless of 
the intrinsic biological differences between small laboratory animals and humans, 
the issue of scaling cannot also be ignored. In addition, many studies that have been 
done on cranial defects in animal models cannot be applied to human long bone 
healing. Besides, their use is associated with an increased cost compared to other 
graft materials. Finally, the supraphysiological dose delivered locally has been asso-
ciated with intense inflammatory reactions causing wound breakdown and leakage. 
While initially this finding appears to be of aseptic origin, over time the wound can 
become septic compromising the final outcome in terms of bony union and func-
tional outcome of the affected extremity. In such cases, early administration of anti-
biotics has been recommended until the wound discharge settles down.

In general terms, several parameters have been identified to influence their over-
all efficacy including their formulation, carrier characteristics, containment, timing 
of their implantation, the state of the soft tissues and the ideal dose of administration 
[126, 127]. Overall, despite their superiority with regard to their inductive potential, 
they are considered nowadays as good as the autologous iliac crest bone graft 
(AICBG), the gold standard of bone grafting materials. One however may question 
whether this comparison is valid. The AICBG possesses all the three important 
properties for bone regeneration: osteogenicity, osteoinductivity and osteoconduc-
tivity. In contrast, BMPs pose only one property, osteoinductivity. Consequently, 
one may argue that AICBG is actually more powerful in terms of biological bone 
inducing properties and as such any criticisms made of the BMPs is unfair. It is of 
note that most of the failures seen over the years following implantation of BMPs 
involved recalcitrant non-unions when patients had already undergone more than 
two to three procedures and after treatment of open fractures. In these difficult clini-
cal circumstances where the soft tissue envelope is quite compromised, one has to 
consider whether the local environment contains sufficient osteoprogenitor cells to 
accept the stimulus from the BMPs allowing them to exert their positive bone repair 
effect. Accordingly, one may argue whether, under the above circumstances, BMPs 
should be routinely implanted in association with mesenchymal stem cells. There 
has also been a lot of concern with regard to the carcinogenic potential of BMPs. 
However, the available experimental data and clinical evidence are rather inade-
quate to allow any safe scientific conclusions. Clinical studies provide incomplete 
evidence to support the hypothesis that BMPs are carcinogenic. The available litera-
ture has several limitations including incomplete documentation, unreported data 
and inhered bias as a large number of trials have been funded by the industry [128].
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Whereas, therefore, the initial clinical introduction of BMPs was associated with 
great enthusiasm and expectations, and while it has been widely accepted that BMPs 
constitute an important component of the conceptual frame of the so-called  diamond 
concept for bone repair, almost 20 years later, their use and effectiveness has been 
questioned.

This can be attributed to the following reasons:

 (i) Presented by the industry as the ‘magic bullet’ to clinical situations with a 
compromised bone repair response, even being superior to the autologous 
bone graft.

 (ii) Most of the scientific evidence was accumulated in experimental studies of 
rodents which do not resemble the human physiology.

 (iii) Inadequate knowledge of the pathways and negative feedback mechanisms 
regulating bone healing.

 (iv) The optimum dose and timing of administration remains obscure.
 (v) Selection of the right carrier and formulation is yet to be determined.
 (vi) Poor containment of the BMP at the site of implantation.
 (vii) Increased risk of carcinogenesis.
 (viii) Increased cost to use the active molecule.

In addition, one may argue that the future of BMPs has entered some uncertainty 
following the withdrawal of BMP-7 by Olympus Biotech from the market. While 
the decision appears to be purely of strategic nature, one cannot hide that the reputa-
tion of BMPs has been greatly negatively affected. Lately, the use of peptides has 
emerged as an alternative option for the delivery of an inductive stimulus to the 
compromised bone environment. The term peptide refers to short amino acid oligo-
mers most commonly lacking a stable three-dimensional structure. In general, pep-
tides exert their effect through binding to specific high-affinity receptors on the 
respective target cell receptors [129]. The discovery that small protein segments 
(peptides) have the capacity to exert a similar effect like the big protein molecule 
could overcome some of the previously mentioned problems related to selection and 
properties of carriers, instability of the active growth factor substance in  vivo, 
impact of sterilisation on the active substance and the theoretical involvement in 
carcinogenesis. Peptides not only have low immunogenicity but also can be easily 
synthesised and handled. The challenge remains, however, whether this alternative 
path for bone repair would be proven effective in the clinical setting as appropriate 
level I trials are currently lacking.
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Abstract Complications associated with the clinical use of BMP2 and BMP7 result 
from the limited understanding of their molecular mechanisms in bone remodeling. 
Recently, a novel BMP6-based approach has been developed with superior healing 
results and reduced side effects in preclinical studies. BMP6- containing osteogenic 
medicinal product called Osteogrow, which is aimed to induce and accelerate bone 
formation, is currently being tested in clinical studies. It comprises of a biologically 
compatible autologous carrier made from the patient’s peripheral blood and of 
rhBMP6 as an active ingredient. Such formulation circumvents the use of animal-
derived materials, significantly limits inflammatory processes common in commercial 
bone devices, and renders the carrier flexible and injectable ensuring the ease of use. 
The ongoing clinical trial results will provide a more detailed insight into the safety, 
tolerability, pharmacokinetics, and bone healing effects in humans and hopefully pro-
vide novel and valuable therapeutic options in the field of bone regeneration.
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1  Introduction

Molecular processes required for bone repair [36, 37] are a prerequisite for the 
development of new biological procedures for stimulation of bone healing. Bone 
fracture healing results in 10 % delayed or impaired registered cases out of currently 
six million fractures in the European Union (EU) [1, 20]. By 2050, it is predicted 
that around 12 million bone fractures will occur yearly in the EU.

2  Bone Fracture Repair

Bone healing process involves signals, cells, and substratum, divided into three 
stages: an early inflammatory and cell recruitment stage (callus formation), inter-
mittent cell differentiation and formation of new bone (fracture repair), and late 
bone remodeling and formation of defined cortices (restoration) [16]. Most of the 
fractures heal without any consequences; however, compound or open fractures 
result in secondary healing due to incomplete mechanical stability of broken frag-
ments. Intramembranous ossification produces bone directly under the periosteum 
within the first days after injury, overleaping chondrogenesis in the center leading to 
endochondral ossification [17]. Improper bone healing has potentially devastating 
consequences, ranging from disfigurement to the loss of function and eventually 
loss of limb [27]. In cases where normal bone fracture healing is not obtained, BMP 
containing bone devices might support induction of new bone formation locally and 
achieve the bridging [14]. In approximately 10 % of cases, fractured bones heal 
slowly (malunion) or fail to heal (nonunion) and require additional medical inter-
ventions to repair the fracture [14, 15].

3  BMP-Based Solutions for Fracture Healing

In efforts to develop BMP-based therapies to treat bone defects, it soon became 
clear that one way to treat a bone defect would be to implant into the defect site 
some type of implantable matrix carrying an effective amount of a human recombi-
nant BMP (rhBMP). Currently, two therapeutic concepts have been introduced to 
the market in order to overcome nonhealing bone or complicated bone fractures. 
The bone devices consist of a bovine collagen matrix soaked with rhBMP2 (Infuse 
Bone Graft, lumbar tampered fusion device) or rhBMP7 (Osigraft) [5, 48] (Table 1).

Safety and clinical efficacy of these devices have been recently reviewed and 
reported [6, 19, 40].

In parallel with tibial fractures and nonunions approved by FDA and EMA, 
rhBMP2 and -7 have been used off-label for different bone repair indications with 
an aim to overcome the impaired healing [38, 48]. Small randomized controlled 
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 trials (RCTs) included, for example, a successful management of the proximal 
scaphoid pole nonunion by BMP7 alone and in combination with an autograft or 
allograft [4]. In addition, two studies with a total of 30 enrolled patients showed a 
full restoration of humeral nonunions when rhBMP7 was used with an autograft [7, 
21]. rhBMP2 was efficacious in the same indication, and the union was accom-
plished in eight out of nine patients [12].

For both BMP devices, major side effects were reported, and their therapeutic 
value has been recently reevaluated [9, 10, 19, 25, 40, 47]. Local transient swelling, 
inflammation, heterotopic ossification as well as early osteolysis were among 
 serious complications following long bone implantation and spinal fusion applica-
tion, particularly in the cervical spine. Local swelling and inflammation can be eas-
ily overlooked if there is a sufficient amount of tissue envelope around the broken 
bone. The inflammation was mostly noticed in patients with distal radial and tibial 
fractures [18]. Swelling and inflammation were observed under the skin, in distal 
radial osteotomy patients treated with rhBMP7 where metaphyseal bone is predom-
inantly present, resulting in bone resorption and skin redness. The bovine collagen 

Table 1 Approved BMP-based therapies

BMP/trade 
name/date of 
approval/ source Presentation/dose

Approved indications 
in EU Disadvantages

BMP2 InductOS 
(dibotermin 
alfa). Approved 
in EU 9/2002.
Rec BMP2 is 
made in CHO 
cells

InductOs kit contains 
dibotermin alfa at the 
concentration of 
1.5 mg/ml (12 mg per 
vial) and an absorbable 
collagen sponge 
(bovine collagen).
Usually use one kit per 
fracture

1. For single-level 
anterior lumbar spine 
fusion as a substitute for 
autogenous bone graft in 
adults with degenerative 
disc disease who have 
had at least 6 months of 
nonoperative treatment 
for this condition
2. For the treatment of 
acute tibia fractures in 
adults, as an adjunct to 
standard care using open 
fracture reduction and 
intramedullary 
unreamed nail fixation

1. Ectopic bone 
formation is a 
“common” ADRa

2. Can cause bone 
remodeling where both 
bone resorption and 
formation occur – 
may lead to nerve 
compression or device 
migrationa

3. Inflammation and 
swelling can occurb

4. Risk of using bovine 
collagen

BMP7 Osigraft: 
(eptotermin 
alfa). Approved 
in EU 5/2001.
Rec BMP7 is 
made in CHO 
cells

Each vial of Osigraft 
contains 3.3 mg of 
OP-1 in 1 g dried 
bovine collagen.
Use 1–2 vials per 
surgery

Treatment of nonunion 
of tibia of at least 
9-month duration, 
secondary to trauma, in 
skeletally mature 
patients, in cases where 
previous treatment with 
autograft has failed or 
use of autograft is 
unfeasible

1. Heterotopic 
ossification is a 
common ADRa

2. Inflammation and 
swelling are common 
ADRsa

3. Risk of using bovine 
collagen

aFrom SmPCs (common is defined as ≥1/100 to <1/10)
bFrom Vukicevic et al. [47]
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as a carrier for BMP2 and BMP7, noninjectable formulations for closed fractures 
and a high market price are preventing broader use of BMP containing devices for 
bone regeneration procedures. Bovine collagen has been subjected due to a poten-
tial bovine spongioform encephalopathy to new strict regulations when used as a 
medicinal product for human applications [34]. These side effects and the price 
restrict the routine use of current BMP devices in patients with osteoporotic frac-
tures to prevent nonunions with bone defects. This especially applies to elderly 
patients with a high proportion of secondary interventions. Heterotopic ossification 
can be explained with an abundant quantity of rhBMP in currently used devices. 
The average amount of rhBMP incorporated into the collagen carrier is between 3.5 
and 12.5 mg, sometimes up to 40 mg of rhBMP2 in patients with spinal fusion sur-
geries but depends on the site and size of the fracture gap, while entire human body 
normally contains only around 2 mg of rhBMPs (Fig. 1).

BMPs are not soluble at neutral pH and only about 75 μg of protein bind to 1 g 
of bovine collagen [11], while the rest precipitates, gets locally released, and repre-
sents a potential source for local and systemic side effects. According to previous 
pharmacokinetic and bioavailability studies of rhBMP7 and rhBMP2, it should be 
expected that ≤2–3 % of locally administered rhBMP will be present in the patient’s 
circulation shortly after the application. We recently suggested that the skeletal 
impact of potentially systemically released BMP2 and -7 might rather have a posi-
tive effect on the skeletal volume via increasing the overall bone volume [13]. When 

Fig. 1 Active dose range of rhBMP7 and rhBMP6 in animal long bone osteotomy fracture models 
versus recommended or used clinical dose
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applied within the bone medullary canal, a pronounced bone resorption has been 
observed in sheep [32]. A rhBMP2-based device used in patients for the lower lum-
bar spine fusion resulted with complications like autonomic plexus injury, retro-
grade ejaculation, and heterotopic ossification [3, 9, 19, 26, 40]. In another study 
using rhBMP2-based device and autogenous bone in a laparoscopic anterior lumbar 
interbody fusion approach no adverse effects were detected [6, 28]. In patients 
undergoing posterior cervical fusion, complications like postoperative edema, dys-
phagia, and hematoma formation have not been observed [24].

Early osteolysis following the use of rhBMP2 and -7 devices might have caused 
the implant shift and subsequent fracture instability, especially if the periosteum 
was destroyed [18]. For example, in patients with unstable thoracolumbar fractures, 
the application of rhBMP7 resulted in substantial bone resorption, loss of reduction, 
and segmental collapse [22, 29, 39]. As previously clarified, rhBMP2 and rhBMP7 
with their pronounced effect on osteoclasts in the vertebrae where surfaces are lined 
with coupled bone cells exert bone resorption at endosteal/trabecular surfaces. Upon 
retrospective analyses in several clinical studies, it was suggested that the observed 
initial resorption was of transient nature and that bone formation and bone repair 
subsequently occurred [19, 40]. This was initially overlooked due to insufficient 
knowledge about BMP mechanism of action on endosteal surfaces as a result of 
their predominant stimulation of osteoclasts in the early phase (Fig. 2) [32, 47]. 
Thus, complications associated with the clinical use of rhBMP2 and rhBMP7 bone 
devices were due to the limited understanding of their molecular mechanisms in 
bone turnover. There is therefore a need for the development of a new osteogenic 
device that will offer safe and cost-effective healing. Well-designed and performed 
studies are thus needed to better define the incidence of complications in regard to 
the type of rhBMP, region of fusion, surgical technique, dose, and carrier [33].

4  BMP6 Is a Novel Therapy for Bone Repair

New solutions for bone healing are therefore needed, taking into account the com-
plexity of BMP signaling and different cellular and tissue effects. As BMPs exert 
different biological responses depending on the microenvironment, the specificities 
of bone fracture milieu should be considered. In bone, tissues surrounding the injury 
like periosteum, endosteum, bone marrow, vascular tissue, and muscles provide 
progenitor cells that initiate formation of bone callus and subsequently new bone.

4.1   BMP Receptors in Human Mesenchymal Stem Cells

Osteoinductive BMP activities in human mesenchymal stem cells (hMSCs) are elic-
ited through the type I receptors ACVR1A and BMPR1A and the type II receptors 
ACVR2A and BMPR2. BMPR1B and ACVR2B are expressed at low levels, while 
type II receptor utilization differs significantly between BMP2/4 and BMP6/7. A 
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greater reliance on BMPR2 exists for BMP2/4 relative to BMP6/7, whereas 
ACVR2A is more important to signaling by BMP6/7 than BMP2/4. Regarding the 
BMP type I receptor BMP2/4 used predominantly BMPR1A for signaling; how-
ever, ACVR1A is the preferred type I receptor for BMP6/7. Signaling by both 

Endosteum

Wnt signaling

runx2
coll 1

Bone resorption

Osteoclasts

Chondrocyte
Stem cells

Periosteum

Muscle

Id

Sox 9

Osteogenic       Cambium         Fibrous

Layer

rhBMP

Fig. 2 In vivo effect of osteogenic BMPs on bone, periosteum, and muscle compartment. At the 
endosteal surface, BMPs affect both osteoclasts and osteoblasts with a net outcome of downregula-
tion of Runx2, collagen I, and Wnt signaling; at the periosteum, BMPs stimulate differentiation of 
precursor cells into osteoblasts; and in surrounding muscle cells, BMPs upregulate Id genes and 
stimulate new osteoblasts and prechondrocytes to form cartilage and new bone around the cortical 
bone. The new bone then spreads into the medullar cavity (Modified from Vukicevic et al. [47])
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BMP2/4 and BMP6/7 is mediated by homodimers of ACVR1A or BMPR1A. A 
portion of BMP2/4 signaling requires concurrent BMPR1A and ACVR1A expres-
sion, suggesting that BMP2/4 signal in part through ACVR1A/BMPR1A heterodi-
mers. Due to different receptor utilization of BMPs, different mechanisms for 
BMP6/7- and BMP2/4-induced osteoblastic differentiation in primary hMSC have 
been proposed [30]. Therefore, different mechanisms for BMP2/4- and BMP6/7- 
stimulated osteoblastic differentiation are present in primary hMSC from the bone 
marrow which actively participate in the bone healing process. Beyond bone, BMP 
receptors are broadly expressed in all tissues and organs with a variable density 
depending on the level of injury, since we and others have shown that their expres-
sion is significantly upregulated following acute and chronic kidney damage, injury 
of the liver, acute myocardial infarction, injury of the colon, etc. [8, 31, 42–45].

4.2   Osteogrow

The exact mechanism of BMP in bone remodeling was recently elucidated, result-
ing in novel BMP6-based clinical approach with superior healing results and 
reduced side effects in preclinical studies [47]. A novel rhBMP6 containing osteo-
genic medicinal product called Osteogrow aimed to accelerate bone regeneration 
was developed and is currently being tested in clinical studies. It comprises of a 
biologically compatible autologous carrier made from the patient’s peripheral 
blood whole blood containing device (WBCD) and of rhBMP6 as an active ingredi-
ent. Such formulation circumvents the use of animal-derived materials, signifi-
cantly limits inflammatory processes common in commercial bone devices, and 
renders the carrier flexible and injectable ensuring the ease of use (Fig. 3) [46]. 
Additionally, Osteogrow successfully rebridges critical size defects in animal mod-
els as well as enables physiological retention of rhBMP6 in the carrier upon bind-
ing to its extracellular matrix molecules and eventually to membrane receptors of 
cells constituting the WBCD as confirmed by negligible absolute bioavailability 
following local implantation in animals. Overall, nonclinical evaluation demon-
strates a high safety margin for the use of Osteogrow in human bone defect indica-
tions. The ongoing clinical trial results will provide a more detailed insight into the 
safety, tolerability, pharmacokinetics, and bone healing effects in humans and 
hopefully provide novel and valuable therapeutic options in the field of bone 
regeneration.

5  BMP Mechanism of Action in Osteogrow

Unlike BMP2 and BMP7 knockout mice which die of placental deformation or 
renal insufficiency, respectively [43], BMP6 knockout mice show a delayed ossifi-
cation with lower trabecular bone volume and suffer from a hereditary 
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hemochromatosis phenotype [2]. BMP6 circulates in the plasma of normal human 
subjects [35] and is more active than its paralog BMP7 in stimulating bone regen-
eration in rabbits with critical size ulna defects [41]. BMP6 is resistant to noggin, 
the most abundant physiological BMP antagonist, due to the amino acid lysin in the 
position 60 of the mature BMP6 domain, while BMP2 and BMP7 contain prolin or 
aspartic acid in the same position, respectively, providing the structural basis for 
their irreversible binding to noggin [41]. Since noggin is abundantly present in the 
bone and its surrounding tissues, large amounts of rhBMP2 and rhBMP7 have been 
used in humans to achieve bone repair which also resulted in substantial osteolysis 
and other side effects related to robust bone formation in the soft tissues [9, 47]. The 
physiological bone repair is associated with the formation of hematoma and blood 
coagulum between fractured bone parts which eventually supports local bone for-
mation. Accidentally, during characterization of pharmacokinetic properties of 
rhBMP6 we discovered that it binds to coagulating blood components, resulting in 

a

c d

b

Fig. 3 Osteogrow preparation. (a) The rhBMP6 drug product is reconstituted with water for 
injection and mixed with the freshly sampled patient’s own blood and with calcium chloride. (b) 
The blood mixture is incubated within the syringe at room temperature for 60–90 min. (c) The 
resulting coagulum or WBCD (Whole Blood Containing Device) is red to deep red in color and 
cylindrically shaped when ejected from the syringe. (d) The WBCD is easily injectable from the 
syringe
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almost full disappearance from the blood serum [46, 47], which has been demon-
strated in experiments using rhBMP6 labeled with radioactive technetium (99mTc). 
The retention of rhBMP6  in the coagulum was above 99  % independent of the 
amount of protein used in blood samples from mouse, rat, and rabbit. These experi-
ments proved that the whole-blood coagulum may potentially serve as a carrier or 
vehicle for applying rhBMP6 to bone fracture and/or defect [46].

Numerous experiments both in vitro and in vivo have been conducted to assure 
that an injectable blood coagulum following dilution of reconstituted rhBMP6 with 
water for injection will still remain homogenous, cohesive, syringable, injectable, 
and malleable for human use and maintain its biomechanical properties, including 
force, elasticity, and work of cutting measured by specifically designed CUT and 
forward extrusion tests (Fig. 4).

The influence of time, shaking, and calcium chloride on the coagulum biome-
chanical properties were also measured and showed that the coagulum maintained 
its biomechanical properties, structural characteristics, and the visual appearance 
within 90 min from mixing the blood with rhBMP6 in water for injection. Dilution 
of blood with up to 25 % with water did not impact the coagulum stiffness. The 
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effect of time. Dashed horizontal line depicts the average of values taken at 30, 45, and 60 min
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release of rhBMP6 from the coagulum was measured in vitro and indicated a slow 
release within a period of 5–7 days. In vivo pharmacokinetic studies in rats and rab-
bits showed that t½α of the intravenously injected rhBMP6 was 1–10 min and it did 
not accumulate in organs. Pharmacokinetic measurements after orthotopic adminis-
tration in the rat femur fracture model (paraosseous application) and in the rabbit 
ulna critical size defect (intraosseous application) indicated negligible absolute bio-
availability of rhBMP6 administered within WBCD.

Preclinical rhBMP6 batches were tested for efficacy in vitro using the C2C12-
BRE-Luc assay [23] and in vivo using an assay of subcutaneous implantation of 
Osteogrow in the pectoral region of rats (Fig. 5). Various doses have been tested 
and followed in vivo by microCT analyses to assess the bone formation activity 
and reproducibility of various production batches. Similar efficacy has been 
recorded between different batches produced for toxicology testing as well as for 
clinical trials.

In addition to induction of new bone formation, implanted coagula with different 
doses of rhBMP6 did not exhibit any swelling, edema, or inflammation at the site of 
implantation (Fig. 6).

Osteogrow was tested in rats and rabbits both for safety and for efficacy in the 
rabbit ulna critical size defect model in which 2.5 × bone diameter has been removed 
and filled in with an implant containing 100 μg rhBMP6/ml of blood used to form 
the coagulum (Fig. 7).

General toxicology studies were conducted in two species: rats and rabbits, while 
the local tolerance of the implant was tested in rabbits. Single doses of 30, 75, 150, 
and 450 μg/kg were safe, and similar amounts injected for 14 days did not cause any 
systemic toxicology signs. Administration of rhBMP6 within WBCD (concentra-
tion 500 μg/ml) after transcutaneous paraosseous injection or intraosseous implan-
tation was well tolerated without any signs of local intolerance.

Fig. 5 Ectopic bone formation by μCT in mice 2 weeks after implantation of rhBMP6. Circle 
indicates the site of the ectopic bone formation (insert)
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Fig. 6 In vivo testing of rhBMP6 activity in rat subcutaneous assay. WBCD containing rhBMP6 
implanted in the pectoral region of rats was still visible after 14 days (arrows indicate the ossicle), 
while no inflammation of the surrounding tissue was observable (circle)

a b c

d

Fig. 7 Model of rabbit ulna critical size defect. Preparation of the WBCD containing rhBMP6 
from autologous blood (a, b). Implantation of the WBCD at the defect site (c). Full rebridgement 
with cortical bone formation was observed 6 weeks after the surgery (d)
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Abstract Bone healing and graft incorporation is a complex process that involves 
molecular, cellular, local, and mechanical factors. The interaction of these processes 
coordinate to allow successful fracture healing and bone formation. Our under-
standing of bone formation comes from studying the developmental process of bone 
formation during embryogenesis that mirrors during adult fracture healing. The cel-
lular events of bone formation in combination with biomechanical stability are 
applied daily to successfully treat patients with various ailments. Several advances 
in biomedical devices and biologics have improved success rates, allowing surgeons 
to treat those patients with more options. Before the surgeon can appropriately 
select the methods and materials with which to treat their patients, they must clearly 
understand the biological processes that take place normally during bone formation 
and healing. Without this knowledge and understanding, the surgeon may not 
achieve optimal success rates in spinal fusions and also increased complications. In 
this chapter, we reviewed the available biologic options and bone morphogenetic 
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1  Introduction

Bone grafts and bone morphogenetic proteins (BMPs) have been used to aid in spi-
nal fusion for many years now. The mechanisms and various bone morphogenetic 
proteins have been described in detail in the other chapters. This chapter is going to 
concentrate on the use of various bone grafts and BMPs for spinal fusion. Even 
today, there are controversies surrounding the use of bone graft substitutes as well 
as the use of BMP in spine surgery. There are several areas that are still being 
debated and researched. The dose of the rhBMP-2 used is considered very high 
compared to its natural occurrence in bone. The carrier used presently for rhBMP-2 
is a collagen carrier. There is a debate regarding the use of bovine collagen as an 
ideal carrier. There is concern raised in the literature regarding the complications 
such as retrograde ejaculation and cancer with the use of rhBMP-2. In addition, the 
use of rhBMP-2 has been limited in many countries because of cost. In this chapter, 
we will describe the use of rhBMP-2 and discuss the various debates and controver-
sies surrounding the use of rhBMP-2 in spinal fusion.

2  Biology of Spinal Fusions

Spinal fusion occurs through a very complex process. It is affected by many factors 
which have to be optimized to achieve a successful spinal fusion. The surgical tech-
nique is as important as the bone graft material. The host factors such as diabetes 
and hypothyroidism and many known conditions that can affect the ultimate out-
come of bone healing. Since the biological process of a spinal fusion involves so 
many factors, the failure rate in single-level un-instrumented fusions can vary from 
10–40  %, which only rises in multilevel fusion surgery [11]. Segmental pedicle 
screw instrumentation has increased the stability of the spinal constructs and have 
made a significant effect on the efficacy of spinal fusion. Due to the instrumenta-
tion, the nonunion rate significantly decreased but still occurs, down to 10–15 %, 
exemplifying the multifactorial process of fusions. As the process involves so many 
factors, often beyond the control of the patient and the surgeon, animal models were 
developed to better delineate the importance of each factor.

In the initial animal models, the fusion rate approached nearly 100  %, much 
higher than seen clinically, due to the fact that these fusions were interlaminar or 
inter-facet and the spine was stable. In contrast, human fusions are intertransverse 
process fusions. In 1995, Boden et  al. developed a rabbit posterolateral fusion 
model, which was clinically relevant. Nonunions occurred spontaneously and at a 
rate similar to that seen clinically [11]. In this model, using iliac crest autograft, un- 
instrumented fusions had a 30–40  % nonunion rate, detected by radiographs. 
However, as in humans, the accuracy of detecting a fusion via radiographs is roughly 
70 %. The fusion bed relies on a vascular supply to produce bone growth. Research 
via vascular injection have shown that the primary blood supply to the fusion mass 
comes from the decorticated transverse process. Failure of fusion without decortica-
tion shows the importance of thorough preparation of the fusion bed, providing the 
osteoprogenitor cells, blood supply, and cellular signals for bone formation [11].
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In the healing process of spinal fusions, three temporally distinct histological 
phases occur, similar to that of endochondral fracture healing. Microscopic analysis 
shows that the fusion initially occurs in the periphery and proceeds centrally, with 
the most mature regions being the regions around the transverse processes. A simi-
lar delay in the osteoblast gene expression was seen in the central zone (1–2 weeks) 
than the outer zones. This lag is theorized to be the cause for failure of fusion in the 
central zone of fusion masses. The temporal and spatial variations seen in the 
 healing process also correlates with the production of various bone morphogenetic 
 proteins. The mRNA of BMP-2 is detected between weeks 2 through 6 and peaking 
in the third and fourth weeks. BMP-6 peaked on day 2  in the central and outer 
zones, but only peaked again in the outer zones during week 5. The lack of a second 
rise in the BMP-6 level later in the fusion process could explain the delay in central 
zone healing.

3  Patient Comorbidities

Outside of the surgical technique, many patient factors directly affect bone 
 formation, which one should take into account during planning of any spinal fusion 
surgery. The nutritional status of the patient must be considered and maximized 
before elective procedures. Medical conditions, such as diabetes mellitus and HIV, 
have been shown to increase the rates of malunion, nonunion, and infection in bone 
 healing. [31, 34]

Medications the patient may be taking can adversely affect the biologic process 
needed for healing: steroids and some chemotherapeutic agents have shown to be 
deleterious to spinal fusions. Nonsteroidal anti-inflammatory drugs have been 
linked to delayed bone healing. However, it is unclear whether cyclooxygenase- 2- 
selective nonsteroidal anti-inflammatory drugs will have less effect on healing than 
nonselective drugs [13, 27]. These drugs usually affect the initial inflammatory 
stage that occurs in the first 14 days after surgery. Fluoroquinolones can decrease 
healing during the early stages of fracture healing [33, 50].Nicotine use, in any 
form, has been shown to increase nonunion rates in fractures and spinal fusions. 
Nicotine has been shown to decrease vascular ingrowth and capillary flow, which 
are fundamentally necessary to have bone formation [65].

4  Mechanical Factors

The structural integrity of the spinal segments plays an important role in healing of 
the fusion and bone graft maturation. The stability of the fixation will affect the 
healing that takes place. Primary bone healing in fractures without callous or carti-
lage intermediate requires direct bone apposition and absolute rigidity, usually in 
the form of internal fixation with compression plate or lag screw. Unlike direct pri-
mary cortical bone healing, the use of external fixators and unlocked intramedullary 
nails are load-sharing devices with relative stability. These devices allow 

 Biology of Spine Fusion and Application of Osteobiologics in Spine Surgery



232

micromotion at the fracture site, which leads to indirect bone healing, evidenced by 
large callus formation. There has been a recent shift toward the use of less rigid fixa-
tion to allow load sharing, which results in callus formation. In spinal fusion, the 
rigidity of the segmental fixation is important. The rigid fixation allows for undis-
turbed bone healing of the spinal fusion. If there is too much motion, there is forma-
tion of a nonunion and ultimately a pseudarthrosis. Ultimately, if the local and 
systemic biology are satisfactory and the mechanical environment is stable, the spi-
nal fusion will occur successfully.

5  Soft Tissue Conditions

The soft tissue surrounding the fracture or spinal fusion bed will have an impact on 
the biology of bone healing. Surgeons are aware of the importance of limiting iatro-
genic soft tissue trauma during operative intervention. The advent of intramedullary 
nails and sliding plates with percutaneous fixation allows surgeons to avoid the injury 
zone, minimizing further compromise to the soft tissue and blood supply around the 
fracture. The value of early soft tissue coverage for open tibia fractures demonstrates 
the importance of the soft tissue envelope. Similarly, it is important to have a clean 
fusion bed with proper decortication of the bone as well as preservation of the para-
spinal muscles that are going to aid in revascularization of the bone graft. The stages 
for fusion formation include (1) inflammation, (2) vascularization, (3) osteoinduc-
tion, (4) osteoconduction, and (5) remodeling. These steps closely resemble fracture 
healing and endochondral bone formation: inflammation, vascular ingrowth, callous 
formation, and remodeling to cortical lamellar bone. As the stages are similar, the 
factors involved in achieving a successful fusion are similar to the factors involved in 
fracture healing. These include minimal motion, adequate vascular supply, and osteo-
progenitor cells with a bony substrate from which to create new bone. Over time, 
dynamic remodeling occurs as the bony fusion mass matures, usually by one year.

6  Osteobiologics for Spine Fusion

Any potential bone grafting material should possess the following properties that 
are important in bone healing.

 1. An osteoconductive compound that provides the three-dimensional architecture 
to promote the ingrowth of sprouting capillaries, perivascular tissue, and osteo-
progenitor cells, supporting the process of graft incorporation. This process is 
known as creeping substitution.

 2. An osteoinductive substance that stimulates the recruitment and differentiation 
of mesenchymal stem cells (MSCs) into bone-forming cells. Specific BMPs are 
the primary known osteoinductive proteins BMP-2, BMP-4, BMP-6, BMP-7, 
and BMP-9.
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 3. An osteogenic graft that contains viable osteoblastic cells that are capable of 
directing bone formation. This potentially provides bone-forming cells that is 
characteristic of only fresh autogenous bone graft. Other grafts rely on recruit-
ment of host progenitor cells to differentiate into bone-forming cells.

 4. Bone graft extenders add bulk to a given amount of autogenous bone that is to be 
used over a larger surface area with a similar fusion rate (e.g., allograft bone).

Bone graft substitutes are substances that can entirely replace autogenous bone 
graft material with a similar or better fusion rate. Bone graft enhancers are used to 
increase the healing of potential of the fusion bed when added to autograft bone 
with the usual or smaller amount of bone graft.

7  Natural and Synthetic Osteobiologics

7.1   Autograft

Autograft has all the desirable properties for a bone graft option, including being 
osteoconductive and osteoinductive, having osteogenic cells, and having acceptable 
mechanical strength. Iliac crest bone graft (ICBG) is the “gold standard” for those 
reasons. The most significant drawback to iliac crest bone graft is the donor site 
morbidity, including the risk of chronic pain (3–50 %), neurovascular injury (2 %), 
hematoma (5 %), seroma (5 %), blood loss (1–5 %), iatrogenic fracture(1 %), bowel 
herniation(1–5 %), infection (2 %), and even cosmetic deformity. [2, 5, 36, 52, 58, 
59] Also, iliac crest bone graft has a limited quantity; thus, in long fusions requiring 
large amounts of graft, autogenous bone graft cannot be the sole graft option. In 
addition, iliac crest bone harvest weakens the iliac fixation when instrumented 
fusions are performed to the pelvis. Pelvic fractures can also occur after exuberant 
harvest of the iliac crest.

7.2   Allograft

Allograft bone is the second most transplanted tissue only second to blood transfu-
sions. Allograft is the most widely used substitute for autogenous bone graft mate-
rial. It is osteoconductive as it has the structural framework upon which new bone 
can form. It is not osteoinductive because it is acellular due to tissue processing. It 
is usually prepared by freezing or lyophilization (i.e., freeze-drying). Frozen graft 
must be stored at −20 °C which allows to maintain the integrity of its structural 
properties for up to 1 year. Lyophilized allografts are vacuum packed and can be 
kept at room temperature. This process reduces its immunogenicity, but freeze-dried 
grafts are structurally weaker than frozen allografts, by almost 50 %. The use of 
cadaveric tissue also carries the risk of spreading infectious diseases, such as HIV 
and hepatitis. However, only two cases of infection transmission have been 
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documented, both of which were in unprocessed grafts; one was in a spine fusion. 
No infections were seen in freeze-dried grafts. The risk of transmission is less than 
one in a million [66]. Allograft bone is transplanted in one of three main forms: 
cortical (structural), cancellous (crushed), and demineralized. Each form has its 
advantages and their most common uses, which will be described in further detail.

Cortical Cortical allografts include femoral shaft, fibular shafts, humeral shafts, 
femoral rings, and fibular rings. These strong grafts are used in applications that 
require structural support in compression, such as anterior interbody fusions as well 
as corpectomy sites. However, these grafts incorporate slowly by means of a process 
of periosteal new bone formation around the allograft. Cortical allografts do not 
fully incorporate and remain a mixture of necrotic and viable bone at their site of 
implantation. Bridwell et al. examined their results in 24 patients with anterior tho-
racolumbar grafting with fresh-frozen cortical allograft and posterior instrumenta-
tion and fusion [12]. They had one pseudarthrosis and in two cases the graft’s 
position changed. Samarztis et  al. reviewed their fusion and outcome data with 
autograft versus allograft in multilevel anterior cervical spinal fusions with instru-
mentation [54]. In 80 patients (45 received autograft; 35 got allograft), 97.5 % fused 
with no significant difference in the fusion rate between the two groups. Good to 
excellent clinical outcomes were seen in 88.8 % of patients overall as well. As these 
studies demonstrate, cortical structural grafting with allograft femoral rings is a 
viable alternative to autograft in complex anterior spinal surgery, thus avoiding 
donor site morbidity.

Cancellous Cancellous allograft has both osteoconductive and osteoinductive 
properties. It provides significant surface area and stimulus for bone formation. 
Cancellous bone has a much faster rate of incorporation than cortical graft because 
of its large surface area and permitting rapid vascular ingrowth. The graft usually 
remodels completely with more rapid and complete revascularization compared to 
cortical allograft. Unlike cortical grafts, cancellous bone graft has little mechanical 
strength and cannot be used to maintain compressive or tensile loads. A disadvan-
tage of cancellous allograft is its lack of osteogenic potential, as it does not carry 
with it bone-forming cells. Cancellous allograft is an excellent option for postero-
lateral fusions as they require little mechanical strength. With a large supply and 
relatively inexpensive option, cancellous allograft is very useful as a bone graft 
extender in spinal fusions that require a significant volume of bone graft (e.g., sco-
liosis, multilevel posterolateral fusions). Knapp et al. retrospectively reviewed their 
use of allograft in adolescent idiopathic scoliosis for posterior instrumented fusions 
in 111 patients with a 5-year minimum follow-up [39]. They had three pseudarthro-
ses (2.7 %) with 5.9 % loss of correction in their cases, which is comparable to those 
in previous studies using autograft. Dodd et al. showed a 100 % fusion rate in ado-
lescent idiopathic scoliosis patients with femoral head allograft and local autograft 
[24]. Adolescent idiopathic scoliosis patients are a very healthy spine population. 
Betz and colleagues found essentially no significant difference when using allograft 
or no graft. They randomized AIS patients into two groups: one group had posterior 
spinal fusion with allograft and the other had no bone graft at all. He had at least 
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2-year follow-up post-op patients. Only one pseudarthrosis was seen overall, in the 
allograft group [7]. However, there were patients that had loss of correction and 
their study. Posterior spinal fusions in adolescent idiopathic scoliosis can be suc-
cessful in patients with local graft and allograft cancellous graft used as an extender.

Demineralized Bone Matrix (DBM) DBM is produced by a weak acid extraction 
process from allograft bone. DBM allograft has been stripped of its minerals, leav-
ing behind only the organic materials, including type I collagen, non-collagenous 
proteins, and signaling cytokines. Marshall Urist first extracted BMP from deminer-
alized bone back in 1965 [67]. DBM is used as a particulate graft, whose effective-
ness depends on its localization and retention at the fusion site. Some of the 
advantages of DBM allograft include that it is cost-effective, readily available, 
attractive as an on-the-shelf graft extender, commercially available in multiple forms 
(powder, putty, chips, crushed granules, gel-filled syringes), and less immunogenic 
than mineralized allograft material. It can be used in combination with osteogenic 
precursor cells from bone marrow aspirate with DBM acting as the carrier. Human 
DBM requires a compatible carrier, which is often about 85 % of the product by 
weight. Osteoinductive capabilities vary based on the manufacturer and also between 
lots of a particular product [4]. Bae et al. showed via ELISA testing that this variance 
in BMP content is the probable cause for the variance in effectiveness of each prod-
uct [3]. Since the first DBM product was introduced in 1991, it has become one of 
the most widely used fusion products. Many companies have their own formula-
tions. Available carriers include glycerol, gelatin, calcium sulfate, lecithin, and hyal-
uronic acid (HA). Glycerol is primary carrier in Grafton™ (Medtronic, Memphis, 
TN). Osteofil™ (Regeneration Technologies Inc., Alachua, FL) uses porcine-derived 
gelatin, stored frozen and must be hydrated and heated before implantation. Accell™ 
(IsoTis Orthobiologics Inc., Irvine, CA) utilizes a gelatin from human DBM and can 
be stored at room temperatures. Allomatrix (Wright Medical Technology, Arlington, 
TN) uses a calcium sulfate hemihydrate mixed with carboxymethyl cellulose, and 
water is added before implantation. InterGro (Interpore Cross Inc., Irvine, CA) uses 
lecithin, which is a phospholipid derived from soybeans.

Peterson et al. studied the fusion rates in three groups of athymic rates based on 
DBM used: Grafton, DBX [from MTF or Synthes (Paoli, PA)], and Allomatrix. 
Grafton had the highest fusion rate and Allomatrix the lowest. The amount of BMP 
within DBM is often less than 0.1 % by weight. Though it is published as being osteo-
inductive, studies have shown limited improved outcomes with DBM. Cammisa et al. 
examined pseudarthrosis rates in posterolateral fusions using iliac crest autograft with 
and without DBM (Grafton™) [15]. No difference was found between the two groups. 
Price and colleagues also studied fusion rates using DBM in AIS patients with allograft 
and autograft and found no difference with or without DBM [51]. A study by Thalgott 
et al. showed that pseudarthrosis rates using DBM and HA were higher than HA alone 
[64]. These results show that the use of DBM as a bone graft substitute is controver-
sial. Thus, although DBM might have some benefit as a bone graft extender or 
enhancer, especially when combined with autograft, bone marrow aspirate, or other 
forms of graft materials, its use as a stand-alone graft is unproven.
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8  Bone Marrow Aspirate/Autologous Stem Cells

Bone marrow aspirate (BMA) was first used clinically in 1986 to treat a tibia frac-
ture nonunion, which subsequently went on to heal fully [21]. Animal and labora-
tory studies have shown that bone marrow aspirate contains osteoprogenitor cells, 
enhancing bone formation and fracture union. However, further animal and clinical 
quantitative studies have shown that the actual number of osteoprogenitor cells in 
each sample varies widely between individuals and even among species. Majors 
et al. examined the number of osteoprogenitor cells in 30 patients of various ages 
and both genders. They found a much lower quantity of bone-forming cells in older 
patients as well as in females [45]. Earlier studies had found that the growth medium 
and harvest technique also contributed to the cell count and viability [41]. Since 
then, BMA has been used for nonunion surgery as well as spinal fusions. In the 
spine, BMA has typically been used in conjunction with allograft, bone graft substi-
tutes, or even iliac crest autograft. Gupta et al. performed un-instrumented spinal 
fusions in an ovine model to compare stem cells from bone marrow aspirate to other 
graft types. They used a new method for obtaining a stem cell concentrate from bone 
marrow called selective cell retention (SCR) utilizing an affinity column; the stem 
cells will attach onto the graft, while the remaining hematopoietic cells pass through, 
broken down into four groups: (1) iliac crest autograft, (2) SCR with beta- tricalcium 
phosphate [TCP], (3) TCP soaked in whole bone marrow, and (4) TCP alone. With 
radiological and histological results collected at 3 and 6 months, the autograft and 
SCR-TCP groups were similar at 3 and 6 months. The TCP with whole bone mar-
row and TCP alone groups had produced significantly less bone at both intervals. 
This animal study displays the importance of using appropriate techniques when 
trying to obtain stem cells from bone marrow aspirate for spinal fusions [30].

In a retrospective cohort study of patients undergoing revision posterolateral 
lumbar fusions, Taghavi et al. examined patients who had iliac crest autograft com-
pared to BMP-2 with allograft and to BMA with allograft. No significant difference 
in fusion rates was seen between the BMA/allograft and autograft groups; however, 
the BMP-2/allograft and the ICBG autograft groups had significantly higher fusion 
rates in multilevel fusions [63]. McLain et al. also showed that the vertebral body is 
a good source of osteoprogenitor cells, which can be accessed via the pedicle intra-
operatively [47]. Utilizing their technique, they noted that the stem cells collected 
were more numerous from the vertebral body than the iliac crest, specifically in the 
first 2.5 cm from the pedicle-body junction. Aspirating through the pedicle avoids 
any need to use aspirate or structural iliac crest autograft.

As the fusion rates using bone marrow aspirate (BMA) are similar to iliac crest 
autograft, even in revision surgery, it is a viable alternative to iliac crest harvest for 
single-level fusions. In certain situation, BMA may also be more cost-effective as 
the price of commercially available bone morphogenetic protein adds a significant 
financial cost to surgery. Based on current studies, bone marrow aspirate has some 
use in certain situations. However, the number of cells obtained upon harvest varies 
widely from patient to patient and also the technique used [20, 41]. These factors 
currently hinder the widespread use of BMA in spinal fusion surgery.
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9  Growth Factors

Bone Morphogenetic Proteins Bone morphogenetic proteins (BMPs) are soluble 
and low-molecular-weight glycoprotein signaling molecules belonging to the trans-
forming growth factor beta superfamily. They have been discussed in great detail in 
the other chapters of this book. Marshall Urist first discovered the possibilities of 
bone-forming proteins in animals [67]. They have been extensively studied and 
found to initiate and regulate the osteoblastic and/or chondrogenic differentiation of 
mesenchymal stem cells in vitro. They are also the only signaling molecules that 
can produce ectopic bone in vivo. They bind to cell surface molecules and produce 
an intracellular cascade leading to cellular differentiation. Of the more than 20 
BMPs that have been identified, five have osteogenic properties: BMP-2, BMP-4, 
BMP-6, BMP-7, and BMP-9. However, only two are currently used widely in spine 
fusions. Recombinant human BMP-2 (rhBMP-2; INFUSE, Medtronic Sofamor 
Danek, Memphis, TN) and recombinant human BMP-7 (rhBMP-7; OP-1, Stryker, 
Mahwah, NJ) both are osteogenic, but only rhBMP-2 has been shown to produce 
osteoblastic progenitor cells. rhBMP-2 (INFUSE) has been approved by the FDA 
for use in anterior interbody lumbar fusions as well as open tibia fractures. rhBMP-7 
(OP-1, rhOP-1) is approved for long-bone nonunions.

One of the concerns in BMP use is the spatial and temporal diffusion in vivo. 
When used without an appropriate carrier, it has been shown to diffuse quickly into 
the surrounding tissue, thus decreasing its osteoinductive ability. The carrier’s func-
tion is to restrict elution and also be an osteoconductive scaffold to which bone 
formation can occur via adhesion and vascular ingrowth. Many carriers have been 
tested, including autogenous bone graft, DBM, collagen, ceramics, and polylactic 
acid (PLA). The ideal carrier has not been identified, but an absorbable type I col-
lagen sponge is currently used for rhBMP-2. As approved by the FDA, its use is 
limited to anterior lumbar interbody fusions within tapered, threaded cages (LT 
cage). However, rhBMP-2 is commonly used for posterolateral lumbar fusions. 
Whether the current collagen carrier is ideal in this environment, as compared to the 
anterior lumbar interbody region, has yet to be fully studied and optimized. Ideally, 
the carrier should have more structural integrity, similar to calcium phosphate or 
ceramic base material [29, 48, 53, 62]. Several studies also recommended wrapping 
the sponge around bone graft or a bone graft substitute, providing structural support 
to the sponge [6, 28, 40].

9.1   rhBMP-7 (OP-1/rhOP-1)

Preclinical Studies Several animal studies have shown the safety and efficacy of 
rhBMP-7. Cook and colleagues used a canine model divided in four groups to com-
pare the effect of rhBMP-7 with its collagen carrier versus collagen only, with 
autogenous iliac crest bone graft only, and without any implants [22]. All four 
groups were implanted into each dog at different levels. The dogs were killed at 6, 
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12, and 26 weeks. All rhOP-1-treated levels had a complete fusion by 12 weeks. The 
ICBG group showed a slower fusion by 26 weeks. The carrier only and no implant 
groups failed to form any fusion mass. Both radiographic and histologic findings 
were consistent with those findings, indicating an improved fusion rate with rhOP-1 
for posterolateral fusions in dogs. Cunningham et al. found rhBMP-7 to be more 
effective than autogenous iliac crest bone graft in a canine posterolateral fusion 
model [23], comparing ICBG, rhBMP-7, and ICBG + rhBMP-7, with fusion rates 
of 27 %, 72 %, and 87 %, respectively. They also demonstrated that the rhBMP-7 
groups showed bone formation via intramembranous ossification, as opposed to 
endochondral ossification seen in the bone graft only group [23]. Magin et al. com-
pared 3.5 mg rhOP-1 with 1 gm bovine bone collagen to autograft and an osteocon-
ductive hydroxyapatite (HA), a bone graft substitute in a sheep posterolateral 
instrumented fusion model [44]. They demonstrated that the rhOP-1-treated group 
had greater bone formation and improved stiffness at 4 months, compared to the 
autograft or HA-treated groups. The autograft group fusion occurred much slower, 
and the HA-treated group failed to fuse at all.

Clinical Studies Preliminary clinical studies for rhOP-1 were performed in the set-
ting of nonunions of open tibia fractures displaying its efficacy in forming a bony 
union [26]. The dose approved by the FDA is 3.5 mg of OP-1 in 1 gm of carboxy-
methyl cellulose resulting in 0.875 mg/mL of OP-1 concentration. Vaccaro et al. 
published a prospective, randomized, controlled multicenter trial of un-instrumented 
posterolateral fusion for lumbar spinal stenosis and degenerative spondylolisthesis 
with OP-1 putty compared to autograft [68]. The use of OP-1 was found to be safe, 
without any associated toxicity, ectopic bone formation, recurrent stenosis, or any 
other adverse event related to the product. They showed 55 % and 40 % fusion rates 
for OP-1 and ICBG, respectively, at minimum 2-year follow-up. Clinically, Short 
Form (SF)-36 scores were similar, and these fusion rates were comparable to those 
in the literature for un-instrumented arthrodesis with ICBG, with the benefit of no 
graft site morbidity. The fusion rates reported were lower than the general fusion 
rates with autograft in the literature for a posterolateral fusion in the lumbar spine. 
More importantly, Kanayama et al. performed a prospective, randomized controlled 
study with radiographic, surgical, and histologic assessment to evaluate the fusion 
rate of rhOP-1 compared to autograft with HA-TCP granules in instrumented pos-
terolateral lumbar fusions [35]. Each patient in that study was taken back to the 
operating room for a biopsy of the fusion mass. In contrast to the study by Vaccaro 
et  al., Kanayama’s findings showed fusion in only 57  % rhOP-1 patients versus 
78 % in the autograft/HA-TCP group. Histological analysis did show the presence 
of bone in the OP-1-treated group. Although the sample sizes were small (nine in 
the OP-1 group and ten in the autograft/HA-TCP group), these results illustrate that 
OP-1 fusion rates are, at best, equivalent to autograft. Given that there is known 
morbidity associated with distant autograft harvest, OP-1 may be considered when 
there is insufficient autograft present. Further clinical studies are needed to clearly 
delineate its efficacy in the setting of posterolateral spine fusions. OP-1 is not used 
clinically in the setting of spine fusion routinely.
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9.2   rhBMP-2 (INFUSE)

Most studies have been performed on rhBMP-2 showing successful fusion rates in 
anterior and posterior spine fusion surgery. Initially, FDA approval was granted for 
its use based upon clinical studies in anterior lumbar interbody fusions and open 
tibia fractures. Many subsequent studies have shown significant efficacy in postero-
lateral spine fusion applications as well.

Preclinical Studies The first animal study comparing autograft to rhBMP-2 was 
performed in sheep by Sandhu [57]. Single-level anterior lumbar fusions with cylin-
drical threaded fusion cages were performed with either rhBMP-2 or autograft. The 
BMP carrier was bovine type I collagen. All the animals with rhBMP-2 had radio-
graphic fusion at 6 months, as opposed to only 37 % in the autograft group. A dose- 
dependent response to rhBMP-2 was seen by Boden et al. in rhesus monkeys [9]. 
Cylindrical titanium cages with either 0.75 or 1.5 mg/mL on a collagen carrier were 
placed in the intervertebral levels. All levels fused but the 1.5 mg/mL dose showed 
denser and more rapid bone formation. The profound effects of rhBMP-2 were first 
described by Hecht and colleagues [32]. In six rhesus monkeys, they placed threaded 
cortical allograft dowels with rhBMP-2 on a collagen sponge placed at interverte-
bral locations. They compared this group with six monkeys who had allograft bone 
dowels packed with autograft bone only. In the rhBMP-2 group, all six fused, 
whereas only half of the monkeys with autograft fused. In addition, the radiographic 
and histologic analysis showed that in the rhBMP-2 group, the allograft dowels 
completely resorbed. This was the first study showing that rhBMP-2 not only stimu-
lated and accelerated the osteoblast activity but also the osteoclastic activity, as no 
bone remodeling occurred in the autograft group. This first study helped to identify 
the appropriate dose for humans. To evaluate the effects of rhBMP-2 in the postero-
lateral fusion, Sandhu et al. used a radiographic and histologic canine model show-
ing a 100 % fusion rate with rhBMP-2 and no bony fusion in the autograft group at 
3 months [55]. In subsequent studies, Sandhu and his associates also found that a 
posterolateral fusion with rhBMP-2 could occur without decortication of the trans-
verse process [56]. A significant step in identifying the appropriate dose and carrier 
for BMP in the posterolateral spine was identified by Martin et al. [46]. They made 
three important findings by performing posterolateral spinal fusions with rhBMP-2 in 
rhesus monkeys at varying doses and with different carriers. First, rhBMP-2 was 
safe around exposed dura after a laminectomy. Second, soft tissue compression pre-
vented bone induction at standard rhBMP-2 doses, for which they felt was due to 
rapid elution from the pressure of soft tissue in the intertransverse process region. 
Third, after providing mechanical protection via a porous polyethylene shield and 
allowing longer rhBMP-2 loading times onto the collagen carrier, more bone forma-
tion was seen at lower doses of rhBMP-2. Finally, the 0.43 mg/mL dose used in 
lower animals did not induce bone formation in primates, identifying that rhBMP-2 
is dose dependent and its effect even varies between species. There appeared to be 
a dose escalation required for the higher species. Boden et al. published their results 
using a newly developed calcium phosphate ceramic carrier in the posterolateral 
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spine in primates [10]. Within the carrier, the 40  % tricalcium phosphate was 
resorbed, while the remaining 60 % hydroxyapatite provided the structural scaffold 
on which the new bone was deposited.

Clinical Studies The first published clinical trial of rhBMP-2 (INFUSE) in humans 
was by Boden and associates. All 11 of their study patients who received BMP had 
solid fusions on radiographs by 6  months [8]. To note, they used 2  mg/mL of 
rhBMP-2 on the HA/TCP carrier. None of their patients developed measurable lev-
els of antibodies to rhBMP-2. Within the same year, Burkus et al., in a prospectively 
randomized control study with 2-year follow-up, examined stand-alone anterior 
L5-S1 fusions using LT cages filled with either rhBMP-2 or iliac crest bone graft 
[14]. They showed a 100 % fusion rate using rhBMP-2 as opposed to 95.7 % with 
autograft at 2 years, with a clinical success rate of 94.5 % in the rhBMP-2 group and 
88.7 % in the control group. About a third of the patients in the control group with 
iliac crest graft had donor site pain, with a 5.9 % rate of adverse events directly 
related to the harvest. The rhBMP-2 group also had shorter operative times with 
decreased blood loss. There were operative time savings when autograft was not 
harvested. A major finding from the human pilot study performed by Boden and 
colleagues was a failure of fusion in the face of instability [8]. One of the two 
patients with spondylolisthesis greater than Meyerding grade 1 who underwent an 
un-instrumented fusion with rhBMP-2 did not fuse. The authors felt that in the face 
of any instability, internal fixation and stability was a significant factor in postero-
lateral lumbar fusions. The biology alone was not enough; mechanical stability was 
necessary for a successful spine fusion.

Surgical treatment of adult spinal deformity often requires long segments of 
fusion and instrumentation. These patients have a high rate of pseudarthrosis. One 
study quoted 17 percent of these patients develop a pseudarthrosis and subsequent 
instrumentation failure. The pseudarthrosis can be apparent years after the surgi-
cal procedure. Forty percent of pseudarthrosis is discovered from the third year 
postoperatively and beyond [38]. A study by Kim et al. demonstrated increased 
fusion rates with the use of rhBMP-2 compared to iliac crest bone graft [37]. 
Maeda et  al. also showed better fusion rates in adult spinal deformity patients 
which are the most challenging in getting a fusion [43]. In a case of 84-year-old 
female with degenerative scoliosis the patient was treated with a posterior-only 
approach with instrumentation to correct and stabilize the scoliosis. A combina-
tion of allograft cancellous chips, local bone, and two large kits (total of 24 mg of 
INFUSE) was used off label to aid in achieving a posterolateral fusion. The radio-
graphs in follow- up displayed the large posterolateral fusion mass especially vis-
ible in the lateral gutter.

Adult spinal deformity patients undergoing a spinal fusion have a much lower 
rate of fusion compared to adolescents with idiopathic scoliosis. Dosing of the 
rhBMP-2 has only been studied in one- or two-level lumbar fusion models. The 
adult scoliosis patient frequently require fusion of five levels or more. These patients 
may benefit the most from the advances in safety and efficacy of bone graft 
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 substitutes. The amount of rhBMP-2 used in the one level fusion cannot be trans-
lated into the many levels because it would be cost prohibitive. One kit of rhBMP-2 
can cost $5000 or more. Many patients around the globe would benefit from the 
advances of rhBMPs if they were more affordable.

Safety Concerns Although, the FDA has approved the use of rhBMP-2 (INFUSE) 
for anterior lumbar interbody fusions, spine surgeons have clinically studied the use 
of rhBMP-2 in posterior lumbar and cervical fusions, with several alarming safety 
concerns being reported. The primary concerns with the use of rhBMP-2 are related 
to the regional edema and inflammatory reactions produced by the protein.

Smucker et al. showed increased risk of delayed postoperative swelling when 
rhBMP-2 was used in the anterior cervical spine, usually around postoperative day 
4 on average [61]. The complications included dysphagia and airway obstruction, 
all secondary to anterior neck soft tissue swelling. Most patients required readmis-
sion and observation, with some patients needing reintubation. A few underwent 
washouts, none of which had fluid collections or hematomas, only edematous soft 
tissue, including the esophagus and strap muscles. The usual 1.5 mg/mL dose was 
used. These reports of adverse events have led to a warning issued from the FDA for 
the use of rhBMP-2 in the anterior cervical spine procedures [60, 61].

Bone formation in the spinal canal has been reported when the rhBMP-2 in the 
disc space with transforaminal lateral interbody fusion (TLIF) [1, 18]. The reports 
of bone formation adjacent to neural elements with INFUSE when placed in the 
lumbar intervertebral space via straight posterior or transforaminal approaches. It 
is unclear if it is the result of poor technique of placement of the rhBMP-2-soaked 
sponge or retrograde bone formation in the path of the cage placement. Several 
studies have shown radiculitis after rhBMP-2 use in transforaminal lateral inter-
body fusion (TLIF) and posterior lateral interbody fusion (PLIF) surgery in the 
lumbar spine.

Resorption of the vertebral body end plate has also been reported in conjunction 
with TLIF with subsidence of the cage into the vertebral body. The subsidence can 
lead to loss of sagittal plane correction and narrowing of the foramen. These reports 
have also documented cases of severe osteolysis of the vertebral body after placing 
rhBMP-2 in the intervertebral space. Lewandrowski et al. theorized three possible 
etiologies for the cause of osteolysis when placing rhBMP-2 in the interbody region: 
1) end plate violation leading to rhBMP-2 being in contact with cancellous bone; 2) 
“overstuffing” rhBMP-2 into intervertebral space, providing too high a dose of 
BMP; and 3) dose-dependent biochemical sequence leading to greater osteoclast 
activation over osteoblasts [42]. This phenomenon may be related to the dose used.

The anterior approach has also been shown to have the same effects on the ver-
tebral body end plate. Severe osteolysis has been shown with the use of allograft 
spacers as well as PEEK cages. Osteolysis is again hypothesized to be related to the 
dose, end plate violation with exposure of the cancellous bone, and increased osteo-
clastic activity. Retrograde ejaculation has also been reported by Carragee et al. as 
a complication of anterior lumbar interbody fusion with rhBMP-2. He not only 
reported increase rate of retrograde ejaculation in his patient but also reanalyzed the 

 Biology of Spine Fusion and Application of Osteobiologics in Spine Surgery



242

data from other published studies and stated that there was an increased rate of ret-
rograde ejaculation associated with the use of rhBMP-2 [19].

Carragee has also reported the incidence of new cancers in patients that had a 
higher dose of rhBMP-2 (AMPLIFY) used in the group data reported to the FDA. He 
stated that there were nine new malignancies reported in the rhBMP-2 group out of 
239 patients compared to only two new malignancies reported to the control group 
of 224 patients [16]. This finding has been debated in the literature. Other reports 
have demonstrated that there was no increase in new malignancies with rhBMP-2. 
Glassman et al. reported no statistical significant increase in malignancies and no 
indication of causality related to the rhBMP-2. The rhBMP-2 was associated with 
basal cell carcinoma, lung cancer, lymphoma, ovarian cancer, pancreatic cancer, 
prostate cancer, squamous cell carcinoma, and vocal cord cancer. The iliac crest 
group was associated with colon cancer and lymphoma. Kelly et al. also agreed with 
their own report with no significant increase in malignancy associated with recom-
binant BMP use. Ref.

Growth and Differentiating Factor-5 (GDF-5) GDF-5 has many different names 
including MP-52, LAP-4, CDMP-1, BMP-14, and radotermin. This osteogenic fac-
tor originates from the TGF-beta/BMP superfamily and is required for proper skel-
etal patterning and limb development. It has also been found to promote tissue 
regeneration in bone, cartilage, soft tissue, and tendon in vivo. Increasing the dose 
too much may be counterproductive to bone formation. Magit et al. rabbit study 
showed 100  % fusion rate (GDF-5 with Healos) by anatomical and histological 
analysis at 8 weeks as compared to ICBG (38 %) or Healos (ceramic) alone (0 %). 
Gupta et al. presented data in sheep model at 3 months showing 100 % (6/6) fusion 
rates in anterior interbody (using carbon fiber-reinforced polymeric cages (DePuy 
Synthes, Raynham, MA)) fusions with 1 mg/ml GDF-5 + Healos; 5/6 fused with 
0.5 mg/ml + Healos; 5/6 fused for ICBG alone; and 4/6 for empty cage. Currently 
GDF-5 is still undergoing preclinical trials to provide more evidence of its efficacy 
in spinal fusion or disc regeneration.

In addition to these reports, there was a review of the literature performed by the 
Cochrane and Yale group independently. In the review, they found equivalent rates 
of fusion with recombinant BMP-2 and autograft. They both conclude that there 
was no significant advantage in using recombinant BMP-2 to autograft.

9.3   BMP-6

rhBMP-6 has been used in spine studies as well. A porcine model was used where 
mesenchymal stem cells were infected with a BMP-6 gene. Mesenchymal stem 
cells were implanted in a bony defect. New bone formation much greater than the 
controls was seen in those defects at 12 weeks and 6 months. This model showed 
that implanting the mesenchymal stem cells that were overexpressing BMP-6 gene 
has increased bone formation compared to the controls. This study showed a normal 
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benefit in which BMP-6 activity can be enhanced by using delivery of mesenchymal 
stem cells to produce bone [49].

10  Cellular Biologics

Platelet Concentrates Platelet-rich plasma (PRP) has gained significant attention in 
the orthopedic community, as it is used in a wide variety of applications from joint 
replacement to muscle injuries. PRP is concentrate of platelets with a small amount 
of plasma derived from the patient’s blood. The platelets release many inflammatory 
and growth factors after they are activated by an agonist, such as thrombin in vivo. 
Frechette identified these factors, including platelet-derived growth factor (PDGF), 
TGF-α, TGF-β, epidermal growth factor (EGF), bFGF/FGF- 2, insulin-like growth 
factor (IGF), and vascular endothelial growth factor (VEGF), which then go on to 
participate in bone formation [25]. However, much of the data supporting PRP use 
for bone regeneration, such as the one by Frechette and colleagues, is from the den-
tal and maxillofacial literature.

Studies regarding PRP use in spinal fusions are limited. Carreon et al. in a retro-
spective cohort study examined two groups of patients undergoing posterolateral 
spinal fusion with iliac crest autograft [17]. The study group had PRP with the iliac 
crest, and the control group had just iliac crest autograft. The nonunion rate in the 
study group was 25 %, whereas in the study group was only 17 %. In a similar study 
by Weiner et al. in 2003, PRP added to iliac crest bone graft showed decreased lum-
bar posterolateral arthrodesis rates as compared to iliac crest autograft alone. The 
fusions were examined via a “blinded” radiographic review. [69] PDGF and many 
other cytokines are not directly osteogenic, unlike bone morphogenetic proteins, 
even though they may be involved in the bone-forming cascade.

11  Conclusion

There are numerous spinal fusion procedures being performed daily for a spectrum 
of spinal conditions ranging from simple degenerative conditions to severe spinal 
deformities. The number of spinal fusion procedures being done are increasing 
with greater availability of spine surgery to more patients and the improvement in 
the medical facilities around the world. The growth of the minimally invasive spi-
nal surgery approaches has also demonstrated the need for effective bone graft 
materials. There are many different products available; therefore, understanding the 
biological, chemical, and mechanical properties of the individual products is para-
mount as well as their clinical effectiveness. The goal of a safer and efficacious 
method in achieving spinal fusion with a bone graft substitute is closer today than 
ever before.
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BMPs in Dental Medicine:  
Promises and Challenges

Ulf M.E. Wikesjö and Cristiano Susin

Abstract Regeneration of bone is critical to the rehabilitation of congenital mal-
formations and defects resulting from trauma or tumor resection in the craniofacial 
skeleton, as well as defects resulting from periodontal disease or remodeling fol-
lowing tooth extractions. It is the objective of this text to reflect pioneering and 
significant preclinical and clinical observations, promises, and challenges, of bone 
morphogenetic proteins (BMPs) with focus on recombinant human BMP-2 (rhBMP-2) 
but also recombinant human BMP-7 (rhBMP-7) and recombinant human growth/
differentiation factor-5 (rhGDF-5) in craniofacial settings to include alveolar bone 
augmentation for implant dentistry.

Keywords Recombinant human BMP-2 (rhBMP-2) • Recombinant human BMP-7 
(rhBMP-7) • Recombinant human growth/differentiation factor-5 (rhGDF-5) • 
Alveolar augmentation • Sinus augmentation • Alveolar preservation • 
Osseointegration • Implant dentistry • Dental implants

1  Introduction

Regeneration of bone is vital to the rehabilitation of congenital malformations in the 
craniofacial skeleton, defects resulting from trauma or tumor resection and defects 
resulting from periodontal disease or remodeling following tooth extractions. 
Historically, autogenous bone grafts have been preferred for bone augmentation on 
craniofacial indications; however, demand for a second surgical site, finite intraoral 
sources, and associated morbidity has constrained their widespread acceptance and 
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use [2, 11, 51]. In consequence, the dental profession increasingly has embraced 
cadaver-sourced allogeneic and xenogeneic (bovine, porcine, equine, coral) or syn-
thetic (polymeric, ceramic) bone biomaterials and in addition resorbable/non- 
resorbable devices (membranes) for guided tissue/guided bone regeneration (GTR/
GBR) as stand-alone therapeutic interventions or in various combinations to meet 
clinical demands [1, 18, 61]. The global market for dental bone biomaterials and 
devices for GTR/GBR illustrates this trend, the US/North American market esti-
mated to $363  M, the EU/Middle East/African market to $189  M, the Latin 
American market to $97 M, and the Asian Pacific market to $125 M in 2015 for a 
total estimated value of $773  M (iData Research). As the bone-anchored dental 
implant-based prosthesis progressively has become favored for oral rehabilitation 
replacing missing and compromised teeth, augmentation of the deficit alveolar 
ridge has become an even more significant prerequisite. In perspective, it is esti-
mated that in excess of 14 M, dental implants are sold/placed annually worldwide, 
the US market alone estimated to approach 2.5 M units in 2015 (iData Research).

Intuitive observations of bone formation associated with implanted bone matrices 
[39, 46, 52] eventually led to the critical discovery of bone morphogenetic proteins 
(BMPs) [71]. Subsequent purification, characterization, and cloning [10, 30, 31, 53, 
60, 72, 79] triggered research and development pursuing purified and recombinant 
forms of BMPs to induce bone formation in orthopedic, spine, and craniofacial set-
tings [5, 16, 32, 40, 78]. Recombinant human BMP-2  in an absorbable collagen 
sponge carrier (rhBMP-2/ACS) became the first BMP technology approved for human 
use by the US Food and Drug Administration, approved for spine fusion in 2002 and 
in 2004 for open tibia fracture repair [48]. In 2007, rhBMP-2/ACS met approval for 
bone augmentation in conjunction with tooth extraction sockets and bone augmenta-
tion in the maxillary sinus to enable installation of bone-anchored (osseointegrated) 
dental implants in the rehabilitation of dilapidated dentitions. It is the objective of this 
text to reflect pioneering and significant preclinical and clinical observations, prom-
ises, and challenges of BMPs with focus on rhBMP-2 but also rhBMP-7 and recom-
binant human growth/differentiation factor-5 (rhGDF-5) in craniofacial settings to 
include alveolar bone and sinus augmentation for implant dentistry.

2  Setting the Stage

Alveolar augmentation may out of principle be divided into inlay and onlay indications 
translating to contained (inlay) and non-contained (onlay) defect sites. Tooth extraction 
sockets, intrabony defects, and maxillary sinus floor sites represent inlay defects, and 
width and height deficiencies of the alveolar ridge represent onlay defects.

In perspective, it is important to realize elementary biomechanical requirements 
for any compatible technology, BMP or other, tasked to support alveolar augmenta-
tion to challenges and constraints offered in inlay and onlay settings [28]. Whereas 
particulate or paste formulations may suffice to support/enhance bone formation in 
contained sites, structural integrity and geometry hardly offered by particulate 
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 technologies become requisite characteristics for technologies considered for aug-
menting/expanding the width and height of the alveolar envelope. This is also true 
for compressible carriers such as the ACS which poorly withstands the challenges 
imposed by intraoral forces. Devices and membranes have long been used to pro-
vide containment and space provision for particulate and compressible carriers.

Slowly/non-resorbable biomaterials, which are often used alone or in combination 
for alveolar ridge augmentation, may actually compromise space-provision obstruct-
ing the site for bone formation. In the long-term, slowly/non-resorbable technologies 
may compromise mechanical properties of bone including dental implant fixation and 
load-bearing. Nevertheless, combined with successful space-providing delivery tech-
nologies or adjunctives, BMPs have shown significant promise to support bone forma-
tion in the craniofacial skeleton. A number of studies using rodent screening models, 
translational inlay and onlay defect models, and canine, porcine, or nonhuman primate 
platforms including discriminating critical-size defects and clinical modeling illustrate 
the potential of BMPs to augment alveolar bone in craniofacial settings. We herein 
separately review alveolar bone augmentation (inlay and onlay defects), maxillary 
sinus augmentation, and peri-implant defects in preclinical and clinical settings.

3  Alveolar Ridge Augmentation/Preservation

A concerted chain of events occur following tooth extraction leading to remodeling of 
the alveolar ridge and, ultimately, to the complete resorption of the alveolar bone. 
Whereas most of the efforts in implant dentistry have been directed at augmenting the 
resorbed alveolar ridge, alveolar bone preservation following extractions has become 
increasingly important. To that end, the application of BMPs at the time of tooth extrac-
tion – prior to bone loss due to remodeling – represents a compelling treatment option.

3.1   Observations from Preclinical Inlay Models

Preclinical studies using inlay defect models have evaluated rhBMP-2 and rhGDF-5 
for alveolar augmentation. These early studies have primary focus on alternative 
delivery systems to present BMP to the defect site. Cochran and colleagues applied 
rhBMP-2/ACS (rhBMP-2 at 0.2 mg/mL) and rhBMP-2  in a polylactide/glycolide 
copolymer carrier (rhBMP-2/PLGA, rhBMP-2 at 0.2 mg/mL) to 1.5  ×  4-mm 
(width × depth) gap defects circumscribing dental implants in dogs to evaluate bone 
formation following 4- and 12-week healing intervals [12, 13, 34]. Defect sites receiv-
ing rhBMP-2/ACS and rhBMP-2/PLGA showed significantly enhanced bone fill 
compared with control at 4 but not at 12 weeks. Comparing the ACS with the PLGA 
carrier, the ACS supported greater bone fill in this inlay defect model. Notably, sites 
additionally fitted with an occlusive expanded polytetrafluoroethylene (ePTFE) GBR 
membrane to exclude soft tissue infiltration showed delayed bone formation.
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Commentary This early study points to accelerated bone formation in alveolar 
sites receiving rhBMP-2, and that tissue resources originating in adjoining mucosal 
tissues substantially contribute to rhBMP-2-induced bone formation if not blocked 
by an occlusive membrane.

In parallel studies using clinically advanced (~15  ×  10  ×  10  mm; 
length × depth × width) alveolar ridge saddle-type defects in dogs and a 12-week 
healing interval, Jovanovic and co-workers evaluated suitability of a volume- defining 
hyaluronan (Hy) sponge vs. the ACS technology to serve as delivery systems for 
rhBMP-2 (rhBMP-2 at 0.2 mg/mL). Both rhBMP-2/ACS- and rhBMP-2/Hy-induced 
bone formation filled the saddle-type defects to capacity suggesting that Hy may be 
used interchangeably with ACS in support of rhBMP-2-induced bone formation 
[33]. In separate studies, rhBMP-2/ACS (rhBMP-2 at 0.2 mg/mL) was benchmarked 
to GBR demonstrating superior bone fill over GBR following a 12-week healing 
interval [36]. Combining rhBMP-2/ACS with GBR did not offer additional benefits 
(Figs. 1 and 2). Of note, GBR sites often encountered suture-line dehiscences expos-
ing the ePTFE membrane that readily became infected compromising wound heal-
ing/regeneration altogether in contrast to sites receiving rhBMP-2/ACS alone 
displaying uneventful healing potentially reflecting a beneficial effect of rhBMP-2 
also on soft tissue healing. In still other studies, long-term stability of rhBMP-2/
ACS-induced bone (rhBMP-2 at 0.2 mg/mL) vs. that of the pristine resident bone 
was compared [35] (Fig. 3). Dental implants were inserted into the rhBMP-2/ACS- 
induced and adjoining pristine resident bone, osseointegrated, and fitted with a fixed 
dental prosthesis. The animals were then returned to a solid dog-food diet for 
 functional loading. Crestal bone levels and dental implant fixation evaluated follow-
ing 12 months of functional loading showed limited, if any, differences between 
rhBMP-2/ACS-induced and pristine resident bone again substantiating unique 
properties of rhBMP-2/ACS rarely, if at all, reached using conventional allogeneic/
xenogeneic bone derivatives or synthetic biomaterials.

Commentary Significant for this series of studies in addition to key observations of 
clinically meaningful bone formation for the benefit of fixation of dental implants fol-
lowing surgical implantation of rhBMP-2/ACS is the clinical swelling at the defect 
sites subsiding within 7–10 days as well as frequently occurring seroma formation, 
seromas constituted as serum-filled radiolucent vacuoles within the regenerate even-
tually filling with bone demonstrated in the radiographic and histologic evaluation.

Still other studies evaluated the clinical potential of rhGDF-5 in a resorbable par-
ticulate micro-/macroporous ß-tricalcium phosphate carrier (rhGDF-5/ß-TCP, 
rhGDF-5 at 0.6 mg/g ß-TCP) also using alveolar ridge saddle-type defects in dogs, 
sites receiving the rhGDF-5/ß-TCP technology showing enhanced bone formation 
compared with the autogenous bone graft control [73]. Studies in rodent screening 
models further substantiate the superiority of rhGDF-5/ß-TCP (rhGDF-5 at 0.5 mg/g 
ß-TCP) benchmarked to a market leader particulate bovine bone biomaterial [57].

Commentary Adverse events, i.e., local swelling or seroma formation, were not 
evident or reported with the use of rhGDF-5/ß-TCP.
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Fig. 1 Mandibular, alveolar ridge, saddle-type defect implanted with rhBMP-2/ACS and guided 
bone regeneration (GBR): presurgery baseline (a); surgical outline of the alveolar ridge defect (b); 
alveolar ridge saddle-type defect (c); application of rhBMP-2/ACS and GBR membranes (d); and 
clinical observations of sites implanted with rhBMP-2/ACS (e) and GBR (f). Note swelling of the 
site implanted with rhBMP-2/ACS and wound failure at the site receiving GBR (From Jovanovic 
et al.[36]; Figures copyrighted by and modified with permission from John Wiley & Sons Ltd.)

3.2   Observations from Preclinical Onlay Models

Our laboratories first showed that rhBMP-2/ACS (rhBMP-2 at 0.4 mg/mL) has poten-
tial to support clinically relevant bone formation for implant dentistry expanding the 
alveolar ridge [63] (Fig. 4). Using the critical-size supraalveolar peri-implant defect 
model [76], 10-mm dental implants were placed 5 mm into the edentulated mandibu-
lar alveolar crest leaving 5 mm of the implant extending above the crest covered with 
rhBMP-2/ACS or buffer/ACS (control) and submerged under the advanced 
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Fig. 2 Representative photomicrographs of defect sites receiving rhBMP-2/ACS (a cortex forma-
tion and complete trabecular bone fill; b cortex formation and resolving seroma filled with trabecu-
lar bone); rhBMP-2/GBR (c cortex formation and large seroma; d wound failure/membrane 
exposure; note cortex formation over part of the GBR barrier); GBR (e cortex formation; f limited, 
late(?) wound failure/membrane exposure; note cortex formation over part of the GBR barrier); 
and surgery controls with (g) or without (h) ACS. Red frames approximate the original defect sites. 
Healing interval 12 weeks (From Jovanovic et al. [36]; Figures copyrighted by and modified with 
permission from John Wiley & Sons Ltd.)
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Fig. 3 Evaluation of titanium implants placed into rhBMP-2-induced bone subject to 12 months of 
functional loading. The clinical panels show surgically induced mandibular, saddle-type 
(~15 × 10 mm), full-thickness alveolar ridge defects (two per jaw quadrant). The defects were imme-
diately implanted with rhBMP-2/ACS with or without a barrier membrane. Healing progressed for 
3 months when endosseous oral implants were installed into the rhBMP-2/ACS- induced bone and 
adjoining resident bone (control). Following 4 months of osseointegration, the implants received 
abutments and prosthetic reconstruction. Prosthetic reconstructed implants were then subject to func-
tional loading for 12 months. The photomicrographs show implants placed into rhBMP-2-induced 
and resident bone following 12 months of functional loading. There is no discernable difference in 
bone formation and osseointegration between rhBMP-2-induced and resident bone (From Jovanovic 
et al. [35]; Figures copyrighted by and modified with permission from John Wiley & Sons Ltd.)

Fig. 4 Critical-size, supraalveolar, peri-implant defect implanted with rhBMP-2/ACS or ACS 
without rhBMP-2 (control). Clinical panels show the supraalveolar defect with rhBMP-2/ACS 
before and after wound closure for primary intention healing. The photomicrographs show defect 
sites implanted with rhBMP-2/ACS exhibiting bone formation reaching or exceeding the implant 
platform, the newly formed bone showing osseointegration to the titanium implant surface (high 
magnification insert). Control sites show limited, if any, bone formation. Green lines delineate the 
level of the surgically reduced alveolar crest. Healing interval 16 weeks (From Sigurdsson et al. 
[63]; Figures copyrighted by and modified with permission from John Wiley & Sons Ltd.)
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mucoperiosteal flaps for primary intention healing. The histologic evaluation follow-
ing a 16-week healing interval showed significant bone formation anchored to the 
previously naked implant surface reaching the top of the dental implants at sites 
receiving rhBMP-2/ACS, whereas controls displayed negligible bone formation. In 
comparison, parallel studies using space-providing membranes for GBR or mem-
branes combined with an allogeneic demineralized bone matrix demonstrate the lim-
ited native regenerative potential of this defect model emphasizing the unique potential 
of rhBMP-2/ACS to stimulate local bone formation in support of implant dentistry [9, 
75] (Fig. 5). Nevertheless, rhBMP-2/ACS-induced bone formation expressed consid-
erable variability at times wallpapering the implant threads, at times showing bone 
formation of clinically relevant volume and geometry adjoining the implant. 
Apparently, the rhBMP-2/ACS technology appears ineffective to consistently support 
significant bone formation in onlay settings also shown in other studies using the 
canine supraalveolar peri-implant defect model, rhBMP-2, evaluated at concentra-
tions of 0.05, 0.1, and 0.2 mg/mL [47, 68, 74] (Figs. 6 and 7).

Commentary Variable bone formation may rest with rhBMP-2 dose and/or bio-
availability but also ACS structural integrity, biodegradation, soak-load, or any 
combination thereof.

Several routines have been considered to safeguard rhBMP-2/ACS performance 
for alveolar augmentation for implant dentistry. They include above mentioned 
rhBMP-2 dose variation ([68]; rhBMP-2 at 0.05, 0.1, and 0.2 mg/mL) (Fig. 6), as 
well as the use of purpose-designed space-providing macroporous membranes/
devices ([41, 74, 75]; rhBMP-2 at 0.2 mg/mL) (Fig. 7). Bulking agents including 

Fig. 5 Critical-size, supraalveolar, peri-implant defect treated with guided bone regeneration 
(GBR) using an occlusive space-providing ePTFE membrane (green arrowheads), with or without 
an allogeneic demineralized bone matrix (DBM). Clinical panels show the supraalveolar defect 
with the ePTFE membrane, with DBM rehydrated in autologous blood, and with the membrane in 
place prior to wound closure for primary intention healing. Note limited regeneration of alveolar 
bone in the absence and presence of DBM suggesting that the innate regenerative potential of 
alveolar bone is limited and that the DBM biomaterial has limited, if any, osteoinductive and/or 
osteoconductive properties to support bone regeneration. Green lines delineate the level of the 
surgically reduced alveolar crest. Healing interval 16 weeks (From Caplanis et  al. [9]; Figures 
copyrighted by and modified with permission from Quintessence Publishing)
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granular hydroxyapatite, biphasic calcium phosphate, ß-tricalcium phosphate tech-
nologies, and others have likewise been considered to counter compressive forces 
onto the rhBMP-2/ACS as well as outlining desired bone volume and geometry. 
However, bulking agents may also introduce compromises related to their biodegra-
dation; slowly or non-resorbable technologies may compromise the structural 
 integrity of the newly formed bone including dental implant osseointegration ([3, 4, 
47, 49]; rhBMP-2 at 0.2 and 0.4 mg/mL), while for bioresorbable conduits, the 
resorption process per se may solicit inflammatory reactions compromising bone 
formation and/or maintenance ([62]; rhBMP-2 at 0.2 mg/mL).

Commentary Whereas dose variation failed to influence rhBMP-2/ACS-induced 
bone formation, the use of macroporous space-providing devices allowed directed 

Fig. 6 Critical-size, supraalveolar, peri-implant defects treated with rhBMP-2/ACS; rhBMP-2 at 
0.05, 0.1, and 0.2 mg/mL. Clinical panels show a supraalveolar defect implanted with rhBMP-2/
ACS before and after wound closure for primary intention healing, and clinical appearance at week 
6 postsurgery; the right and left mandibular jaw quadrants of this animal received rhBMP-2 at 0.05 
and 0.2 mg/mL, respectively. Representative photomicrographs show defect sites implanted with 
rhBMP-2/ACS exhibiting bone formation reaching or exceeding the implant platform. The newly 
formed, sparsely trabecular bone shows osseointegration to the machined titanium implant surface. 
The top photomicrographs show sites with the poorest bone induction for the various rhBMP-2 
concentrations evaluated. The lower photomicrographs show corresponding sites with the best 
response. The green lines delineate the level of the surgically reduced alveolar crest. Healing inter-
val 8 weeks (From Tatakis et al. [68]; Figures copyrighted by and modified with permission from 
John Wiley & Sons Ltd.)
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rhBMP-2/ACS-induced bone formation/alveolar augmentation supporting the prin-
ciple that the volume/geometry of new bone formation can be ascertained in the 
design of a space-providing device/matrix.

Pilot observations from rodent screening models suggest that a considerably 
lowered rhBMP-2 dose may effectively support bone formation/maturation  
[29, 54]. Using the critical-size supraalveolar peri-implant defect model, we eval-
uated the effect of rhBMP-2, rhBMP-7, and rhGDF-5 coated immediately onto 
dental implants on alveolar bone formation using a dose range protocol [43–45, 
58, 66, 77]. Compared with control, BMP-coated implants yielded clinically rel-
evant vertical bone gain (Fig. 8). Notably, rhBMP-2-coated implants displayed an 
inverse relationship between rhBMP-2 dose and induced bone formation/matura-
tion [43, 77]. Whereas the low rhBMP-2 dose supported clinically relevant verti-
cal/horizontal alveolar augmentation, in contrast, the high dose delayed bone 
maturation and in addition showed considerable clinical swelling and radiographic 
seroma formations.

Fig. 7 Critical-size, supraalveolar, peri-implant defects treated with rhBMP-2/ACS, a porous, 
space-providing ePTFE membrane for guided bone regeneration (GBR), or rhBMP-2/ACS com-
bined with the porous ePTFE membrane. The clinical panels show the supraalveolar defect with 
rhBMP-2/ACS and with the porous ePTFE membrane. Note how rhBMP-2-induced bone fills the 
space provided by the membrane (green arrowheads), whereas rhBMP-2/ACS alone provides very 
irregular bone formation (top left). The ePTFE membrane alone (bottom left) provides limited, if 
any, regeneration of alveolar bone. Green lines delineate the level of the surgically reduced alveo-
lar crest. Healing interval 8 weeks (From Wikesjö et al. [74, 75]; Figures copyrighted by and modi-
fied with permission from John Wiley & Sons Ltd.)
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Commentary Comparing bone formation/maturation at rhBMP-2/ACS ([47]; 
[68]; [74]) and rhBMP-2-coated dental implants suggests that the rhBMP-2-coated 
implant provides a more effective outcome than rhBMP-2/ACS and at a low dose. 
Such observations provide a rationale for developing novel delivery technologies 
with release kinetics profiling that of the rhBMP-2-coated implant for next genera-
tion BMP technologies for craniofacial indications and beyond.

3.3   Observations from Clinical Trials

A randomized controlled clinical trial evaluating rhBMP-2/ACS (rhBMP-2 at 0.75 
and 1.5 mg/mL) for alveolar ridge augmentation following tooth extraction demon-
strates that extraction socket sites receiving rhBMP-2/ACS (mean rhBMP-2 dose 
1.9 mg/site) critically maintained alveolar crestal height, whereas control sites without 
this treatment projected a mean 1.2 mm crestal loss [20]. A recent randomized clinical 
trial expanded these findings by testing rhBMP-2/ACS (rhBMP-2 at 1.5 mg/mL) at 
extraction sites with large bone fenestrations. rhBMP-2/ACS yielded greater bone 
formation than ACS alone, rendering the resulting alveolar ridge more suitable to 
receive a dental implant [14].

rhBMP-2/ACS has also been evaluated in a randomized controlled clinical trial 
as alternative to autogenous bone grafts for alveolar augmentation and dental 
implant installation in the atrophic anterior maxilla [15]. Participating subjects 
either received rhBMP-2/ACS (rhBMP-2 at 1.5 mg/mL) or the “gold standard” 
 particulated autogenous bone harvested from the mandibular retromolar region. A 
titanium mesh was used to define the regenerative space and provide wound stabil-
ity. rhBMP-2/ACS yielded significantly greater radiographic horizontal bone gain 
compared with the autogenous bone graft at the critical immediate subcrestal level 
averaging 1.5 vs. 0.5 mm. No other significant differences in clinical/radiographic 
horizontal bone gain between rhBMP-2/ACS and autogenous bone graft were 
observed at 6 months allowing placement and osseointegration of dental implants.

Commentary The observations from this randomized clinical trial document and 
broaden the potential use of rhBMP-2/ACS in support bone augmentation beyond 
approved maxillary sinus and extraction socket augmentation indications.

4  Maxillary Sinus Augmentation

Prosthetic rehabilitation of the edentulated posterior maxilla presents considerable chal-
lenge. Remodeling following tooth loss not only produces decreased alveolar ridge 
width and height but also increased pneumatization significantly reducing potential 
housing for dental implant anchors. Modified Caldwell-Luc and transalveolar surgical 
approaches have thus been developed to access the subantral space with the intent to 
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increase the vertical dimension of the alveolar ridge through implantation of autogenous 
bone or bone biomaterials [6, 65]. Systematic reviews confirm the clinical efficacy of 
these approaches to fixation of dental implants [1, 19, 56, 67]. However, efficacious, 
present BMP technologies offer to expand the clinical protocol beyond autogenous bone 
grafting or the use of off-the-shelf cadaver- sourced or synthetic biomaterials.

4.1   Observations from Preclinical Studies

Hanisch and co-workers first evaluated rhBMP-2/ACS (rhBMP-2 at 0.4 mg/mL) for 
maxillary sinus augmentation and dental implant osseointegration using the modi-
fied Caldwell-Luc approach in nonhuman primates [24]. Dental implants were 
placed 3 months following implantation of rhBMP-2/ACS and allowed osseointe-
gration over 3 months. The histometric evaluation showed sites receiving rhBMP-2/
ACS exhibiting a clinically relevant two-fold increase in vertical bone augmentation 
compared with the ACS control (6.0 vs. 2.6 mm), newly formed bone exhibiting the 
same density and osseointegration as the adjoining native resident bone.

Commentary This first study provided the evidence for clinically relevant bone 
augmentation by rhBMP-2/ACS in maxillary sinus serving as a baseline for subse-
quent clinical evaluations and regulatory approval.

As autogenous cancellous bone maintains recognition as the “gold standard” for 
bone grafting, we compared local bone formation/osseointegration following sinus 
augmentation using rhBMP-2/ACS (rhBMP-2 at 0.4 mg/mL) vs. a particulated fresh 
autogenous cancellous bone graft harvested from the iliac crest in mini-pigs [42]. 
Dental implants were installed in conjunction with the augmentation procedure 
rather than using the staged protocol from our previous nonhuman primate study. 
Histologic evaluation at 8 weeks post-implantation revealed significant augmenta-
tion of the maxillary sinus following implantation of rhBMP-2/ACS approximating 
most of the dental implant bone-anchoring surfaces compared with irregular bone 
formation/active resorption in sites receiving autogenous bone grafting, rhBMP-2/
ACS-induced bone exhibiting significantly greater density compared with the 
autogenous bone grafted sites (52 % vs. 33 %).

Commentary The observations in this study imply significant clinical time-savings 
using rhBMP-2/ACS due to the augmentation protocol that can be used in parallel 
with implant placement without need to access a donor site and associated morbid-
ity; greater bone density of predicable volume and geometry without evidence of 
osteoclastic resorption overall suggests that rhBMP-2/ACS appears a realistic 
effective alternative to autogenous bone grafts for maxillary sinus augmentation 
and should thus be considered the new standard for this indication.

In similar evaluations, also using the mini-pig model, the Terheyden group 
applied rhBMP-7 (0.4 mg rhBMP-7 in 0.6 mL acetate buffer) with 1080 mg (3 mL) 
of a non-resorbable bovine bone mineral matrix vs. bovine bone mineral matrix 
with buffer only (control). Osseointegration at 6 months postsurgery averaged 80 % 
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for the rhBMP-7 sites vs. 39 % for the control [69]. In following, they compared the 
rhBMP-7 construct with a bovine bone mineral/autologous bone/platelet-rich 
plasma (PRP) composite. Osseointegration following a 6-week healing interval at 
sites receiving rhBMP-7 amounted to 46 % compared with 6 % for the PRP com-
posite, whereas vertical bone gain averaged 8.3 vs. 3.6 mm, respectively [59].

rhGDF-5/ß-TCP (rhGDF-5 at 0.4 mg/g ß-TCP or 0.8 mg/g ß-TCP) has also suc-
cessfully been considered in support of sinus augmentation using the mini-pig model. 
Control treatments included ß-TCP [22] or ß-TCP mixed with autogenous cortical 
bone chips (1:1) [23]. Healing intervals ranged up to 12 weeks. The authors concluded 
that rhGDF-5/ß-TCP significantly enhanced local bone formation (volume, density and 
osseointegration) compared with ß-TCP alone or combined with autogenous bone. 
Notably, there were no remarkable differences between rhGDF-5 concentrations.

Commentary Observations in the studies evaluating rhBMP-7 and rhGDF-5 sug-
gest that both technologies present as viable alternatives to rhBMP-2 and should be 
considered as such. In comparison, the use of resorbable in front of non-resorbable 
technologies appears preferable relative to bone formation and osseointegration.

4.2   Observations from Clinical Trials

rhBMP-2/ACS has been scrutinized for sinus augmentation to meet regulatory approval 
[7, 8, 70]. Summarized in a systematic review (16) “rhBMP-2/ACS yielded clinically 
meaningful new bone formation for maxillary sinus augmentation – new bone height 
ranging between 7.8 and 10.2 mm” well meeting clinical requirements for dental 
implant installation although the statistical analysis showed average new bone height for 
the autogenous/allogeneic bone graft control exceeding the rhBMP-2/ACS by 1.6 mm. 
These studies used rhBMP-2 at 0.43, 0.75, and 1.5 mg/mL without consistent differ-
ences in bone formation, actual rhBMP-2 dose ranging between 2.9 and 20.8 mg/site.

Commentary It may be surprising that large rhBMP-2 dose differences do not reflect 
significant differences in bone formation, volume, or density; however, considering the 
maxillary sinus volume and geometry and rhBMP-2/ACS weak structural integrity vs. 
that of the autogenous bone graft, space provision and structural integrity become natu-
rally limiting factors. Also lengthy observation intervals in these studies would allow 
considerable remodeling deflating any discernable differences in bone formation.

In separate studies, rhBMP-2/ACS was combined with particulate allogeneic 
mineralized bone or a commercial bovine bone preparation for maxillary sinus aug-
mentation [21, 37]. Using core biopsies for a qualitative histologic analysis, sites 
receiving rhBMP-2/ACS (rhBMP-2 at 1.5 mg/mL) for a total of 4.2 or 8.4 mg/sinus 
combined with the allogeneic bone matrix could not demonstrate bone formation 
exceeding that of the allogeneic bone matrix as a stand-alone treatment [21]. Core 
biopsies featuring the rhBMP-2/ACS (rhBMP-2 at 1.5 mg/mL) bovine bone combi-
nation showed less bone formation than the bovine bone control prompting the 
authors to conclude “that the addition of rhBMP-2/ACS to Bio-Oss has a negative 
effect on bone formation” [37].
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Commentary It must be noted that core biopsies only provide partial appreciation 
of rhBMP-2/ACS-induced bone formation. Observed from preclinical histology, 
rhBMP-2/ACS yields significant bone formation for dental implant osseointegration 
equal to if not surpassing autogenous bone grafts following sinus augmentation 
[42]. Moreover, non-resorbable matrices such as the bovine bone preparation have 
repeatedly been shown to displace/obstruct rhBMP-2/ACS-induced local bone for-
mation ([3]; [4]; [47]; [49]) in part explaining the unexpected observations above.

A parallel group randomized clinical trial was used to evaluate rhGDF-5/ß-TCP 
for maxillary sinus augmentation [38, 64]. Using a staged protocol, the patients 
either received rhGDF-5/ß-TCP (rhGDF-5 at 500 mg/g ß-TCP) or an autogenous 
bone/ß-TCP (1:1) composite (control) using a modified Caldwell-Luc approach and 
a 16-week healing interval followed by installation of dental implants. The radio-
graphic evaluation favored the rhGDF-5/ß-TCP construct; the histometric evalua-
tion of trephine core biopsies showed similar fractions of bone formation at sites 
receiving rhGDF-5/ß-TCP (28  %) compared with sites receiving the autogenous 
bone/ß-TCP composite (32 %). In other words, the rhGDF-5/ß-TCP construct was 
as effective as the benchmark autogenous bone/ß-TCP composite, even though the 
rhGDF-5/ß-TCP construct does not provide viable bone cells at implantation, 
whereas the ß-TCP/autogenous bone composite does.

Commentary The observations herein suggest that the rhGDF-5/ß-TCP construct 
is worthy second-generation BMP candidate for regeneration of bone in the cranio-
facial skeleton, the ß-TCP structural integrity, and timely biodegradation present-
ing as advantages over present ACS technology.

5  Peri-implant Defect Repair

Peri-implantitis is defined as a biofilm-induced inflammatory lesion around a dental 
implant, which progressively causes alveolar bone resorption. The array of patho-
gens found at implants affected by peri-implantitis closely resembles the microbiota 
associated with periodontitis. The prevalence of peri-implantitis seems to be in the 
order of 10 % of the implants and 20 % of the patients within 5–10 years following 
implant placement though reported estimates are rather disperse [17, 50]. Even if 
favorable short-term treatment outcomes have been reported, failing disease resolu-
tion, disease progression or recurrence, and implant loss despite treatment have also 
been reported [27]. Importantly, predictable re-osseointegration of the exposed 
implant surface has not been achieved with current treatments [55].

Hanisch and co-workers used ligature-enhanced plaque accumulation to provoke 
peri-implantitis at hydroxyapatite-coated titanium dental implants in the posterior 
maxilla and mandible in four Macaca mulatta monkeys over 11  months [25]. 
Submucosal microbial samples revealed a large proportion of G-anaerobic rods, 
predominantly Porphyromonas gingivalis, Bacteroides forsythus, and Fusobacterium 
species as well as beta-hemolytic streptococci following ligature removal, micro-
biota associated with destructive periodontal disease and peri-implantitis in humans. 
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Resulting advanced inlay/onlay defects exhibited a mean depth of 3.3 ± 1.3 mm and 
width of 2.0 ± 0.5 mm. Subsequently the investigators implanted rhBMP-2/ACS 
(rhBMP-2 at 0.4 mg/mL) as a stand-alone therapy following defect soft tissue 
debridement and cleansing of the biofilm-contaminated denuded implant surfaces 
to resolve the peri-implantitis defects [26] (Fig. 9). rhBMP-2/ACS supported sig-
nificant resolution of the advanced chronic peri-implantitis defects, defect fill aver-
aging 77 % of the defect depth vs. 24 % for the sham surgery control following the 
16-week healing interval. Importantly, the newly formed bone osseointegrated to a 
hydroxyapatite-coated titanium dental implant surface that had been exposed to a 
biofilm-induced inflammatory lesion over 11  months, osseointegration reaching 
clinically relevant 40 %.

Commentary The singularly unique observations gained in this “first” proof-of- 
concept study become even more critically important considering the increasing 
awareness of peri-implantitis and the up till now, almost two decades later, absence 
of effective clinical solutions.

6  Concluding Remarks

Bone regeneration has become a major objective of implant dentistry, dictated by 
functional and esthetic demands. rhBMP-2, rhBMP-7, and rhGDF-5 have been 
evaluated in independent- and industry-sponsored preclinical and clinical studies 
focused on craniofacial indications. Whereas rhBMP-2 is the only approved BMP 

Fig. 9 Re-osseointegration following treatment of chronic peri-implantitis defect with rhBMP-2/
ACS. The clinical panel shows the debrided peri-implantitis defect prior to treatment with rhBMP-2/
ACS; the green arrow points to the aspect of the implant shown in the photomicrographs. Black 
arrows delineate the apical aspect of the peri-implantitis defect; the green bracket depicts a high 
magnification area (right) showing re-osseointegration. Note that the rhBMP-2- induced bone exhib-
its qualities of the contiguous resident bone. Healing interval 16 weeks (From Hanisch et al. [26]; 
Figures copyrighted by and modified with permission from Quintessence Publishing)
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for craniofacial use, other members of the BMP family show clinical relevance and 
should be pursued. Clinically relevant bone augmentation for inlay defects includ-
ing extraction sockets and the maxillary sinus has been demonstrated for rhBMP-2; 
however, dose optimization remains poorly understood. For onlay defects, there is a 
clear need for the development of BMP carrier technologies with easy-to-handle 
characteristics, structural integrity, and that allow timely replacement by bone.
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1  Introduction

Bone morphogenetic proteins (BMPs) induce new bone when implanted with a collag-
enous substratum at ectopic non-bony sites [52, 53] and are members of TGF-β super-
family. BMPs are involved in the developmental process of many organs during 
embryogenesis [23, 26] and play a morphogenic role during tissue repair and protection 
in post-fetal life [5, 68]. The expression of BMP proteins in tissues other than bone and 
the induction of new bone by Drosophila BMP orthologs (dpp and 60A) when implanted 
in rats [51] suggest the formation of new bone is dictated by the responding cell than the 
signal. Thus, BMP-induced new bone formation provides a prototype for tissue engi-
neering and demonstrates the biological principles of regenerative medicine.

The highly purified BMP from bovine bone has been shown to compose of 
homodimers of BMP-2 and BMP-7 (OP-1). Though BMP-7 was purified from bone 
matrix, a high level of its expression was found in the kidney and shown to be avail-
able in circulation albeit at very low concentration. Systemically administered BMP-
7/6 hybrid molecule is secreted into the urine and that its biological activity is 
preserved, suggesting that analysis of BMP in urine might reflect its presence in 
serum [21]. However, the native form of BMP-7 made in the kidney and available in 
circulation is currently unknown. BMP-7 exerts its function by binding to a specific 
Ser/Thr kinase receptor complex composed of one type I receptor (e.g., ALK-2, 
ALK-3, and ALK-6) and one type II receptor (e.g., BMPR-II, ActRII-A, and 
ActRII-B) and subsequently induces phosphorylation of SMAD-1/5/8 [62]. With 
engagement of co-SMAD-4, the P-SMAD-1/5/8 complex is then translocated into 
the nucleus and switches on/off of a set of genes that are involved in tissue protection, 
repair, and regeneration. The binding of a BMP to its receptor complex is tightly 
controlled at extracellular milieu by its interaction with anti-BMPs (e.g., follistatin, 
sclerostin, twisted gastrulation, gremlin, and USAG-1/Wise) and downstream intra-
cellular signaling via interaction of P-SMAD-1/5/8 with anti-SMAD-6/7 and subse-
quently by ubiquitination through smurf1 and E2/E3 ubiquitine ligases [33].

2  BMP-7 and Embryonic Kidney Development

Ozkaynak and Oppermann showed for the first time that BMP-7 (OP-1) was 
expressed at high levels in the kidney obtained from 17-day embryo and 2-week-old 
mouse by Northern blot analysis by using mouse-specific BMP-7 probe (Fig. 1) 
[49]. The high level expression of BMP-7 was further confirmed in rat embryonic 
kidney and in human fetal kidney [23, 66] and found to be localized in basement 
membranes underlying the epithelium and convoluted tubules of developing kid-
neys and in the epithelium of the branching ureteric buds.

Two groups independently generated BMP-7-deficient mice and showed that mice 
that lack BMP-7 die shortly after birth because of poor kidney development. One group 
[45] showed that metanephric mesenchyme has failed to differentiate, resulting in a 
virtual absence of glomerulus in newborn kidneys. Besides, they showed BMP-7 (−/−) 
mice lack the expression of molecular markers of nephrogenesis, such as Pax-2 and 
Wnt-4 between 12.5- and 14.5-day postcoitum. The other group [14] suggested the 
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early inductive tissue interactions responsible for establishing nephrogenesis appeared 
largely unaffected, but subsequent cellular interactions required for their continued 
renal growth and development were affected; consequently, homozygous mutant ani-
mals exhibit a renal dysplasia at birth (Fig. 2). The apparent discrepancy observed by 
these two groups may likely be explained by genetic background of the BMP-7 (−/−) 
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Fig. 1 Northern blot analysis of BMP-7 expression in different organs of embryo and adult mice. 
BMP-7 is expressed in several tissues associated with inductive interactions and is required for 
proper nephrogenesis. Maximal levels of BMP-7 mRNA were found in the kidney of a 17-day 
embryo (From Helder et al. [23]) and 2-week-old mice (From Ozkaynak et al. [49]) as the main 
site of BMP-7 synthesis
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Fig. 2 Morphological 
analysis of Bmp7 knockout 
mice. Rapid disappearance 
of the metanephric 
mesenchyme resulted in 
loss of kidney mass upon 
birth (right-atrophied 
kidney at day 19 of 
gestation; From Dudley 
et al. [14])
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mice. In a subsequent study, Vukicevic S et al. [67] showed unequivocally that BMP-7 
produced in ureteric bud is required for nephrogenic mesenchymal condensation and 
differentiation during glomerulogenesis and further epithelization. Overall, these find-
ings identified that BMP-7 is required for mammalian kidney development and sug-
gests that it may have a functional role in the adult kidney [57].

3  Role of BMP-7 in Acute Kidney Injury

Bone morphogenic protein-7 has been demonstrated to provide cytoprotection, 
reduce inflammation and macrophage infiltration, and minimize tissue damage 
and improve kidney function in animal models of acute kidney injury (AKI) [69]. 
Acute kidney injury (AKI) is an important clinical syndrome and a global public 
health issue with high mortality rate and socioeconomic burden due to lack of 
effective therapy. AKI occurs as a result of a sudden loss of renal blood flow fol-
lowing ischemia and reperfusion injury associated with critical care medicine 
conditions and renal transplant or tubular necrosis associated with diagnostic use 
of radiocontrast agents in patients with compromised renal function or ureteral 
obstruction or sepsis associated with multi-organ failure. AKI results in acute 
cell death and necrosis of renal tubule epithelial cells accompanied with leakage 
of tubular fluid and inflammation [13, 63]. The target cell type in AKI is proximal 
tubule epithelial cell (PTEC), which is responsible for the production of chemo-
kines and cytokines that signal the inflammatory response, migration of macro-
phages, resulting in transient loss of basement membrane and expression of 
epithelial phenotype and reduced glomerular filtration rate [16, 42]. In most part, 
PTECs have a capacity to repair and regenerate and attain full function following 
AKI, but this recovery is dependent on the degree and type of insult and healthy 
status of the kidney. A slow and abnormal repair following AKI in compromised 
renal function can lead to kidney fibrosis and pose a greater risk to the progres-
sion of CKD [6].

In an animal model of ischemia (60 min warm) and post-reperfusion injury, sep-
sis, radiocontrast agent-induced tubular necrosis, BMP-7 expression, and its down-
stream signaling were found to be reduced severalfold in the kidney [2, 58]. Systemic 
administration of BMP-7 protein in respective AKI models demonstrated to have 
suppressed inflammation, minimized tubular necrosis (Fig. 3b) and tissue infarc-
tion, regained the expression of epithelial phenotype, reduced the programmed cell 
death, and restored renal function (Fig. 3a) [47, 69, 75]. While there is little or no 
detectable expression of BMP-7 in PTECs, replenishing with protein speeds up the 
repair and regenerative processes of PTECs as they express BMP receptors includ-
ing type I (ALK-2, ALK-3, and ALK-6) and type II (ActRII-A, ActRII-B, and 
BMPR-II). Furthermore, BMP-7 is a survival factor to podocytes and exerts a posi-
tive influence on proximal tubular epithelium, mesangium, and vascular endothe-
lium to maintain the glomerular structure. BMP-7 was also shown to reduce the 
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production of pro-inflammatory cytokines and chemokines and ICAM expression in 
PTECs (Fig. 4a) and to suppress the adherence of leukocytes and myeloperoxidase 
in vivo (Fig. 4b) [20]. The biological activity of BMP-7 in the kidney is tightly con-
trolled. It is important to speed up the recovery process upon AKI injury; a delay in 
regeneration of proximal tubule epithelium can lead to tubulointerstitial fibrosis, a 
major event associated with the progression to chronic kidney failure and end- stage 
renal failure. As the regeneration of proximal epithelia occurs, expression of endog-
enous antagonists like gremlin, chordin-like proteins is also enhanced in order to 
titrate the action of BMP-7 [40].
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Fig. 3 Therapeutic effect of BMP-7 on serum creatinine values and kidney regeneration in the rat 
model of ischemic acute renal failure. (a) Serum creatinine levels in rats treated with vehicle and 
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4  BMP-7 and Chronic Kidney Disease

Chronic kidney disease (CKD) affects approximately one-seventh of adults above 
the age of 20 years. The recent discoveries of novel mechanisms underlying CKD 
progression opened the gate for more comprehensive understanding of the 
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pathophysiology of CKD progression and the development of new therapeutic strat-
egies. The role of chemokines in the recruitment of inflammatory cells into the 
kidney of a variety underlying diseases has opened the gate for new promising ther-
apeutic modalities [55].

In several preclinical models of chronic kidney diseases (CKDs), administration 
of BMP-7 has been shown to reduce glomerular sclerosis, maintain epithelial and 
endothelial phenotype and their integrity, minimize glomerular sclerosis and reverse 
tubulointerstitial fibrosis, and improve kidney function [29, 70]. BMP-7 exerts its 
positive influence against several pathological changes associated with CKD by (1) 
improving hemodynamic property of filtration, (2) reducing extracellular matrix 
synthesis and expansion of mesangium, (3) serving as survival factor for podocytes, 
(4) suppressing the production of inflammatory cytokines and chemokines, and (5) 
reversing TGF-beta-mediated epithelial-mesenchymal and endothelial- 
mesenchymal transition and interstitial mesenchyme into myofibroblast differentia-
tion [20, 43, 79, 82].

4.1   Unilateral Urinary Obstruction

Unilateral ureteral obstruction (UUO) is a model of renal injury characterized by 
progressive tubulointerstitial fibrosis and renal damage, while relatively sparing the 
glomerulus and not producing hypertension (Fig. 5a) [38]. With administration of 
BMP-7 at the time of UUO and every other day thereafter, interstitial inflammation 
and fibrogenesis are prevented, leading to preservation of renal function during the 
first 5 days after obstruction [29]. Compared with angiotensin-converting enzyme 
inhibition with enalapril treatment, BMP-7 was more effective in preventing tubu-
lointerstitial fibrosis and in preserving renal function (Fig. 5b). Approximately 50 % 
of the stimulation of this damage cascade, after UUO, is due to angiotensin II [15]. 
The mechanism of BMP-7-induced renal protection was associated with (1) preven-
tion of tubular atrophy and (2) reduction in epithelial cell apoptosis produced by 
UUO by providing a survival signal to epithelial cells and preservation of renal 
blood flow (RBF) [69]. In a treatment protocol, when BMP-7 was administered 7 
days after the release of UUO, it was found to significantly decrease the interstitial 
volume and tubule atrophy restoring GFR (Fig. 5c, d).

4.2   Glomerular Sclerosis

The glomerular apparatus is composed of Bowman’s capsule and mesangium and 
capillaries located within them. The glomerulus is a spherical mass of specialized 
capillaries fed by an afferent arteriole and draining into an efferent arteriole. The 
glomerular filtration barrier (GFB), specialized to permit substantial filtration of 
water and solutes, is composed of three layers: glomerular endothelial cells, base-
ment membrane (GBM), and podocytes, within Bowman’s space. The capillaries 
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Fig. 5 Therapeutic effect of BMP-7 in unilateral ureteral obstruction (UUO) renal fibrosis rat model. 
(a) Rats were subjected to UUO, which was removed after 5 days. (b) Rats were subjected to i.v. 
application of enalapril (25 mg/kg), BMP-7 (100 or 300 μg/kg), or vehicle acetate buffer three times a 
week, and interstitial volume was measured at the end of the experiment. (c) Histological analysis of 
type IV collagen in normal rat kidney, rat kidney following UUO, and kidney following UUO treated 
with BMP-7. (d) BMP-7 inhibits renal fibrosis and maintains tubule phenotype and suppresses tubule 
atrophy in UUO model, while ACE inhibitors do not suppress tubule atrophy [29]
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are lined by a layer of cells (an endothelium) that has a unique structure that con-
tains numerous fenestrae, allowing blood components to be filtered and resulting 
ultimately in the formation of urine. The glomerulus basement membrane is synthe-
sized and secreted by endothelial cells that face outward from the capillary and 
podocytes that lined with folds of cytoplasm called foot processes or pedicles. These 
foot processes control the filtration of proteins from the capillary lumen into 
Bowman’s space. They are not part of the filtration barrier but are specialized and 
participate indirectly in filtration by contracting and reducing the glomerular sur-
face area and therefore filtration rate, in response mainly to stretch [37]. Angiotensin 
I and II and its receptors regulate the hemodynamic properties of renal capillary 
system. BMP-7 has been shown to influence positively the rheological properties of 
capillary upon change in systemic blood pressure in coordination with angiotensin- 
converting enzyme, ACE inhibitors, and AT receptor blockers. Mesangial cells are 
of monocyte or smooth muscle origin, typically covering 30 % of glomerular capil-
laries, responsible for filtration, structural support, and phagocytosis. Additionally, 
mesangial cells are able to monitor glucose levels via processes sent into the capil-
lary lumen. Gremlin, a BMP antagonist, was observed to express abundantly in 
human diabetic nephropathy (DN); the expression was most prominent in areas of 
tubulointerstitial fibrosis, where it colocalized with TGF-beta expression [12, 39, 
40]. There was a strong correlation between gremlin expression and tubulointersti-
tial fibrosis score. In an animal model of DN, administration of BMP-7 has been 
shown to reduce the production of extracellular matrix and expansion of mesangium 
in response to metabolic changes (e.g., high glucose) [72, 73].

5  BMP-7 and Rare Renal Disorders

Focal segmental glomerulosclerosis (FSGS) is a disease characterized by marked 
proteinuria and podocyte injury, largely due to alterations in structural genes of the 
podocyte [7]. Genetic risk alleles in apolipoprotein L1 are especially prevalent in 
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African Americans and are linked not only to adult-onset FSGS but also to progres-
sion of chronic kidney diseases [18]. Infection, drug use, and secondary maladap-
tive responses after loss of nephrons from any cause may also cause FSGS. Biopsies 
from patients with FSGS exhibited an increased activation of TGF-β signaling and 
mitochondrial oxidative stress, which is associated with dysfunction in adjacent 
endothelial cells leading to podocyte apoptosis and mitochondrial DNA damage. 
Antagonizing TGF-beta activity using anti-TGF-beta antibody or TGF-beta type I 
receptor kinase inhibitors has been shown to reduce proteinuria and minimize dam-
age to podocytes in preclinical models of glomerulosclerosis [3] and in FSGS 
African American patients [65]. Since BMP-7 is capable of overcoming TGF-beta- 
mediated epithelium- and endothelium-mesenchyme transition, extracellular matrix 
expansion and serves as a survival factor for podocytes; it remains to be seen 
whether administration of BMP-7 or enhancing endogenous BMP-7 downstream 
signaling could provide therapeutic benefits against proteinuria and podocyte loss 
associated with FSGS. New insights into glomerular cell injury response and repair 
may pave the way for possible therapeutic strategies.

Alport’s syndrome is a progressive hereditary kidney disease associated with sen-
sorineural deafness, caused by mutations in any one of genes encoding the α3, α4, 
and α5 chains of type IV collagen (COL4A3, COL4A4, and COL4A5), the major 
component of glomerular basement membrane (GBM) [34, 83]. Alport’s syndrome 
(AS) occurs one in ~5000 people and is the more prevalent of known genetic 
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 disorders that affects predominantly male. Due to mutations in α3/α4/α5 (IV) col-
lagen network, the GBM in AS retains the fetal α1/α1/α2 (IV) collagen network, 
which confers an increased susceptibility to proteolytic enzyme, leading to progres-
sive destruction of the GBM with subsequent hematuria and proteinuria, glomeru-
losclerosis, and ultimately end-stage renal disease [36]. Endogenous BMP-7 
expression and subsequently its downstream signaling (SMAD-1/5 phosphoryla-
tion) were found to be reduced significantly with enhanced epithelial-mesenchymal 
transition and myofibroblast fibrosis in AS kidney. Administration of BMP-7 in a 
therapeutic mode was shown to repair the damaged renal tubules, preserve renal 
function, and improve mortality in the Col4A3 knockout mice model of AS (Fig. 
6a–d). BMP-7 was able to restore the epithelial phenotype and its polarity and 
reduced the interstitial fibrosis [30, 31, 46, 69, 80, 81]. While the exact role of 
BMP-7 and its mechanism of action remain unclear, BMP-7 was shown to inhibit 
the release of pro-inflammatory cytokines and chemokines by minimizing inflam-
mation and reversing epithelial-to-mesenchymal transition by acting as an antago-
nist of TGF- β1 as it is shown to induce E-cadherin [79]. The upregulation of MMP-2 
by BMP-7 as demonstrated in AS mice may also increase ECM degradation and 
potentially decreasing the amount scar tissue formed in the renal interstitium. The 
product of uterine sensitization-associated gene-1 (USAG-1), a kidney-specific 
BMP antagonist, is expressed and colocalized with BMP-7  in distal convoluted 
tubules and acts as a regulator of BMP-7 action (Fig. 7) [77]. As expected, the 
USAG knockout mouse was shown to be resistant to tubular injury and to reduce 
interstitial fibrosis in AKI models, and double USAG-1/ Col4A3 knockout mice 
was able to reverse renal fibrosis associated with AS mice [61]. Because in adults 
the expression of USAG-1 is confined to the kidneys, targeting it with anti-USAG-1 
antibody may likely to enhance the endogenous “BMP-7 pool” and yield a safer and 
more kidney- specific therapy than the administration of BMP-7.
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Polycystic kidney disease (PKD) is one of the most common monogenic disorders, 
with a prevalence of 1:400 to 1:1000. It is genetically heterogeneous and has been 
linked to two loci, PKD1 (polycystin, PC1) and PKD2 (PC2), mutated in approxi-
mately 85 % and 15 % of cases, respectively [8, 35]. Typically, the disease manifests 
with progressive bilateral cystic kidney enlargement, leading to end-stage renal dis-
ease (ESRD) in midlife. Cyst development has been strongly associated with defects 
to the primary cilia including length abnormalities, categorizing PKD as a ciliopathy 
[17, 25]. In addition to primary cilia defects, PKD cells exhibit many other cellular 
aberrations including dedifferentiation of epithelium and loss of polarity, increased 
proliferation and apoptosis, and altered gene expression that may be linked to increased 
intracellular cAMP and calcium [76]. Recently, treatments focused on CDK inhibi-
tors, lowering cAMP by targeting the arginine V2 vasopressin receptor (AVPR2), 
which is mainly expressed in the thick ascending limb of Henle and the collecting duct 
(CD) [24, 64]. Unfortunately, the currently available PKD1 rodent models are not 
ideal for the analysis of PKD pathogenesis or therapeutic testing. Pkd1-null animals 
die embryonically, and heterozygotes develop only very mild disease in old age, while 
conditional models do not reflect the disease development in human PKD due to the 
loss of all functional protein at one time [27, 74]. TGF-beta signaling pathway as 
observed by nuclear accumulation of P-SMAD-2 in cyst lining epithelial cells was 
enhanced at mild and more advanced stages of PKD mice and in human kidneys with 
progressive PKD [22]. Though BMP signaling has been affected in animal models of 
PKD, it remains to be seen whether exogenous BMP-7 signaling or endogenously 
upregulating BMP-7 downstream signaling could provide a therapeutic benefit to 
PKD patients.

Lupus nephritis (LN) is prevalent in Asians (55 %), Africans (51 %), and Hispanics 
(43 %) than Caucasians (14 %). About 25 % of LN patients end up in ESRD in 10 years. 
LN is associated with immune complexes (IC) primarily with antibody against double-
stranded (ds) DNA and subsequently with antibody against Clq complement, histone, 
and nucleosome and autoimmune response to IgG. IC once deposited fail to undergo 
phagocytosis in glomerulus, which then results in injury to glomeruli, mesangium, and 
basement membrane endothelium and proximal tubule epithelium, which causes the 
recruitment of PMN and release of pro- inflammatory cytokines and stimulation of com-
plements and chemokines and overexpression of ICAM/VCAM, induction of protein-
ases and growth factors (PDGF, TGF-beta, gremlin, a BMP antagonist), proliferation of 
mesangial and endothelial cells and then fibrosis, and induction of innate and adaptive 
immune responses [10]. LN is an unmet need and currently managed by steroid and 
immunosuppressive agents (cyclophosphamide, mycophenolate mofetil, and azathio-
prine). Directed target therapy to regulate T- and B-cells is also being pursued as an 
off-label use with a limited success. The etiology of LN insult is ill defined and it is dif-
ficult to select a uniform diseased population for a clinical study and the outcome of 
study is long. In mouse model of LN (MRL/MpJlpr−/lpr−) a decreased expression of tubu-
lar endogenous BMP-7 was shown to correlate to the progression of renal disease in 
injured kidneys. Administration of BMP-7 ameliorates progression of chronic renal 
disease in MRL/MpJlpr/lpr mice [80]. BMP-7-treated mice displayed reduced relative 
interstitial volume as well as a reduced number of atrophic tubular structures as  compared 
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to untreated control mice. Animals that were treated with BMP-7 displayed reduced 
glomerular crescents, markedly reduced glomerulosclerosis, and reduced glomerular 
hypercellularity. These findings also correlated with reduced interstitial staining for type 
I collagen in the treated mice. However, localization for IgG in glomeruli did not show 
substantial difference between untreated and treated mice. In addition, an upregulation 
of MMP-2 was observed upon administration of BMP-7 in MRL/MpJlpr/lpr mice in 
interstitium, suggesting resolution of fibrotic tissue by activated myofibroblasts express-
ing α-smooth muscle actin [59].

6  BMP-7 and Diabetic Nephropathy

Diabetic nephropathy (DN) is a renal-vascular complication of hyperglycemia, and fre-
quent cause of it is end-stage renal disease (ESRD). It is estimated that about 40 % of all 
diabetic patients worldwide, expected to have DN. In its early stages, diabetic nephropa-
thy is primarily a glomerular disease, and podocyte injury is an important component. 
The effects of hyperglycemia include mesangium expansion and podocyte foot process 
effacement leading to detachment of their cell body from the glomerular basement 
membrane (GBM) [11]. Synaptopodin and podocin, two podocyte-specific genes, con-
templated in rare nephritic proteinuric have also shown to correlate with DN [54]. An 
altered ratio of these two genes may be a useful marker to predict podocyte damage and 
reversible response. Reduced endogenous BMP-7 expression was observed with high 
glucose and profibrotic effects in streptozotocin- induced diabetic model [28, 72, 73]. 
Studies in diabetic animals with targeted (transgenic) expression of BMP-7 in glomeru-
lar podocytes suggested to have a protective role [71]. It was further shown that BMP-7 
inhibits the TGF-β1- activated signaling pathway in mesangial cells and podocytes 
in vitro [1, 56]. A high level of TGF-β1 is locally produced by damaged podocytes and 
is implicated in the pathogenesis of glomerulosclerosis. In the BMP-7 transgene, BMP-7 
prevents podocyte dropout and reduction of nephrin and restores podocin and synapto-
podin, indicating that endogenous BMP-7 may be a podocyte survival factor. As BMP-7 
is produced by podocytes, it may likely function as an autocrine podocyte survival factor 
and perhaps restore structural proteins of the foot processes such as synaptopodin and 
podocin. BMP-7 may be useful in delaying diabetic glomerulosclerosis and reversing 
early podocyte injury. In preclinical models of DN, BMP-7 was shown to attenuate 
tubular pro-inflammatory responses by suppressing oxidative stress and multiple inflam-
matory signaling pathways in mesangium and proximal tubular epithelium and advanced 
glycosylation end products and reducing interstitial fibrosis. In the diabetic BMP-7 
treated rats, GFR was preserved and higher than diabetic enalapril-treated rats. Kidney 
weights were reduced and proteinuria was reversed to normal (Fig. 8a–b). Glomerular 
area and interstitial volume were significantly decreased. Glomerular sclerosis was pre-
vented more effectively than by enalapril. Enalapril controlled hypertension throughout 
the course of therapy, while BMP-7 did not affect blood pressure until the final 4 weeks 
of therapy [72]. Diabetic vehicle-treated rats lost BMP-7 expression in the kidney. 
BMP-7 and enalapril therapy restored BMP-7 expression at high levels.
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7  BMP-7 in Calcium and Phosphate Homeostasis

The kidney is responsive to minute changes in serum calcium and phosphate levels, 
which are tightly regulated by the rates of glomerular filtration and tubular reab-
sorption and by dietary intake of calcium and phosphate. In addition, the kidney is 
responsible for the production of active 1,25-dihydroxyvitamin D3 from its precur-
sor 25-dihroxyvitamin D3, and the loss of renal function results in renal osteodys-
trophy, which include (1) osteomalacia (osteoid formation without mineralization) 
due to vitamin deficiency, (2) osteitis fibrosa (high bone turnover) due to secondary 
hyperparathyroidism, and (3) adynamic bone disorder (low bone turnover) due to 
suppression of PTH [4].

Vitamin D deficiency (rickets) leads to secondary parathyroidism. The second-
ary hyperparathyroidism occurs in CKD, which produces a high turnover osteo-
dystrophy that is associated with peritrabecular fibrosis. The nature of the cells 
involved in the development of peritrabecular fibrosis may represent osteopro-
genitors expressing a fibroblastic phenotype and retarded from progressing 
through osteoblast differentiation. In animal models of CKD, BMP-7 treatment 
was shown to eliminate peritrabecular fibrosis, increased “active” osteoblast num-
ber, osteoblast surface, mineralizing surface, and significant decrease in the 
eroded surface induced [19, 44].

Loss of renal function is associated with hyperphosphatemia and elevated 
calcium x phosphate (Ca x P) product, leading to vascular stiffness, dysfunc-
tion, and calcification. Hyperphosphatemia has been a known predictor of 
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cardiovascular death, particularly in hemodialysis patients. Vascular smooth 
muscle cells (VSMCs) are very responsive to changes in elevated serum phos-
phate and undergo a loss of phenotypic expression and differentiate into cell 
types of the osteoblast lineage [41]. Although phosphate is managed through 
binders, it is becoming increasingly important to improve vascular tone and elas-
tic modulus of vessel in ESRD patients. Hyperphosphatemia induces the loss of 
phenotype in VSMCs and induces dedifferentiation into myofibroblast and sub-
sequently their proliferation in culture. In CKD models of hyperphosphatemia, 
BMP-7 treatment reduces the loss of VSMC phenotype and vascular calcification 
[9]. The effect of BMP-7 on osteoblast differentiation also reduces the systemic 
phosphate level and thus indirectly has a positive influence reducing phosphate 
levels in circulation. In summary, application of BMP-7 biology agonists may 
likely reduce hyperphosphatemia, secondary parathyroidism, associated osteo-
dystrophy (osteitis fibrosa), and the loss of VSMC phenotype, thus reducing 
vascular stiffness, dysfunction and calcification, bone pain, and high fracture 
incidence in patients with loss of kidney function.

8  Mimicking BMP-7 Biology

While the molecular form of BMP-7 (free and bound) that circulates in the blood is 
currently unknown, chronic administration of recombinant mature BMP-7 in pre-
clinical studies elicits ossification (ectopic bone formation) at the injection sites and 
also generates neutralizing antibodies upon repeated administration. It is therefore 
believed agents that mimic BMP-7 ligand-like biochemical property or enhancing 
existing endogenous BMP pool or upregulating the expression of BMP-7 expres-
sion by secretagogues may serve as safer therapeutics for CKD. Since the loss of 
renal function is directly related to GFR rate, one could envision intervening with 
peptide mimetics or anti-BMP-7 antagonist antibody or BMP-7 secretagogues, 
while still the kidney is partially preserved.

BMP-7  mimetic  peptide: Recently a BMP-7 peptide agonist (THR-123) was 
identified by utilizing the structure-function analysis of BMP-7 ligand with type I 
receptor (ALK-3) and type II receptor (BMPR-II), data obtained from BMP-7 crys-
tal structure and screening a small peptide library. This peptide was shown to sup-
press inflammation, apoptosis, and epithelial-mesenchymal and tubular fibrosis in 
preclinical models of acute and chronic kidney failures [60]. This compound is 
shown to signal by binding to ALK-3, a type I receptor. Since BMP-7 prefers ALK-2 
and ALK-6 as well in proximal and collecting tubule epithelial cells and vascular 
endothelial cells, it is likely this peptide is not specific to BMP-7 and may provide 
some safety concerns for chronic administration.

Enhancing  endogenous “BMP-7  pool”: USAG-1 is a novel BMP-7 and Wnt- 
antagonist with significant amino acid identity to sclerostin (38 %) [78]. It is expressed 
predominantly in the kidney and overlaps with BMP-7 expression and modulates 
BMP-7 activity by binding to BMP-7 and Wnt signaling by binding to LRP-6, a Wnt 
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co-receptor. It is likely anti-USAG-1 antibody would provide therapeutic benefits in 
CKD patients by enhancing “active BMP-7” pool and promoting Wnt signaling in the 
kidney. Since there are several Wnt ligands, most of the therapeutic efforts for Wnt 
signaling have been focused on developing antibody to inhibitors of Wnt-receptor 
interaction (e.g., sclerostin for osteoporosis). It is believed that development of human-
ized anti-USAG-1 antibody could provide therapeutic utility for chronic kidney fail-
ure at stage 3 by enhancing BMP-7 and Wnt signaling in the kidney.

BMP-7 secretagogues: Since the kidney is highly vascularized and exposed to 
systemic vascular flow constantly, it is conceivable one could administer a small 
molecule that is safe and directly influences the expression and secretion of 
BMP-7 in the kidney locally. There are anecdotal reports that suggest such com-
pound may be feasible. A recent study suggests that propofol (2,6- diisopropylphenol), 
containing phenol hydroxyl group, which confers antioxidant activity and is used 
for the induction and maintenance of anesthesia, was shown to increase BMP-7 
expression and provide protection against sepsis-AKI model by suppressing inflam-
mation [32]. Similarly, retinoic acid (RA) and prostaglandin E2 (PGE2) treatment 
has been shown to increase BMP-7 mRNA and protein levels, but does not tran-
scriptionally activate the hBMP-7. Additionally, in  vivo expression of BMP-7  in 
bone was increased upon PGE treatment. In conclusion, RA and PGE2 upregulate 
BMP-7 protein expression both in vitro and in vivo [50]. A recent study linked the 
use of adrenoceptor agonist dexmedetomidine protection against septic acute kid-
ney injury through increase of BMP-7 and inhibiting HDAC2 and HDAC5 [32]. The 
chronic administration of pitavastatin in STZ-induced diabetic mice exhibited reno- 
and podocyte-protective effects, which is accompanied by BMP-7 preservation and 
Rho suppression [48]. It remains to be seen whether this could be extended in 
human clinical studies.

9  Conclusion

BMP-7 was originally purified from bone matrix and later was shown that the kid-
ney is a major site of its production in adult. Loss of function studies revealed that 
BMP-7 is required for embryonic kidney development and serves as renal hormone 
for vascular and skeletal integrity. Preclinical studies have shown that systemic 
administration of recombinant BMP-7 provides tissue protection in the models of 
acute kidney injury and chronic kidney diseases and renal osteodystrophy and 
Alport’s syndrome, a rare x-linked renal disease. BMP-7 exerts its function by bind-
ing to a specific Ser-Thr kinase receptor and subsequently induces phosphorylation 
of SMAD-1/5/8. The binding of BMP-7 to its receptor complex is tightly controlled 
at extracellular by its interaction with anti-BMPs like USAG-1/Wise. As BMP-7 is 
a potent bone-inducing morphogenic protein and forms ectopic ossification at the 
injection site, it presents with safety issues as a viable therapy for repeated chronic 
administration. Approaches are therefore being investigated to mimic BMP-7 
biology.
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Bone Morphogenetic Protein Signaling 
in Pulmonary Arterial Hypertension

Peiran Yang and Paul B. Yu

Abstract A wealth of evidence from human genetics, developmental and cell biol-
ogy, and translational science has implicated members of the bone morphogenetic 
protein (BMP) and transforming growth factor-β (TGF-β ) signaling family in the 
pathogenesis of pulmonary arterial hypertension (PAH). The discovery of loss-of-
function germline mutations in BMPR2 and in functionally related BMP/TGF-β 
signal transduction molecules as causes of heritable PAH and several overlapping 
congenital vascular syndromes has catalyzed work to elucidate how BMP signals 
critically regulate vascular development, vascular homeostasis, inflammation, 
metabolism and pathogenic remodeling. This work in vascular biology and experi-
mental medicine has in turn led to a more nuanced understanding by which the 
structurally diverse family of BMP ligands and receptors achieve their tissue-spe-
cific and context-dependent functions. Recently this work has shed light on promis-
ing new strategies by which dysregulated BMP/TGF-β might be modulated for 
therapeutic benefit in PAH and related conditions.

Keywords Pulmonary artery • Pulmonary vascular disease • Pulmonary arterial 
hypertension • BMPR2 • Bone morphogenetic protein • Heritable pulmonary arterial 
hypertension • Hereditary hemorrhagic telangiectasia • Juvenile familial polyposis • 
ALK1 • BMP9 • Endoglin • Vascular endothelium • Vascular smooth muscle

1  BMP Signaling in the Cardiopulmonary System

BMP signaling plays a fundamental role in the development and homeostasis of the 
heart and the systemic and pulmonary circulation. Spatiotemporal specificity of 
BMP signaling in the cardiopulmonary system is achieved by selective expression 
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of a particular BMP ligands, receptors, and modulatory proteins to facilitate context- 
dependent signaling. This signaling pathway regulates vasculogenesis and cardio-
myogenesis during development. In the pulmonary circulation, BMP signaling 
controls the fate and function of vascular cells. Furthermore, the BMP pathway 
interacts with and influences other pathways to fine-tune their regulatory effects on 
vascular development and homeostasis.

1.1   BMP Ligands and Receptors in the Cardiopulmonary System

The BMP signaling pathway consists of a diverse range of ligand, receptors, co- 
receptors, antagonists, and downstream mediators. The functional roles of these 
components have been investigated individually by direct application of recombi-
nant ligand or antagonist proteins of interest or by the transgenic overexpression 
of wild-type or constitutively active mutant receptor proteins [16], whereas the 
consequences of their removal have been studied by genetic ablation [137], neu-
tralizing antibodies, ligand traps, and small molecule inhibitors [24, 47, 124]. The 
most relevant BMP ligands in the cardiopulmonary system are likely to be BMP9, 
BMP10, and BMP6 as they are secreted into the circulation at functionally rele-
vant concentrations [40, 82, 108, 209]. BMP9 is expressed in the adult liver by 
non-parenchymal cells such as endothelial, stellate, and Kupffer cells [131]. 
BMP10 expression is restricted to the ventricular trabeculae during mid-gestation 
and the right atrium of the adult heart [29, 98]. BMP type I receptors are expressed 
in multiple cell types, except ALK1, which is predominantly expressed in endo-
thelial cells [70, 179]. ALK2 is also found in the endothelium and is reported to 
modulate ALK1 expression in response to BMP stimuli [224]. Type II BMP 
receptors BMPR2 and ACTR2A are expressed in mesenchyme-derived tissues, 
while BMPR2 is expressed at high levels in the endothelium [137]. ALK2, ALK3, 
BMPR2, and ACTR2A are also found in pulmonary artery smooth muscle cells 
(PASMCs) and cardiomyocytes [154, 218, 226]. BMP ligands demonstrate differ-
ent affinities to specific receptor complexes. For example, the BMP2 and BMP4 
subgroup bind preferentially to BMPR2  in a complex with ALK3, whereas the 
BMP6 and BMP7 subgroup bind preferentially to ACTR2A with ALK2 [226]. 
Importantly, BMP9 and BMP10 bind to receptor complexes formed by BMPR2 
with ALK1 or ALK2 in the endothelium [41, 110, 149, 169, 199] and specifically 
in pulmonary artery endothelial cells (PAECs) [205]. Signaling mediated by 
BMP9, BMP10, BMPR2, ALK1, and the type III co-receptor endoglin is special-
ized in the vascular endothelium and in embryonic endocardium owing to high 
abundance of these components [137]. Evidence suggests that BMPR2, ALK1, 
and endoglin are required for endothelial cell signaling and/or function in response 
to BMP9 or BMP10 [33, 34, 150, 205].
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1.2   BMP Signaling and Pulmonary Vascular Cell Functions

The tissue-specific expression of receptors enables BMP ligands to exert differential 
effects on various vascular cell types including endothelial cells, smooth muscle 
cells, pericytes, and adventitial cells. BMP signaling modulates vasculogenesis, 
angiogenesis, and vascular integrity by regulating vascular cell survival, phenotype, 
and function in a ligand- and lineage-dependent manner [27].

1.2.1  Effects of BMPs on Endothelial Cells

In human PAECs, BMP9 signals through BMPR2 and ALK1 to induce SMAD phos-
phorylation and Id gene expression, leading to growth inhibition [205]. BMP9 has 
been shown to be a circulating vascular quiescence factor, inhibiting sprouting angio-
genesis in vivo [40]. BMP9 prevents apoptosis and enhances monolayer integrity in 
PAECs [114]. However, low concentrations of BMP9 induce proliferation and migra-
tion of endothelial cells in vitro [193]. On the other hand, administration of the soluble 
extracellular domain of ALK1 expressed as an immunoglobulin Fc domain fusion 
protein (ALK1-Fc), which functions as a BMP9/BMP10 ligand trap, blocks tumor 
angiogenesis [39]. Therefore, the effect of BMP9 on angiogenesis is at least partly 
dependent on the ligand concentration. Besides BMP9, BMPs 2, 4, 6, and 7 promote 
endothelial cell proliferation, migration, and tube formation [172, 207]; protect endo-
thelial cells from apoptosis [197]; and induce angiogenesis in vitro and in vivo [198]. 
In contrast, BMP10 limits endothelial cell number in and stabilizes the caliber of 
nascent arteries in embryonic vascular development [108]. Thus, the endothelial cell 
response to BMP signaling is ligand and context specific. The pro-angiogenic and 
pro-survival effects of BMPs are mediated at least in part by their ability to recruit the 
expression of Id transcriptional modulator proteins via the canonical SMAD1/
SMAD5/SMAD8 signaling pathway [18, 35, 207].

1.3   Effects of BMPs on Mural Cells

In addition to endothelial cells, BMP signaling also regulates vascular smooth mus-
cle cell survival and differentiation. The response of PASMCs to BMPs may depend 
on the anatomical origin of these cells [136]. BMPs 2, 4, and 7 are reported to 
inhibit proliferation and induce apoptosis of PASMCs isolated from proximal pul-
monary arteries via the SMAD pathway [138, 223, 227, 231]. In contrast, BMP2 
and BMP4 stimulate proliferation of PASMCs from peripheral pulmonary arteries 
via ERK1/ERK2 and p38MAPK [223]. Moreover, BMPs promote the contractile 
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phenotype of smooth muscle cells via microRNA-21 [100]. This effect on cell phe-
notype is mediated through induction of myocardin-related transcription factors 
[104] or suppression of microRNA-96 [103]. Less is known about the response of 
pericytes in pulmonary vessels to BMP signaling. ALK1 deficiency results in 
reduced pericyte coverage in the brain [30], whereas the ALK1-Fc ligand trap 
increases the pericyte coverage of tumor vessels [80]. Loss of ALK3 caused resis-
tance to apoptosis in human brain microvascular pericytes [53].

1.4   Cross Talk with Other Signaling Pathways

In order to coordinate cardiovascular development and homeostasis, the BMP path-
way interacts with other pathways, including Wnt, Notch, and tyrosine growth factor 
signaling [95]. BMP signaling via BMPR2 activates canonical and noncanonical Wnt 
signaling to regulate PAEC survival, proliferation, and migration [2, 43] and to pro-
mote motility and repress growth of smooth muscle cells [44]. In endothelial cells, 
BMP2 may modulate the expression of Wnt inhibitors Sost and Dkk1 via ALK3 [99]. 
BMP signaling regulates the expression of a Notch ligand to transactivate Notch sig-
naling in neighboring cells [135]. In addition, BMP signaling co-regulates Notch tran-
scriptional targets to modulate endothelial cell function [90] and determines the 
identity of tip versus stalk cells during angiogenesis via ALK1 [6, 101, 107, 142]. In 
addition, BMPs may interact with sonic hedgehog signaling during lung development 
[17, 23]. Furthermore, BMP9, via ALK1 and BMPR2, suppresses vascular endothe-
lial growth factor (VEGF) expression [180] in endothelial cells and blocks VEGF-
induced angiogenesis, while inhibiting basic fibroblast growth factor (bFGF)-stimulated 
proliferation and migration of endothelial cells [178]. BMP2 and BMP4 signaling via 
BMPR2 reduces platelet-derived growth factor (PDGF)-BB-induced proliferation of 
PASMCs [77], while signaling of these BMP ligands via ACTR2A is not able to medi-
ate this effect [227]. The augmenting or opposing effects of BMP signaling on other 
pathways are not limited to vascular homeostasis but also contribute more broadly to 
cardiac and pulmonary development [83, 137] and are thus critical for normal devel-
opment and homeostasis of the cardiopulmonary system.

2  BMP Signaling in Cardiopulmonary Disease

Impairment of BMP signaling perturbs the homeostasis of the pulmonary vascula-
ture. Genetic defects in components of the BMP signaling pathway have been iden-
tified in cardiovascular diseases with pulmonary manifestations, such as heritable 
pulmonary arterial hypertension (HPAH) and hereditary hemorrhagic telangiectasia 
(HHT). Other cardiovascular abnormalities, such as vascular calcification [25], ath-
erosclerosis [47], and coronary artery disease [190], have also been associated with 
aberrant or maladaptive BMP expression. This chapter focuses on the role of BMP 
signaling in PAH and discusses the advances in our knowledge in the past 15 years, 
since the first discovery of mutations in BMPR2 in this disease.
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2.1   Introduction to PAH

2.1.1  Disease Pathology

PAH is a devastating disease characterized by elevated mean pulmonary arterial pres-
sure of greater than 25 mmHg at rest with increased pulmonary vascular resistance 
[84]. Small pulmonary arterioles undergo remodeling in PAH including intimal hyper-
plasia, medial hypertrophy, and plexiform arteriopathy in the severe cases, as a result 
of excessive cell proliferation and insufficient apoptosis [128]. This obliteration of the 
vascular lumen restricts flow and increases pulmonary vascular resistance, leading to 
increased pulmonary arterial pressure and right ventricular afterload and consequently 
in right ventricular hypertrophy and failure [128]. Depending on the cohort, the preva-
lence of PAH is reported to be between 15 and 50 cases per million people [88, 156] 
and may be substantially higher in certain at- risk populations. Patients present with 
nonspecific symptoms such as fatigue, dyspnea on exertion, and syncope and therefore 
require confirmation of diagnosis with right heart catheterization [128, 162]. The 
National Institutes of Health PAH Registry originally reported a median survival of 
2.8 years following diagnosis [167]. Current therapies do not reverse or cure PAH but 
generally improve functional status and in some cases improve composite survival and 
morbidity endpoints [161]. In the era of modern therapies for PAH, the 5-year survival 
rate has been reported to be better than 50 % [19, 55, 89], an improvement which may 
be as much due to improvements in recognition and supportive care over the past three 
decades as well as novel therapeutics.

2.1.2  Subtypes of PAH

Under the updated World Health Organization clinical classification system, Group 1 
PAH describes precapillary pulmonary hypertension with left-sided or pulmonary capil-
lary wedge pressures (PCWPs) of < 15 mm Hg and includes a heterogeneous group of 
conditions associated with PAH [84, 183]. Idiopathic PAH (IPAH) describes PAH that 
occurs in the absence of identifiable cardiac structural, pulmonary or airway disease, or 
systemic inflammatory of infectious illness as potential explanations of PAH. IPAH can 
include PAH that occurs in a familial pattern, inherited typically in an autosomal domi-
nant fashion with reduced penetrance. Heritable PAH includes such cases of familial 
PAH, as well as sporadic cases of IPAH in which a disease-causing mutation is identi-
fied. The annual incidence of IPAH is 1–2 cases per million people [63] with a preva-
lence of 2.4–7.6 cases per million people [5]. IPAH is 10–15 times more common than 
HPAH [88], which is now known to include individuals with germline heterozygous 
mutations in BMPR2, ACVRL1 (encoding ALK1), and ENG (encoding endoglin), the 
latter two occurring in hereditary hemorrhagic telangiectasia (HHT) syndromes which 
may include PAH as part of their phenotypic spectrum. Hereditary transmission of PAH 
occurs in 4–10 % of PAH patients [88, 128]. Additionally, WHO Group 1 disease also 
includes drug- (e.g., fenfluramine, amphetamine, and other stimulants) and other toxin-
induced PAH and PAH associated with congenital heart disease, HIV infection, portal 
hypertension, schistosomiasis, pulmonary veno-occlusive disease, and pulmonary 
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capillary hemangiomatosis [183]. Collectively these subtypes of Group 1 PAH have a 
higher prevalence in the population than idiopathic and heritable PAH, despite repre-
senting small proportions of the patients carrying the associated diseases [63, 128]. The 
WHO classification scheme includes other types of pulmonary hypertension (PH) that 
are not necessarily precapillary, including Group 2 disease associated with left-sided 
heart dysfunction; Group 3 disease associated with airways, airway structural, or central 
nervous system-mediated breathing disorders; Group 4 disease describing chronic 
thromboembolic pulmonary hypertension (CTEPH); and Group 5 describing a number 
of miscellaneous conditions associated with PH.

2.2   BMP Pathway and Genetics of PAH

2.2.1  BMPR2 Mutations

Discovery of BMPR2 Mutations

Primary or idiopathic PAH (IPAH) was noted to occur in a familial form by Melmon 
and Braunwald [130] and was reported to transmit in families as an autosomal dom-
inant disease before the identification of genetic mutations, suggesting that a hetero-
zygous mutation might be responsible for the disease [116, 117]. However, not all 
individuals at risk develop PAH, due to reduced penetrance of approximately 
20–30 % [116, 117]. Linkage analysis studies by two independent teams associated 
the chromosome region 2q31–33 in PAH families [139, 145]. Following a candidate- 
based sequencing effort, a diverse set of germline heterozygous loss-of-function 
mutations were identified in the BMPR2 locus, encoding the BMP type II receptor 
[46, 105].

Prevalence of BMPR2 Mutations in PAH Subtypes

Since the initial description, it has since been confirmed in other cohorts that muta-
tions in BMPR2 are responsible for approximately 70 % (53–86 % reported) of 
cases of heritable PAH (HPAH, [118, 121]). In addition, approximately 10–20 % 
(6–40 % reported) of sporadic cases of idiopathic PAH in which there are no known 
related carriers or family history are caused by BMPR2 mutations [4, 62, 118, 201]. 
It is possible that some of these cases were the result of de novo mutations or alter-
natively could represent unrecognized cases of HPAH due to reduced penetrance 
and small family size [12]. BMPR2 gene mutations have been reported in other 
PAH subtypes. For example, approximately 10 % of subjects with drug (fenflura-
mine derivatives)-induced PAH carry BMPR2 gene mutations [87]. However, it is 
unclear to what degree these mutations may potentiate the development of PAH 
associated with stimulant usage, as the frequency among this population is not 
higher than that found in sporadic IPAH. Germline mutations in BMPR2 have been 
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detected in patients with pulmonary veno-occlusive disease [4, 134, 174], indicating 
that the mutations may cause this atypical subtype of PAH or this represents differ-
ent manifestations of the same disease. Reports of BMPR2 mutations in PAH asso-
ciated with congenital heart disease are not consistent as one study detected 
mutations [168], whereas the second study in a different and smaller cohort found 
no mutations [109]. To date, no mutations have been detected in PAH associated 
with scleroderma [140] or HIV infection [151].

Types of BMPR2 Mutations

The number of distinct BMPR2 mutations identified in PAH patients continues to 
increase since the initial discoveries owing to collaborative research effort in spe-
cialist PAH centers and the advance in screening technologies [118, 119]. A com-
prehensive analysis in 2015 documented a total of 668 germline variants of 
BMPR2, highlighting the major causal role of this gene [121]. Approximately 
70  % of the mutations are predicted to introduce premature truncation of the 
BMPR2 open reading frame [118, 119], encompassing nonsense, frameshift, 
splice site defects and major gene rearrangements [119]. Gene rearrangements, 
exon deletions, and mutations affecting the 5-prime untranslated region are 
increasingly recognized as screening centers expand their analytic methods [121]. 
Missense variants account for the remaining 30 % of BMPR2 mutations [118]. 
Despite the identification of mutations across the entire coding sequence of the 
BMPR2 gene, the mutation load is not uniform across the 13 exons. Exon 12 har-
bors the largest number of mutations, whereas exon 9 contains the highest muta-
tions per exon size [121]. Mutation hot spots are found in regions important to the 
function of BMPR2 protein. For example, missense mutations cluster in exons 
2–3, 6–9, and 11–12 where the ligand- binding domain and the catalytic regions of 
the kinase domain are encoded [121].

Effect of Mutations on Expression and Activity of BMPR2

BMPR2 mutations affect its expression and activity by mechanisms that are het-
erogeneous and mutation specific [136]. Histological evidence suggests mark-
edly downregulated BMPR2 expression in the pulmonary vasculature of patients 
with mutations and moderately decreased BMPR2 expression in that of IPAH 
patients even without known mutations [8], suggesting deficiency of BMPR2 
signaling may be a wider phenomenon beyond HPAH. Premature terminations 
result in the activation of the nonsense-mediated decay pathway and cause dis-
ease due to functional haploinsufficiency [143, 212]. On the other hand, amino 
acid substitutions may lead to loss of kinase activity and aberrant trafficking of 
misfolded BMPR2 in the endoplasmic reticulum and cause disease by dominant-
negative effects [60, 212]. Some BMPR2 mutants may reach the cell membrane 
but form clusters or otherwise exhibit altered associations with membrane 
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domains, including caveolae, lipid rafts, or clathrin-coated pits [94]. The correct 
conformation of the extracellular ligand- binding domain of BMPR2 requires the 
formation of five disulfide bridges between ten conserved cysteine residues [72], 
of which nine have been found mutated [121]. These cysteine mutants exhibit 
intracellular retention, likely to be due to a profound loss of conformational 
integrity, combined with a diminished activity of SMAD activation [147, 173]. In 
addition, a mutation of an asparagine residue adjacent to the cysteine has been 
documented [119]. In contrast, non- cysteine substitutions within the kinase 
domain traffic normally to the cell surface but typically fail to activate down-
stream SMAD signaling [136]. For example, mutations of an arginine residue 
(R491) disrupt its interaction with glutamic acid 386 and render the kinase inac-
tive [119, 173]. Mutations in the cytoplasmic tail do not affect signaling through 
SMAD but may perturb noncanonical pathways involving LIM kinase-1, a regu-
lator of the actin depolymerizing factor cofilin, and Tctex-1, a light chain of the 
motor complex dynein in the endothelium and smooth muscle [58, 120]. However, 
evidence suggests that missense mutations across the entire gene result in upreg-
ulation of p38MAPK [173].

2.2.2  Mutations in Other Components of the BMP Signaling Pathway

While BMPR2 is the major genetic determinant underlying PAH due to the high 
prevalence of mutations in this gene, less frequent mutations in additional genes 
have been discovered and facilitated by advances in DNA sequencing technolo-
gies. Many of these affected genes are receptors or intracellular components of 
the BMP signaling pathway, highlighting its central importance [12, 121]. Several 
of the mutations in these genes are found PAH or PAH associated with HHT 
[121], indicating a common cause and pathobiology of these pulmonary vascular 
diseases.

2.2.3  Hereditary Hemorrhagic Telangiectasia (HHT) Is an Overlap 
Syndrome with PAH

Most widely recognized for its systemic vascular phenotypes, HHT is considered to 
exist on a phenotypic spectrum with PAH, owing to the fact that all of the mutations 
associated with HHT have also been identified in subsets of HPAH. HHT is an auto-
somal dominant disease with a prevalence of more than 1 case per 10,000 [182]. 
Symptoms of HHT include frequent epistaxis, telangiectasias in the skin and 
mucosa, and importantly the development of arteriovenous malformations in the 
pulmonary, hepatic, and cerebral circulation [127]. A number of HHT-affected fam-
ilies and individuals have been diagnosed with PAH [1, 68, 203], where the precap-
illary pattern of pulmonary arterial hypertension is histologically indistinguishable 
between these diseases [208]. HHT is divided into subtypes such as HHT-1, HHT-2, 
and HHT-5 according to the underlying genetic mutations, in addition to HHT asso-
ciated with juvenile polyposis [137].
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Mutations of ACVRL1/ALK1 in PAH With and Without HHT-2

Mutations in the type I receptor ALK1 (gene ACVRL1) are known to cause HHT-2 
[96]. A gene linkage analysis in 2001 identified mutations in the ALK1 gene, located 
at chromosome position 12q13, in patients with HHT-associated PAH, e.g., mani-
festations of the HHT syndrome accompanied by PAH [203]. To date, 57 loss-of-
function mutations in ALK1 have been identified, mostly in HHT-associated PAH 
[121]. However, ALK1 mutations have also been documented in PAH patients with-
out HHT [32, 62, 78, 79, 157]. The vast majority of these cases were diagnosed in 
childhood, leaving open the possibility of developing manifestations of HHT later 
in life [121]. The majority of ALK1 mutations are missense mutations resulting in 
pathogenic amino acid substitutions, in contrast to premature termination caused by 
most BMPR2 mutations [121]. An uneven mutation load is also observed across the 
ALK1 gene, where most mutations locate to exons 6–10, which encode the kinase 
domain of the receptor [121]. The effects of ALK1 mutations on expression and 
signaling of the receptor are less well characterized compared to BMPR2. In one 
study, six out of eight ALK1 mutations found in HHT-PAH resulted in retention of 
expressed receptor in the endoplasmic reticulum while two mutants reached the cell 
surface. One of these is a GS domain mutation predicted to disrupt conformational 
changes owing to the loss of a critical hydrogen bond [79]. A different study reported 
normal trafficking to the cell surface and BMP9 binding of most HHT-PAH-
associated ALK1 mutants, but these mutants were defective in BMP9- induced sig-
naling [166]. Of note, BMP9-induced SMAD1/SMAD5 phosphorylation and 
BMP9-mediated inhibition of capillary network formation are impaired in murine 
ALK1−/− and ALK1+/− pulmonary microvascular endothelial cells [33].

Mutations of ENG/Endoglin in PAH With or Without HHT-1

HHT-1 is caused by mutations in the type III receptor endoglin (gene ENG) [126]. 
Mutations in the ENG gene have also been discovered in patients with HHT- 
associated PAH [79]. The total number of independent ENG mutations in PAH and 
HHT-PAH has now reached 9 [121]. Interestingly, ENG mutations are found in a 
patient with PAH associated with HHT and dexfenfluramine use [28], a patient with 
idiopathic PAH, and a patient with congenital heart defect-associated PAH [157]. 
The non-HHT-PAH patients with ENG mutations were identified in childhood [157] 
and could manifest HHT in later life. ENG mutations documented in PAH and 
HHT-PAH include missense, frameshift, and branch-site mutations [121]. The pre-
dominant type of mutation, the existence of mutation hot spots within the gene, and 
the effects of the mutations on expression and signaling of the receptor are currently 
unknown. However, evidence suggests that depletion of endoglin impaired BMP9- 
induced SMAD1/SMAD5/SMAD8 phosphorylation in human pulmonary artery 
endothelial cells [150]. Recently we reported that a soluble form of endoglin that 
may function as an anti-angiogenic ligand trap of BMP9 is present at elevated levels 
in the circulation of individuals with Group 1 PAH, suggesting an additional mecha-
nism by which abnormalities in this protein may attenuate BMP9 signaling [123].
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Mutations of BMPR1B/ALK6

Two missense mutations of the type I receptor ALK6 have been reported in two 
idiopathic PAH patients [31]. One mutation (F392  L) is located in the kinase 
domain, whereas the other (S160  N) is not located within functional domains. 
Paradoxically, these mutations, particularly the former, result in increased SMAD8/9 
phosphorylation and transcriptional activity. The authors suggested that the gain of 
function of signaling by ALK6 may play a pathogenic role in PAH [31]. It is known 
that loss of BMPR2 in PASMCs leads to the gain of signaling by a subset of BMP 
ligands transduced by a different receptor, ACTR2A [226], supporting the notion 
that loss-of-function mutations affecting individual receptors can paradoxically lead 
to gain of function in signaling due to the partially overlapping and redundant nature 
of ligand-receptor interactions in this pathway. Further functional analysis in the 
pathogenic mechanism of these ALK6 mutations is required.

SMAD8/SMAD9

In additional to the receptors, mutations of intracellular partners of the BMP signaling 
pathway have also been found in PAH. SMAD8 (a.k.a. SMAD9/SMAD9) is affected 
by one missense [144] and two nonsense [50, 181] mutations in idiopathic and herita-
ble PAH patients. The amino acid substitution (K43E) within the MH1 domain of 
SMAD8/SMAD9 resulted in reduced SMAD-responsive reporter activity [144], while 
the truncation mutation (C202X) caused defects in response to receptor-mediated 
phosphorylation, impaired interaction with SMAD4, and decreased transcriptional 
activity [181]. In contrast, the R294X truncation abrogated microRNA induction by 
BMP9 in PAECs, but reduced canonical signaling only by one third. In spite of redun-
dancy of the receptor-regulated SMADs in canonical BMP signaling, this noncanoni-
cal effect of SMAD9 mutation may explain its pathogenic role [50]. In addition to 
germline mutations, somatic chromosomal abnormalities in the lung of a BMPR2 
mutation carrier were reported to result in the loss of SMAD9 and were felt to represent 
a potential example of a second hit acting upon the BMP pathway [3].

SMAD1

Similarly, the SMAD1 gene is also mutated in one idiopathic PAH patient. This missense 
mutation causes an amino acid substitution (V3 A) and reduced activity of a SMAD-
responsive reporter compared to wild type [144]. This remains the only SMAD1 muta-
tion reported to date. However, it is known that the activated form of SMAD1 is deficient 
in the pulmonary vasculature of idiopathic and heritable PAH patients [223].

SMAD4 in PAH and (JP-)HHT

Two mutations in the common mediator SMAD4 have been identified in two idio-
pathic PAH cases [144]. One of these is a missense (N13S) mutation resulting in the 
substitution of a conserved amino acid. However, no difference in the activity of a 
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SMAD-responsive reporter was observed between wild-type and this mutant [144]. 
It is possible that this mutation may affect SMAD-independent pathways or this is 
a rare population variant with no impact on PAH susceptibility [144]. On the other 
hand, the second mutation is a splice variant and may cause transcript loss due to 
compromised splicing efficiency [144]. Interestingly, SMAD4 mutations are found 
to cause HHT with or without juvenile polyposis (JP, [64, 65]), leading some to 
postulate a phenotypic spectrum between PAH and JP-HHT syndromes.

BMP9 in HHT

A small proportion of HHT patients do not carry mutations in ACVRL1, ENG, or SMAD4. 
Missense mutations in BMP9 have been reported in three individuals with HHT-like pre-
sentations overlapping with JP in a novel syndrome that has been provisionally named 
HHT5. These three amino acid substitutions, two in the prodomain and one in the mature 
protein, negatively affect protein processing and/or function to varying degrees. This 
study confirms the role of impaired BMP signaling pathway in the pathogenesis of this 
vascular disorder [217]. No mutation in BMP ligands has been found in PAH as yet.

CAV1 (Interacts with BMPR2)

Whole-exome sequencing technology enabled the discovery of two frameshift mutations 
in the CAV1 gene, which encodes caveolin-1, in two patients with idiopathic and herita-
ble PAH [10]. Caveolin-1 is the major protein constituent of flask- shaped invaginations 
of the cell membrane, caveolae [171], abundant in endothelial and mesenchymal cells 
[12]. The CAV1 mutation resulted in reduced caveolin-1 on endothelial cells of small 
pulmonary arteries [10]. Caveolin-1 is not normally classified as a member of the BMP 
signaling pathway, but it is known that caveolin-1 interacts directly and dynamically with 
BMP receptors BMPR2 and ALK3 [148] and colocalizes with BMP signaling com-
plexes. In smooth muscle cells, the loss of caveolin-1 impaired BMPR2 membrane local-
ization and association of BMPR2 with ALK3 [211]. A number of other possible effects 
of CAV1 mutations not involving BMPR2 have been proposed, but the precise mecha-
nisms involving or not involving BMPR2 have yet to be fully elucidated [12].

2.3   Functional Consequences (i.e., Mechanistic Link 
from Mutation to Disease)

As described above, mutations of BMPR2 and other BMP signaling pathway compo-
nents alter their expression and signaling. At the cellular level, regulation of the pul-
monary vasculature by normal BMP signaling is lost, disrupting homeostasis and 
presumably promoting vascular remodeling. This is likely to be responsible for the 
PAH phenotypes or increased susceptibility to PAH as observed in animal models 
with genetic lesions in BMP pathway members. Additionally, gene mutations also 
alter the interaction between the BMP pathway and other signaling pathways and 
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systems, such as TGF-β and estrogen signaling, inflammation, and the immune sys-
tem and metabolism. The combined effects of mutations and these other factors may 
determine the risk of developing PAH, thus connecting genotype to phenotype.

2.3.1  Vascular Homeostasis and Remodeling

Endothelial Cells

Mutations in members of the BMP signaling pathway, particularly in BMPR2, dis-
rupt their function in maintaining homeostasis of the pulmonary vasculature in a 
cell type-specific manner. Overexpression of a mutation in the kinase domain of 
BMPR2 (D485G) in PAECs increased their susceptibility to apoptosis [222]. 
Similarly, siRNA knockdown of BMPR2 also increased apoptosis of PAECs [197]. 
In addition, knockdown of BMPR2, or SMAD1 and SMAD5, eliminated the anti- 
apoptotic effect of BMP9, demonstrating the effect of reduced canonical SMAD 
signaling [114]. Another proposed pathway involves a BMPR2-mediated transcrip-
tional complex between peroxisome proliferator-activated receptor γ (PPARγ) and 
β-catenin, which is impaired with reduced BMPR2 expression, thus reducing the 
induction of endothelial survival genes including apelin [2, 22]. Mice with endothe-
lial deletion of PPARγ spontaneously develop PAH possibly due to increased 
platelet- derived growth factor receptor-beta expression and signaling [73]. 
Moreover, reduction in BMPR2 expression occurs not only in mutation carriers but 
also in patients without detectable mutations [8]. This overall impairment BMP 
signaling in PAH renders endothelial cells prone to apoptosis, which is observed in 
early stages of disease pathogenesis, making endothelial cells the initiating cell type 
[114, 136]. This increased rate of apoptosis may trigger the development of apopto-
sis resistant clones of endothelial cells, contributing to plexiform lesions in later 
disease [136].

In addition to the survival of endothelial cells, reduced BMPR2 expression 
compromises the integrity and barrier function of the pulmonary endothelium, 
enhancing leukocyte transmigration and endothelial secretion of cytokines, 
such as interleukins-8 and -6, upon inflammatory challenge [26]. Pulmonary 
endothelial cells with heterozygous null BMPR2 mutations exhibit SRC-
dependent caveolar trafficking defects, and this may contribute to pulmonary 
endothelial barrier dysfunction [160]. The interaction between BMP signaling 
and cytoskeleton is defective in BMPR2 mutant PMVECs and is associated with 
activation of the Rho GTPase, Rac1 [97]. BMPR2-mediated phosphorylation of 
Tctex-1 is impaired by mutations in exon 12 of BMPR2 [120]. Mutations in the 
tail of BMPR2 also disrupt its function in inhibiting LIM kinase 1 [58]. In 
PAECs with BMPR2 mutation or knockdown, BMPs fail to activate endothelial 
nitric-oxide synthase, resulting in reduced nitric oxide, a vasodilator and sup-
pressor of smooth muscle proliferation [66]. Moreover, PAECs with mutant 
BMPR2 and pulmonary endothelial cells from PAH patients release more growth 
factors such as TGF-β1 and fibroblast growth factor 2, impacting on the under-

P. Yang and P.B. Yu



305

lying smooth muscle cells [91, 222]. A pathway has been proposed where the 
reduction of BMPR2 expression results in increased expression of fibroblast 
growth factor 2 via microRNA intermediates and reduced expression of apelin 
[22, 102].

Smooth Muscle Cells

PAEC alterations precede muscularization of vessel but contribute to it by favoring 
smooth muscle cell proliferation [162]. PASMCs are also directly affected by 
impaired BMPR2 signaling, as BMPR2 is required for BMP-mediated growth arrest 
in PASMCs [227]. BMP/SMAD-mediated growth suppression is lost in PASMCs 
from patients with PAH and BMPR2 mutations [138, 219, 223]. The growth inhibi-
tory effects of BMPs are mediated by the SMAD and Id pathway [219] and/or 
PPARγ and Src/STAT3 pathway possibly with microRNA intermediates [22, 77]. 
Mice with smooth muscle deletion of PPARγ spontaneously develop PAH [77]. 
Additionally, oxidative injury, in the form of increased reactive oxygen species, is 
observed in vascular smooth muscle cells expressing mutant BMPR2 and in trans-
genic mice which overexpress mutant BMPR2 in the vascular smooth muscle [106]. 
BMPR2-deficient PASMCs also exhibit increased proliferation in response to 
growth factors such as serotonin [113] and TGF-β1 [42, 138]. The levels of the latter 
are increased in the conditioned media from PAECs with a mutant BMPR2 [222]. 
Furthermore, TGF-β1, signaling via ALK5 and SMAD3, represses BMP4-mediated 
SMAD signaling and transcriptional response in BMPR2-mutant PASMCs [204]. 
These studies highlight the contribution of TGF-β to vascular remodeling and 
pathogenesis of PAH, particularly in the setting of BMPR2 mutations or reduced 
BMPR2 signaling. It is possible that TGF-β and BMP signaling are opposing path-
ways in PAH, similar to fibrotic diseases where BMP is anti-fibrotic via TGF-β1 
inhibition [45, 92].

Other Affected Cell Types in PAH

In addition to endothelial and smooth muscle cells, impaired BMP signaling plays 
a role in other cell types implicated in PAH. For example, increased numbers of 
smooth muscle actin-expressing cells are observed in PAH [225]. One possible 
source of these cells is endothelial-to-mesenchymal transition in conditions of 
reduced BMPR2 signaling [163]. Additionally, BMPR2 mutations have been asso-
ciated with an increased number of endothelial progenitor cells in vascular lesions 
and circulation [202]. These endothelial progenitor cells while hyper-proliferative 
are less competent in forming capillary-like vascular networks in vitro suggesting 
dysregulated angiogenic activity. However, other researchers have reported reduced 
circulating endothelial progenitor cell numbers in PAH [48]. Further investigation is 
required to unravel the contribution of defective BMP signaling to the expansion of 
these smooth muscle-like cells/myofibroblasts [136]. Overall, the evidence would 
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suggest that impaired BMPR2 function leads to an imbalance between apoptosis 
and proliferation that may potentially contribute to vascular lesions and remodeling 
in PAH [128].

2.3.2  Phenotypes in Genetic Animal Models and Perturbation 
in Nongenetic Models

Animal models of PAH enable the investigation of impaired BMP signaling and 
disease pathogenesis to be extended from cellular experiments to in vivo pheno-
types. Proof-of-concept studies based on genetic manipulation of BMPR2 may not 
produce robust and reproducible models recapitulating all aspects of human PAH 
but generally show some disease phenotypes or increased susceptibility [176]. 
Global expression of homozygous BMPR2-null mutation causes mice to die during 
gastrulation [21]. Heterozygous BMPR2 knockout mice develop minimally 
increased right ventricular systolic pressure (a surrogate for pulmonary arterial 
pressure) with very modest pulmonary vascular remodeling [20]. While PAH at 
baseline is not consistently reported in these haploinsufficient mice, under various 
stressors, they appear to be susceptible than wild-type mice in developing pulmo-
nary hypertension and vascular remodeling in response to serotonin [113] or over-
expression of 5-lipoxygenase [185]. Mice heterozygous for an N-terminal exon 2 
deletion of BMPR2, resulting in an in-frame product missing a portion of the extra-
cellular domain and thus potentially a hypomorphic allele, have increased suscepti-
bility to hypoxia-induced PAH [59]. Conditional knockout mice have been generated 
to circumvent embryonic lethality and achieve tissue-specific ablation of BMPR2. 
Endothelial-targeted conditional BMPR2-null mice developed pulmonary hyper-
tension, ventricular hypertrophy, and vascular remodeling spontaneously with vari-
able penetrance [85]. Intriguingly, transgenic mice overexpressing siRNA targeting 
BMPR2 do not develop spontaneously PAH despite 90 % knockdown but display 
some phenotypes reminiscent of HHT [111]. In addition to haploinsufficient muta-
tions, mice with smooth muscle [214] or endothelial-specific [122] expression of a 
dominant-negative BMPR2 mutation develop increased right ventricular systolic 
pressure and vascular remodeling. R899X is human disease-associated mutation in 
the carboxyl terminus of BMPR2 that causes premature truncation. Smooth muscle 
overexpressed R899X transgenic mice develop pulmonary hypertension with exten-
sive pulmonary vascular remodeling [215]. Universal expression of this mutation 
also results in increased right ventricular systolic pressure and vascular remodeling 
at Denver altitude [97]. In another study, heterozygous R899X knock-in mice 
develop age-related PAH, displaying increased right ventricular systolic pressure 
and vascular remodeling but without right ventricular hypertrophy by 6 months of 
age [114]. Furthermore, the first reported rat genetic model with a deletion in exon 
1 of BMPR2 shows vascular remodeling but no increase in pressure at 3 months of 
age [163]. It is clear that in a number of BMPR2-based models, an additional stimu-
lus is required for PAH development, reminiscent of the 20 % penetrance of heri-
table PAH in humans.
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BMPR2 has been the focus of genetic-based animal models of PAH since its 
major role in human PAH. Other components of or associated with the BMP signal-
ing pathway have been manipulated. For example, homozygous knockout models of 
CAV1 [232] or SMAD9 [86] caused mice to spontaneously develop manifestation of 
pulmonary hypertension, supporting the pathogenicity of the human mutations at 
these loci. Similarly, mice with the heterozygous loss of ACVRL1/ALK1 are 
reported to have increased right ventricular systolic pressure, right ventricular 
hypertrophy, and pulmonary vascular remodeling [93]. BMPR2-R899X and 
SMAD1 compound heterozygous mice show right ventricular hypertrophy and 
more elevated right ventricular systolic pressure compared to mice heterozygous for 
BMPR2-R899X alone [114].

In addition to these animal models of PH resulting from genetic modifications of 
loci related to the BMP signaling pathway, nongenetic small animal models of PH 
exhibit features of diminished or defective BMP signaling in the pulmonary vascu-
lature. Treatment of wild-type rats with monocrotaline, a plant alkaloid which 
exhibits broad cytotoxicity including against the vascular endothelium, decreases 
the expression of BMPR2 and ALK3/BMPR1B, as well as SMAD activation and 
SMAD-responsive gene expression, accompanied by increased TGF-β signaling 
[112, 141]. Furthermore, BMPR2 expression is also reduced in rats subjected to 
chronic hypoxia, a model of class III pulmonary hypertension [112]. Therefore, 
altered BMP signaling in nongenetic animal models underscores the importance of 
this pathway in PAH.

2.3.3  Interaction with Other Systems

Inflammation and Immunity

Inflammation and the immune system form an important part of the pathogenesis of 
PAH, as demonstrated by the presence of leukocytes in plexiform lesions, autoanti-
bodies, increased levels of cytokines and chemokines, as well as the association of 
PAH with autoimmune disorders and infections such as schistosomiasis and HIV 
[5]. Emerging evidence suggests that dysfunctional BMP signaling is linked to a 
pro-inflammatory state. For example, heterozygous BMPR2 mutant mice develop 
PAH in response to an inflammatory stimulus [185]. These mice also produce higher 
levels of interleukin-6 (IL-6) and IL-8 following lipopolysaccharide stimulation, 
compared with controls. Interestingly, mice expressing IL-6 under the Clara cell 
promoter in the lung develop severe PAH with vascular remodeling following expo-
sure to chronic hypoxia [192]. Chronic lipopolysaccharide administration induces 
PAH in these BMPR2 mutant mice, but not in wild-type controls [186]. Similarly, 
mutation or reduced expression of BMPR2 in smooth muscle cells results in upregu-
lation of IL-6 and IL-8 via p38 and/or NF-κB signaling [42, 74]. On the other hand, 
loss of BMPR2 in PAECs is associated with increased expression of the chemokine 
granulocyte macrophage colony-stimulating factor in response to tumor necrosis 
factor-α [177]. In addition to cytokine and chemokine production, cells of the 
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immune system are also affected by BMPR2 mutations. For example, BMPR2 defi-
ciency in the endothelium results in enhanced transmigration of leukocytes [26]. It 
is known that natural killer cell phenotype and function are impaired in human PAH 
patients [152]. Mice with heterozygous R899X mutation have reduced numbers 
circulating natural killer cells, possibly due to reduced levels of natural killer cell 
survival signal IL-15 [153]. Furthermore, defects are found in bone marrow-derived 
macrophages from transgenic mice expressing a dominant-negative mutation in 
BMPR2, including activation state, increased cytokine secretion [196], and higher 
levels of endothelin expression in response to lipopolysaccharide [195]. When chal-
lenged with schistosomiasis infection, heterozygous BMPR2 mutant mice develop 
more marked pulmonary vascular remodeling, egg deposition, and cytokine produc-
tion, indicating a link between dysfunctional BMPR2 signaling and response to 
infection [38]. One of the elevated cytokines, IL-13, mediates the activation of 
TGF-β signaling in pulmonary granulomas of schistosomiasis-infected mice [71].

Metabolism

PAH is increasingly recognized as a syndrome with metabolic dysfunction, as dem-
onstrated by mitochondrial abnormalities, Warburg phenotype, and insulin resis-
tance [162]. Impaired BMP signaling has been associated with metabolic defects 
from cellular to systemic level. Mutations in BMPR2 are reported to influence cel-
lular glucose homeostasis via with its link with PPARγ, which is the “master regula-
tor” of insulin sensitivity [7]. The PPARγ downstream targets apolipoprotein E and 
adiponectin that are both regulators of metabolism and are implicated in PAH [162]. 
Transcriptomic analyses of BMPR2 mutant pulmonary microvascular endothelial 
cells identified extensive alterations in expression of genes regulating metabolism 
including increased aerobic glycolysis and pentose phosphate pathway activation, 
decreases in carnitine and fatty acid oxidation pathways, and increased isocitrate 
dehydrogenase activity [57]. Besides the pulmonary vasculature, the right ventricles 
of BMPR2 mutant mice demonstrate lipid deposition inside cardiomyocytes. Fatty 
acid oxidation is also suppressed in right ventricular tissue from human patients of 
heritable PAH [81]. At the whole-body level, BMPR2 mutant mice exhibit insulin 
resistance prior to development of PAH. These mice developed severe PAH with 
increased disease penetrance when fed a high-fat diet. Impaired glucocorticoid 
responses may contribute to the metabolic defects [216].

2.3.4  Effects of Mutations on Penetrance, Presentation,  
and Prognosis of PAH

Penetrance

Although the type of BMPR2 mutation has been associated with disease penetrance 
[14], the overall incomplete penetrance of PAH indicates that a mutation in BMPR2 
is required but insufficient for the development of PAH.  Additional genetic and 
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environmental risk factors may be required as a “second hit” as they interact with 
BMP signaling and modify the risk of PAH in predisposed individuals.

As mutations in BMPR2 are heterozygous, the unaffected wild-type allele con-
trols the expression of BMPR2 transcript and protein in carriers of haploinsufficient 
mutations. The levels of BMPR2 transcript produced by the wild-type allele are 
lower in mutation carriers with PAH compared with PAH-free mutation carriers. 
Therefore the activity of the wild-type BMPR2 allele has been associated with PAH 
disease penetrance in genetically susceptible mutation carriers [75]. In addition, the 
ratio between alternatively spliced isoforms of BMPR2 is also associated with dis-
ease penetrance. Mutation-positive PAH patients have more isoform A, which is 
full-length BMPR2, relative to isoform B, which lacks the functionally important 
exon 12 [37].

Common genetic variations in the form of single-nucleotide polymorphisms may 
influence penetrance of PAH with carriers of nonsense-mediated decay-resistant 
BMPR2 mutations. Among these BMPR2 mutation carriers, those with 
 polymorphisms of the TGF-β gene resulting in higher activity of TGF-β1 show 
increased penetrance of PAH [159]. This finding further supports the contribution of 
disequilibrium between BMP and TGF-β signaling to the pathogenesis of PAH.

PAH is known to preferentially affect females more than males [51, 167], possi-
bly owing to the effects of estrogen and its impact on pulmonary vascular cell physi-
ology and/or the BMP signaling pathway. Expression arrays from BMPR2 mutation 
carriers with or without PAH enabled the identification of the estrogen- metabolizing 
enzyme CYP1B1, whose expression was tenfold lower in female mutation carriers 
with PAH compared with those without PAH [213], with the penetrance of PAH 
appearing fourfold higher in female subjects homozygous for the wild-type N/N 
genotype of the CYP1B1 N453S polymorphism [9]. Reduced CYP1B1 favors the 
synthesis of 16α-hydroxyestrone, a mitogenic and pro-proliferative estrogen metab-
olite [11]. Increased levels of 16α-hydroxyestrone are associated with increased 
penetrance of PAH in female [9] and male [56] PAH patients and in BMPR2 mutant 
mice [56]. Estrogen and its metabolites directly reduce BMPR2 expression, possi-
bly via binding of estrogen receptor alpha to the BMPR2 promoter [13], represent-
ing one of the multiple avenues through which estrogen interacts with and regulates 
the BMP pathway and other pathways and systems [11].

Presentation

Mutations of BMP pathway components influence the disease phenotype, resulting 
in earlier onset and higher severity in general. BMPR2 mutation carriers are diag-
nosed with PAH approximately 10 years earlier than BMPR2 mutation-negative 
patients [69, 158, 194]. Patients with BMPR2 mutations also present worse clinical 
phenotypes at diagnosis, including higher mean pulmonary artery pressure, lower 
cardiac index, higher pulmonary vascular resistance, and lower mixed venous oxy-
gen saturation compared to mutation-free patients [194]. In addition, mutation- 
positive patients are less likely to respond in acute vasoreactivity testing [54, 170]. 
However, the presence of BMPR2 mutations does not lead to worse exercise 
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capacity, possibly owing to their younger age [121]. BMPR2 mutation type and 
position of the mutation may have an effect on PAH phenotype, as carriers of mis-
sense mutations are diagnosed at a younger age than truncation mutation carriers 
[14]. Patients with a point mutation within the cytoplasmic tail of BMPR2 display 
later onset, lower pulmonary vascular resistance and a higher proportion of 
response to acute vasodilator challenge as compared to patients with mutations 
located elsewhere. This observation might be explained by the preserved activation 
of the SMAD pathway in cytoplasmic tail mutants [67].

Mutations in ACVRL1/ALK1 have also been reported to affect PAH presentation. 
Carriers of ACVRL1 mutations are diagnosed with PAH at a younger age than non-
carriers and BMPR2 mutation carriers. ACVRL1 mutation carriers displayed better 
hemodynamic status at diagnosis, but none demonstrated acute vasodilator response 
[68]. In addition, BMPR2 mutation carriers of more active TGF-β1 polymorphism 
genotypes demonstrate earlier age at diagnosis [159]. Similarly, digenic mutations, 
both BMPR2 and KCNA5, which encode a protein that forms a part of voltage-gated 
potassium channels, may account for the earlier occurrence and increased severity 
in one patient [210].

Prognosis

The outcome of PAH patients may be affected by the presence of genetic mutations. 
Patients with BMPR2 mutations have been reported to progress more rapidly with 
shorter time to death or lung transplantation compared with mutation-free patients 
[194]. However, the overall survival of BMPR2 mutation-positive and mutation- 
negative patients are similar [69, 194], possibly due to the younger age of onset in 
mutation carriers [121]. Among the mutation types, missense mutation carriers 
demonstrate shorter survival and duration from diagnosis to death or lung transplan-
tation than patients with truncating mutations [14]. Furthermore, patients with 
ACVRL1 mutations also exhibit shorter survival compared with other patients with 
PAH [68].

2.4   Implications on Diagnosis: Genetic Testing

Discovery of mutations within the BMP pathway may facilitate the diagnosis of 
PAH in the form of genetic testing. It is recommended to offer genetic analysis to 
heritable PAH patients and possibly to idiopathic PAH patients due to the possibility 
that they carry a mutation [15, 128]. Asymptotic relatives of these patients may also 
benefit from genetic testing. The identification of a pathogenic mutation in a patient 
allows less costly testing for other family members [187]. Traditional methods have 
focused on BMPR2, ACVRL1, and ENG and have identified numerous mutations [4, 
36]. Given the highest prevalence, genetic testing should begin with BMPR2 unless 
there is a family history of HHT [12]. Additionally, it is now possible to screen for 
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SMAD9, CAV1, and KCNK3 in North America and Europe [12]. A unified PAH 
mutation panel would be extremely useful. However, as the number of mutated gene 
expands, custom capture and next-generation sequencing should replace the expen-
sive and labor-intensive traditional sequencing methods [121]. Genetic testing 
should be conducted with pretest informed consent and counseling, as well as post-
test counseling, explaining the implications of the test results. The absence of muta-
tions in the asymptotic member of an HPAH family with known mutations is 
reassuring as it reduces the PAH risk to near zero [12]. On the other hand, the pres-
ence of a mutation in an asymptotic individual does not necessary lead to PAH dis-
ease, owing to the reduced penetrance, but it doubles the pretest probability and 
increases risk yet higher in females [12]. Emerging evidence suggests that BMPR2 
mutations are associated with subtle pulmonary abnormalities in asymptotic carri-
ers [155]. However, it is not currently possible to identify which carriers will develop 
PAH. Also, no interventions have yet been proven effective in preventing the devel-
opment of PAH in mutation carriers. Some current PAH therapies, such as silde-
nafil, are also used in other conditions and may have potential in PAH prevention 
[12]. In order to ensure early diagnosis, asymptotic mutation carriers should undergo 
regular noninvasive echocardiographic screening [187]. Moreover, genetic muta-
tions in parents have implications for reproductive planning, as one mutation carrier 
parent confers a 50  % chance of mutation inheritance in the offspring [12]. 
Preimplantation genetic diagnosis following in vitro fertilization allows the selec-
tion of mutation-free embryos and the birth of a healthy child [61].

2.5   Implications on Treatment and Proof-of-Concept Studies

Given the central importance of dysfunctional BMP signaling to PAH pathogenesis, 
a number of strategies correcting these defects have been tested. These approaches 
aim to rescue BMPR2 expression directly or enhance BMP signaling by targeting 
other components of the pathway [212]. Interestingly, current vasodilatory PAH 
drugs such as sildenafil [221] and prostacyclin analogues [220] partly rescue 
SMAD/Id signaling via cyclic adenosine monophosphate and cyclic guanosine 
monophosphate, supporting the therapeutic benefits of enhancing BMP signaling. 
In addition, a number of compounds showing benefits in proof-of-concept studies, 
such as chloroquine and tacrolimus, are also drugs approved for treatment of other 
conditions. This may facilitate the development of these drugs for use in PAH [137].

2.5.1  Approaches Targeting BMPR2

Owing to the high prevalence of BMPR2 mutations and reduced BMPR2 expression 
with or without mutation in PAH patients, this gene has been a central focus of 
research in this field. One of the approaches toward enhancing BMPR2 expression has 
been via gene therapy vectors. Vector-targeted delivery of BMPR2 to the pulmonary 

 Bone Morphogenetic Protein Signaling in Pulmonary Arterial Hypertension



312

vascular endothelium was beneficial in animal models of pulmonary hypertension 
(PH, [164, 165]). These results are contradictory to a different study where adenoviral 
delivery of BMPR2 into the pulmonary vasculature did not improve monocrotaline-
induced PAH [129]. This may be explained by differences in methodology, for exam-
ple, in viral construction, time, and route of gene delivery. The effectiveness of 
single-dose gene delivery has been questioned [206], and the choice of vector and its 
ability to sustain expression without immunologic response is likely critical.

An alternative approach involves rescuing the expression of BMPR2 mutants 
affected by premature truncation. Premature termination can be prevented by small 
molecules enhancing ribosomal read-through, resulting in increased expression of 
full-length protein, increased BMPR2 signaling, and inhibition of pulmonary vascu-
lar cell hyper-proliferation [49, 76]. On the other hand, aberrant trafficking of mis-
folded BMPR2 can be rescued by treatment of cells with chemical chaperones, 
demonstrated by enhanced cell surface BMPR2 expression and signaling [60, 184].

In order to prolong the cell surface expression of BMPR2, lysosomal degradation 
of BMPR2 can be inhibited by chloroquine and its analogues. Several studies have 
demonstrated restoration of BMPR2 signaling in vitro and prevention of PAH using 
chloroquine. Furthermore, chloroquine may block autophagy and promote apopto-
sis of PASMCs [52, 115, 175].

2.5.2  Approaches Directed on Other Components of BMP Signaling

In addition to BMPR2 expression, dysfunctional BMPR2 signaling is also amena-
ble to modulation by targeting other components of the BMP signaling axis, includ-
ing ligands, other receptors and associated proteins, and downstream mediators.

Systemic administration of BMP9, which binds BMPR2/ALK1 receptor com-
plexes on endothelial cells, reverses established PAH in genetic and nongenetic ani-
mal models, without inducing ossification [114]. Intriguingly, BMP9 administration 
also increased BMPR2 expression in a SMAD-dependent manner [114]. This study 
supports the therapeutic potential of BMP9, BMP10, and their analogues.

FK-binding protein 12 (FKBP12), a repressor of BMP signaling, has been tar-
geted in PAH. Treatment of vascular cells with tacrolimus releases FKBP12 from 
type I BMP receptors, potentiating the activation of downstream signaling. In vivo 
treatment with tacrolimus was reported to reverse PH in the rat [189]. This drug is 
currently tested in a clinical trial and is reported to show benefit in initial patients 
[188]. BMPR2 signaling can be enhanced by the endogenous elastase inhibitor ela-
fin, which stabilizes CAV1 on the cell surface and augments interaction between 
BMPR2 and CAV1. Elafin improves endothelial function, induces PASMC apopto-
sis, and reverses established PAH in rats [146]. Additionally, suppression of TGF-β 
signaling with various small molecule inhibitors of the activin/TGF-β type I recep-
tor ALK4/ALK5/ALK6 kinases attenuates both PH and pulmonary vascular remod-
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eling in monocrotaline-treated rats [112, 200, 230], indicating that the exaggerated 
TGF-β signaling seen in the presence of defective BMP signaling represents a bona 
fide target. Recently our group found that a more selective approach to inhibiting 
TGF-β1 and TGF-β3 signaling using a recombinant TGFBRII extracellular domain 
fused to the immunoglobulin Fc domain as a ligand trap was also effective in abro-
gating PH and pulmonary vascular remodeling not only in monocrotaline-treated 
rats but also markedly improved survival in these animals, as well as improving PH 
and related endpoints in mice and rats treated with the combination of VEGFR1/
VEGFR2 inhibitor SU5416 and hypoxia ([229], accepted).

Inside the cell, the functions of SMAD8 (SMAD9) affected by a nonsense muta-
tion can be rescued by the read-through-promoting molecule ataluren, similar to 
BMPR2 mutants [49]. PPARγ and its downstream targets such as platelet-derived 
growth factor receptor have been targeted in PAH models and have shown benefits 
[162]. As BMP signaling plays a role in regulation of cytoskeleton, correction of 
cytoskeletal impairment using human recombinant angiotensin-converting enzyme 
2, possibly acting by correcting Rac1 defects, has reversed pulmonary hypertension 
in mice with universal expression of the heterozygous R899X mutation [97].

3  Remaining Questions and Directions for Future Research

In conclusion, our understanding of the BMP signaling pathway and its roles in 
PAH has advanced significantly in the last 15 years, since the initial discovery of 
mutations in BMPR2 as the most common explanation for cases of heritable 
PAH. More recently, improved sequencing technologies have enabled the associa-
tion of additional components of the BMP pathway as well as other gene loci with 
PAH, as well as numerous other polymorphisms and genomic and epigenetic altera-
tions. The functional consequences of these genetic lesions are beginning to be 
understood at molecular, cellular, and system levels but will require substantial fur-
ther elucidation. This growing body of knowledge supports the potential for thera-
peutic intervention aiming to rectify dysfunctional BMP signaling in PAH and may 
also provide opportunities for correcting aberrant BMP signaling in other condi-
tions such as HHT, vascular inflammation, calcification and atherosclerosis [47], 
anemia of chronic disease [125, 191], and heterotopic ossification [132, 133, 228]. 
However, fundamental questions still remain on the mechanisms linking the muta-
tions to disease, the involvement of a necessary “second hit,” genetic, epigenetic, 
environmental, infectious, endocrine, or otherwise, to fully explain the phenomena 
of reduced penetrance and gender bias. Future investigations in the next few years 
will continue to search for the answers and will also test the exploitation of BMP 
signaling in the treatment of human cardiovascular diseases including but not lim-
ited to PAH.
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BMP Signaling in Fibrodysplasia Ossificans 
Progressiva, a Rare Genetic Disorder 
of Heterotopic Ossification

Eileen M. Shore and Frederick S. Kaplan

Abstract Heterotopic ossification (HO), the formation of extraskeletal bone, is 
most frequently associated with severe tissue injury. However, predicting who will 
be susceptible to HO and when HO will form has been challenging, resulting in a 
paucity of information about the causes and progression of this heterotopic bone 
formation. Fibrodysplasia ossificans progressiva (FOP) is a rare genetic disorder in 
which heterotopic bone forms in soft connective tissues during childhood and 
throughout adult life, frequently in response to tissue trauma. The discovery that FOP 
is caused by gain-of-function mutations in ACVR1, the gene encoding the ALK2 BMP 
type I receptor, established that perturbation in the bone morphogenetic protein 
(BMP) signaling pathway is an underlying cellular mechanism for HO. The identifi-
cation of the responsible gene for FOP, together with the development of animal 
models for HO and FOP, is now leading to advances in understanding the cellular and 
molecular mechanisms of bone formation and the induction of HO.
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1  Introduction

Fibrodysplasia ossificans progressiva (FOP) is a human genetic disorder (MIM 
#135100; http://omim.org/entry/135100) in which bone forms in soft connective 
tissues, beginning during childhood and continuing throughout adult life, often 
in response to injury [1]. Extraskeletal bone formation, or heterotopic ossifica-
tion (HO), is an extremely rare clinical finding in children, mainly associated 
with genetic disorders such as FOP or progressive osseous heteroplasia (POH) 
[1]. In adults, more common, nongenetic forms of heterotopic ossification are 
frequently associated with a range of conditions that involve severe trauma 
including spinal cord and head injuries, hip replacement surgery, and high-
impact blast injuries [2].

Although the bone morphogenetic protein (BMP) signaling pathway had been 
implicated in heterotopic ossification and FOP [3–6], it was the discovery of muta-
tions in the ACVR1 gene that confirmed that alterations of BMP signaling are the 
primary cause of FOP [1] and that enhanced signaling from the ACVR1/ALK2 type 
I receptor is sufficient to cause heterotopic bone formation [7–10]. In this chapter, 
we will review advances in our understanding of heterotopic ossification and BMP 
signaling in FOP.

2  Clinical Features of Fibrodysplasia Ossificans  
Progressiva (FOP)

Fibrodysplasia ossificans progressiva (FOP) is clinically diagnosed on the basis of 
two characteristic features: progressive formation of extraskeletal bone, or hetero-
topic ossification (HO), and congenital malformations of the great toes [1].

Skeletal Development in FOP Patients with FOP show specific skeletal malfor-
mations, indicating that the causative ACVR1 gene mutation influences bone 
 formation during embryogenesis in addition to directing chondrogenesis and osteo-
genesis in soft connective tissues after birth [11].

Malformation of the great toes is the most consistent skeletal anomaly and is usu-
ally the first indication that a child has FOP. This feature has been used to diagnose 
FOP prior to the onset of heterotopic bone formation [12–14]. These malformations 
result from abnormal first metatarsal, proximal phalange, and interphalangeal joint 
formation. Typically, the proximal phalanx of the first toe is aberrantly shaped [12] 
and is broader than normal and often fused with the distal phalanx [15]. Some children 
have an intact interphalangeal joint of the great toe at birth that fuses early in life.
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About half of patients with a classic clinical presentation of FOP have malformed 
thumbs, although the severity of thumb malformation is less than in the great toe 
[15]. Malformations of other skeletal elements are more variably observed [11, 16], 
the most common of which are short, broad femoral necks and narrow cervical ver-
tebrae. Osteochondromas (benign osteochondral neoplasms or orthotopic lesions of 
skeletal remodeling) also are a common feature of FOP [17]. Proximal medial tibial 
osteochondromas are most frequently observed; however, osteochondromas are 
often detected at other skeletal sites. The osteochondromas are usually asymptom-
atic, frequently bilateral, and most often pedunculated [18].

Heterotopic Ossification in FOP Onset of heterotopic ossification usually occurs 
before the age of 10, although episodes as early as the first year after birth as well 
as onset occurring much later in life have been reported [11, 19–21]. In children, 
HO formation is preceded by painful, highly inflammatory soft tissue swellings 
[22]. These swellings, known as flare-ups, appear suddenly, expand rapidly, and are 
highly vascular [23]. In some cases, a flare-up subsides without residual bone for-
mation, but most cases result in HO [22]. Although skeletal muscle is the tissue 
most often affected, heterotopic ossification also forms in other connective tissues 
such as aponeuroses, fascia, ligaments, and tendons [24]. Heterotopic bone forma-
tion in FOP is progressive, cumulative, and severely disabling [22].

In FOP, HO can be triggered by minor tissue injury such as intramuscular immu-
nizations, mandibular blocks for dental work, severe muscle fatigue, blunt muscle 
trauma from bumps and falls, or surgical attempts to remove heterotopic bone [25–
28]. In the absence of trauma in FOP, HO forms in a characteristic anatomic and 
temporal progression [29]. This ectopic bone formation in FOP, which generally is 
asymmetrically distributed, is usually seen first in dorsal, axial, cranial, and proxi-
mal regions of the body with early HO most commonly in the neck, spine, and 
shoulders and then later in ventral, appendicular, caudal, and distal regions. By the 
third decade of life, most body regions are affected [22, 30].

Histopathology of FOP Lesions Tissue trauma carries a risk of triggering epi-
sodes of FOP HO formation; therefore, biopsies are not obtained following diagno-
sis. However, early stages of FOP have been frequently misdiagnosed and biopsied, 
providing tissue samples that have been examined to define histological progres-
sion. FOP lesions involve an initial catabolic phase of tissue inflammation and 
destruction followed by an anabolic phase involving tissue formation and replace-
ment by extraskeletal bone [23, 27, 31–33].

3  ACVR1/ALK2 Gene Mutations Cause FOP

Genetic transmission occurs rarely for FOP due to low reproductive fitness; most 
cases of FOP are caused by de novo mutations [34, 35]. The population frequency 
of FOP is estimated to be about one in 1.5–2 million [30, 34]. No gender, racial, 
ethnic, or geographic differences or clustering is observed [34]. Occasional families 
with genetic transmission of FOP have been reported [11, 34, 35] and show an auto-
somal dominant pattern of inheritance.
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ACVR1 (ALK2) R206H Mutations in FOP Genetic linkage analysis and posi-
tional cloning using five families with a classic clinical presentation of FOP (pro-
gressive heterotopic ossification that initiates during childhood or adolescence and 
characteristic great toe malformation) identified mutation of the ACVR1 (activin A 
type I receptor) gene [35]. The ACVR1 gene, also known as activin-like kinase 2 
(ALK2), encodes a type I receptor for bone morphogenetic proteins (BMPs). All 
patients with classic clinical features of FOP have the same heterozygous single- 
nucleotide substitution (c.617G>A) that changes amino acid 206 from arginine to 
histidine (R206H) [11, 35]. Codon 206, within the glycine-serine (GS) region of the 
cytoplasmic domain of ALK2, is highly conserved among species. Although the 
three human BMP type I receptors (ALK2, ALK3, and ALK6) have a high level of 
amino acid sequence conservation, ALK2 codon 206 uniquely encodes arginine, 
while the corresponding amino acids in ALK3 and ALK6 are lysine.

Atypical Forms of FOP Occasional cases of FOP are associated with unusual 
clinical features [11]. Some of these variant cases clinically present with differences 
in one or both of the two classic defining features of FOP, most notably more or less 
severe malformations of the digits. As with patients with classic features of FOP, all 
have heterozygous ACVR1 missense mutations in conserved amino acids [11, 20, 
36–42]. However, instead of the common recurrent c.617G>A; R206H mutation, 
non-R206H ACVR1 mutations have been identified in many of these cases. All 
patients with FOP-type heterotopic endochondral ossification so far examined have 
a mutation in the ACVR1 gene [11] and our additional unpublished data.

All of these variant ACVR1 mutations are single-nucleotide substitutions causing 
missense mutations, with the exception of a three-nucleotide deletion spanning two 
codons that results in replacement of two amino acids with a single amino acid [11]. 
The identified mutations occur in either the glycine-serine (GS) activation domain 
or the protein kinase domain, regions of the ALK2 receptor important in down-
stream signal transduction [11, 43, 44]. Protein structure homology modeling pre-
dicts that these amino acid substitutions, as well as the R206H mutation, activate the 
ALK2 protein to enhance receptor signaling [11, 37].

ACVR1 Mutations in Diffuse Intrinsic Pontine Gliomas (DIPGs) As an additional 
note of interest, ACVR1 mutations have been identified outside of the context of 
FOP in patients with diffuse intrinsic pontine gliomas (DIPGs) [45, 46]. DIPGs are 
a rare class of brainstem gliomas and the leading cause of death among all pediatric 
brain tumor patients [47]. Recent studies identified recurrent heterozygous somatic 
missense mutations in ACVR1 in about 33    % of DIPGs [48–51]. Seven mutations 
were identified and all except one have also been identified in FOP patients [48–51]. 
The ACVR1 mutation alone does not induce a tumorigenic phenotype, and ongoing 
studies are investigating the roles of ACVR1 mutations in DIPG pathogenesis.

4  Acvr1 R206H Knock-In Mouse Models

An Acvr1 R206H (c.617G>A) knock-in mouse (Acvr1R206H/+) provided the first 
direct in  vivo evidence that the R206H mutation in ACVR1 causes FOP [7]. 
Although expression of Acvr1R206H from its endogenous promoter in mice is 

E.M. Shore and F.S. Kaplan



331

perinatal lethal, phenotypic characterization of mice that are chimeric for Acvr1R206H 
cells identified every clinical feature of patients with classic FOP, including embry-
onic skeletal malformations (and specific hind limb first digit malformations) and 
postnatal heterotopic endochondral bone formation [7]. Histological analyses of 
regions undergoing heterotopic ossification further demonstrated the same progres-
sion of cellular events seen in patient lesions, including inflammation-associated 
destruction and turnover of connective tissues followed by tissue replacement by 
cartilage and bone.

A conditional knock-in mouse (Acvr1cR206H/+) with expression of Acvr1R206H under 
the regulation of Cre-inducible recombination has been recently reported [52, 53]. 
This conditional Acvr1R206H mouse model can be used to avoid the perinatal lethality 
of the germline mutation transmission and can be used as a reliable model for post-
natal injury-induced heterotopic ossification [52, 53]. The Cre-regulated mutation 
also permits cell-specific expression of the R206H mutation. Mice expressing 
Acvr1R206H only in limb mesenchymal progenitor cells (Prrx1+) formed skeletal mal-
formations similar to those seen in patients due to altered chondrocyte development 
in the growth plates of long bones and developed heterotopic ossification postna-
tally in the absence of injury [52].

5  BMP Signaling and ACVR1/ALK2

BMP ligands signal through tetrameric complexes of two type I and two type II 
serine-threonine kinase receptors on the cell surface [54, 55]. When the ligand binds 
the extracellular region, type II receptors phosphorylate the glycine-serine (GS) 
domain of type I receptors. Activated type I receptors transduce downstream signal-
ing through BMP pathway-specific SMAD1/5/8 proteins as well as through MAP 
kinase pathways [54, 55]. In addition to ALK2 (the BMP type I receptor mutated in 
FOP), BMP signal transduction is mediated through the BMPR1A/ALK3, BMPRIB/
ALK6, AL1, and ALK4 type I receptors [54, 55].

The TGFβ/BMP family [56–58] regulates a wide range of cellular activities 
including differentiation, proliferation, apoptosis, migration, positional informa-
tion, and stem cell renewal [59–63]. Unlike other members of the family, many 
members of the BMP subgroup can induce the complete process of endochondral 
bone formation [59]. BMP ligands and their receptors are expressed throughout 
development and in many adult tissues including skeletal muscle and cartilage.

Structural Homology Modeling of Mutant ALK2 Receptors Structural homology 
modeling was used to provide initial information regarding the functional effects of 
the R206H mutation in ALK2 on BMP signaling [64]. The cytoplasmic domains of 
all TGFβ/BMP type I receptors are highly conserved, allowing for modeling of 
ALK2 based on the structure of ALK5. Structural modeling of FOP variant muta-
tions in ALK2 supports that these amino acid substitutions also lead to receptor 
malfunction of the kinase domain [11, 20, 37, 38, 44, 55]. Multiple ALK2 muta-
tions, including the classic R206H mutation, disrupt key interactions with the BMP 
signaling regulatory protein FKBP12 that normally stabilize the inactive site of the 
receptor [44]. Glycine 328 mutations (in the kinase domain) have been identified in 
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FOP and may affect binding of Smad proteins or alter binding of FKBP12 [11, 38]. 
The Q207E variant mutation was initially predicted to function similarly to the 
engineered Q207D mutation, a constitutively active mutation that results in irrevers-
ible relocation of the GS domain into an activating position. Surprisingly, the Q207E 
mutation functioned similarly to the classic R206H mutation and retained some 
ability to be inhibited by FKBP12 [65]. Other mutations identified in the protein 
kinase domain of ALK2 (G356D and R375P) may disrupt ion pair formation and 
promote phosphorylation of the receptor, leading to constitutive activity [11].

BMP Signaling in FOP Patient Cells In vitro (no italics - it is the start of the first 
sentence) experiments using lymphoblastoid cell lines (LCLs) and stem cells from 
human exfoliated deciduous teeth (SHED cells) from FOP patients showed a con-
sistent pattern of aberrant BMP signaling [3–5]. Although LCLs do not express 
detectable levels of BMP-SMAD-responsive proteins, FOP LCLs have increased 
p38 MAPK protein phosphorylation, indicating activation of a noncanonical BMP 
signaling pathway [4, 5]. In addition, expression of ID1 and ID3, both direct tran-
scriptional targets of BMP signaling, was increased in FOP LCLs [4, 5]. Similar 
experiments conducted using SHED cells isolated from FOP patients revealed dys-
regulation of both the canonical Smad-dependent and the noncanonical p38 MAPK 
BMP signaling pathways [3].

Elevated and prolonged cell surface expression of the BMP type I receptor 
BMPRIA/ALK3 was observed in FOP LCLs as a consequence of reduced receptor 
degradation and internalization [4]. The mechanism through which mutations in one 
BMP type I receptor (ALK2) affects another (ALK3) is not yet understood.

Effects of ACVR1/ALK2 Mutations on BMP Pathway Signaling Studies using 
FOP patient cells [4–6] revealed elevated BMP pathway signaling in response to 
exogenous BMP ligand compared to normal cells, indicating that ALK2R206H has 
increased ligand sensitivity. These investigations also revealed elevated canonical 
BMP signaling in the absence of exogenous BMP ligand, supporting that ALK2R206H 
is a mild gain-of-function mutation that remains ligand-responsive. Several in vitro 
ALK2 overexpression assays have demonstrated enhanced BMP pathway signaling 
by FOP ALK2 mutations [55, 66, 67], [8, 9], consistent with the results from patient 
cells, demonstrating that the enhanced activity of ALK2R206H is not cell type 
specific.

Mouse embryonic fibroblasts (MEFs) from Acvr1R206H mouse models [7, 53] 
have been used as an in vitro mesenchymal cell system to study elevated BMP path-
way signaling conferred by the R206H mutation on a molecular level [68]. These 
cells recapitulate the increased levels of SMAD1/5/8 phosphorylation and BMP 
target gene expression seen in patient LCL cells and SHED cells, and can be dif-
ferentiated to adipogenic, chondrogenic, and osteogenic lineages, demonstrating 
their utility as a mesenchymal cell model system to study the effects of the FOP 
mutation [68, 69]. Control cells were used to demonstrate that the ALK2 receptor is 
necessary for the earliest stages for chondrogenesis and that ALK2 gain-of-function 
mutations in FOP patients enhanced chondrogenic differentiation [60, 68, 69].

BMP ligand independence of ALK2R206H was also demonstrated using genetic 
approaches in an in vivo BMP-null zebrafish model [9]. Early zebrafish embryos 
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require both BMP2b and BMP7 for proper dorsal-ventral patterning [70]. However, 
excess BMP signaling induces ventralization in developing zebrafish embryos [70, 
71] providing a screening method for elevated BMP signaling. Zebrafish lacking 
both BMP2b and BMP7 exhibited moderate to severe ventralization following 
transfection of ACVR1R206H mRNA [9], confirming that the BMP pathway is active 
in the absence of ligand in vivo.

The activity of ALK2R206H in the absence of BMP ligands is consistent with pre-
dictions based on structural homology modeling [44, 64]. The R206H mutation has 
been predicted to reduce binding of FKBP12, an inhibitor of TGFβ superfamily 
type I receptors that binds to the GS domain, preventing leaky activation of recep-
tors in the absence of ligand [64, 72]. Co-immunoprecipitation experiments showed 
that in the absence of BMP ligand, FKBP12 shows reduced binding to ALK2R206H 
compared to wild-type ALK2 [9], results supported by additional assays [10, 73]. A 
threefold decrease in binding of FKBP12 to ALK2R206H compared to wild-type has 
been reported [74]. Structural homology investigation of the L196P nonclassical 
mutation also identified decreased receptor binding affinity for FKBP12 [44] and 
may contribute to enhanced receptor activity in the absence of ligand activation.

BMP signaling assays of some FOP variant mutations have been reported [44, 
65, 75, 76]. Signaling assays in C2C12 cells transfected with either the G356D 
mutation [75] or the L196P mutation [76] showed that each increased phosphory-
lated SMAD1/5/8 levels and enhanced ID1 promoter activity in the absence of BMP 
ligand, similar to the effects of the R206H mutation.

Activin A Induction of TGFβ/BMP Signaling Pathway Activins are potent regula-
tors of inflammation and participate in positive feedback loops that potentiate 
expression of pro-inflammatory cytokines in many immune cell types [77–81]. 
Recently, activin A was identified as a ligand that binds to ALK2R206H, but not wild- 
type ALK2, resulting in enhanced BMP signaling by the mutant receptor, demon-
strated by an increase in phosphorylation of SMAD1/5/8 [53]. Similar results were 
found using human-induced pluripotent stem cells obtained from FOP patients that 
were subsequently differentiated to mesenchymal stromal cells [82]. These findings 
are also notable because activin A is normally associated with increased phosphory-
lation of SMAD2 and SMAD3, the downstream effectors of activated TGFβ signal-
ing, although they have been also reported to bind BMP type I and type II receptors 
during receptor complex formation [83].

6  Effects of FOP ACVR1/ALK2 Mutation on Lesion 
Progression

Development of heterotopic bone-forming lesions in FOP involves an initial tissue 
turnover phase that includes inflammation and tissue degeneration, followed by a 
tissue formation phase during which cells differentiate to cartilage and bone and 
form endochondral bone tissue [1]. Early lesions begin with extensive soft tissue 
swelling (especially noted in children) that is associated with neutrophil, 
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macrophage, mast cell, and lymphocyte infiltration [33, 84–86]. Connective tissue 
degeneration follows immune cell infiltration; however, instead of the regeneration 
that is expected in response to injury, robust fibroproliferation is followed by chon-
drogenesis and osteogenesis leading to mature heterotopic bone [31, 87]. The 
ACVR1R206H mutation may affect each stage of lesion development.

Immunological Contributions to Heterotopic Ossification Flare-ups of HO in 
patients with FOP can occur following inflammatory stimuli [84], suggesting that 
an immune response contributes to early HO events. A recent review of studies 
investigating immunological contributions to genetic and nongenetic forms of HO 
discussed the roles of multiple immune cell types and signaling pathways in this 
process [88]. The BMP pathway has a functional role in the immune system, sug-
gesting the possibility that elevated BMP pathway signaling from ALK2R206H 
enhances an inflammatory response. As an example, in response to BMP6, macro-
phages are induced to a pro-inflammatory state similar to the macrophage- 
lipopolysaccharide (LPS) immune response [89].

Specific immune cell types have been shown to participate in the development of 
HO in genetic and implant models of ectopic bone. Macrophages are present in the 
early FOP lesion [7], and mast cells are increased at all stages of lesion develop-
ment, with vast increases in mast cell density (upward of 40- to 150-fold) in FOP 
compared to unaffected individuals [86]. Ablation of macrophages via clodronate 
liposomes [90] or diphtheria toxin [91] in the Nse-BMP4 mouse model of HO sig-
nificantly reduced HO volume [92]. Similarly, a mast cell-deficient Nse-BMP4; 
c-kitW-sh/W-sh mouse model also had reduced HO volume [93]. The pro- inflammatory 
neuropeptide substance P (SP), which stimulates mast cell function, was elevated 
in early HO lesions of patients with FOP and non-hereditary forms of HO, as well 
as in Nse-BMP4 transgenic mice, and inhibition of the SP receptor NK1r, or abla-
tion of mast cells, which express high levels of NK1r, inhibited the formation of 
HO [93]. 

Role of Activin A in FOP The recent report that activin A preferentially binds 
ALK2R206H, but not wild-type ALK2, activating the BMP-pSMAD1/5/8 pathway in 
addition to the pSMAD2/3 pathway, identified activin A as candidate for under-
standing FOP lesion pathology and as a potential therapeutic target [53]. Acvr1cR206H/+ 
mice treated with a humanized antibody against activin A inhibited HO formation, 
suggesting that activin A is a key factor in the development of HO in FOP [53]. The 
mechanism through which activin A leads to heterotopic ossification and how the 
activin A ligand differentiates between wild-type and mutant ALK2 is of great inter-
est in ongoing investigations. Since the ligand-binding domain (LBD) of ALK2 is 
unchanged by the R206H mutation, the mechanism may require that the mutation 
alters the conformation and specificity of the ALK2 LBD or that the mutant ALK2 
binds atypical type I and/or type II receptor partners to confer altered ligand bind-
ing. Little is currently known about the expression and function of ALK2 in various 
cell types or the identity of the cells that mediate an activin A-ALK2R206H-HO 
response. It remains to be confirmed whether the absence of wild-type ALK2- 
pSMAD1/5/8 signaling in response to activin A is cell type specific and whether the 
differential response of mutant and wild-type ALK2 occurs in all cell types at 
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endogenous levels of receptor expression. Importantly, it also remains to be estab-
lished whether the mechanism of differential activation of wild-type and mutant 
ALK2 is specific to activin A or if activin A functions similarly to other BMP 
ligands in their ability to trigger a more sensitive response by ALK2R206H.

Role of Hypoxia in Heterotopic Ossification Pathology Recent investigations 
examined the interaction of elevated BMP pathway signaling in FOP with activation 
of the hypoxia-sensing HIF1α pathway [67]. Inhibition of the HIF1α pathway by 
genetic or pharmacologic means restored BMP-pSMAD1/5/8 signaling to normoxic 
levels in human FOP SHED cells and reduced HO in a constitutively active 
Acvr1Q207D/+ mouse model of FOP-like HO [67]. This finding is consistent with pre-
vious reports that inhibition of the HIF1α pathway prevents nongenetic and genetic 
HO [94] and supports that cellular oxygen-sensing mechanisms modulate BMP sig-
naling and contribute to HO development in FOP [67, 84, 88, 95].

Origin of HO Progenitor Cells Many cell types have chondrogenic and osteo-
genic potential in vitro; however, the specific identity of the cells that aberrantly 
differentiate to cartilage and bone during HO in vivo is not yet fully defined. TIE2 
was identified in mouse models of HO as a marker for ~50 % of cells contributing 
to heterotopic bone and cartilage, and TIE2+ cells are also present in FOP patient 
biopsies [87, 96]. Endothelial cells expressing ALK2R206H induced mesenchymal 
cell marker expression suggesting that these cells dedifferentiated through 
endothelial- to-mesenchymal transition (EndMT) in response to the FOP mutation, 
including the ability to differentiate into adipocytes, chondrocytes, or osteoblasts 
and demonstrating mesenchymal multipotency [68, 96]. A TIE2+ progenitor cell 
population of non-endothelial lineage with osteogenic potential has also been iden-
tified [97]. This mesenchymal cell population (TIE2+, PDGFRα+, SCA-1+) localizes 
to the interstitium of skeletal muscle and other tissues [97]. Whether TIE2+ endothe-
lial and non-endothelial cells contribute to HO in vivo, along with contributions 
from additional cell populations, remains to be clarified.

Chondrogenesis and Osteogenesis BMP pathway signaling and ALK2 are regu-
lators of chondrogenesis and osteogenesis during endochondral ossification [68, 
98–101]. ALK2 is a BMP type I receptor that is expressed in skeletal tissues, chon-
drocytes, and osteoblasts [98]. Mouse embryonic fibroblasts (MEFs) expressing 
Acvr1R206H/+ showed accelerated chondrogenesis compared to wild-type cells and 
increased sensitivity to low levels of BMP ligand, with upregulation of early chon-
drogenic marker genes Sox9, Col2 (collagen type II), and Acan (Aggrecan) by 
Acvr1R206H MEFs [9, 68]. By contrast, overexpression of ALK2Q207D, a constitutively 
active form of ALK2, induced a dramatic increase of the late-stage chondrogenic 
markers IHH and Collagen type X, while Aggrecan expression is only slightly 
enhanced and Collagen type II is significantly downregulated by ALK2Q207D [9]. The 
BMP antagonist Noggin caused no inhibition of chondrogenesis induced by 
ALK2Q207D, but partially inhibited the enhanced differentiation by ALK2R206H. These 
data are consistent with signaling assays showing that the R206H mutation is mildly 
activating with partial BMP ligand independence.

During heterotopic endochondral bone formation, hypertrophic chondrocytes 
provide a template for infiltrating osteoblasts. Patient-derived SHED cells in vitro 
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show higher basal expression of the osteogenic markers RUNX2 and ALP and min-
eralize more rapidly than control SHED cells under osteogenic conditions without 
BMP ligand [3]. Human bone marrow mesenchymal stem cells infected with lenti-
viral ACVR1R206H are similarly more sensitive to osteogenic differentiation [10]. 
ALK2R206H-increased synthesis of ALP and mineralization, however, required 
BMP6 ligand [10]. Similar to chondrogenic differentiation, ALK2R206H showed a 
milder effect on osteogenesis when compared to ALK2Q207D [9, 10]. ALK2R206H 
stimulation of both chondrogenic and osteogenic differentiation supports that this 
mutation contributes to both processes of endochondral bone formation in FOP 
patients.

7  Counseling and Treatment

Presently, there are no effective therapeutic options that prevent or reverse the for-
mation of heterotopic bone in FOP.  Surgery is discouraged given that surgical 
removal of lesions is often followed by significant recurrence [19, 22, 30]. Surgical 
release of joint contractures has been unsuccessful and also risks new, trauma- 
induced heterotopic ossification [30, 102–104]. Medical management is currently 
supportive [104], and current treatment of FOP involves early diagnosis, preven-
tion of trauma, and other interventions that risk activating heterotopic ossification 
and symptomatic treatment of pain associated with flare-ups. The initial stages of 
heterotopic bone formation are associated with inflammation, and glucocorticoids 
seem effective in managing symptomatic new flare-ups affecting major joints of 
the appendicular skeleton, especially when used during early stage of onset. 
Guidelines for symptomatic management of FOP are available through the 
International Fibrodysplasia Ossificans Progressiva Association (IFOPA) website 
(www.ifopa.org).

Flare-ups of FOP are sporadic and unpredictable, with wide individual variabil-
ity in the age of onset and rate of disease severity and progression [11]. Several large 
studies investigating the natural history of FOP illustrate the difficulty in predicting 
the occurrence, duration, or severity of an FOP flare-up, although characteristic 
anatomic patterning has been described [19, 22]. The rarity of FOP and the unpre-
dictable nature of the condition make it extremely difficult to assess therapeutic 
interventions.

The most useful treatments for FOP would prevent or reverse heterotopic bone 
formation. The prevention and treatment of HO in FOP, as well as approaches for 
treating more common forms of heterotopic ossification, will likely target multiple 
stages that could be used in combination therapies or specifically directed as 
 warranted. With emerging insights into the pathophysiology of ACVR1/ALK2-
mediated heterotopic ossification, several strategies for the treatment and/or preven-
tion of FOP have been proposed [105]. These approaches include blocking activity 
of the mutant FOP receptor and dysregulated BMP signaling pathway, inhibiting the 
inflammatory triggers and early-stage mediators of FOP flare-ups, altering the 
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inductive and/or conducive microenvironments that promote the formation of FOP 
lesions, and diverting the responding chondro-osseous progenitor cells to a soft tis-
sue fate [105].

Preclinical data identified RARγ agonists as inhibitors of the BMP-induced 
chondrogenesis required for endochondral bone formation [52, 106]. One of these 
compounds, Palovarotene, is currently being tested in an FDA-approved phase 2 
clinical trial for FOP (ClinicalTrials.gov identifier NCT02190747) to evaluate 
whether the drug will prevent HO development during and following flare-ups in 
FOP patients. This clinical trial represents a significant milestone in the ongoing 
efforts to treat HO disorders.

8  Summary

FOP is a rare autosomal dominant disorder caused by gain-of-function mutations in 
the ACVR1 gene that increase signaling by the BMP type I receptor ALK2, causing 
progressive endochondral bone formation in extraskeletal connective tissues. The 
ACVR1R206H mutation is a recurrent mutation found in nearly all patients with 
FOP. In vivo models of heterotopic bone formation, along with in vitro assays, will 
continue to provide important insight into the cellular and molecular mechanisms of 
cell differentiation and bone formation and provide the basis for developing thera-
peutic strategies for FOP and other forms of heterotopic ossification.
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The Central Role of BMP Signaling 
in Regulating Iron Homeostasis

Herbert Y. Lin

Abstract Bone morphogenetic proteins (BMPs)/growth and differentiation factors 
(GDFs) are involved in a wide variety of embryologic, developmental, and physio-
logic processes. One important area of physiology that requires BMP signaling is 
the homeostatic regulation of iron in the body. Iron is an essential nutrient that is 
critical for several fundamental cellular processes including oxygen delivery to tis-
sues and generation of adenosine triphosphate (ATP) in mitochondria. However, 
excess iron can lead to the generation of reactive oxygen species (ROS) that are 
highly damaging to cells, and insufficient iron is the major source of anemia world-
wide. Therefore, the homeostatic regulation of total body iron content is an impor-
tant physiologic process that must be exquisitely controlled to prevent the pathologic 
states of iron excess or iron deficiency. BMP signaling in the liver by the BMP 
ligands and receptors including the co-receptor hemojuvelin/RGMc regulates the 
expression of the iron hormone hepcidin to maintain iron homeostasis.

Keywords Bone morphogenetic proteins (BMPs) • BMP6 • Growth and differen-
tiation factors (GDFs) • Hemochromatosis • Iron deficiency anemia • Hepcidin 
regulation • Iron regulation • Hemojuvelin • Smad signaling

1  Iron Metabolism and Genetic Hemochromatosis

Iron is an essential and critical nutrient required by most life forms on earth. In 
mammals, iron homeostasis is tightly regulated to provide this important element 
for growth and survival and to prevent the toxicity resulting from iron excess. Total 
body iron content is exquisitely and tightly controlled, and in normal adults there is 
no net loss or gain of iron on a daily basis. Plasma iron levels are maintained by 
intestinal absorption in the duodenum, reticuloendothelial cell recycling of senes-
cent red cells, and mobilization of hepatocyte iron stores. Circulating iron is loaded 
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onto serum transferrin and delivered primarily to the bone marrow for erythropoie-
sis. Sloughing of enterocytes and blood loss (e.g. through menstruation in women) 
are the only significant means for the removal of excess iron from the body, while 
the remaining excess iron is stored primarily in hepatocytes and macrophages [1].

Since there is no known regulated mechanism for iron excretion in mammals, 
systemic iron homeostasis is maintained by tight regulation of iron absorption from 
the intestine and release from macrophages and hepatocytes through the only known 
iron exporter protein, ferroportin [1]. Hepcidin, a soluble protein secreted by the 
liver [2], appears to be a key regulatory effector hormone for maintaining iron bal-
ance [3]. Hepcidin promotes internalization and degradation of ferroportin, an iron 
exporter located on the surface of enterocytes, macrophages, and hepatocytes [4]. 
When hepcidin is present in the circulation, it decreases intestinal iron absorption 
and inhibits the release of iron by macrophages.

The mechanisms by which hepcidin expression itself is regulated are compli-
cated but are beginning to be understood at the molecular level. An abundance of 
data suggested that hepcidin expression is enhanced by iron overload and by states 
of inflammation [1, 5]. Thus, iron and inflammatory cytokines (e.g., interleukin-6) 
stimulate hepcidin expression, leading to reduced ferroportin levels at the cell sur-
face and to reduced plasma iron levels. In contrast, hepcidin is inhibited by iron 
deficiency, hypoxia, and high erythropoietic activity [6]. This leads to enhanced fer-
roportin levels at the cell surface of cells and subsequently to increased serum iron 
levels. This physiologic regulation of hepcidin is consistent with a compensatory 
role for hepcidin to limit intestinal absorption during states of iron overload and to 
increase iron availability when needed for erythropoiesis during states of anemia [3].

When hepcidin is absent or abnormally low, a pathologic state is created leading 
to iron overload over a period of time. This condition is called hemochromatosis [7]. 
Mice and humans with null genetic mutations in the hepcidin gene develop severe 
iron overload at an early age, thus defining the first discovered cause of juvenile 
hemochromatosis [8]. Severe and early onset of iron overload is also seen in humans 
and in mice with mutations of the other genes in this pathway. For example, muta-
tion or loss of the hemojuvelin gene (HFE2, also known as HJV or RGMc) causes 
juvenile hemochromatosis with an indistinguishable phenotype from juvenile 
hemochromatosis caused by mutations or loss of HAMP (encoding hepcidin) itself, 
in both human patients and in mice [9].

2  The Central Role of the BMP Co-Receptor Hemojuvelin 
and BMP6 in the Regulation of Hepcidin Expression

Since hepcidin is crucial for iron homeostasis and HJV is critical for hepcidin regu-
lation, an understanding of the function of HJV would lead to insights into the regu-
lation of iron metabolism. Hemojuvelin (HJV/HFE2/RGMc) was identified as the 
gene mutated in most cases of juvenile hemochromatosis [8, 9], resulting in an 
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indistinguishable phenotype from hemochromatosis caused by mutations in the 
hepcidin gene itself. HJV protein is most highly expressed in the liver, heart, and 
skeletal muscle [8, 10]. Although the function of HJV was unknown at the time, 
mice and humans with HJV mutations were known to have low hepcidin levels, and 
siRNA inhibition of HJV in liver cells in vitro decreased hepcidin expression, sug-
gesting that HJV is involved in the positive regulation of hepcidin expression.

2.1   HJV Is a Member of the RGM Family

Hemojuvelin (also known as RGMc/DL2) is a member of the repulsive guidance 
molecule (RGM) family, which includes RGMa and DRAGON (also known as 
RGMb) [11]. RGMa was originally discovered to be a repulsive guidance molecule 
important during development for the guidance of chick retinal axons [12]. 
DRAGON/RGMb was independently discovered and found to be expressed in dor-
sal root ganglion cells and subsequently found to also be an axonal guidance mol-
ecule [13]. HJV shares 50–60 % sequence homology and key structural features 
with RGMa and DRAGON (RGMb), including an N-terminal signal sequence, pro-
teolytic cleavage site, partial von Willebrand factor type D domain, and glycophos-
phatidylinositol (GPI) anchor [11]. RGMa and RGMb were found to interact with 
neogenin, a homologue of the netrin receptor DCC (deleted in colorectal cancer), 
and that this cell nonautonomous interaction was important for the guidance activity 
of RGMa and RGMb [11]. Subsequently, it was shown that both DRAGON and 
RGMa function as co-receptors to enhance bone morphogenetic protein (BMP) sig-
naling [14, 15].

2.2   Hemojuvelin Is a BMP Co-receptor

Importantly, hemojuvelin was shown to function as a BMP co-receptor that can bind 
directly to BMP2 and BMP4 and BMP6 and enhances cellular responses to BMP 
ligands but not to BMP7 or BMP9 or other TGF-β superfamily ligands [10, 16]. 
Further evidence that BMP signaling was important in hepcidin regulation comes 
from data showing that BMP2 positively regulates hepcidin expression both in vitro 
and in vivo [16]. In addition, hemojuvelin increased hepcidin induction in response 
to BMP2 [17]. Hemojuvelin mutants associated with juvenile hemochromatosis 
have impaired BMP signaling ability, and hepatocytes from Hfe2-/- mice demon-
strate blunted hepcidin induction in response to BMP2 [10]. This suggests that the 
mechanism for iron overload in patients with hemojuvelin mutations is due to 
decreased BMP signaling in the liver leading to decreased hepcidin expression. 
Thus, BMP signaling by the BMP co-receptor hemojuvelin appears to be central to 
hepcidin expression.
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2.3   BMP6 Is a Major BMP Ligand in Hepcidin Regulation

The major native ligand for hemojuvelin in the liver appears to be BMP6, whose 
mRNA expression is regulated by iron in vivo [18]. BMP6 appears to be critical in 
mice to activate the BMP signaling cascade that leads to hepcidin expression [19, 
20]. Global BMP6 KO mice have severe iron overload that is indistinguishable from 
the iron overload seen in mice with hepcidin and HJV mutations.

In humans, three heterozygous missense mutations were found in BMP6  in 
patients with unexplained iron overload [21]. These mutations lead to loss of signaling 
to the SMAD proteins and to reduced hepcidin production and to increased suscep-
tibility to mild-to-moderate late-onset iron overload in these patients.

BMP6 binds type I and type II BMP receptors (BMPR-I and BMPR-II) in the 
presence of the BMP co-receptor hemojuvelin, inducing the phosphorylation of 
BMPR-I by BMPR-II. The activated receptor complex, in turn, phosphorylates a 
subset of SMAD proteins (SMAD1/SMAD5/SMAD8). These receptor-activated 
SMADs then form heteromeric complexes with the common mediator SMAD4, 
and these translocate to the nucleus where they regulate transcription of specific 
targets, such as hepcidin. Finally, there is also feedback regulation of this system, 
since serum iron and tissue iron can also regulate BMP6 mRNA expression [18].

2.4   Smad Signaling Is Important for Hepcidin Regulation

A liver-specific conditional knockout of Smad4 abrogated the transcriptional activa-
tion of hepcidin in response to iron overload, TGF-β, BMP, or IL-6 [22] and resulted 
in a similar iron overload phenotype in mice that is indistinguishable from the iron 
overload seen in hepcidin, HJV, or BMP6 KO mice. In addition, it was demon-
strated that ectopic overexpression of SMAD4 in hepatocytes activated the hepcidin 
promoter and was associated with epigenetic modification of histone H3 to a tran-
scriptionally active form.

Smad6 and Smad7, the inhibitory Smads, also appear to be involved in hepcidin 
regulation [23]. By using high-throughput siRNA screening, SMAD7 was identified 
as a potent hepcidin suppressor. SMAD7 was shown to be coregulated with hepci-
din by BMPs in primary murine hepatocytes and that SMAD7 overexpression com-
pletely abolished hepcidin activation by BMPs. A distinct SMAD regulatory motif 
(GTCAAGAC) within the hepcidin promoter was identified that was involved in 
SMAD7-dependent hepcidin suppression, demonstrating that SMAD7 does not 
simply antagonize the previously reported hemojuvelin-/BMP-responsive elements. 
In addition, SMAD7 was shown to be coregulated with hepcidin via SMAD4  in 
response to altered iron availability in  vivo [18]. Smad6 expression is similarly 
coordinated in response to iron as Smad7 [24].
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More recently, it was determined that endofin, a SMAD anchor, is involved in 
hepcidin expression. Experiments showed that knockdown of endofin in liver cells 
inhibits basal and BMP-induced hepcidin expression along with other BMP- 
regulated genes, ID1 and SMAD7. Endofin was shown to interact in  situ with 
SMAD proteins and to significantly reduce SMAD phosphorylation when endofin 
levels were knocked down, suggesting that endofin modulated hepcidin through the 
BMP-SMAD signaling pathway. Characterization of naturally occurring SNPs in 
the endofin gene showed that mutations in the conserved FYVE domain resulted in 
cellular mislocalization of endofin, potentially affecting downstream BMP signal-
ing and modulating hepcidin expression [25].

3  Other BMP Ligands Involved in Hepcidin and Iron 
Regulation

While BMP6 appears to be the major BMP ligand involved in iron homeostasis 
under normal physiologic conditions, other BMPs have been shown to be able to 
upregulate hepcidin, both in  vivo and in  vitro [16, 17]. It is possible that under 
pathologic conditions, these other BMPs may play a prominent role in regulation of 
hepcidin and iron metabolism.

In anemia of multiple myeloma, hepcidin is induced by increased BMP2 [26]. 
Patients with multiple myeloma (MM) frequently present with anemia. It was 
shown that MM patients had increased serum hepcidin, which inversely correlated 
with hemoglobin, suggesting that hepcidin contributed to MM-related anemia. MM 
sera activated the hepcidin promoter significantly more than did sera from normal 
patients. Mutations in both BMP-responsive elements abrogated the activation by 
BMP or IL-6 dramatically, while mutations in the IL-6-responsive signal transducer 
and activator of transcription 3-binding site (STAT3-BS) had only a minor effect. 
Cotreatment with anti-BMP2/BMP4 or noggin-Fc blocked the promoter induction 
caused by all MM sera. Anti-IL-6 antibody blocked it with a minority of sera, 
whereas anti-BMP4, BMP6, or BMP9 antibodies had no effect. BMP2- 
immunodepleted MM sera had decreased promoter stimulatory capacity, and BMP2 
concentrations in MM sera were significantly higher than in normal sera. These 
results support the hypothesis that BMP2 is a major mediator of the hepcidin stimu-
latory activity of MM sera.

Other BMPs that do not bind HJV such as BMP7 and BMP9 can also upregulate 
hepcidin [16]. Exogenous BMP7 has been shown to correct the iron overload seen 
in mouse models of hemochromatosis [27]. Therefore, it is not unreasonable to sug-
gest that as yet undiscovered pathophysiologic states may exist where these other 
BMPs may be important contributors to hepcidin regulation, just as BMP2 has been 
shown to be important in the anemia of multiple myeloma.
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4  Interactions of the BMP Signaling Pathway with Other 
Signaling Pathways in the Regulation of Hepcidin

4.1   Inflammation Is an Important Mediator of Hepcidin 
Expression and Requires BMP Signaling

Inflammation is associated with host defense mechanisms to infections. Since hep-
cidin is highly upregulated during infection and inflammation, it is thought that 
hepcidin may play a role in host defense against certain organisms. Supporting this 
notion are experiments in animals showing that siderophilic bacterium such as 
Vibrio vulnificus thrives in the presence of iron and that hepcidin deficiency results 
in increased bacteremia and decreased survival of infected mice [28]. Additionally, 
treatment with hepcidin agonists in hepcidin-deficient mice induced low iron levels 
that lead to decreased bacterial loads and rescued the infected mice from death. 
These findings demonstrated that hepcidin-mediated hypoferremia is a host defense 
mechanism against siderophilic pathogens, and evolution has selected this pathway 
for hepcidin regulation in mammals.

The IL-6/Stat3 pathway intersects with the BMP signaling pathway on the 
molecular level at the human hepcidin promoter, where a canonical BMP- responsive 
element is adjacent to a Stat3-binding element. When the Stat3 element is mutated 
in a hepcidin gene promoter construct, there is a blunted inductive response to IL-6 
ligand [5]. Surprisingly, when the BMP-responsive element (BRE) is mutated 
instead, there is similar blunting of the inductive response of the hepcidin reporter 
gene to IL-6 stimulation. This result suggests that the BRE is required for the full 
effect of IL-6/Stat3 on hepcidin gene expression. If the BRE element is missing, 
then the effect of the IL-6/Stat3 pathway on hepcidin expression is highly muted.

To further corroborate these findings, it was demonstrated that eliminating BMP 
signaling, by sequestering BMP ligands with a soluble HJV. Fc protein [16], or 
blocking BMP receptor kinase activity directly using a small molecule chemical 
inhibitor [29], also leads to blunting of hepcidin expression by IL-6/Stat3. In mice, 
a liver-specific knockout of Smad4 leads to elimination of IL-6 induction of hepci-
din [22], and IL-6 induction of hepcidin in HJV-KO [10] and BMP6-KO [19] mice 
is also impaired. Together, these data provide compelling evidence that BMP signal-
ing is required for the full response of hepcidin expression to IL-6/Stat3, a key 
inflammatory mediator. Whether BMP signaling is required for the effects of other 
inflammatory pathways on hepcidin is not known.

4.2   Other Signaling Pathways that Interact with the BMP 
Pathway to Regulate Hepcidin

Matriptase-2, a liver-specific membrane protease encoded by the TMPRSS6 gene, 
has been hypothesized to cleave HJV on the cell surface of hepatocytes [30]. This 
would theoretically decrease BMP signaling, leading to dampening of hepcidin 
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expression. In patients with TMPRSS6 mutations, there is excess hepcidin pres-
ent, and these patients develop iron refractory iron deficiency anemia (IRIDA) 
[31]. However, it has yet to be demonstrated that matriptase-2/TMPRSS6 actually 
cleaves HJV in hepatocytes in vivo. Alternatively, there is evidence that TMPRSS6 
acts through an as yet unidentified inflammatory pathway to regulate hepcidin 
expression [32]. Interestingly, both iron and BMP6 can regulate the expression of 
the TMPRSS6 gene [33], providing feedback regulation of TMPRSS6 activity.

Erythroferrone (Erfe) has been identified as an erythroid regulator of hepcidin 
expression [34]. Erfe is expressed by erythroid cells during erythropoiesis and acts 
on the liver to suppress hepcidin expression. Erfe is thought to contribute to recovery 
from anemia of inflammation [35]. However, Erfe’s ability to suppress hepcidin 
appears to only be effective under conditions of low or absent BMP signaling, since 
limiting hepatic Bmp-Smad signaling by matriptase-2 is required for erythropoietin- 
mediated hepcidin suppression in mice [36]. Thus, there is an intricate interplay 
between the BMP signaling pathway, matriptase-2/TMPRSS6, and the erythrofer-
rone signaling pathways to finely tune hepcidin expression to control the availabil-
ity of iron for erythropoiesis.

HFE is the most prevalent hemochromatosis gene and is responsible for the vast 
majority of adult hemochromatosis [7]. Bone morphogenetic protein signaling is 
impaired in an HFE knockout mouse model of hemochromatosis [37], and BMP 
signaling is impaired in human hepatocytes [38]. Furthermore, exogenous BMP6 
treatment can compensate for the molecular defect and ameliorates hemochromatosis 
in Hfe knockout mice [39]. The exact mechanism by which HFE interacts with the 
BMP pathway is unknown, since the exact function of HFE remains unknown [9].

Neogenin, a homologue of the netrin receptor DCC (deleted in Colon Cancer), 
may interact with hemojuvelin in hepatocytes and may play a role in modifying 
HJV action, but the exact mechanisms of action on hemojuvelin and hepcidin are 
not yet clear [40, 41].

5  Therapeutic Potential of Targeting the BMP Pathway 
in the Treatment of Iron Disorders

Regulating the hepcidin-ferroportin axis may be useful in treating common diseases 
such as anemia of chronic disease and hemochromatosis. Since the BMP signaling 
pathway is critical for hepcidin expression, it is a prime therapeutic target for regu-
lating hepcidin and consequently for regulating iron metabolism.

5.1   Strategies for Treating Hemochromatosis Using BMPs

Experiments have shown that injection of BMP ligands into mice with hemochro-
matosis can increase hepcidin levels and lower serum iron levels. BMP6 treatment 
compensates for the molecular defect and ameliorates hemochromatosis in Hfe 
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knockout mice [39]. Exogenous BMP7 corrects plasma iron overload and bone 
loss in Bmp6-/- mice [27]. However, there are several caveats to consider when 
contemplating use of BMPs to treat hemochromatosis and other iron overload 
disorders. First, BMP injection leads to calcification and bone formation at the 
injection site. Second, while increasing BMP signaling will lead to increased hep-
cidin levels and decreased serum iron levels, it does not lead to effective elimina-
tion of the excess iron that has already been accumulated in tissues. An adjunct 
iron chelation strategy must be used to remove previously stored excess iron. 
Because of these limitations, the direct use of BMPs remains a hypothetical 
strategy.

5.2   Anemia of Chronic Disease

Lowering BMP ligand levels and decreasing BMP signaling in hepatocytes can lead 
to lowering hepcidin levels and to increased serum iron levels, which would provide 
iron for erythropoeisis and thus treat anemia of chronic disease [42].

Several strategies have been employed, including sHJV. Fc [43], and anti-RGMc 
antibodies [44] to remove BMP ligands. In animal models of anemia caused by high 
hepcidin levels, these agents appear to be effective. Other strategies include the use 
of anti-BMP6 antibodies. One caveat with lowering BMP signaling is that elimina-
tion of BMP signaling may lead to as yet uncharacterized deleterious effects. 
Currently, several human clinic trials are underway to test these therapeutic 
strategies.

6  Conclusion/Perspectives

BMP signaling has been discovered to be central to iron metabolism by regulating 
the expression of the iron hormone hepcidin (Fig. 1). Dysregulation of the BMP 
signaling pathway components leads to iron disorders such as hemochromatosis and 
anemia in both animals and humans. Several other signaling pathways including the 
inflammatory pathway interact with the BMP signaling system to modulate hepci-
din expression. Therapeutic strategies based on augmenting or inhibiting the BMP 
pathway may be useful in treating iron disorders and are being tested both in ani-
mals and in the clinic.
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Fig. 1 Schematic representation of BMP signaling in a liver cell leading to hepcidin gene expres-
sion. The BMP6-HJV-SMAD and IL-6-STAT3 signaling pathways both activate hepcidin tran-
scription in the liver (black arrows). In response to iron sufficiency, circulating bone morphogenetic 
protein 6 (BMP6) binds transmembrane BMP receptors type I (BMP-RI) and type II (BMP-RII) 
and BMP co-receptor hemojuvelin (HJV) to create a complex on the hepatocyte membrane to 
generate the SMAD signaling cascade. Phosphorylated SMAD1/SMAD5/SMAD8 proteins then 
bind to SMAD4 and translocate to the nucleus to induce hepcidin expression through BMP-
responsive elements (BMP-REs) located on the hepcidin promoter. During inflammation, pro-
inflammatory cytokines like IL-6 are released. Upon binding to its receptor, IL-6 initiates signaling 
through activated JAK1/JAK2 proteins to phosphorylate the transcription factor STAT3. 
Phosphorylated STAT3 then binds to a STAT3-responsive element (STAT3-RE) on the hepcidin 
promoter. Both STAT3-RE and the adjacent BMPR-RE are required for IL-6-mediated hepcidin 
expression. Hepcidin protein is secreted into the bloodstream leading to ferroportin inhibition, 
toresulting in iron retention in the reticuloendothelial macrophages and reduced iron absorption in 
the intestinal epithelia
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Abstract Bone morphogenetic proteins are regulators of embryonic development 
with multiple functions in adult organs and tissues. Here we summarize effects of 
BMPs outside the musculoskeletal system, focused on their role in inflammatory 
disorders, e.g., fibrosis, inflammatory bowel disease, anchylosing spondylitis, and 
rheumatoid arthritis. Additionally, we discuss the interplay between BMPs and vas-
cular disorders leading to atherosclerosis and decipher the key role of BMP in iron 
metabolism.
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Bone morphogenetic proteins (BMPs), originally identified by a unique capability 
to induce ectopic bone formation, are classified in TGFβ superfamily. BMPs were 
described to act as important regulators of differentiation and patterning of organs 
and tissues originating from all three developmental layers. They also exert multiple 
actions in various inflammatory conditions such as inflammatory bowel disease, 
chronic liver disease, iron deficiency anemia, rheumatoid arthritis, ankylosing spon-
dylitis, vascular disease, and atherosclerosis.

BMPs are secreted as active dimeric complexes. Their communication with 
neighboring cells is primarily exerted in paracrine and autocrine manner [1]. Local 
concentration level of BMPs is thus important for embryogenesis and organogene-
sis. However, the presence of several BMPs in blood has been demonstrated recently, 
including BMP6, BMP9, and BMP10, suggesting their endocrine role [2, 3]. 
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Utilizing heparin affinity chromatography purification and proteomic techniques, 
we have recently discovered that BMP1 isoforms have been found to circulate in the 
blood of patients with different fibrotic diseases [4]. In this chapter current insights 
into BMPs’ role in inflammation will be presented, and their potential underlying 
mechanism of action will be discussed.

1  BMPs in Inflammatory Bowel Disease and Associated Iron 
Deficiency Anemia

The importance of BMP signaling in the gastrointestinal tract development has been 
already determined by the detection of BMPs and their components in all three 
developmental germ layers [5]. Inflammatory bowel disease (IBD) and IBD-related 
iron deficiency anemia will be described in this paragraph.

IBD is the entity comprised of Crohn’s disease and ulcerative colitis (UC) with 
both genetic and multifactorial environmental etiology, which is not completely 
elucidated yet. These patients are genetically prone to disturbed interaction between 
the intestinal microflora and inflammatory cells that will lead to typical destruction 
of intestinal tissue with accompanied active inflammation. Genome-wide expres-
sion analysis of mucosal biopsies from patients with UC has been recently per-
formed [6]. Interestingly, BMP/retinoic acid-inducible neural-specific protein 3 
(BRINP3) was revealed to be significantly downregulated in patients with UC, 
thereby serving as a marker of severe mucosal inflammation. Animal model of trini-
trobenzene sulfonic acid (TNBS)-induced colitis enables an assessment of both 
early and late course of the disease. In contrast, early phase in humans is mostly 
asymptomatic, while late stages are manifested with signs and symptoms of severely 
damaged intestinal wall. BMP7 has been shown to have beneficial effects on the 
course of TNBS-induced colitis in rats when administered both prophylactically 
and therapeutically [7]. The rationale for targeting BMP7 was cognition of its abun-
dant expression in the developing intestine. Immunohistochemical and RT-PCR 
analyses have shown an elevated expression of pro-inflammatory cytokines, espe-
cially interleukin-6 (IL-6), which was significantly reduced upon BMP7 treatment 
and correlated with a less severe inflammation and improved UC lesions detected by 
macroscopic and histological observation. In the recent study, an adeno- associated 
virus vector for delivering BMP7 was designed and ameliorated severity of the dis-
ease in rats with induced UC, by decreasing the disease activity index and reducing 
the rate of oxygen damage [8, 12].

TGFβ1 is known as a protective agent in UC, confirming the key role of TGFβ/
BMP signaling cascade [9]. Nevertheless, TGFβ1 was found to be increased in 
patients with IBD [10]. Further elucidation of the mechanism of action revealed that 
increased expression of Smad7 made inflammatory cells less prone to TGFβ1 stim-
ulation, thereby diminishing its defensive role, and might lead to an increased 
inflammation in the gut. Therefore, preserving normal Smad7 signaling seems man-
datory for maintenance of the intestinal homeostasis. In line with this, BMP7 was 
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shown to downregulate the expression of inhibitory Smads. In the active form of the 
disease, SMAD7 protein binds to a TGFβ1 receptor and blocks TGFβ anti- 
inflammatory signaling. Based on this mechanism, an oral antisense SMAD7 oligo-
nucleotide called mongersen was produced and tested in patients with IBD. The 
data from the phase II multicenter RCT showed a significant clinical benefit in 
patients with active Crohn’s disease, significantly supporting and extending the 
remission time following therapy [11].

A prolonged period of an active IBD is accompanied with an iron deficiency 
anemia, due to the intestinal blood loss and deficient erythropoiesis caused by iron 
restriction following an increased hepcidin level. Hepcidin is the key hormone con-
trolling the iron homeostasis via numerous proteins including hemojuvelin, BMP6, 
hereditary hemochromatosis protein, and others [13]. Hepcidin upregulation leads 
to an iron deficiency due to inhibition of iron recycling from erythrocytes and 
restricted absorption from the diet as a result of a decreased expression of ferropor-
tin on macrophages and duodenal enterocytes. Consequence of the intestinal block-
age of iron intake anemia in such patients is resistant to oral iron supplements. 
Hepcidin could be regulated via at least two interconnected pathways – inflamma-
tory response mediated by IL-6 and “iron-sensing” pathway via BMP6/SMAD. IL-6 
was shown to be the key driver in development of anemia of chronic disease, mostly 
by hepcidin-dependent signaling increasing its expression both in vivo and in vitro 
[14, 15]. Inflammatory cytokines, mainly IL-6, upregulate hepcidin expression by 
stimulating BMP signaling in the liver. IL-1β was shown to possess an ability to 
increase the level of both hepcidin and BMP signaling in in vitro conditions and in 
the mouse liver [16]. BMP exerts its action via the BMP receptor I and the co- 
receptor hemojuvelin, thereby enabling phosphorylation and nuclear translocation 
of SMAD 1/5/8 transcription factors [17]. Presently, BMP6 seems to have the high-
est potential in hepcidin regulation, since BMP6 knockout mice revealed a signifi-
cant iron overload [18]. However, BMP6 mRNA was not upregulated in intestinal 
inflammation, while IL-6 was significantly increased. The IL-6 rapid increase was 
obviously sufficient for the induction of hepcidin transcription. Collectively, tight 
regulation of both pathways is mandatory, specifically intact BMP/SMAD signaling 
cascade, because misregulation of either one will cause a profound anemia [19]. 
Molecules with power to inhibit hepcidin expression could be valuable therapeutic 
options for patients with refractory anemia due to IBD [20].

2  BMP in Liver Diseases of Different Etiology

The liver can be affected with systemic and local diseases of various etiologies and 
is characterized by a unique regenerative capacity after acute damage and formation 
of fibrotic tissue upon chronic injuries as a result of excessive accumulation of extra-
cellular matrix (ECM) proteins [21]. Fibrogenesis, often provoked by inflammation, 
represents a common pathophysiological pathway of many chronic liver conditions 
including hereditary diseases (hemochromatosis, Wilson’s disease, deficiency of α-1 
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antitrypsin), alcoholic liver disease, drug toxicity, viral hepatitis, autoimmune hepa-
titis, and cholestatic diseases. Hepatic tissue demonstrates a tight interplay between 
epithelial cells, inflammatory cells, myofibroblasts, and ECM components activated 
as a response to injury. Besides hepatic stellate cells (HSC), myofibroblasts and cells 
of the bone marrow origin have been shown to exhibit fibrogenic properties [22]. 
Inflammation promotes activation of HSC, which undergoes phenotypic change in 
the aspect of acquisition of fibrogenic features and subsequent abundant collagen 
production. So far, a variety of signaling pathways and cytokines have been shown 
to regulate the initiation and progression of liver fibrosis, including TGFβ1, connec-
tive tissue growth factor (CTGF), BMPs, and others [23]. With the aggravation of 
hepatic fibrosis, CTGF and TGFβ1 expression in the liver increased, suggesting that 
those molecules and liver fibrosis are closely related [24]. TGFβ1 was classified as 
one of the most profibrotic cytokines due to its ability to enhance the transition of 
HSC toward a myofibroblast-like phenotype and additional inhibition of ECM deg-
radation by HSC through the expression of tissue inhibitor of metalloproteinases 
(TIMPs). More accurately, TGFβ1 will not directly affect contractile myofibroblasts, 
but will predominantly exert its actions on HSC stimulation [25].

BMPs are known as important regulators of liver development and regeneration 
[26]. Administration of rhBMP7 significantly improved liver regeneration and func-
tion after partial hepatectomy in mice. Moreover, neutralization of endogenous 
BMP7 resulted in improper regeneration of the liver. Liver regeneration was medi-
ated by ALK3, which increased nuclear translocation of phosphorylated Smad1, 
thereby suggesting that the endogenous BMP7 is involved in the liver regeneration. 
However, surprisingly BMP7 expression was not detected in the healthy and injured 
liver tissue, while the presence of corresponding receptors was found [27]. Therefore, 
it was suggested that circulating BMP7 serves as an endogenous regulator of hepa-
tocyte health and function. Expression of BMP9 as the precursor protein that under-
goes cleavage by serine endoprotease was confirmed in the liver [28]. The main 
BMP9 receptor in hepatocytes, ALK1, activates the target gene inhibitor of differ-
entiation 1 (Id1) via the Smad1 pathway, which then stimulates HSC-mediated 
ECM overproduction that contributes to the development of fibrosis [29]. 
Additionally, BMP9 induces Snail expression, known as an upregulator of different 
profibrotic cytokines like CTGF and TGFβ1 [30, 31].

3  BMPs in Skeletal and Joint Disorders

BMPs were originally discovered in the bone, followed by their localization in the 
cartilage. However, few bone and cartilage diseases are not well understood and are 
probably, according to available clinical data, partly based on the modulation of 
BMP signaling in inflammatory conditions: rheumatoid arthritis (RA) and ankylos-
ing spondylitis (AS). Proteomic analysis of plasma samples from patients with RA 
and noninflammatory rheumatic conditions revealed differently expressed proteins 
[32]. Serum concentration of BMP2 and BMP7 was higher in patients with both RA 
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and AS when compared to healthy controls [33]. Expression of BMP4 mRNA was 
found to be significantly reduced in the synovial tissue of RA patients in compari-
son with healthy donors [34, 35]. BMP signaling pathway activation upon inflam-
mation is recognized as the key event in bone loss in RA and bone gain in AS. The 
pro-inflammatory cytokines like tumor necrosis factor-α (TNF-α), interleukin-1β 
(IL-1β), and IL-6 significantly increase BMP2 and BMP6 expression in the arthritic 
synovium, which upon activation exert their actions mainly via modulating 
fibroblast- like synoviocytes [36]. Quantitative PCR was utilized to determine the 
expression of different components of BMP pathway in RA synoviocytes prior to 
and upon the treatment with pro-inflammatory cytokines TNF-α and IL-17 [37]. 
BMP signaling complex has basal functional activity in human RA synoviocytes, 
while its inhibition by dorsomorphin homologue 1  in turn augments the pro- 
inflammatory phenotype induced by TNF-α and IL-17. This finding confirmed the 
beneficial role of BMP in the severity of RA. However, antirheumatic treatment 
diminished the synovial inflammation but did not significantly influence the BMP 
expression level [38]. Lactoferrin was reported as a marker of Bmp7 gene activation 
through the mitogen-activated protein kinase ERK pathway in joint chondrocytes. 
In contrast, FGF-8 was shown to suppress BMP-induced osteoblast differentiation 
via the ERK pathway and was additionally downregulated by TNF-α stimulation 
[39]. This and earlier findings should elucidate multiple effects of pro-inflammatory 
cytokines on the BMP signaling cascade. It seems that positive effects in RA medi-
ated by BMPs will be exerted only upon their activation via noninflammatory path-
ways or following exogenous administration.

Structural damage in AS is characterized by the new cartilage and bone forma-
tion, which led to progressive ankylosis of the spine and sacroiliac joints resulting 
in the fusion of various vertebral segments and subsequent disability. Inflammation 
in the early phase of AS was shown to significantly impact the later function impair-
ment [40]. The disease is characterized by bone loss in the trabecular area and new 
bone formation in the cortex, which will form a typical ankylosis. Trabecular bone 
loss is a consequence of inflammation, while new bone formation can be explained 
with a profound stimulation of particular BMPs [41]. Local production of BMP2, 
BMP4, and BMP7 is stimulated by the peripheral blood mononuclear cells upon 
strong signaling from TNF-α and IL-1β [42]. In AS patients IgG autoantibodies 
against noggin were found to be increased when compared to healthy individuals, 
which can additionally contribute to the ossification potential [43]. Recently, a large 
cohort of AS patients to define the possible correlation between radiographically 
determined disease severity and genes associated with bone formation has been 
analyzed [44]. The presence of syndesmophytes and lumbar or cervical fusion were 
considered as severe AS, while lack of that finding was classified as mild AS. Two 
single nucleotide polymorphisms in BMP6 were for the first time identified as a 
marker of radiologic severity of AS.

Possible explanation of the diverse pathophysiological course of RA and AS is a 
different level of inflammation between two diseases. In AS patients inflammation is 
less pronounced and could allow BMP signaling to stimulate production of new 
bone.
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4  Interplay Between Vascular Inflammation and BMPs

Additionally to its contribution in early heart development and establishment of 
vessel network, BMP endocrine-like role in adult cardiovascular homeostasis is rec-
ognized and explained in both clinical and experimental observations [45].

Atherosclerosis and plaque rupture due to its progression is a common underly-
ing pathological event prior to regional ischemia and its consequences such as 
stroke and myocardial infarction. The initiation and progression of atherosclerosis 
are complicated, multifaceted pathologic events which are not completely eluci-
dated. Key processes include endothelial cell dysfunction, infiltration of inflamma-
tory cells, lipid dysregulation, and vascular smooth muscle cell differentiation that 
lead to the chronic inflammatory state.

Studies demonstrated that vascular endothelial and smooth muscle cells are a 
significant source of BMPs [46]. BMPs, specifically BMP2, could act as modula-
tors of endothelial cell inflammation and differentiation via NF-κΒ activation after 
exposure to mechanical stress and/or pro-inflammatory cytokines linked to an 
increased level of reactive oxygen species [47]. TNF-α induces an overexpression 
of BMP2 mRNA in endothelial cells. BMP2 level remained normal upon pharma-
cological inhibition of NF-κΒ signaling utilizing pyrrolidine dithiocarbamate and 
SN-50. This study revealed that TNF-α substantially increased the NADPH oxidase- 
derived H2O2 production in endothelial cells, which is the key step for BMP2 
induction. Both exogenous administration of H2O2 and endogenous induction by 
high intraluminal pressure significantly augment the BMP2 release. Association 
between increased vascular expression of BMP2 and hyperhomocysteinemia, vas-
cular inflammation, and upregulated TNF-α has been demonstrated in coronary 
arteries of male rats [48]. BMP4 was found to be upregulated upon exposure to 
oscillatory shear stress, which was not the case with laminar shear [49]. It is already 
known that atherosclerosis more frequently occurs on arterial regions with turbu-
lent flow, while vessels exposed to laminar shear are less prone to endothelial 
injury. Additionally, BMP4 was found to be notably expressed only in particular 
parts of human coronary arteries which contain foam cells. Both BMP2 and BMP4, 
with similar amino acid sequence, exert their pro-inflammatory effects by overex-
pression of adhesion molecules, mainly ICAM-1, on endothelial surface and pro-
found monocyte recruitment and accumulation. Moreover, chronic infusion of 
recombinant BMP4 activated NADPH oxidases, thereby increasing the concentra-
tion of reactive oxygen species and decreased NO production, which subsequently 
led to endothelium dysfunction and hypertension [50]. Reactive oxygen species 
also stimulate expression of ICAM-1 and monocyte binding, which are prerequi-
sites for foam cell formation and atherosclerosis progression. BMP2 has a poten-
tial to incorporate inside endothelial microparticles released by endothelial cells 
stimulated by inflammatory cytokines and may cause osteogenic differentiation of 
vascular smooth muscle cells [51]. Numerous experimental in  vitro and gene 
expression studies suggested a close resemblance between a pathologic vascular 
calcification and bone remodeling [52, 53]. BMP2 and BMP4 were shown to be 
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upregulated in atherosclerotic plaques in the human abdominal aorta. The presence 
of osteoprotegerin (OPG) and OPG ligand, important modulators of osteoclasto-
genesis, was confirmed in non-diseased aortas. In contrast, increased expression of 
OPG was found in calcified lesions, suggesting a regulatory role of this pathway in 
atherosclerosis [54]. Possible explanation of a calcified plaque formation is timed 
and plaque-restricted activation of proteins like BMP2 and BMP4 that overrules 
inhibitors of calcification such as matrix Gla protein, osteocalcin, and bone 
sialoprotein.

BMP4 adverse effects on the process of endothelial dysfunction and atheroscle-
rosis progression have been shown in mice with a knockout for BMPRII that exhib-
ited pronounced vascular inflammation and a marked atherosclerosis through an 
elevated monocyte adhesion via increased expression of ICAM-1 and VCAM-1, 
independently from BMP4 [55]. Knockdown of BMPRII also increased the reactive 
oxygen species in endothelial cells.

Matrix Gla protein (MGP), the well-known antagonist of BMP signaling, reduced 
the vascular BMP concentration, the size of atherosclerotic lesion, and the vascular 
wall calcification in apolipoprotein E -/- mice [56]. In addition, the activin-like 
kinase receptor 1 and vascular endothelial growth factor, members of the BMP- 
activated pathway that regulate angiogenesis and potentially enhance lesion forma-
tion and calcification, were also reduced. Collectively, different studies suggested 
that the loss of MGP and consequently magnified BMP signaling induced the calci-
fication in arterial medial cells, basically by reprogramming of smooth muscle cells 
toward an osteochondrogenic lineage [57].

Many studies suggested an important role of the BMP signaling, especially intact 
BMPIIR and homeostasis between BMP and their antagonists in the early and late 
pathophysiology of atherosclerosis.
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1  Introduction

The vascular system is a complex hierarchical network of arteries, arterioles, capil-
laries, venules, and veins that ensures oxygen and nutrient supply as well as meta-
bolic waste disposal between tissues and organs. Thus, the development of blood 
vessels and function of the vascular system is critical during embryogenesis and 
tissue homeostasis in adult organisms. In the early phase of development, blood 
vessels form de novo via vasculogenesis involving the coalescence of progenitor 
cells into a primitive vasculature. At later stages of development and in adults, new 
blood vessels are generated from preexisting vasculature via angiogenesis [121]. 
Angiogenesis is orchestrated by numerous signaling pathways, including vascular 
endothelial growth factor (VEGF), Notch/Delta-like ligand 4 (DLL4), and bone 
morphogenetic protein (BMP) pathways, and requires a dynamic balance between 
pro- and antiangiogenic cues [48, 96]. Aberrant signaling during vascular morpho-
genesis as well as recapitulation of morphogenic processes, such as an endothelial- 
to- mesenchymal transition (EndMT), has been implicated in several pathological 
conditions, including tumor neovascularization, hereditary hemorrhagic telangiec-
tasia (HHT), cerebral cavernous malformation (CCM), and fibrodysplasia ossifi-
cans progressiva (FOP) [86, 87, 261, 302].

The mature vascular system consists of endothelial cells (ECs) lining the luminal 
surface of blood vessels, which are covered by mural cells (vascular smooth muscle 
cells on arteries and veins, pericytes supporting capillaries). ECs form a semiperme-
able barrier to control blood-tissue exchange of fluids, solutes, and cells [149]. 
Vascular permeability is regulated by several signaling pathways, including VEGF 
and BMP, and is essential for tissue homeostasis and adaptation to numerous envi-
ronmental cues [26, 102]. Intriguingly, impaired permeability has been associated 
with a multitude of blood vessel-associated pathologies, including inflammation, 
atherosclerosis, and pulmonary arterial hypertension (PAH) [101, 204].

In this chapter, we will discuss the role of vascular BMP signaling during vessel 
morphogenesis and vascular permeability in physiological and pathological condi-
tions. We will emphasize the molecular mechanisms underlying BMP-dependent 
regulations of EC functions and highlight possible applications in the treatment of 
vascular diseases.

2  BMP Signaling

BMPs represent the largest subgroup within the transforming growth factor β (TGF- 
β) family and can be subdivided into four groups: (I) BMP2 and BMP4; (II) BMP5, 
BMP6 (also known as vegetal-related-1, Vgr-1), BMP7 (osteogenic protein-1, 
OP-1), and BMP8 (OP-2); (III) BMP9 (growth and differentiation factor 2, GDF2) 
and BMP10; and (IV) BMP12 (GDF7), BMP13 (GDF6), and BMP14 (GDF5) [38]. 
BMPs are secreted dimeric ligands that bind to heteromeric complexes of trans-
membrane serine/threonine kinase receptors, subdivided into type I receptors, 
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including activin receptor-like kinase 1 (ALK1; activin A receptor type II-like 1, 
ACVRL1), ALK2 (activin A receptor type I, ACVR1), ALK3 (BMP receptor type 
IA, BMPRIA), and ALK6 (BMPRIB), and type II receptors, including BMP recep-
tor type II (BMPRII), activin A receptor type IIA (ActRIIA), and ActRIIB [210]. 
Ligand binding induces a transphosphorylation of the type I receptor by the consti-
tutive active type II receptor and results in the activation of the type I receptor [330]. 
In the canonical SMAD pathway, the activated type I receptor phosphorylates 
receptor-regulated SMADs (R-SMADs; SMAD1, 5, and 8) that form a complex 
with the common-mediator SMAD (co-SMAD; SMAD4), translocate to the 
nucleus, and bind to SMAD-binding elements (SBEs) in the promoter region of 
target genes. Together with coactivator or corepressor DNA-binding partners, 
SMADs regulate BMP target gene expression [188]. Among the best described tar-
get genes of BMP-SMAD signaling are members of the inhibitor of differentiation 
(ID) protein family as their gene promoters contain a specific sequence element, the 
BMP-responsive element (BRE), which facilitates SMAD-DNA binding and con-
comitantly gene transcription [143, 150, 213]. Besides SMAD signaling, BMP 
ligands can also activate numerous other signaling pathways, including mitogen- 
activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/AKT, and Rho 
GTPase pathways [209]. These are collectively referred to as noncanonical or non- 
SMAD pathways and promote transcriptional as well as non-transcriptional 
responses, including cytoskeletal rearrangements and cell migration [278].

BMP signaling is regulated and modulated on multiple levels by secreted antago-
nists, such as chordin, noggin, gremlin1 (GREM1), or BMP-binding endothelial 
cell precursor-derived regulator (BMPER) [40]; co-receptors, such as endoglin 
[207]; receptor endocytosis [80]; and intracellular effectors, including inhibitory 
SMADs (I-SMADs; SMAD6 and 7) [112, 132] or the E3 ubiquitin ligase SMAD 
ubiquitin regulatory factor 1 (SMURF1) [262]. Furthermore, cross talk between 
SMAD, non-SMAD, and other signaling pathways fine-tunes signals from BMP 
ligands and creates a large diversity of cellular outcomes. This reflects the pleiotro-
picity of BMP signaling in regulating various cellular processes, such as cell prolif-
eration, differentiation, migration, and apoptosis, in different tissues and organs in 
physiological as well as pathological conditions [148, 278]. Thus, it has been sug-
gested to regard BMP ligands as body rather than bone morphogenetic proteins 
[122, 244, 311].

3  BMP Signaling in Vascular Morphogenesis

3.1   BMP Signaling and Vasculogenesis

Shortly after gastrulation, the first blood vessels arise de novo in embryonic and 
extraembryonic tissues via vasculogenesis. Vasculogenesis is initiated as endothe-
lial progenitors from the lateral plate mesoderm start to differentiate, migrate, and 
coalesce to generate a primitive vasculature [121, 224]. In the yolk sac, 
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vasculogenesis results in the formation of the primitive plexus, while in the embryo 
proper, vascular progenitors arrange in a bidirectional fashion and form the major 
embryonic vessels, the dorsal aorta and the cardinal vein [14].

Several studies highlighted that activation of the VEGF pathway is crucial for vas-
culogenesis; consequently mouse embryos lacking either VEGF ligands or the VEGF 
receptor kinase insert domain receptor (KDR; VEGF receptor type II, VEGFR2; fetal 
liver kinase 1, FLK1) die shortly after gastrulation displaying major vasculogenic 
defects [74, 84, 269]. Interestingly, BMP signaling acts upstream of the vasculogenic 
cascade as targeted gene disruption approaches in mice demonstrated that Bmp2 and 
Bmp4 are required for the initial mesoderm formation and patterning [326, 344] (Fig. 
1). BMP4 induces the expression of KDR in the lateral plate mesoderm, thereby initi-
ating differentiation of vascular progenitors in avian embryos and cultured human 
embryoid bodies [37, 218]. Furthermore, the zebrafish vegf promoter contains SBEs, 
and Smad1 stimulates vegf promoter activity. This correlates with the observation that 
ectopic expression of BMP4 in zebrafish results in elevated vegf and kdr expression in 
vascular progenitors [114]. However, considering that genetic ablation of Smad1 or 
Smad5 as well as endothelial-specific Smad1/5 knockout results in the formation of 
blood vessels in transgenic mice [51, 165, 208], this suggests that BMP-SMAD sig-
naling is dispensable for vasculogenesis. Nevertheless, Smad1/5-deficient mutant 
mice die in utero due to severe vascular remodeling defects, indicating that BMP 
signaling is temporally regulated during mesoderm formation, endothelial progenitor 
differentiation, and vascular remodeling to control blood vessel development. 
Intriguingly, Bmper is expressed by Kdr- positive cells of mouse embryoid bodies and 
antagonizes BMP2 and BMP4 in vitro [207], thus highlighting one mode of temporal 
regulation of BMP signaling during vascular development. Nevertheless, given that 
BMP4 is required for  vasculogenesis, yet SMAD1/5 signaling is dispensable, further 
studies focusing on the balance of BMP-induced SMAD and non-SMAD signaling 
are needed to elucidate the role of BMP signaling during vasculogenesis.

3.2   BMP Signaling During Arteriovenous Differentiation

Immediately after the first blood vessels are generated via vasculogenesis, arterial and 
venous identity of ECs is established via arteriovenous differentiation. A series of 
findings have demonstrated that arteriovenous differentiation is mainly driven by 
genetic factors, rather than hemodynamic forces during embryonic development [14]. 
Notochord-derived sonic hedgehog (shh) induces vegf expression in the somites, and 
subsequently VEGF-A promotes Notch signaling to initiate arterial differentiation in 
the developing zebrafish embryo [162, 163, 241]. Notch signaling components, 
including the Notch receptors NOTCH1 and NOTCH4 as well as their ligands jagged 
1 (JAG1) and DLL4, are mainly expressed in mouse arteries [310], and activated 
Notch signaling in ECs results in the expression of Ephrin-B2 (EFNB2) in cultured 
human umbilical vein ECs (HUVECs) [133]. In contrast, the orphan nuclear receptor 
chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII; nuclear 

A. Benn et al.



371

Fig. 1 Vascular BMP signaling. BMP signaling regulates a multitude of processes, including 
mesoderm formation, vasculogenesis, arteriovenous differentiation, sprouting angiogenesis, 
endothelial- to-mesenchymal transition (EndMT), and the barrier function of the endothelium, to 
contribute to proper vascular morphogenesis. Signaling is initiated by numerous BMP ligands 
(orange ellipses) and transduced via type I and type II serine/threonine kinase receptors (purple 
sticks) activating SMAD1/5/8 and non-SMAD pathways. These in turn induce transcriptional and 
non-transcriptional responses. Aberrant BMP signaling, caused, for example, by mutation or 
deregulated expression of ligands or receptors, impairs a BMP-dependent control of endothelial 
(beige) or mural cell (green) functions in physiological and pathological conditions (red lightning). 
Blood vessel-associated pathologies include human hereditary telangiectasia (HHT), cerebral cav-
ernous malformation (CCM), fibrodysplasia ossificans progressiva (FOP), inflammation, athero-
sclerosis, and pulmonary arterial hypertension (PAH)
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receptor subfamily 2 group F member 2, NR2F2) promotes Ephrin receptor B4 
(EPHB4) expression by repressing Notch signaling, thereby establishing venous iden-
tity in mouse vascular networks [340]. The complementary expression of Ephrin-B2 
and EphB4 in arterial and venous ECs generates a bidirectional repulsion and medi-
ates arteriovenous segregation in zebrafish [120]. Furthermore, this crucial comple-
mentary expression can also be observed in the developing murine vasculature, as 
homozygous null mutants (Efnb2−/− and Ephb4−/−) die in utero around E9.5, display-
ing arteriovenous malformations (AVMs) [152, 313].

Intriguingly, BMP signaling induces venous differentiation by promoting expres-
sion of the COUP-TFII gene nr2f2 in zebrafish. This requires a Bmp-dependent 
upregulation of the angiogenic factor with G patch and FHA domains 1 (aggf1), 
which subsequently enhances β-catenin-dependent gene transcription to promote 
nr2f2 expression [142]. This observation is in line with several recent reports dem-
onstrating that BMP signaling is required for the morphogenesis of zebrafish venous 
vascular beds [119, 145, 312, 325]. It has been suggested that the venous specificity 
is conferred by a selective enrichment of BMP signaling components, including 
bmpr2a and bmpr2b, the zebrafish orthologues of BMPR2 [199], and Disabled 2 
(Dab2), a cargo-specific adaptor protein for clathrin that regulates receptor endocy-
tosis and enhances BMP-SMAD1/5 signaling [145].

However, these findings in zebrafish contrast other in vitro and in vivo studies. 
In transgenic mice expressing green fluorescent protein (GFP) under a BMP-SMAD- 
dependent promoter (BRE:GFP reporter), GFP expression is observed in arterial and 
venous ECs [200, 208]. Furthermore, the BMP type I receptor ALK1 is mainly 
expressed in arteries and regulates arterial identity during murine development [268, 
304]. In cultured human umbilical artery ECs (HUAECs), BMP9-ALK1 signaling 
promotes EphrinB2 expression via an ID1/ID3-dependent mechanism [146] (Fig. 1). 
In mice, it was reported that the BMP-ALK1-dependent arterial  differentiation is 
mediated by the intracellular transmembrane protein 100 (TMEM100) and targeted 
gene disruption of Tmem100 results in severe AVMs and embryonic lethality around 
E11.0 [283], resembling Alk1 null mutant mice [222, 305]. These findings provide a 
first mechanistic insight into the BMP-dependent regulation of arterial differentia-
tion. Considering that BMP signaling synergizes with Notch pathways during 
murine vascular morphogenesis [160, 208] and Notch activity is required for arterial 
differentiation in zebrafish and mice [75, 93, 151, 162, 163], these results indicate a 
context-dependent regulation of vascular BMP signaling during arteriovenous dif-
ferentiation in mice and zebrafish that requires further clarification.

3.3   BMP Signaling in Sprouting Angiogenesis

Once a primitive vascular system is generated, new blood vessels form from preex-
isting ones via angiogenesis. This process is crucial to vasculature expansion during 
embryogenesis as well as during physiological and pathological situations, includ-
ing the female menstrual cycle, wound healing, inflammation, and tumor 
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neovascularization [338]. Sprouting angiogenesis is orchestrated by several signal-
ing pathways and depends on a series of distinct events: (I) vessel destabilization 
and mural cell detachment, (II) selection of a leading tip cell migrating in the direc-
tion of an angiogenic cue, (III) proliferation of trailing stalk cells and lumen forma-
tion to ensure proper sprout elongation, (IV) vessel fusion via anastomosis, and (V) 
vessel maturation by reversion of activated ECs to a quiescent phenotype and mural 
cell recruitment [48, 121]. The most potent angiogenic cue is VEGF-A, a member 
of the VEGF family of secreted growth factors. In hypoxic tissues, activation of the 
hypoxia-inducible factor-1 (HIF-1) pathway results in VEGF-A expression [89]. 
This generates a VEGF-A gradient from highly hypoxic avascular to normoxic vas-
cularized tissues, thereby providing a spatially confined stimulatory signal [257], 
which promotes tip cell selection and migration [99]. Subsequently, VEGF- 
dependent signal transduction results in expression of DLL4, thereby activating 
Notch signaling in neighboring cells [118]. DLL4/Notch signaling represses the tip 
cell phenotype and establishes stalk cell identity [169, 178, 279, 292]. Negative 
feedback loops, cross talk to other pathways, differential expression of crucial sig-
naling components, and differential adhesion during sprout elongation contribute to 
the dynamic process of sprouting angiogenesis as ECs constantly compete for the 
tip cell position in a mechanism resembling a tug-of-war [27, 136, 230, 231].

Several in vitro and in vivo studies have shown that BMPs regulate EC functions, 
including proliferation, migration, and network formation, and substantially 
 contribute to vascular morphogenesis by controlling activation and maturation phases 
during sprouting angiogenesis. In vitro, BMP2 promotes proliferation of human pul-
monary artery ECs (HPAECs) via a β-catenin-dependent mechanism [66]. 
Interestingly, while BMP2 stimulates proliferation of human aortic ECs (HAECs), it 
has no effect on the growth of HUVECs or human dermal microvascular ECs 
(HDMECs) [20, 85, 157, 242], suggesting a cell type-specific regulation. Furthermore, 
BMP2 induces migration and tube formation of human microvascular ECs (HMECs) 
[254], HDMECs [242], HAECs [157], and HUVECs [85]. The pro- angiogenic prop-
erties of BMP2 have also been demonstrated using Matrigel plugs with A549 cells 
and BMP2 supplementation that increases tumor neovascularization upon injection 
into nude mice [157]. Similar results were obtained using the mouse sponge assay as 
well as ectopic expression of BMP2 in MCF7 breast cancer cell-containing xeno-
grafts [242], thereby supporting the notion that BMP2 activates the endothelium.

Besides inducing blood vessel formation in avian embryos [218], BMP4 pro-
motes proliferation and migration of mouse embryonic stem cell-derived ECs 
(MESECs) and HMECs [254, 295]. Mechanistically, it has been suggested that 
these functions require a BMP4-dependent activation of VEGF-A/KDR and angio-
poietin 1 (ANG1)/TIE2 pathways [295], although a more detailed understanding of 
this cross talk mechanism is still lacking. Interestingly, BMP4-induced sprouting 
from HUVEC spheroids is abolished in the presence of pharmacological inhibi-
tors targeting the extracellular signal-regulated kinases 1 and 2 (ERK1/2), while 
siRNA- mediated knockdown of SMAD4 has no effect [348]. This provides insights 
into the role of non-SMAD signaling in controlling EC functions and sprouting 
angiogenesis.
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In bovine aortic ECs (BAECs), BMP6 stimulation increases proliferation, migra-
tion, and tube formation via an ID1-dependent mechanism [306], thus suggesting 
that BMP6-induced SMAD1/5 signaling is required to activate BAECs. Furthermore, 
BMP6-induced migration and tube formation of mouse embryonic ECs (MEECs) 
require myosin-X (MYO10), an unconventional myosin that is essential for filopo-
dia formation [233]. Another study provided evidence that BMP6-induced activa-
tion of MEECs requires a SMAD1-dependent upregulation of the cyclooxygenase 2 
gene (Cox2) and pharmacological inhibition of COX2 blocks the pro-angiogenic 
activity of BMP6 on MEECs and mouse aortic rings [245]. Similar to BMP6, BMP7 
has been described to exert pro-angiogenic functions and promotes proliferation 
and tube formation of HUVECs [5] as well as network formation in the chicken 
chorioallantoic membrane (CAM) assay [243].

The CAM assay also demonstrated that BMP14 (GDF5) has pro-angiogenic 
properties and further in vitro analyses showed that BMP14 promotes migration, 
but not proliferation of BAECs [333]. Collectively, these results highlight that 
BMP2, BMP4, BMP6, BMP7, and BMP14 activate ECs and positively regulate 
angiogenic processes (Fig. 1). However, current data suggests that these effects are 
strongly context and cell type dependent and may be differentially regulated by 
SMAD and non-SMAD signaling.

In contrast, BMP9 and BMP10 have been reported to promote the maturation of 
blood vessels by acting as quiescence factors [63]. While members of the BMP2/4 
and BMP5/6/7/8 subgroup mainly signal via ALK2, ALK3, and ALK6 [115, 161, 
263, 299], BMP9 and BMP10 utilize ALK1 as their high-affinity type I receptor [64] 
and require endoglin as a co-receptor [219]. BMP9-ALK1 signaling blocks basic 
fibroblast growth factor (bFGF)-dependent proliferation of BAECs and VEGF-
induced network formation of mouse fetal bone explants [265]. Furthermore, BMP9 
inhibits blood vessel formation in the CAM assay and bFGF-induced vascularization 
in the mouse sponge assay [63]. Inhibition of ALK1 with an anti-ALK1 antibody 
abolishes VEGF-induced sprouting from HUVEC spheroids [309]. Similarly, BMP9-
dependent inhibition of HUVEC and HUAEC spheroid sprouting is mediated by 
ALK1 as demonstrated by siRNA-mediated knockdown [146]. Interestingly, ectopic 
expression of a constitutive active ALK1 mutant in combination with expression of 
the inhibitory SMAD6 or pharmacological inhibition of MAPKs demonstrated that 
the inhibitory effect of ALK1 signaling on HMEC migration is SMAD independent 
and possibly requires JNK and ERK1/2 pathways [65]. Furthermore, while the afore-
mentioned studies report that BMP9/10-ALK1 signaling promotes EC quiescence, 
other results seem to contradict this notion. BMP9 stimulates proliferation of 
MESECs as well as network formation in mouse allantoic explants, in the Matrigel 
plug assay and in a xenograft model using human pancreatic cancer cells [296]. 
Intriguingly, BMP9 induces tube formation of HPAECs and requires SMAD1 and 
p38 MAPK activity yet is independent of SMAD4 [225]. Collectively, these findings 
demonstrate that BMP9/10-ALK1 signaling exerts context- and cell type-specific 
effects. The importance of this signaling axis has been extensively studied using 
transgenic mice and revealed that BMP9, BMP10, ALK1, and endoglin are essential 
regulators of blood vessel development [96] (Fig. 1).
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Furthermore, numerous recent in  vivo studies elegantly demonstrated that 
BMP- dependent signaling is required for proper angiogenesis and depends on the 
activity of several signaling components. In zebrafish, BMP signaling induces 
venous sprouting independently of VEGF and requires Smad1/5/8 and Erk1/2 
activity [325]. Venous-specific BMP signaling requires the clathrin adaptor Dab2 
[145] and mediates vessel formation via β-catenin-dependent upregulation of nr2f2 
[142] as well as Cdc42-mediated activation of formin-like 3 (Fmnl3)-dependent 
filopodia formation [312]. In mice, it was reported that BMP-SMAD signaling is 
required to establish stalk cell identity. In endothelial-specific SMAD1/5 knockout 
mice, a hypersprouting phenotype can be observed, and embryos die around E10.5 
displaying severe vascular defects [208]. A similar phenotype was reported for 
postnatal retinal angiogenesis in the presence of an ALK1-neutralizing antibody 
[160]. Further investigations highlighted that a synergism between BMP-SMAD 
and Notch signaling controls stalk cell competence. While the co-stimulation of 
HUVECs with BMP9 and the soluble Notch ligand DLL4 (sDLL4) results in 
strong upregulation of the stalk cell-associated genes HEY1, JAG1, and FLT1 
[160], their transcript levels are significantly diminished upon siRNA-mediated 
knockdown of SMAD1 and SMAD5 [208]. In vitro, HES1, HEY1, and JAG1 were 
shown to be direct target genes of SMAD1/5 [202], and HEY1 gene transcription 
is cooperatively induced by BMP6-SMAD1 and Notch signaling [134]. These 
results provide strong evidence that HES1 and HEY1 expressions, which are criti-
cal for the stalk cell phenotype, depend on the integration of BMP-SMAD1/5 and 
Notch pathways. Besides, it was reported that members of the ID protein family act 
as stalk cell competence factors by forming heteromers with HES1 [208], thereby 
alleviating the negative autoregulation of HES1 without impairing HES1-dependent 
repression of target genes with class C site-containing promoter regions [19], such 
as KDR [298]. Intriguingly, a recent study revealed that BMP9-dependent 
SMAD2/3 signaling is inhibited in the presence of the transmembrane protein neu-
ropilin 1 (NRP1) to repress the stalk cell phenotype in tip cells [13]. On the other 
hand, Notch signaling represses NRP1 expression, thereby relieving the NRP1-
dependent repression of SMAD2/3 signaling to establish stalk cell identity [13]. 
This work demonstrates that BMP-SMAD signaling is differentially balanced 
between tip and stalk cells to ensure proper sprout formation. BMP-SMAD1/5-
dependent transcriptional activity is scattered throughout the developing murine 
vasculature [208] and supports the hypothesis that besides the differential expres-
sion of the VEGF receptors KDR and FLT1 [136], BMP-SMAD signaling pre-
patterns the endothelium conferring a spatiotemporal regulation of tip and stalk 
competence [24, 208].

Taken together, vascular BMP signaling is essential for proper blood vessel 
development and requires many signaling components, which seem to be regulated 
in a ligand- and context-dependent manner and reflect EC heterogeneity. 
Unfortunately, most studies focus on the function of BMP-induced SMAD1/5 sig-
naling; thus the role of non-SMAD signaling in (sprouting) angiogenesis is still to 
be defined. Interestingly, in vivo studies revealed that several non-SMAD signaling 
components, including MAPKs and PI3K [209], are critical regulators of murine 
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blood vessel development [107, 203], thus highlighting their importance. 
Accordingly, we are still in need of further mechanistic insights that will enable a 
more detailed understanding of the function of BMP signaling in several blood 
vessel- associated pathologies.

4  Aberrant BMP Signaling in Pathologies of Vascular 
Morphogenesis

4.1   Hereditary Hemorrhagic Telangiectasia (HHT)

4.1.1  Pathophysiology and Genetics of HHT

HHT or Rendu-Osler-Weber syndrome is a heterozygous, autosomal dominant 
disorder of the vasculature [211, 282]. A large heterogeneity is found in HHT 
patients, but hallmark clinical signs encompass recurrent epistaxis, chronically 
dilated capillaries, and other small blood vessels, called telangiectasia, in the 
nose, fingers, and lips as well as gastrointestinal telangiectasia and AVMs particu-
larly at pulmonary, hepatic, and/or cerebral sites [77, 275]. AVMs are prone to 
rupture and cause hemorrhages as walls of affected blood vessels appear thin and 
fragile [106]. A correlation exists between age and number of lesions as well as 
for increased prevalence in woman to develop pulmonary and hepatic AVMs 
[170]. Major clinical complications arise from AVMs due to hemorrhages that 
may lead to anemia, development of shunts followed by hypoxemia, liver disease, 
pulmonary hypertension, and embolism leading to life-threatening conditions in 
patients [106, 302].

The etiology of HHT lies in a deregulation of the TGF-β/BMP signaling path-
way and can be classified into different subtypes based on affected genes [94, 
139, 189, 317]. Mutations in the endoglin (ENG; CD105) or ALK1 gene cause 
HHT1 (OMIM #187300) or HHT2 (OMIM #600376), respectively. Mutations 
result in haploinsufficiency by either underproduction, inactivation, or retention 
of the protein [2, 22, 94, 139, 276]. Recently, missense mutations in the BMP9 
gene were found in patients with a HHT overlap phenotype presenting with epi-
staxis and dermal telangiectasia [327]. Identified mutations, located in the pro- 
and the mature domain, were shown to affect  protein processing or reduced 
bioactivity, respectively. One patient with overlapping syndromes of HHT and 
PAH was reported with a nonsense mutation in the BMPRII gene [248]. Multiple 
families have been diagnosed with both  pathologies highlighting the importance 
of the BMP pathway in vascular homeostasis [1] (Fig. 1).

HHT1 and HHT2 can be discriminated based on the incident of pulmonary 
AVMs (PAMVs) that appear significantly more frequent in HHT1 [168, 258]. 
HHT1 patients show earlier onset of epistaxis and telangiectasis, while HHT2 
patients present with an overall milder phenotype, high variability of onset and 
location of vascular lesions, and increased hepatic dysfunction [23, 28, 277]. The 
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majority (80–85  %) of HHT patients carry either ALK1 or ENG heterozygous 
mutations [302]. An overlapping syndrome of HHT with juvenile polyposis (JP/
HHT, OMIM #175050) accounts for 2–3 % of all HHT cases and is caused by 
mutations in co-SMAD4. Occurrence of hamartomatous polyps throughout the 
gastrointestinal tract in combination with increased risk for the development of 
gastrointestinal cancer is characteristic for juvenile polyposis syndrome (JPS; 
OMIM #174900), which is also linked to SMAD4 mutations [46, 126, 342]. JPS-
associated mutations were found throughout the entire SMAD4 gene and are pre-
dicted to cause protein truncation [42, 45, 90, 125–128, 158, 252, 264, 328]. 
Immunohistochemical analysis of polyps from JPS patients showed loss of epithe-
lial SMAD4 expression in almost 50 % of investigated samples [158]. Mutations in 
the overlap syndrome JP/HHT cluster at the carboxy terminus of the MAD homol-
ogy 2 (MH2) domain of SMAD4, a domain responsible for complex formation with 
R-SMADs and for binding of transcriptional cofactors [94, 240, 324]. However, 
identical mutations have been reported for JPS and JP/HHT patients leading to the 
hypothesis that JPS patients might have undiagnosed HHT symptoms and are at 
risk to develop vascular dysplasia [11, 45, 94, 240].

Two additional loci associated with HHT3 (on chromosome 5q; OMIM # 
601101) and HHT4 (on chromosome 7p; OMIM # 610655) exist, but the affected 
genes for both syndromes are currently unknown [23, 57].

4.1.2  Animal Models of HHT

Key features of human HHT (epistaxis, telangiectasia, AVMs in the lung, brain, and 
gastrointestinal tract) are recapitulated in  vivo by either heterozygous loss-of- 
function mutations of Eng or Alk1 or conditional deletion in mice [12, 35, 36, 172, 
227, 228, 289, 303]. Consistently with a proposed in utero lethality in homozygous 
humans [82, 141], global knockout of either Alk1 or Eng results in prenatal lethality 
in mice due to severe vessel abnormalities and heart development defects [12, 205, 
222, 289, 305]. Mouse models of HHT1 revealed that initial stages of vasculogene-
sis is normal but fails to mature further. This arrest of endothelial remodeling is in 
agreement with normal vasculogenesis and age-dependent dysplasia of the vascula-
ture in HHT patients [12, 35, 172]. Conditional deletion of Smad4 in ECs also results 
in embryonic lethality due to severe cardiovascular defects, compromised vascular 
integrity, and impaired development of vascular smooth muscle cells underlining 
that BMP/TGF-β signaling components are essential for angiogenesis [156].

4.1.3  BMP Signaling Components Involved in HHT and Their Function 
in the Vasculature

Endoglin is a transmembrane receptor with an extracellular ligand binding domain for 
members of the TGF-β family (BMPs, TGF-βs, and activin) dependent on the pres-
ence of the respective ligand bound serine/threonine kinase receptors. The cytosolic 
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domain is very short and lacks a kinase domain [7, 21, 25, 52, 104]. Endoglin thereby 
acts as co-receptor by forming heteromeric complexes with TGF-β type I and II recep-
tors and modulates signal transmission in response to ligands in a cell context-depen-
dent manner [7, 49, 332, 345]. The cytoplasmic tail of endoglin contains a PDZ-binding 
motif for binding of PDZ-containing proteins, which can exert a modulating function 
on signaling pathways. Association of the PDZ-domain protein GAIP-interacting pro-
tein C-terminus (GIPC) with endoglin promotes TGF-β- mediated inhibition of migra-
tion in MEECs and HMECs [167]. Importantly, endoglin was shown to increase 
signaling through the ALK1 receptor by stabilizing binding of ligands to the receptor 
complex [195].

ALK1 expression is primarily found in ECs of arterial vessels [268], while endo-
glin is expressed on all vascular ECs, activated monocytes, and mesenchymal cells 
including fibroblasts and vascular smooth muscle cells (VSMCs) [3, 103, 290, 291]. 
Thus, mutations affecting functionality of either receptor will interfere with normal 
vascular function as confirmed by various animal models. Expression of endoglin is 
elevated in pathophysiological processes, for example, in angiogenic vasculature of 
solid tumors, and monoclonal antibodies that block functionality of either endoglin 
or ALK1 are deployed as therapeutic strategy to counteract neovascularization in 
cancer [301, 315, 316], as reviewed in [140].

Earlier studies investigating the underlying pathophysiology of HHT centered 
on the inhibitory function of endoglin on TGF-β signal transmission in ECs. TGF-β 
exerts a dual function on ECs by stimulating and inhibiting proliferation and 
migration in a dose- and context-dependent manner. ECs express the TGF-β type I 
receptor ALK5, which complexes with the TGF-β type II receptor (TGFßRII) to 
activate signal propagation via the SMAD2/3 branch resulting in inhibition of EC 
proliferation and migration in the quiescent endothelium, while ALK1-SMAD1/5/8 
signaling stimulates these processes and concomitantly promotes angiogenesis 
[105, 164]. Endoglin is implicated in modulating the response to TGF-β ligands by 
inhibiting ALK5-mediated signal transduction, therefore balancing pro- and anti-
angiogenic properties [30, 164, 229]. Endoglin is required in ECs to allow 
SMAD1/5 signal propagation via ALK1 as demonstrated by inhibition of EC pro-
liferation in cells with reduced levels of endoglin, while simultaneously ALK5 
signal transduction is stimulated [164]. Application of an anti-endoglin antibody 
suppresses EC proliferation and angiogenesis in vitro and in vivo and has tumor- 
suppressive property [270]. Consistently, elevated endoglin levels correlate with 
increased proliferation of ECs by overcoming TGF-β-induced growth arrest [88, 
164, 171]. This pro-angiogenic property of endoglin was recapitulated in a mouse 
model of retinal angiogenesis where haploinsufficiency impairs angiogenesis 
[226]. It was postulated that ALK1/endoglin competes with ALK5 for TGF-β 
ligand binding, yet the biological meaning of this interaction has been questioned 
as ALK1 and ALK5 show distinct expression patterns in the vasculature in vivo 
[267]. Furthermore this notion was consolidated by the finding that only condi-
tional deletion of Alk1, but not Alk5 or Tgfbr2, induces a HHT vascular phenotype 
in transgenic mice [227].
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Based on the large heterogeneity that exists among HHT patients with respect to 
severity, age of onset, site, and number of vascular lesions, it is hypothesized that 
additional factors of either environmental, physical, or genetic nature are required 
to induce vascular lesions [55, 180, 181, 228]. This is further supported by the 
notion that patients with HHT show normal vasculogenesis and age-dependent pro-
gression of vessel malformation. Moreover, there is a paradox that vascular lesions 
only develop within certain organs rather than systemically throughout the body. 
Endoglin also participates in facilitating extravasation of immune cells during vas-
cular repair/remodeling process, a mechanism that might be altered in HHT [135, 
308]. In conclusion, the molecular mechanisms of how loss-of-function mutations  
cause vascular dysplasia in HHT need further investigations to answer remaining 
questions.

4.2   Endothelial-to-Mesenchymal Transition (EndMT)

Similar to the more intensively studied epithelial-to-mesenchymal transition (EMT), 
EndMT has also been described as an important biological process in development 
and disease progression. Initially, EndMT was described in embryonic heart devel-
opment [81, 147]. Early embryonic chick heart studies have reported that endocar-
dial cushion tissue originates from ECs transdifferentiating into mesenchymal cells 
[147]. Although, in the past, EndMT was often restricted to embryonic develop-
ment, its occurrence in the adult vasculature and its participation in pathological 
processes have been described with increasing frequency in recent years.

The transdifferentiation from ECs to mesenchymal cells is a complex and 
dynamic process causing disruption of cell-cell junctions from dense, organized 
layers of resident ECs accompanied by the loss of characteristic endothelial markers 
(VE-cadherin, VEGFR, CD31/PECAM, etc.). Mesenchymal cells arising through 
EndMT lose EC characteristics and acquire a mesenchymal spindle-shaped pheno-
type along with invasive migratory properties. Furthermore, they express 
mesenchymal- specific markers, including fibroblast-specific protein-1 (FSP-1), 
alpha-smooth muscle actin (α-SMA), fibronectin, and N-cadherin, and have the 
potential to differentiate into multiple cell types, such as chondrocytes, osteoblasts, 
fibroblasts, and adipocytes, as reviewed in [176].

4.2.1  BMP Signaling in EndMT

Phenotypic changes require elementary molecular changes and architectural rear-
rangements and are controlled by several signaling pathways, including TGF-β 
[309], BMP [214], WNT [175], bFGF [166], and Notch signaling [50]. These path-
ways target similar downstream transcription factors, such as Snail [47], Slug [31], 
and Twist [336], which repress epithelial (E-)cadherin. Currently, EndMT is most 
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frequently associated with TGF-β/BMP signaling [261]. SMAD4, mediator of both 
TGF-β and BMP signals, is crucial for EndMT, and Smad4 deficiency prevents 
EndMT of murine endocardial cells [67, 339].

TGF-β2 and BMP4 were identified to stimulate EndMT in HUVECs [194], and 
knockout mouse models display impaired EndMT during heart cushion develop-
ment [18, 191]. Furthermore, several reports have shown that BMP2 released from 
the myocardium acts as an inductive signal initiating the onset of EndMT [249, 293] 
(Fig. 1). This myocardial signal stimulates TGF-β synthesis in endocardial cells 
inducing EndMT in an autocrine manner [214, 339].

Several studies have investigated the requirement of the BMP type I receptor 
ALK2 in EndMT. Endothelial-specific Alk2 knockout mice display defects in atrio-
ventricular septa and valves resulting from failure of endocardial cells to appropri-
ately undergo mesenchymal transdifferentiation during heart development [314]. 
Consistently, siRNA-mediated knockdown or pharmacological inhibition of ALK2 
is sufficient to prevent EndMT in HUVECs and human cutaneous microvascular 
ECs (HCMECs), thus indicating that ALK2 is a crucial regulator of EndMT [194]. 
Based on the observation that TGF-β2 and BMP4 also induce phosphorylation of 
the TGF-β-specific SMAD2, it was hypothesized that EndMT requires the activa-
tion of ALK2 and the TGF-β type I receptor ALK5 to activate both SMAD1/5/8 and 
SMAD2/3 signaling pathways [4, 194]. Interestingly, a hypersensitive ALK2 mutant 
(ALK2-R206H), which favors EndMT during FOP progression, specifically inter-
acts with ALK5 even in the absence of a ligand [194]. The assumption that induc-
tion of EndMT requires the activation of ALK2 and ALK5 receptors is further 
supported by studies reporting that siRNA-mediated knockdown and pharmacologi-
cal inhibition of ALK5 effectively abolish EndMT of HUVECs and umbilical cord 
blood-derived endothelial colony forming cells (UC-ECFCs) [194, 201] and genetic 
ablation of Alk5 inhibits EndMT of endocardial cells during murine heart develop-
ment [288]. Besides, using Eng-deficient embryonic stem cells to generate chimeric 
mice demonstrated that endoglin is required for EndMT transition during endocar-
dial cushion formation [220], thus indicating that ALK2, ALK5, and endoglin exert 
crucial functions during EndMT (Fig. 1).

Interestingly, however, systemic administration of the ALK2 ligand BMP7  in 
mice inhibits EndMT and the progression of cardiac fibrosis [343]. Consistently 
with these in vivo observations, treatment of HUVECs with BMP7 does not pro-
mote ALK2-ALK5 complex formation and maintains endothelial marker expres-
sion [194]. However, the exact mechanism whereby BMP7 inhibits EndMT is still 
unknown, yet current data suggests that BMP7 antagonizes TGF-β2 [92] and acti-
vates ALK2-SMAD1/5/8 signaling [194], thereby inhibiting EndMT [192] (Fig. 1).

4.2.2  EndMT in Human Diseases

Although EndMT is normally restricted to embryonic development and inactive in 
adult tissues, pathological conditions in disease and tissue repair can activate this 
process. The acquisition of mesenchymal properties and loss of endothelial 
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characteristics is a complex, multistep biological phenomenon involved in the ini-
tiation and progression of several blood vessel-associated pathologies, including 
FOP [194], CCM [187], atherosclerosis [53], and PAH [10].

Heterotopic Ossification (HO) and Fibrodysplasia Ossificans Progressiva (FOP)

HO is a severe pathological condition in which bone forms in soft tissue in response 
to injury, inflammation, or genetic disease [190]. Among the most severe and dis-
abling pathologies associated with HO is the rare genetic bone disorder FOP (OMIM 
#135100), an autosomal dominant disease caused by a sporadic or hereditable gain- 
of- function mutation in ALK2. The most prevalent FOP-associated ALK2 mutation, 
ALK2-R206H, causes an amino acid exchange in the regulatory glycine-serine-rich 
GS-Box of ALK2, leading to a hypersensitive signal transduction [271, 274] (Fig. 1). 
Formation of ectopic bone in soft tissues requires a promotive tissue microenviron-
ment and a trigger to initiate the cellular and molecular events that lead to bone for-
mation. Ectopic bone that forms in FOP is qualitatively normal and requires precursor 
cells that have the potential to differentiate into bone through endochondral ossifica-
tion. Thus, HO parallels events that occur in normal embryonic bone development or 
bone regeneration during fracture healing [273]. Several studies have been performed 
to reveal the identity of progenitor cells of ectopic bone, yet only a fraction have been 
characterized so far.

Surprisingly, skeletal muscle precursors contributed minimally to HO [182], 
while mesenchymal cells residing in the interstitium surrounding skeletal muscle 
tissue appear to be a source of bone progenitor cells [329]. Cre/loxP lineage tracing 
approaches using the endothelial markers TIE2 or vascular endothelial (VE)-
cadherin demonstrated that the majority of cells in heterotopic bones are of endo-
thelial origin [182, 194, 329]. Interestingly, ectopic expression of the ALK2-R206H 
mutant enhances EndMT and mutant ECs display multipotency as well as the ability 
to differentiate into osteoblasts, chondrocytes, and adipocytes in vitro and in vivo 
[194]. Taken together, these studies suggest that ECs contribute to heterotopic bone 
formation by undergoing EndMT to rather dedifferentiate into multipotent mesen-
chymal progenitor cells, which subsequently differentiate into multiple cell types 
[194], than a direct transformation [236].

With respect to FOP, ALK2-R206H mutant cells are more susceptible to BMP 
ligands and even gain responsiveness to the otherwise antagonistic activin A, 
thereby causing enhanced signaling [113] (Fig. 1). Thus, hypersensitizing muta-
tions of ALK2 may result in increased EndMT and eventually osteogenic differen-
tiation, presumably triggered by intermittent episodes of inflammation [261]. 
Recently, it was shown that human-induced pluripotent stem cells (hiPSCs) from 
FOP patient-derived urine cells carrying the ALK2-R206H mutation exhibit a 
reduced potential for endothelial differentiation, but EndMT is unaffected [44]. 
Hence, the low EC yield likely results from increased EndMT of ALK2-R206H 
mutant ECs and corresponds with an observed enhanced BMP signaling [44]. 
However, apart from ECs, it is still unclear from which cell type the remaining cell 
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population in heterotopic bone tissues originates. Due to their chondrogenic and 
osteogenic differentiation capacity, pericytes have been suggested as potential can-
didates [182, 193]. Interestingly, FOP pericytes show increased mineralization abil-
ity, which is abolished in the presence of the pharmacological ALK2 kinase inhibitor 
LDN-212854 [44].

Taken together, in a certain microenvironment ECs have the potential to undergo 
EndMT to eventually differentiate into bone or cartilage and contribute as the major 
cell type to the formation of heterotopic bone in soft tissues. The genetic FOP muta-
tion in the ALK2-R206H receptor causes aberrant BMP signaling and leads to the 
most disabling form of HO, thus suggesting that the FOP mutation in the endothe-
lium rather plays a role in favoring EndMT than directly impairing the vasculature.

Cerebral Cavernous Malformation (CCM)

Another blood vessel-associated pathology associated with increased EndMT is 
CCM.  CCMs are vascular malformations that can occur as a sporadic (80  % of 
cases) or familial (20  % of cases) autosomal dominant disorder affecting up to 
0.5 % of the human population [86, 153]. CCM lesions are formed by enlarged 
irregular venous blood vessels with impaired inter-EC adhesion that often results in 
cerebral hemorrhages [86]. Treatment options are currently limited to risky neuro-
surgery [173, 247]. So far, the three genes CCM1 (KRIT1; OMIM #116860), CCM2 
(OSM; OMIM #603284), and CCM3 (PDCD10; OMIM #603285) have been identi-
fied as leading causes of their eponymous disease [29, 153, 154, 246]. CCM genes 
are crucial during vascular morphogenesis, yet current data suggests a context-
dependent regulation. Homozygous null Ccm1 mice die in utero with defects in the 
arterial vasculature [323], while postnatal endothelial-specific deletion of single 
CCM genes leads to severe venous vascular malformations resembling the human 
disease [34]. When Ccm2 is mutated or absent in immortalized murine brain ECs 
(bEnd.3), CCM2 can no longer sequester the E3 ubiquitin-protein ligase SMURF1 
leading to an accumulation of RhoA [59]. This results in increased stress fiber for-
mation, remodeling of endothelial cell-cell contacts, and elevated vascular perme-
ability. These studies suggest that impaired RhoA signaling substantially contributes 
to pathology of CCM.

Interestingly, EC-specific disruption of Ccm1 favors EndMT in vitro and in vivo 
[187]. Ccm1-null ECs show a specific upregulation of Bmp6, and recombinant 
BMP6 induces phosphorylation of SMAD1 in cultured murine wild-type lung ECs. 
Furthermore, pharmacological BMP receptor kinase inhibitors as well as siRNA- 
mediated knockdown of Bmp6 inhibit EndMT [187] (Fig. 1). Moreover, CCM1 is 
required for Notch signaling, and loss of Ccm1 results in Notch inhibition. This in 
turn promotes Bmp6 expression resulting in autocrine BMP signaling and increased 
EndMT [187]. Intriguingly, while this study indicates that BMP6 expression is neg-
atively regulated by Notch signaling, it was recently reported that Kruppel-like fac-
tor 4 (KLF4) promotes Bmp6 expression and EndMT in Ccm1-knockout ECs [62]. 
Ablation of Ccm1 results in enhanced MEKK3-MEK5-dependent activation of 
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ERK5, which induces the upregulation of Klf4 in cultured brain ECs. Subsequently, 
KLF4 binds to the promoter region of Bmp6 as well as of Fsp1 and Sca1, marker 
genes associated with EndMT, to stimulate gene expression. Thus, KLF4 induces 
EndMT in CCM1 mutants by stimulating BMP6-dependent signaling and expres-
sion of EndMT-associated genes. Accordingly, EndMT and lesion formation is 
strongly reduced in endothelial-specific Ccm1/Klf4 knockout mice [62]. However, 
the prevalence of KLF4 expression and lesion formation in the brain of CCM 
patients remain unexplained at present, yet context-dependent regulation of KLF4 
function in arteries and veins might provide a first insight into the development of 
venous-derived CCM lesions [34, 187].

In sum, there is increasing evidence that EndMT contributes to the initiation or 
progression of several blood vessel-associated diseases, thus indicating that EndMT 
might be a potential therapeutic target in clinical applications. In line with the cur-
rent data, targeting BMP/TGF-β signaling as a potent inducer of EndMT has natu-
rally been considered. Recently, EndMT in a vein graft mouse model as well as 
murine vascular malformations and hemorrhages were shown to be susceptible to 
TGF-β signaling blockade by using a TGF-β-neutralizing antibody or a pharmaco-
logical ALK5 kinase inhibitor, respectively [58, 187]. Furthermore, the BMP type I 
receptor kinase inhibitor LDN-193189 has been shown to block HO in an FOP 
mouse model [197], and further potential strategies aiming to normalize aberrant 
BMP signaling are currently tested [113, 198, 272]. Thus, targeting the BMP path-
way during EndMT represents a novel approach to treat several human diseases 
associated with impaired vascular morphogenesis.

5  BMPs and Vascular Permeability

5.1   BMP Signaling in the Regulation of Vascular Permeability

Once established, the endothelium provides a semipermeable barrier to control 
blood-tissue exchange of fluids, solutes, plasma proteins, and cells. Vascular perme-
ability is regulated by transcytosis via specific intracellular vesicles and vacuoles as 
well as by paracellular pathways through the openings of inter-EC junctions. 
Transcellular permeability requires endocytosis of distinct vesicles, and several 
reports demonstrated that caveolae trafficking is an essential component of trans-
cytosis [149]. Accordingly, caveolin 1 (CAV1), the major structural protein of cave-
olae [253], has been shown to regulate transcytosis of plasma proteins, such as 
albumin [196]. In contrast, regulation of paracellular permeability is mediated by 
tight and adherens junction proteins that link the actin cytoskeleton of adjacent ECs, 
thereby conferring cell-cell adhesion [149]. The most studied regulator of paracel-
lular permeability is VE-cadherin (CDH5; CD144), which mediates cell-cell 
adhesion via cis- and trans-homophilic interactions [39]. VE-cadherin links to the 
actin cytoskeleton by binding to adaptor proteins of the catenin family, including 
p120-, β-, and γ-catenin, which associate with the actin binding proteins α-catenin 
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and vinculin [97]. Endocytosis as well as phosphorylation of specific tyrosine or 
serine residues in the cytoplasmic domain of VE-cadherin disrupt VE-cadherin-
catenin interactions resulting in impaired inter-EC adhesion and increased permea-
bility [101]. These processes are activated by many stimuli, including growth 
factors, such as VEGF [83, 98], shear stress [223], or leukocytes [319].

Interestingly, we recently demonstrated that endocytosis and tyrosine phosphor-
ylation of VE-cadherin is promoted by BMP6 in HUVECs [26] (Fig. 1). We showed 
that BMP6-ALK2 signaling results in activation of the non-receptor tyrosine kinase 
cellular (c-) SRC resulting in phosphorylation of VE-cadherin and ultimately facili-
tating BMP6-induced hyperpermeability of HUVEC monolayers. Furthermore, 
VE-cadherin promotes BMP receptor complex stability and is required for proper 
BMP signal transduction [26], thereby highlighting that VE-cadherin itself is criti-
cal for efficient growth factor-induced signaling in the endothelium. This is in 
accordance with VEGF and TGF-β pathways, which are also regulated by 
VE-cadherin to control EC functions, including proliferation and migration [108, 
155, 256]. Moreover, our study provides mechanistic insights into a BMP-dependent 
regulation of vascular permeability, which has frequently been addressed with 
respect to hyperpermeability-associated pathological conditions, such as inflamma-
tion, atherosclerosis, and PAH [109].

5.2   BMP Signaling in Hyperpermeability-Associated 
Pathological Conditions

5.2.1  Inflammation and Atherosclerosis

Shear stress induced by blood flow triggers the synthesis of nitric oxide (NO) in the 
resting endothelium. The basal NO production in turn regulates vasoconstriction 
and thereby vascular pressure, but also keeps the endothelium quiescent inhibiting 
pro-inflammatory gene expression and activation of leukocytes [235]. Inflammation 
is characterized by increased blood flow associated with warmth (calor) and red 
color (rubor), swelling of tissue (tumor), and pain (dolor) due to leukocyte infiltra-
tion [235]. Upon acute inflammation, ECs are activated. During fast type I activa-
tion [234], induction of G-protein-coupled receptor (GPCR) signaling by binding of 
agonists, including thrombin and histamine, triggers phospholipase C isoform β 
(PLCβ) activation and release of Ca2+ from the endoplasmic reticulum resulting in 
increased production of NO by activated nitric oxide synthase (NOS) and secretion 
of prostaglandin PGI2 [294]. NO and PGI2 are vasodilators and cause elevated blood 
flow. Furthermore, calcium-dependent phosphorylation of myosin light chain 
(MLC) leads to contraction of actin filaments opening the attached tight and adher-
ens junctions, thereby resulting in vascular hyperpermeability. Moreover, intracel-
lular signaling results in exocytosis of Weibel-Palade bodies (WPB), which 
subsequently targets P-selectin to the cell surface to attract leukocytes [251].
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During sustained inflammation, leukocytes secrete tumor necrosis factor-α 
(TNFα) and interleukin-1 (IL-1) triggering type II activation of ECs [234]. This 
involves the activation of activation protein 1 (AP1) and nuclear factor-κB (NFκB)-
dependent transcription and expression of pro-inflammatory proteins, such as che-
mokines and adhesion molecules [216].

Atherosclerosis is a vascular disease accompanied by chronic inflammation of 
the arterial wall and atheromatous lesions, and it represents one of the leading 
causes of mortality worldwide [297]. One prominent event of atherosclerosis is vas-
cular calcification, which is characterized by deposition of calcium phosphate salts 
and partially resembles bone mineralization [129].

Expression of BMP2 and BMP4 is increased at sites of vascular calcifications in 
mouse and human and promotes monocyte adhesion, thus indicating a role of BMP 
signaling during atherosclerotic development [33, 72, 280] (Fig. 1). Mice treated 
with the pharmacological BMP receptor kinase inhibitor dorsomorphin show 
reduced endothelial inflammation indicating a crucial role of BMP signaling in EC 
homeostasis [117]. While BMP2 is upregulated during vascular inflammation [61, 
117], expression of the negative regulator SMAD6 is downregulated [174]. The 
secreted BMP antagonist BMPER, exerting a protective function, was also down-
regulated during inflammation [116, 117], and heterozygous null Bmper mice 
exhibit accelerated atherosclerotic development [232]. Furthermore, ectopic expres-
sion of matrix Gla protein (MGP), an inhibitor of BMP signaling, blocks BMP2- 
induced osteogenic differentiation of human sarcoma cells [32] and reduces 
inflammation, calcification, and atherosclerotic lesion formation in an apolipopro-
tein E-deficient (ApoE−/−) atherosclerosis mouse model [337]. In contrast, BMP7 
enhances macrophage differentiation leading to decreased pro-inflammatory cyto-
kine secretion and plaque formation in ApoE−/− mice suggesting an atheroprotective 
role of BMP7 [250, 281]. BMP6 induces osteogenic differentiation of BAECs, syn-
ergized by oxidized low-density lipoprotein (oxLDL) indicating a role of oxidative 
stress in supporting vascular calcification [341] (Fig. 1). Interestingly, it has been 
suggested that damaged HUVECs release endothelial microparticles (EMPs) con-
taining BMP2 and calcium to enhance calcification of VSMCs [41]. Besides, dedif-
ferentiated VSMCs are able to induce osteogenic differentiation and atherosclerotic 
calcification by paracrine BMP2 release [212].

ECs express specific mechanotransducers to convert blood flow as a mechani-
cal stress into biochemical signals. Besides cell adhesion complexes, cytoskeletal 
elements, caveolae, and membrane receptors, the glycocalyx, the nucleus, and the 
primary cilium are involved in sensation and transduction of mechanical stimuli [9, 
68, 110]. Intriguingly, atherosclerotic plaques are more frequently located at spe-
cific atheroprone sites, such as arterial branches and bifurcations, which are char-
acterized by either low laminar or disturbed (oscillatory or turbulent) blood flow, 
while steady and moderate endothelial shear-stress due to atheroprotective flow 
prevents atherosclerosis [297, 318]. Atherogenic oscillatory flow induces BMP4 
expression in mouse aortic ECs (MAECs) to stimulate inflammatory processes 
[137, 284, 285], whereas protective laminar flow inhibits BMP4 [60]. Diminished 
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expression of BMPRII was observed in human atherosclerotic lesions as well as 
after pro- atherogenic disturbed flow or pro-inflammatory stimuli in HUVECs, 
whereas BMPR2 expression is upregulated in response to anti-atherogenic lami-
nar flow or statin treatment [144]. Finally, pro-atherogenic oscillatory shear stress 
induces sustained association of ALK6 with β3 integrin leading to focal adhesion 
kinase (FAK)-dependent SMAD1/5 activation and thus increased EC proliferation 
[346, 347] (Fig. 1).

Interestingly, mouse Tg737orpk/orpk (Orpk−/−) ECs lacking the primary cilium, which 
is assembled in disturbed flow conditions in vivo [79, 307], are prone to EndMT [78] 
and calcification via BMP-dependent transdifferentiation into osteogenic cells [260]. 
In this light, a recent study demonstrated that an endothelial-specific conditional 
Tg737/Ift88 knockout in ApoE−/− mice abolishes ciliogenesis and leads to increased 
atherogenesis indicating that primary cilia inhibit atherosclerosis [73].

Considering that LDN-193189 inhibits the development of atheroma in LDL 
receptor-deficient (Ldlr−/−) or ApoE−/− mice, these findings collectively highlight 
that targeting the BMP pathway might be a promising way for treating atheroscle-
rosis [71, 205, 259].

5.2.2  Pulmonary Arterial Hypertension (PAH)

PAH is a rare disease characterized by vasoconstriction of pulmonary arteries, 
resulting in increased pulmonary arterial pressure and ultimately heart failure [204]. 
PAH is further associated with an increased vascular resistance due to altered bal-
ance between proliferation and apoptosis and disturbed cross talk between ECs and 
VSMCs in the vascular wall [204].

Linkage analysis to map the PAH associated locus and sequencing identified the 
BMPR2 as the causative gene [69, 70, 131, 206, 217]. Mutations in the BMPR2 gene 
account for 70 % of cases of heritable or familial PAH (FPAH; OMIM #178600) 
and 10–40 % of cases of sporadic or idiopathic PAH (IPAH) [184, 300] (Fig. 1). 
Missense mutations can cause nonsense-mediated mRNA decay (NMD) of the 
respective mutant transcript, a reduced receptor trafficking to the cell surface with 
retention in the ER, or correct trafficking of kinase-inactive receptor forms [91, 138, 
255]. All mutations seem to arise independently but ultimately lead to diminished 
BMP signaling [186], and BMPRII expression is strongly reduced in lung tissue of 
patients with FPAH and IPAH [15]. Accordingly, conditional deletion of Bmpr2 in 
PAECs or expression of a dominant-negative Bmpr2 mutant in VSMCs recapitu-
lates the PAH disease phenotype in transgenic mouse models [124, 322]. Moreover, 
heterozygous null Bmpr2 mutant PAECs display an increased SRC-dependent ves-
icle trafficking accompanied by a hyperpermeability phenotype [237]. Besides, 
PAH is also characterized by reduced NO synthesis, leading to vasoconstriction. 
The reduction in NO is due to increased arginase activity [331] resulting in a sub-
strate depletion and inhibition of the endothelial NO synthase (eNOS) [239]. 
Interestingly, BMPRII is able to activate eNOS in response to BMP2 and BMP4 in 
healthy but not PAH patient-derived PAECs carrying BMPR2 mutations [95]. We 
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reported that the cGMP-dependent kinase I (cGKI), a key mediator of vasodilation 
[123], enhances BMP signaling via association both with BMPRII at the plasma 
membrane and with SMAD1 in the nucleus [266]. Importantly, cGKI can compen-
sate for the PAH- related defects in BMP signaling and aberrant proliferation of 
human VSMCs [266].

The penetrance of BMPR2 mutations is incomplete since only 20 % of mutations 
lead to a disease phenotype [159, 177]. BMPR2 is expressed in two alternative 
splice variants, a full-length long form (LF) and a short form (SF), the latter missing 
the terminal exon 12 resulting in a shortened C-terminal tail which is known to 
mediate binding of many signaling proteins [278]. Both isoforms exhibit different 
translation and internalization rates leading to higher expression of BMPRII-SF at 
the plasma membrane [8]. Interestingly, PAH patients are more likely to have higher 
ratios of the short isoform relative to the long isoform [56]. Lower expression of 
estrogen metabolizing gene CYP1B1 was found in female PAH patients [321], and 
BMPR2 expression was shown to be negatively regulated by the estrogen receptor α 
[16], which might explain the about 2.5-fold increased frequency of PAH in female 
mutations carriers [159, 183]. Additional mutations within other genes or environ-
mental factors as second hits are thought to trigger disease progression [184]. Such 
modifiers include mutations of the SMAD8 gene identified in PAH patients [6]. 
Moreover, directed sequencing of SMAD genes identified variants in SMAD1, 
SMAD4, and SMAD9 (OMIM #615342) [215]. Moreover, mutated ALK6 was 
described in IPAH patients [54], indicating that deficiency of diverse parts of the 
BMP signaling pathway can contribute to PAH.  Moreover, conditional Smad1 
knockout in PAECs or pulmonary artery SMCs (PASMCs) predispose transgenic 
mice for pulmonary hypertension [111]. Homozygous Smad8 knockout mice exhibit 
defective pulmonary vascular remodeling and a PAH phenotype [130]. Rare cases 
of PAH have been associated also with mutations in the genes encoding CAV1 
(OMIM #615343) or the KCNK3 potassium channel (OMIM #615344) [17, 185]. 
A genome-wide association study (GWAS) has recently identified the cerebellin 2 
(CBLN2) locus to confer susceptibility for PAH in patients without BMPR2 muta-
tions [100].

Different options are available for PAH treatment [205, 320]. Prostacyclin ana-
logs are used to interfere with abnormal TGF-β1-induced SMAD-dependent and 
SMAD-independent signaling [221] while restoring deficient BMP signaling [334]. 
Leukocyte recruitment can be inhibited by a CXCR1/2 antagonist which reverses 
disease phenotype in PAH mice with endothelial-specific loss of BMPRII [43]. 
Anti-inflammatory dexamethasone treatment reduces aberrant proliferation and can 
prevent and reverse monocrotaline-induced PAH in an experimental rat model 
[238]. In a similar model, the phosphodiesterase PDE-5 inhibitor sildenafil was 
shown to partly restore deficient BMP signaling and prevent PAH pathogenesis via 
cyclic GMP and cGKI [335]. A drug screen for compounds inducing BMPRII sig-
naling identified the immunosuppressant FK506 (tacrolimus), which is now in clini-
cal trials [286, 287]. By releasing FKBP12 from BMP type I receptors, FK506 
proved to reverse dysfunctional BMPRII signaling in patient-derived PAECs and a 
monocrotaline rat model of PAH. The antimalarial drug chloroquine restores com-
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promised cell surface expression of BMPRII in PAECs and BMP9-mediated signal-
ing [76]. Finally, administration of BMP9 was recently demonstrated to reverse 
PAH disease phenotype in a transgenic knockin mouse model carrying a human 
BMPR2 mutation [179]. Taken together, besides mutations in BMPR2, defects in 
other pathway components also contribute to BMP signaling deficiency in PAH, 
making it a promising target for therapy.

6  Conclusions

BMP signaling in the vascular system is essential for physiological development and 
tissue homeostasis yet also contributes to the initiation or progression of several blood 
vessel-associated pathologies. Most importantly, vascular BMP signaling is strictly 
ligand, cell type, and context specific. BMP ligands can either induce activation or 
promote quiescence of ECs, depending on the ligand, the vascular bed, the model 
system, and the developmental stage, thereby emphasizing the pleiotropic effects of 
BMP signaling in the endothelium. This notion is even more strengthened by the 
observations that the highly similar ALK2 ligands BMP6 and BMP7 both lead to an 
activation of ECs, yet, while BMP6 promotes EndMT and vascular calcification, 
BMP7 inhibits these processes. These apparent differences hamper the development 
of suitable drugs targeting the BMP pathway in numerous diseases, including HHT, 
FOP, CCM, inflammation, and PAH, albeit there has been a substantial progress in the 
recent years demonstrating that vascular BMP signaling is druggable in pathological 
conditions. Nevertheless, underlying mechanisms in different vascular beds and 
developmental stages are still only poorly understood and should be addressed by 
future studies as they are essential for the development of novel and innovative thera-
peutic strategies targeting the BMP pathway in the correct endothelial cell type.
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1  Introduction

Bone morphogenetic proteins (BMPs) were originally identified as osteogenic fac-
tors with the ability to induce cartilage and bone formation at ectopic sites [1]. 
Accumulating evidence thereafter showed that BMPs (of which about 20 members 
have been identified in mammals) can perform versatile functions in embryonic 
development and in maintenance of adult tissue homeostasis. BMPs were found to 
regulate proliferation, survival, migration, differentiation, and lineage commitment 
of many different cell types [2, 3]. Perturbation in BMP signal transduction processes 
may lead to disease states, including tumorigenesis [3]. BMPs belong to the trans-
forming growth factor β (TGFβ) superfamily, which are dimeric ligands that signal 
via specific transmembrane type I and type II serine/threonine kinase receptors and 
intracellular SMAD transduction factors. Each step of the BMP signaling pathway is 
carefully regulated, e.g., through ligand-binding proteins that sequester ligand from 
binding to receptors and coreceptors that present ligand to these receptors [4]. Recent 
years have seen an increasing interest in the role of BMP signaling in the develop-
ment and progression of several cancers [5]. Similar as found for TGFβ, BMPs may 
act as tumor suppressor and/or promoter in a highly contextual manner [5].

BMPs play an important role in the development of embryonic mammary gland 
[6]. Of interest is also that breast cancer is frequently accompanied by osteolytic 
metastasis, which accounts for significant morbidity [7]. BMPs are present with 
high abundance in bone and have the ability to stimulate bone formation [8]. In this 
review, we aim to overview the recent studies on the relationship between BMPs 
and breast cancer pathology. After a brief introduction to the key components of 
BMP signaling pathways and their regulation, we discuss the aberrant expression of 
canonical BMP/SMAD signaling components and the underlying prognostic value 
in breast cancer. We then focus on the functions of BMPs in breast cancer initiation, 
proliferation, apoptosis, tumor microenvironment, as well as the processes of metas-
tasis. The possibilities utilizing these controlling mechanisms of BMPs for thera-
peutic intervention against breast cancer are also discussed.

2  BMP Signaling and Its Regulation

BMPs are produced as larger dimeric precursor proteins, which are proteolytically 
processed thereby generating a carboxy-terminal bioactive domain with highly con-
served cysteine residues. This mature dimer may undergo further posttranslational 
modification such as glycosylation [4, 9]. The BMP signaling cascade is initiated by 
binding of BMPs to two types of transmembrane serine/threonine kinase receptors, 
i.e., BMP type I and type II receptors (BMPRIs and BMPRIIs, respectively) [10]. 
Generally, initial binding occurs to BMPRIs, i.e., activin receptor-like kinase 
(ALK)1, ALK2 (or ACVR1A), ALK3 (or BMPRIA), and ALK6 (or BMPRIB), to 
which BMPs interact with higher affinity as compared to BMPRIIs. Thereafter, 
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BMPs recruit BMPRII, which is specific for BMPs, or activin type II A receptor 
(ACVR2A) and activin type IIB receptor (ACVR2B), which are shared type II 
receptors with the activins (Table 1) [4].

As described in Fig. 1, upon BMP-induced formation of a heteromeric receptor 
complex, the constitutively active BMPRIIs kinase can phosphorylate BMPRI in 
the highly conserved glycine-serine-rich (GS) juxtamembrane domain. Then, the 
activated BMP type I receptor in turn can incur intracellular signaling by 
phosphorylating specific SMADs (R-SMADs), SMAD1/5/8 [9]. These BMP 
R-SMADs are distinct from TGFβ and activin receptor-induced R-SMADs, i.e., 
SMAD2 and SMAD3. Phosphorylated R-SMADs form heteromeric complexes 
with  common- partner SMAD (Co-SMAD), i.e., SMAD4 [11]. Subsequently, these 
SMAD complexes can translocate into the nucleus where they serve as transcription 
factors and recognize specific BMP response elements (BRE) (also termed SMAD-
binding elements (SBE)) located within the promoters or enhancers of target genes. 
In collaboration with other transcription factors and transcriptional coactivators/
corepressors, they mediate the transcription of BMP target genes, such as inhibitor 
of differentiation (ID) 1–3, inhibitory SMAD6, and runt-related transcription factor 
2 (RUNX2) [12–14]. Besides the canonical SMAD-dependent pathway, BMPs have 
also been reported to activate non-SMAD pathways, including stress-activated pro-
tein kinase/c-Jun NH2-terminal kinase (JNK), extracellular signal-regulated kinase 
(ERK), and p38 mitogen-activated protein kinase (MAPK) pathways, as well as 
phosphoinositide 3-kinase (PI3K)-AKT, protein kinase C (PKC), TGFβ-activated 
kinase 1 (TAK1), and small Rho-GTPases pathways [9, 15].

The BMP signaling cascade is subject to intricate regulation at multiple levels. 
Extracellular antagonists prevent binding of BMPs to receptors either by sequester-
ing the BMP ligands or by binding to the BMP receptors themselves [2]. Like the 
BMP ligands, the BMP antagonists have a cysteine knot structure, which can be 
divided into several subclasses: twisted gastrulation, Noggin and Chordin family, 
and differential screening-selected gene aberrative in neuroblastoma (DAN) family 
(including DAN, Cerberus, Gremlin 1, protein related to Dan or Cerberus (PRDC), 
Sclerostin, uterine sensitization-associated gene 1 (USAG1), Caronte, and Coco) [9, 
16]. Another type of inhibitors involves soluble receptors in the extracellular envi-
ronment, which also can sequester BMPs from binding to their transmembrane 
receptors [17]. Regulation at the cell membrane level is mediated by various mem-
brane proteins. The BMP and activin membrane-bound inhibitor (BAMBI) inhibit 
BMP signaling by interfering with receptor complex formation [18]. In addition, 
BMP signaling can be potentiated by some membrane proteins, such as members of 

Table 1 BMP subclasses and receptor-binding preference

Ligands Type I receptors Type II receptors

BMP2/4 ALK3, 6 BMPRII, ACVR2A, ACVR2B
BMP5/6/7/8 ALK2, 3, 6 BMPRII, ACVR2A, ACVR2B
GDF5/6/7 ALK3, 6 BMPRII, ACVR2A, ACVR2B
BMP9 ALK1, 2 BMPRII, ACVR2A
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Fig. 1 Schematic presentation of the BMP signaling pathway. BMP binds and induces heterotet-
rameric complex formation of specific single transmembrane-spanning BMP type I and type II 
receptors. Upon heteromeric complex formation, the extracellular BMP signal is transduced across 
the membrane by the phosphorylation of BMP type I receptors in the glycine-serine-rich (GS) 
juxtamembrane domain by the constitutively active type II receptors kinase. The intracellular sig-
nal is initiated by the phosphorylation of SMAD1/5/8. These activated R-SMADs can then form 
heteromeric complexes with SMAD4, which translocate into the nucleus where they collaborate 
with other DNA-binding transcription factors and transcriptional coactivators/corepressors to reg-
ulate the transcription of BMP target genes (SMAD-dependent pathway). The BMP signal can also 
be transduced via non-SMAD pathways. BMP signaling is subject to multiple regulations, such as 
extracellular antagonists, coreceptors, membrane promoters/inhibitors, and inhibitory SMAD6/7. 
There also exists extensive cross talk between BMP signaling pathways and other signaling 
pathways
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the repulsive guidance molecule (RGM) family [19], and coreceptors betaglycan 
[20] and endoglin (CD105) [21, 22].

Within the cell, Endofin acts as an anchor between SMAD1 and activated 
BMPRIs to facilitate SMAD1 phosphorylation. Meanwhile, Endofin can mediate 
the dephosphorylation and inactivation of BMPRIs by its motif for protein phospha-
tase binding [23]. FK506 binding protein 12 (FKBP12) can bind to the GS domain 
of BMPRIs, thereby shielding the serine and threonine residues from being phos-
phorylated by BMPRIIs and stabilizing the inactive conformation [24, 25]. The 
drug FK506 (tacrolimus) that binds FKBP12 was shown to relieve this inhibition 
and to potentiate BMP signaling [24, 25]. BMP signaling is also restricted intracel-
lularly by the inhibitory SMADs (I-SMADs), i.e., SMAD6 and SMAD7, which 
compete with SMAD1/5/8 for interaction with BMPRIs and with SMAD4 for com-
plex formation with SMAD1 [26, 27]. Both SMAD1 and SMAD5 can be targeted 
for proteasomal degradation via addition of ubiquitin chains by SMAD ubiquitin 
regulatory factors (SMURFs). Additionally, by interacting with I-SMADs that can 
be recruited to activated BMPRI, SMURFs are also capable of decreasing the stabil-
ity of BMPRI [28].

Importantly, many of the (negative) regulators of BMP signaling themselves are 
BMP target genes, creating auto-feedback loops that ensure increased fine-tuning 
of signaling [2, 28, 29]. Additional facets of BMP signaling include cross talk with 
other signaling pathways, such as TGFβ, Notch, Janus kinase/signal transducers 
and activators of transcription (JAK/STAT), Wnt, and Hedgehog, which further 
broaden the cellular responses to BMP signaling [30]. Thus, the actual outcome of 
BMP signaling results from levels and activities of all those cellular context-
dependent components mentioned above, explaining the diversity of observed 
effects.

3  Aberrant Expression of BMP Signaling Components 
in Breast Cancer

In the normal breast, all the necessary components of the canonical BMP signaling 
pathway (i.e., BMP ligands, BMP receptors, and SMADs) are expressed [31]. 
Aberrant expression of these components has been observed for breast cancer cell 
lines with different characteristics and/or has been detected in breast cancer cell 
lines compared to normal cell lines, in primary tumor tissues compared to normal 
tissues, and in recurrent tumor tissues compared to primary tumor tissues, however, 
often with inconsistent and frequent contradictory results. In part, this may be 
caused by cell lines that were cultured under different conditions and tumors that 
were not characterized and, for example, not subdivided based upon their genetic 
alterations and stroma content.

In the forthcoming section, we have listed some examples. Significant lower lev-
els of BMP2 transcript and protein were detected in both noninvasive and  invasive 
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breast cancer cell lines and/or cancer cells in breast cancer tissues [31–33]. There 
were no significant differences in the percentage of BMP2-positive tumors found 
with respect to cancer cell subtype [31] and grades [33]. What is intriguing, BMP2 
protein levels were found to be increased significantly in luminal tumor tissues 
compared to normal tissues [31]. Immunohistochemical (IHC) staining revealed 
that BMP2 protein was mainly produced by endothelial cells, fibroblasts, and other 
stromal cells in luminal tumor microenvironment, not by tumor cells themselves 
[31]. BMP2 is also highly enriched in bone marrow microenvironment during the 
process of breast cancer bone metastases [34]. These results indicate that breast 
tumor cells are the target of BMP2, rather than the source of overexpression.

BMP4 is expressed with wide variation in levels among breast cancer cell lines 
and/or primary cancer tissues [32, 33, 35–39]. While low levels of BMP4 protein 
were observed only in normal mammary gland tissue, it was strongly stained in 25 % 
of patients and more frequent in lobular carcinoma compared to the ductal carci-
noma, suggesting that strong expression is cancer specific [39]. Breast cancer 
patients with strong BMP4 staining suffered from increased frequency of local and 
distant tumor recurrence [39]. Another study showed that a four-marker panel with 
low methylation in breast cancer (paired-like homeodomain 2 (PITX2), BMP4, 
fibroblast growth factor (FGF) 4, and family with sequence similarity 110, member 
A (FAM110A)) is associated with a longer duration to distant metastasis [36]. 
However, opposite results were reported in a study by Kretschmer and coworkers 
indicating that BMP4 mRNA and protein are clearly reduced in ductal carcinoma in 
situ (DCIS) and invasive ductal carcinoma (IDC) compared to nonmalignant human 
and murine mammary tissues [40]. A negative correlation between BMP4 mRNA 
level and tumor grade was reported by Ketolainen et al. [37]. Accordingly, lower 
BMP4 mRNA expression correlated with poor disease-free survival in breast cancer 
patients [41].

BMP6 mRNA and/or protein expression was consistently found to be signifi-
cantly downregulated in breast cancer cell lines or primary cancer tissues [33, 42–
46]. Downregulation of BMP6 mRNA correlated with the increase in breast tumor 
histologic grade [46]. Interestingly, compared to estrogen receptor-positive (ER+) 
breast cancers, BMP6 mRNA level is significantly higher in estrogen receptor- 
negative (ER−) breast cancers [43, 45, 46].

BMP7 has been described as being amplified at the gene levels [47, 48] and 
overexpressed at the mRNA and/or protein levels [33, 47, 49–51] frequently in 
breast cancer cell lines and/or tissues. BMP7 protein expression was also found to 
be tumor subtype dependent; 57 % of the lobular carcinomas but only 37 % of the 
ductal carcinomas are BMP7 positive [50]. Increased BMP7 DNA copy number was 
reported to show significant correlation with a high Ki67 proliferation index and 
high histological tumor grade [47]. In addition, BMP7 overexpression was regarded 
as an independent prognostic marker for early bone metastasis development by mul-
tivariate analysis, especially in ductal carcinomas [50]. But contradicting results for 
BMP7 expression in breast cancer to those just mentioned have also been reported. 
For example, extreme low levels of BMP7 mRNA were detected in aggressive cells 
[52, 53]. Moreover, BMP7 mRNA levels in primary breast cancers involving bone 
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metastases were found lower when compared with those involving visceral (lung 
and liver) metastases [52]. In addition, lower BMP7 levels in patients show a mod-
erate and poor clinical outcome [33].

Relatively few studies have appeared on the expression of other BMP ligands in 
breast cancer. No difference in BMP3 mRNA levels between breast tumors and 
normal tissues was detected, but lower BMP3 transcript levels correlated with a 
poorer prognosis [33]. Lower BMP5 mRNA levels were observed in breast tumors 
compared to normal breast tissues [54] and correlated with cancer recurrence, par-
ticularly in patients with ERα-negative cancers [54]. In contrast, another study 
showed that patients with higher levels of BMP5 transcript were associated with 
moderate and poor prognosis [33]. Moreover, decreased expression of BMP9 [55], 
BMP10 [56], growth and differentiation factor (GDF) 9a [57], GDF-9b/BMP15 
[57], and BMP12 [58] along with poor prognosis was observed in breast cancer 
compared with matched normal tissues.

Investigations into the expression profiles of BMP receptors and downstream 
SMAD signaling components have been conducted rather infrequently for breast 
cancer. BMPRIs, BMPRIIs, and SMAD4 and inhibitory SMAD6 and 7 were found 
expressed rather uniformly in breast cancer cells or tissues [35, 38, 59]. DNA 
 homozygous deletion and mRNA downregulation of BMP receptors are rare in 
breast cancer according to the provisional breast in The Cancer Genome Atlas 
(TCGA, Provisional) database [60]. BMPRIA [31, 35, 61] and BMPRIB [31, 35, 
62] expressions were found overall increased in tumors compared to normal breast 
tissues. BMPRIB and BMPRII expression is significantly increased in highly meta-
static breast cancer cells [51]. Tissue microarrays demonstrated that high expression 
of BMPRIA [48, 63] and BMPRII [48] correlated with poor relapse-free survival 
(RFS) or survival. Strong expression of BMPRIB is associated with high prolifera-
tion, cytogenetic instability, high grade, and poor prognosis in ER+ breast cancer 
[62]. However, the results from Bokobza et al. [64] showed that a decreased level of 
BMPRIB in breast cancer is associated with poor prognosis.

Only a small portion of breast cancer cell lines and clinical samples were iden-
tified as homozygous deletion and reduced mRNA and/or protein expression of 
SMAD4 [48, 65]. But SMAD4 mutations, which are usually found in pancreatic 
[66] and colorectal [67] cancer, are rare in breast cancer [65]. Secreted BMP 
antagonists, such as Gremlin 1 [40, 48, 68, 69], Noggin [31, 48], and Chordin 
[48], are amplified and/or expressed at higher levels in breast cancer tissues com-
pared to nonmalignant tissues. Of which, Gremlin 1 expression was below detec-
tion in breast cancer cells [70] but frequently found expressed in stromal cells 
within the microenvironment of human breast cancers [68]. In addition, a study 
conducted by Tarragona et al. indicated that higher levels of Noggin were found 
in breast cancer bone metastatic tissues compared to lung, brain, and liver meta-
static tissues [71].

Taken together, the results of the studies above on the expression of BMP signal-
ing components suggest a highly context-dependent and multifunctional role of 
BMPs in breast cancer.
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4  Status of BMP/SMAD Signaling in Breast Cancer

Even though the expression frequencies and levels of BMPs and other BMP signal-
ing components varied considerably among different studies, human breast cancers 
and their metastases retain BMP/SMAD signaling [48, 61, 72], as well as several 
mouse models of breast cancer [61].

Strong phospho-SMAD1/5/8 staining, indicative for active BMP receptor signal-
ing, was demonstrated in human breast cancer tissues [48, 61, 72] and not confined 
to specific cancer cell types within the tumor tissue [48, 61]. This is consistent with 
the already mentioned finding that the core BMP canonical signaling components 
were found to be expressed in breast cancer cells. Metastatic breast cancer to the 
brain, bone, liver, lymph node, and lung was also found to be positive for phospho- 
SMAD1/5/8 [48, 72]. Lymph node metastasis tissues were demonstrated to be 
weaker in phospho-SMAD1/5/8 levels than bone metastasis tissues [72]. Moreover, 
BMP/SMAD signaling is specifically absent in the stroma of human ductal and 
lobular carcinoma in situ (DCIS and LCIS). Yet after progression to invasion, breast 
cancers of many distinct subtypes contained a stroma active for BMP signaling [73].

5  Regulation of the Expression of BMP Signaling 
Components by Other Factors in Breast Cancer

The expression of BMPs and other pathway components has been shown to be regu-
lated by several other factors, such as estrogen [43, 45, 46, 49], epidermal growth 
factor (EGF) [49], and p53 [74]. Estrogen represents the primary stimulant in the 
development and progression of breast cancers. ER status is a determinant for select-
ing endocrine therapies to block estrogen signaling [75]. A possible relationship 
between BMP signaling and ER is therefore an interesting area of research. Estrogen 
has been shown to alter BMP signaling by downregulating specific BMPs and their 
receptors in ER+ MCF-7 cells, including BMP7, BMPRIA, BMPRIB, ACVR2A, 
and ACVR2B, but no effect was detected on ACVR1 and BMPRII [59, 76]. In addi-
tion, estrogen can suppress BMP2-induced activation of the SMAD pathway and 
BMP-mediated gene expression [77]. This effect probably depends on the direct 
physical interaction of SMAD4 with ERα/ERβ [78]. The antiestrogen modulator 
raloxifene can increase the promoter activity of BMP4 in U2OS osteoblast- like cells 
in the presence of ERα [79]. In contrast, promoter hypermethylation was found to 
lead to BMP6 downregulation in ER− breast cancer tissues, while lower methylation 
frequency was detected in ER+ cases [43, 45, 46, 80]. Moreover, BMP6 gene expres-
sion can be upregulated by estrogen-mediated demethylation of the BMP6 promoter 
in ER+ MCF-7 cells in a dose-dependent manner [81].

Apart from upregulation of BMP2 and BMP6, a derivative of vitamin D can reduce 
inhibitory SMAD6 expression and enhance SMAD1/5 phosphorylation [82, 83]. 
EGF treatment can also lead to elevated levels of BMP6 mRNA in a dose- dependent 
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manner [42]. FGF8 was found to inhibit BMP receptor-mediated SMAD1/5/8 phos-
phorylation and mitigate BMP target gene ID1 promoter activity by suppressing 
BMPRII expression and by increasing I-SMAD expression [84]. Parathyroid hor-
mone-related protein (PTHrP) can function as the upstream regulator of BMP6 
through the protein kinase A (PKA) pathway and exert its anti- mitogenic effect 
through downregulating BMP6 mRNA expression [85]. Furthermore, BMP7 is a tar-
get gene of the p53 family [61, 74] and LIM domain only protein 4 (LMO-4) [86], 
which activate BMP signaling by inducing the expression of BMP7 in breast cancer.

In short, many different signaling pathways regulate BMP signaling; these find-
ings explain in part the contextual functions of BMPs.

6  BMP Signaling in Stem Cell Self-Renewal and Initiation 
of Breast Cancer

In human breast cancer, a subpopulation of cancer cells with an ALDHhigh/CD44high/
CD24low phenotype is highly enriched for cancer stem cells (CSCs), also termed tumor-
initiating cells (TICs), which are capable of initiating and sustaining tumorigenesis 
[87]. CSCs may be generated from the adult somatic stem cell by disturbing the pro-
cesses of normal self-renewal or from more differentiated cells through certain pro-
cesses to reacquire stem cell-like characteristics, such as epithelial to mesenchymal 
transition (EMT) [87, 88]. BMPs are indispensable for tissue homeostasis in adults, 
regulating somatic stem cells and controlling differentiation. Aberrant regulation of the 
BMP signaling pathway could therefore be a target in early phases of tumorigenesis [5].

The evidence points activation of BMP signaling as an early event during pri-
mary breast cancer initiation from malignant transformation [31, 48, 61]. Clinically 
defined samples demonstrate increased BMP signaling in premalignant luminal epi-
thelial cells within the area of DCIS lesions [61]. BMP signaling is also hyperacti-
vated in both epithelium and surrounding stroma in the premalignant mammary 
gland of transgenic mice model with mouse mammary tumor virus (MMTV)-
derived oncogene expression [48, 61]. Chapellier et al. [31] showed that stimulation 
with BMP2 rapidly induced sustained upregulation of a well-known luminal dif-
ferentiation regulator, GATA3, and progressive switch of the forkhead box (FOX)
A1/FOXC1 balance in favor of FOXA1 through BMPRIB-dependent signaling, 
thereby leading to differentiation of normal mammary epithelial cell to luminal and 
expansion of luminal immature progenitors. In addition, abnormal high levels of 
BMP2 are produced in the mammary microenvironment upon exposure to common 
carcinogens. Chronic exposure of MCF10A breast epithelial cells to high levels of 
BMP2 thus initiates transformation of luminal immature progenitor cells toward a 
luminal tumorlike phenotype in vitro [31].

The small-molecule BMPRIs kinase inhibitor Dorsomorphin and its more selec-
tive analogs LDN193189 and DMH1 provide the chance to evaluate the effects of 
BMP type I receptor signaling on tumorigenesis. In vitro analysis revealed that sup-
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pressing BMP signaling in premalignant murine mammary cells or immortalized mam-
mary epithelial cells (IMECs) repressed mammosphere formation [89] and clonogenic 
capacity and diminishes the CSC-enriched ALDH1high population [61]. Accordingly, 
the expression of stem markers, spinocerebellar ataxia type 1(SCA1) and NOTCH1, 
are markedly reduced [89]. Consistently, BMP4 stimulation increased the number and 
size of primary mammospheres [89]. Thus, BMP signaling is essential for maintenance 
of CSCs in breast cancer. Importantly, the BMP receptor kinase inhibitor blocks the 
ability of ALDH1high fraction to resubstitute the mixed ALDH1high/ALDH1low parental 
culture, implicating that BMP signaling may control the aspects of cellular plasticity 
within tumor hierarchies [61]. Furthermore, LDN193189 restricts the tumorigenic 
capacity of allografts and increases tumor latency in vivo [61]. Therefore, these data 
implicate that BMP signaling is central to regulating mammary epithelial cell stemness, 
plasticity, and potentially supports maintenance and progression of tumorigenesis.

Interestingly, BMPs also seem to pose a substantial barrier to tumor stemness, 
when it comes to aggressive and metastatic breast cancers, or rather metastasis- 
initiating cells. Besides reduced BMP7 expression, an aggressive clone from MCF-7 
cell line shows CD44 upregulation and CD24 downregulation, indicative of a CSC 
phenotype [90]. BMP4 inhibits mammosphere-forming and tumor-initiating ability 
in IMEC-transformed derivatives with high motility and high percentage of 
CD44high/CD24low subpopulation [91]. Multiple BMPs (BMP2, BMP7, BMP2/7) 
decrease the size of ALDHhigh/CD44high/CD24low stem/progenitor subpopulation in 
MDA-MB-231 [92]. Elevated expression of BMP6 in MDA-MB-231 cells results in 
decreased tumorigenesis in vivo [93]. Furthermore, colonization of metastatic can-
cer cells in the target organs is thought of as another type of tumor initiation, while 
CSCs are commonly considered as the culprits [94]. High-metastatic cells express-
ing high levels of the BMP antagonist Noggin [71] or Coco [95] are associated with 
CSCs traits, with the ability to form more tumor spheres and a higher CD44high/
CD24low population that display a higher capacity for metastatic colonization. 
Mechanistically, Coco induces CSC traits of metastatic cells by sustaining the 
expression of stem cell transcription factors, NANOG, SRY-related HMG-box 
(SOX) 2, octamer-binding transcription factor (OCT) 4, and transcriptional coacti-
vator TAFAZZIN (TAZ). BMP4 suppresses their expression [95].

Taken together, with respect to CSCs development and tumorigenesis, it can be 
concluded that BMP signaling can act as promoter of premalignant mammary cells 
and as suppressor of aggressive mammary cancer cells.

7  Effects of BMPs on Breast Cancer Proliferation 
and Apoptosis

BMPs have been reported to regulate breast cancer cell growth with context pleiot-
ropy. For the same BMP ligand, the responses can vary within different tumor types. 
For example, BMP7 was reported to promote cell proliferation of BT-474 and 
MDA-MB-231 breast cancer cells but to decrease cell proliferation of other breast 
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cancer cell lines (including MDA-MB-361, HCC1954, ZR-75-30, and T-47D) [53]. 
Even for the same BMP ligand and cell line, different conditions may cause a different 
response. BMP4 does not have any inhibitory effects on the proliferation of 
MDA-MB-231 cells in two-dimensional (2D) cell culture but inhibits proliferation in 
3D [96]. BMP2 was found to inhibit the hormone-independent growth of MCF-7 
in vitro [97–99], but the contrary was reported in vivo [100]. BMP4 and BMP7 have 
also been shown to promote anchorage-independent MCF-7 cell proliferation [51, 89].

In most of the studies, BMP2 [31, 97–103], BMP4 [31, 37, 96], BMP6 [46, 93, 
104], BMP9 [105, 106], and BMP10 [56] were found to trigger cytostatic effects on 
multiple breast cancer cells. The underlying mechanism could be that BMP signal-
ing has evident effects on the expression of mitotic checkpoint proteins. Chemical 
inhibition of BMP signaling by BMPRIs kinase inhibitor Dorsomorphin abrogates 
Nocodazole-mediated mitotic arrest [107]. Simultaneously, levels of mitotic check-
point proteins, budding uninhibited by benzimidazoles 3 (BUB3), highly expressed 
protein in cancer (HEC1), monopolar spindle 1 (MPS1), and mitotic arrest deficient 
2 (MAD2), which ensures proper chromosome segregation during mitosis, were 
dramatically downregulated. Overexpressing these proteins significantly recovers 
the defect in mitotic arrest caused by BMP inhibition [107]. Some of BMPs are 
demonstrated to delay cell cycle reentry in breast cancer cells. BMP2 [99, 102, 108, 
109], BMP4 [37, 96], and BMP6 [46, 93, 104] induce G1 cell cycle arrest caused by 
increased expression of the cell cycle inhibitor p21 [96, 99, 102, 108, 109]. p21 
promoter activity in turn inactivates cyclin D1 and cyclin E and results in retinoblas-
toma protein (pRb) hypophosphorylation [101]. The process of cell cycle arrest 
requires active BMPRIs, and the cytoplasmic signal transducers SMAD1/5 and 
SMAD4 are indispensable [102]. Upregulation of protein tyrosine phosphatases 
(PTPs), such as protein tyrosine phosphatase gamma (PTPRG), MAPK phospha-
tase (MKP), and phosphatase and tensin homolog (PTEN), may also contribute to 
increased levels of p21 in cells where BMP induced antiproliferative effects [110, 
111]. In addition, BMP7 [84] and BMP9 [105] can lead to an accumulation of the 
G2/M phase in breast cancer cells.

BMPs can also influence the effect of other factors on breast cancer cell prolif-
eration. BMP4 itself cannot significantly stimulate the proliferation but potently 
enhances the mitogenic activity of EGF, FGF, and hepatocyte growth factor (HGF) 
on murine mammary epithelial cells [112]. BMP2, in contrast to BMP4, prevents 
EGF-induced proliferation of MDA-MB-231 cells [108]. The estrogen-induced 
mitotic effects can be suppressed by BMP2 [59, 101], BMP4 [59], BMP6 [59], and 
BMP7 [59, 84], with the effects of BMP6 and BMP7 being more potent than those 
of BMP2 and BMP4 [59]. AB215, an activin A/BMP2 chimera, has increased 
BMP2-like signaling potency via the SMAD1/5/8 pathway and exerts stronger 
inhibitory effects on estradiol-induced proliferation in ER+ breast cancer cells than 
BMP2 [113]. Estradiol rapidly activates MAPK phosphorylation including ERK1/2, 
p38, and JNK pathways [59, 84]. BMP6 and 7 can preferentially inhibit estradiol- 
induced p38 phosphorylation [59]. BMP6 is also believed to decrease the chemore-
sistance of MCF-7 breast cancer cells to doxorubicin through inactivation of ERK 
signaling and upregulation of P-glycoprotein (P-GP) [46]. Furthermore, BMP9 can 
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inhibit expression of HER2, phosphorylation of ERK1/2 (without effect on p38 and 
JNK), and PI3K/AKT in SK-BR-3 cells, thereby suppressing the growth of HER2- 
positive SK-BR-3 cells in vitro and in vivo [106].

Obviously, the distinct BMP receptors present also explain the diversity of effects 
of BMP signaling on breast cancer proliferation. BMPRIA was identified as a posi-
tive regulator of breast cancer at primary and secondary sites through activation of 
the SMAD pathway [72]. In contrast, another type I receptor, BMPRIB, plays a 
negative role in the proliferation of breast cancer cells. Downregulation of BMPRIB 
in MDA-MB-231 cells leads to promotion of cell growth in vitro [64]. Overexpression 
of a BMPRII-dominant negative (DN) mutant interferes with the phosphorylation of 
SMAD1, resulting in G1 phase cell cycle arrest of T-47D cells [109]. However, in the 
MMTV polyoma middle T antigen mice model of spontaneous mammary tumor 
formation, BMPRII-DN-expressing tumor cells have higher proliferation rates [114].

A few studies have pointed out pro-apoptotic roles for BMPs in breast cancer 
cells [86, 99, 105, 115]. BMP2 regulates the expression of apoptosis-related genes, 
especially protein kinase R (PKR) and activates its substrate α-subunit of eukaryotic 
initiation factor 2, thereby showing a pro-apoptotic effect in MCF-7 cells under 
normal culture conditions [115]. However, when these cells are deprived of serum, 
BMPs display a contrasting function by exerting an anti-apoptotic effect. BMP2 
increases the resistance to hypoxia-induced apoptosis in MCF-7 cells via activation 
of the MAPK and ID1 pathways and suppression of caspase-3 [116, 117]. In paral-
lel, BMP6, which can inhibit the proliferation of MDA-MB-231 cells, inhibits 
serum starvation-induced apoptosis through SMAD-dependent upregulation of 
Survivin and non-SMAD-dependent activation of p38 MAPK [104].

8  BMPs and the Tumor Microenvironment

Accumulating evidence indicates that the tumor microenvironment is a pathologically 
active niche that shapes tumor evolution. Hypoxia, low pH, immune evasion, chronic 
inflammation, and neovasculature can be considered as enabling characteristics [118]. 
Disruption of BMP signaling brings about alterations in the breast tumor microenvi-
ronment and accelerates tumor progression [41, 114, 119]. Deletion of BMPRII in 
mammary tumors [114] or in fibroblasts within the tumor stroma [119] can result in 
increased expression of chemokines, such as chemokine (C-C motif) ligand 5 and 9 
(CCL5, 9), interferon gamma-induced protein 10 (IP-10), and granulocyte colony-
stimulating factor (G-CSF), which facilitate inflammation by a sustained increase of 
myeloid cells infiltration, especially myeloid-derived suppressor cells (MDSCs) [114, 
119]. Accordingly, the T-cell population is reduced due to a main function of MDSCs 
in the inhibition of T-cell proliferation [114]. As a classical stress response pathway, 
nuclear factor-κB (NF-κB) activation can be detected in a majority of cancers [120]. 
BMP4 has been shown to attenuate NF-κB activity in breast cancer [41]. Thereby 
lower levels of chemokines result from the attenuation of its known regulator NF-κB, 
leading to reduced numbers and immunosuppressive activity of MDSCs [41, 114]. 
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Meanwhile, increased T-cell populations are observed within stromal tissues, and 
many immune-related genes are significantly upregulated by BMP4, indicating BMP4 
triggers an enhanced antitumor immune response [41]. Therefore, it can be concluded 
that BMP signaling could inhibit inflammatory infiltrates and tumor progression 
through suppressing an inflammatory chemokine profile in tumor microenvironment.

Intriguingly, BMP signaling could also induce a series of cytokines which trigger 
CAF-mediated pro-tumorigenic stimulation on epithelial cells directly. BMP4 treat-
ment of normal mammary fibroblasts or carcinoma-associated mammary fibroblasts 
(CAFs) induces an increase in secreted matrix metalloproteases (MMPs) and pro-
inflammatory cytokines, which enhance mammary carcinoma cell invasion [73, 
121]. Furthermore, inhibition of BMP signaling alters fibroblasts, macrophages, 
and lymphatic vessels to be less tumor promoting in vivo [48].

It has been reported that BMPs can promote endothelial cell (EC) proliferation 
and migration [122]. Consistent with this notion, BMP signaling is required for 
appropriate angiogenesis [123]. BMP2 promotes vascularization by stimulating the 
ID1 and p38 MAPK pathways. Overexpression of BMP2 in MCF-7 cells induces 
vascularized tumors eventually upon injection in vivo [124]. The signaling medi-
ated by BMP type I receptor ALK1 has a critical role in regulation of both develop-
mental and pathologic blood vessel formation [125]. ALK1 is mainly expressed at 
the sites of angiogenesis during embryogenesis and is expressed at lower levels in 
adult vasculature. Yet its expression increases in neoangiogenic vessels of wounds 
and cancer [125]. BMP9 binds to ALK1 in ECs with high affinities [126]. There 
have been divergent results with respect to the effects of BMP9/ALK1 signaling on 
ECs. Some reports demonstrate that high-dose BMP9/ALK1 signaling exhibits 
antiangiogenic effects, by inhibiting FGF-induced angiogenesis [127, 128], while 
other reports have shown induction of proliferation by low dose of BMP9 in several 
types of ECs and proangiogenic effects of BMP9  in Matrigel plug assays [129, 
130]. The apparent discrepancy between these reports might reflect the contextual 
function of BMPs, in which the concentration plays an important role. In addition, 
common proangiogenic factors (VEGF-A and bFGF) can stimulate ALK1-mediated 
BMP/SMAD-like signaling, leading to cell spreading, and tubulogenesis of ECs 
[131]. Inhibition of ALK1 signaling by gene silencing, ligand traps, or antibodies 
can significantly suppress the growth and progression of tumors, including breast 
cancer, with substantial reduction of angiogenesis, supporting the notion that ALK1 
is an important target for antiangiogenic treatment [131, 132].

9  Roles of BMPs in the Migration, Invasion, and Metastasis 
of Breast Cancer

It is clear that BMPs and their receptors modulate key pathways mediating breast 
cancer cell invasion and migration, critical parameters of metastatic dissemination. 
But the conclusions also seem paradoxical, indicating dependence on particular cell 
types and contexts.
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9.1   BMPs and EMT

The development of metastasis involves the replacement with new phenotypes in 
cancer cells to facilitate detachment from the primary site [133]. Many epithelial 
cancer cells can acquire sufficient phenotypic plasticity by EMT, which implies 
the conversion of a proliferative epithelial state into nonproliferative mesenchy-
mal state with the ability to migrate and invade adjacent tissue [134]. Restriction 
in BMP signaling level is frequently needed for efficient EMT [54, 91, 135]. 
Significant downregulation of some BMPs and upregulation of two secreted 
BMP antagonists, Chordin-like (CHRDL) 2 and Gremlin, were observed when 
human mammary epithelial cells pass through an EMT [91]. A subsequent study 
showed that the transcription factor zinc finger E-box-binding homeobox 1 
(ZEB1) which mediates EMT can directly upregulate the expression of the BMPs 
antagonists Noggin, Follistatin, and CHRDL1 [135]. Likewise, a newly identi-
fied EMT pathway mediated by the transcriptional repressor Blimp-1 (PRDM1) 
leads to SNAIL induction via repression of BMP5 [54]. Of note, during acquisi-
tion of metastatic ability, EMT in mammary cells is strongly correlated with a 
CD44high/CD24low stem cell phenotype [90, 91, 136]. These studies thus support 
a mechanistic link between BMP downregulation, EMT, and stem cell signature 
in cancer.

In addition, some BMPs are capable of reversing EMT or EMT markers in 
breast cancer cells [52, 80, 137]. E-cadherin-mediated cell-to-cell adhesion can be 
restored through inhibition of ZEB1 by BMP6 in breast cancer cells [44, 137, 138]. 
Stimulation with exogenous BMP7, which can decrease vimentin and increase 
cytokeratin expression in vitro and in vivo, gives rise to an epithelial-like pheno-
type [52]. BMPs can also oppose EMT inducers, e.g., TGFβ, in normal mammary 
epithelial cells or IMECs [54, 91, 139–142] and in breast cancer cells [52, 92, 140]. 
For example, the loss of E-cadherin expression on the surface of NMuMG cells in 
response to TGFβ1 is largely overridden by BMP5, and the fibroblastoid pheno-
type is also substantially reversed [54]. BMP7 has also been shown to reverse 
TGFβ- induced EMT [139–141], which increases E-cadherin expression through 
upregulation of ID2 and ID3. Interestingly, when knocking down ID2 or ID3, 
BMP7 actually induces the expression of α-smooth muscle actin (αSMA) and 
stimulates EMT [140, 141]. Thus, BMP signaling impedes the progression of 
breast cancer to an invasive state and prevents metastasis in the aforementioned 
studies. However, the BMP pathway was found to maintain a mesenchymal stem 
cell phenotype of breast cancer cells and render cells more migratory, invasive in 
other in vitro [89, 143, 144] and in vivo [61, 143] studies. BMP2 transforms MCF-7 
cells from a round-like shape into a spindle-like shape with some specialized struc-
tures, such as filopodia, lamellipodia, and membrane protrusions, which are essen-
tial for cell migration and spreading [100, 144]. BMP4 blocks the capacity of 
mammary epithelial cells to form polarized lumen-containing structures and ren-
ders them invasive properties [145]. Of note, in 4T1.2 cells expressing BMP4, 
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genes associated with EMT are upregulated but no change was observed in their 
migratory capacity [41].

9.2   BMPs and Components of the Extracellular Matrix (ECM)

EMT is not an “all-or-nothing” event; it’s highly dynamic. Studies have shown that 
BMPs induce MMP-dependent migration and invasion of breast cancer [48, 96, 
121]. MMPs are known for degrading surrounding ECM components during cancer 
invasion and metastasis [146]. Treatment of primary tumors with BMPRI kinase 
inhibitor DMH1 reduced MMP2 and CCL9  in CAFs [48]. BMP4 induces the 
expression of multiple MMPs in mouse mammary fibroblasts and in cancer- 
associated human mammary fibroblasts [121] and dramatically increases MMP3 
and MMP4 expression in 3D-cultured MDA-MB-231 cells [96]. However, another 
study showed that BMP4 suppresses the activity of MMP9 in 2D culture, rather than 
MMP1 and MMP3 [147]. Moreover, BMP6 was found to inhibit MMP9 activation 
via SMAD-dependent induction of heme oxygenase 1 (HO1) in MCF-7 cells [148]. 
BMP9 can inhibit MMP9 by inhibiting the AKT signaling pathway [106, 149].

ECM-associated protein Wnt1-inducible secreted protein 3 (WISP-3/CCN6) 
binds directly to BMP4 to antagonize BMP4-induced SMAD-independent activa-
tion of TAK1/p38 kinases, decreases the invasiveness of breast cancer cells in 3D, 
and also reduces distant metastasis in xenografts [143]. In contrast, the expression 
of ECM proteins tenascin-W, which can promote the motility of breast cancer cells 
expressing α8 integrin, is induced by BMP2-mediated p38 MAPK and JNK signal-
ing pathways [150].

9.3   Interplay Between BMPs and TGFβ

Apart from EMT as previously mentioned, other features of cancer cells such as 
migration and invasion are also affected by a mutual antagonism between BMPs and 
TGFβ. Overexpression of type III TGFβ receptor inhibited BMP-mediated 
SMAD1/5/8 phosphorylation and BMP-induced migration [151]. BMP7 treatment 
significantly increases migration and invasion in MDA-MB-231 cells [53, 152]. This 
effect is substantially inhibited by costimulation with TGFβ by inducing the forma-
tion of complexes involving phosphorylated SMAD1/5 and SMAD3 [152]. Moreover, 
BMP2-mediated upregulation of ID1 may be a contributing factor in BMP2-related 
aggressiveness of breast cancer cells. Aberrant activation of SRC kinase resulting in 
increased SMAD1/5 signaling can change ID1 expression, which is positively con-
trolled via SMAD1/5 by BMP2 and negatively via SMAD2/3 by TGFβ [153]. 
Conversely, BMP7 inhibits TGFβ-induced expression of αvβ3 integrin and invasion 
of the metastatic breast cancer cell line MCF-10CA1a in a spheroid model [154].
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10  BMPs and Metastasis

Common sites of metastatic dissemination, such as the bone and lung, are the main 
targets of metastatic breast cancer [7]. In the process of bone metastasis, breast cancer 
triggers predominantly an osteoclast-mediated osteolytic lesion [155]. BMP signal-
ing is shown to shift the osteoblast/osteoclast differentiation balance in favor of stim-
ulating osteoblast differentiation [70, 71, 156]. By inactivating BMP signaling, BMP 
antagonists, such as Noggin, Follistatin, and CHRDL1, have been linked to the induc-
tion of osteoclast differentiation, as well as the formation of osteolytic bone metasta-
ses [71, 135, 156]. Lack of Noggin expression by breast cancer cells is a determinant 
of osteoblastic activities [70]. In an intracardiac xenograft model, evidence was found 
that Noggin is expressed in metastatic breast cancer cells during the late events of 
metastasis. In particular, it facilitates the metastatic capabilities of breast cancer cells 
to the bone by promoting osteoclast differentiation and bone degradation [71].

In contrast, when MCF-7 or MDA-MB-231 cells are cocultured with osteoblast- 
like cells, Noggin effectively inhibits migration and invasion of breast cancer cells 
by downregulating MMP1 and CXCR4 and improves bone remodeling by increas-
ing the ratio of osteoprotegerin (OPG)/nuclear factor kappa B ligand (RANKL) 
[38]. The BMP target gene and cofactor RUNX2 are required for breast cancer 
osteolytic metastases [157, 158]. miR-135 impairs the BMP-RUNX2 axis by 
directly targeting SMAD5 and subsequently reduces the osteolytic properties of 
breast cancer cells [158]. Likewise, expression of dominant-negative receptors 
(DN-ALK3) for BMPs reduces interleukin-11 (IL-11) expression and inhibits bone 
metastasis in xenograft model [72].

As for individual BMP, BMP9, which is one of the most effective BMPs in osteo-
genesis, can inhibit osteolytic injury and bone metastasis caused by MDA-MB-231 
cells by downregulating PTHrP, IL6, RANKL, and connective tissue growth factor 
(CTGF) [55, 149]. BMP2, 7, and 2/7 heterodimer inhibits bone metastases forma-
tion in MDA-MB-231 cells [52, 92]. Contradicting results showed that BMP7 over-
expression could lead to accelerated bone metastasis formation of breast cancer 
cells [50, 51, 53].

BMP signaling can also prevent the colonization of metastatic cells in the lung 
by repressing key CSCs traits and enforcing cancer cells into dormancy. 
Overexpression of the BMP antagonist Coco permits a few dormant cancer cells to 
break through the barrier imposed by BMP signaling and to establish clinically 
meaningful metastases [95].

11  Conclusions and Perspectives

As discussed above, there are conflicting views regarding the significance of BMPs 
in breast cancer, based both on in vitro and in vivo studies. This has been attributed 
to multiple factors, including the (dose- and context-dependent) differential effects 
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of different BMP ligands and differences in the genetic patterns of breast cancer 
subtypes, as well as differences in the research models that were used. Most results 
are obtained using only a few types of cancer cell lines or single and different ani-
mal models and are therefore difficult to compare to each other. What is clear is that 
BMPs are emerging as key factors in many aspects of breast cancer. Aberrant 
changes in BMP signaling/components have been detected in breast cancer and 
metastatic recurrence and have deepened our understanding of the pathogenesis of 
breast cancer. The majority of studies indicate that BMP signaling is a critical nega-
tive regulator in multiple breast cancer cell lines both in vitro and in vivo. Restoration 
or amplification of specific aspects of BMP signaling may be potentially exploited 
for therapeutic intervention strategies.

To this point, context is critical. For instance, even an agonist or coactivator 
with precisely delivered BMP signaling input will not make any contribution to 
overcome the shortages that derive from functional deficiency of BMP receptors or 
any critical downstream components. It is therefore necessary to identify more 
potential targets or markers of the specific signaling defect(s). This might be pur-
sued by using the latest types of high-throughput (epi)genetic, proteomic, and 
metabolomic analysis to systematically investigate the BMP responses to multiple 
cell types of the different breast cancer subclasses and/or patient-derived (organ-
oid) (co)cultures grown in 3D and investigating the effect of misexpression of 
BMP receptor components or pharmacological inhibition of BMP receptor signal-
ing in relevant transgenic mouse models and patient-derived xenografts with clear 
classification of histological pathology. This may provide effective principles to 
better illuminate the context-dependent roles of BMP family signaling in breast 
cancer. Via these approaches the opportunities for pharmacological intervention to 
rectify aberrant BMP family signaling in specific contexts are likely to be increased.
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