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Abstract  Bone morphogenetic proteins (BMPs) play an important role in osteoblast 
and chondrocyte differentiation and canonical Wnt signaling regulates bone mass. 
BMP-2 is approved for use in spinal fusions due to degenerative disk disease, and in 
the treatment of acute open fractures of the tibial shaft. BMP-7 is approved for lum-
bar spinal fusion and in the treatment of long bone nonunion fractures. Sclerostin 
monoclonal antibodies are currently under clinical trials for their application in 
treating patients with osteoporosis and bone fractures. The roles of BMPs and Wnts 
in bone and cartilage regeneration have been extensively studied in recent years and 
the progress in this research area is summarized in this chapter.

1 � BMP Signaling in Bone and Cartilage Regeneration

Bone morphogenetic proteins (BMPs) are a group of growth factors in the trans-
forming growth factor-β (TGF-β) superfamily (Chen et  al. 2004; Cao and Chen 
2005). BMPs were originally isolated from bone matrix (Urist 1965; Wozney 
et  al. 1988). However, we now know that BMPs exist in connective tissues of 
many other organs in the body. For example, BMP-7 is mainly produced in kidney 
(Ozkaynak et al. 1991; Alper 1994) and BMP-9 is mainly expressed in liver (Song 
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et al. 1995). Recombinant BMPs have now been used clinically to treat different 
types of orthopedic diseases, such as segmental bone defects, nonunion fracture, 
and for spinal fusion (Gupta and Khan 2005; Garrison et al. 2007).

BMP signaling is a complex process. Smad proteins play a central role in BMP 
signaling. Smad1/5 transiently and directly interact with activated type I BMP recep-
tors, which phosphorylate the C-terminal SSXS motif of Smad in a ligand-dependent 
manner (Hoodless et  al. 1996; Nishimura et  al. 1998). After releasing from the 
receptor, the phosphorylated Smad proteins form heteromeric complexes with the 
related protein Smad4, which acts as a shared partner. This complex translocates 
into the nucleus and participates in gene transcription with other transcription fac-
tors (Cao and Chen 2005). Chondrocyte-specific Smad1/5 double knockout (KO) 
mice (Smad1/5Col2) showed a severe chondrodysplasia phenotype and are embryonic 
lethal (Retting et al. 2009), suggesting that Smad1/5 signaling is absolutely required 
for endochondral skeletal development. Since the nuclear translocation of Smad1/5 
requires Smad4 binding, the prediction originally was that the chondrocyte-specific 
deletion of Smad4 (Smad4Col2) will produce similar defects in skeletal development. 
However, this is not the case. Although Smad4Col2 mice displayed growth retardation, 
the skeletal defects of these mice are less severe than those of Smad1/5Col2 double 
KO mice and Smad4Col2 mice survive into adulthood without problems (Zhang et al. 
2005a). These findings suggest that, in addition to the Smad4 binding and nuclear 
translocation, Smad1/5 may be able to use other signaling pathways in chondrocytes.

To better understand bone induction activity among different members of the 
BMP family, the relative potency of bone formation activity among 14 BMP fam-
ily members has been compared using an adenovirus gene delivery approach by 
intramuscular injection of BMP-expressing adenovirus-transduced C2C12 cells 
into the right quadriceps of nude mice. Radiographic and histological evaluations 
demonstrated that, in addition to BMP-2 and BMP-7, the well known bone induc-
tion agents, BMP-6, and BMP-9 effectively induced ectopic ossification when 
either AdBMP-transduced osteoblast progenitor cells or the viral vectors were 
injected into the quadriceps of athymic nude mice (Kang et al. 2004). This study 
suggests that, in addition to extensively studied BMP-2 and BMP-7, BMP-6, and 
BMP-9 may also be used clinically for bone and cartilage regeneration approaches.

1.1 � Bmp-2

BMP-2 is the most studied BMP family member. BMP-2 is approved for use in spinal 
fusion due to degenerative disk disease and in treatment of acute open fracture of the 
tibial shaft (Gupta and Khan 2005; Garrison et al. 2007). The utilization of BMP-2 in 
segmental bone defects, nonunion fracture, spinal fusion, and other orthopedic diseases 
has been well documented in recent years (Gautschi et al. 2007; McKay et al. 2007; 
Khosla et al. 2008; Tumialan et al. 2008; Rosen 2009; Lo et al. 2012; Wei et al. 2012).

Although Bmp2 has an expression pattern similar to other members of the 
Bmp family, such as Bmp4, it seems that Bmp2 plays a unique role in skeletal 
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development and fracture healing. The chondrocyte-specific deletion of Bmp2 
(targeted by Col2-CreER transgenic mice) showed a severe chondrodysplasia phe-
notype. In contrast, deletion of Bmp4 in chondrocytes produced minor changes in 
skeletal development (Shu et al. 2011). Similarly, deletion of Bmp2 in limb mes-
enchymal progenitor cells (targeted by Prx1-Cre transgenic mice) led to defects 
in fracture healing (Tsuji et al. 2006). In contrast, BMP-4 is dispensable for skel-
etogenesis and fracture healing in the limb tissue, since deletion of Bmp4 in the 
mesenchymal progenitor cells using Prx1-Cre transgenic mice had minor effects 
on skeletal development and fracture healing (Tsuji et al. 2008). BMP-2 has been 
demonstrated to regulate expression of other BMP family members in a paracrine 
regulation manner (Harris et al. 1994; Ghosh-Choudhury et al. 1994; Chen et al. 
1997; Edgar et al. 2007). This may explain why Bmp2, but not Bmp4, is absolutely 
required for skeletal development and fracture healing.

Although we know that BMP-2 accelerates fracture healing in different ani-
mal models, we do not know on which cell population BMP-2 plays a specific 
role during the fracture healing process. Using chondrocyte- or osteoblast-specific 
Bmp2 conditional KO mice (Bmp2Col2 and Bmp2Col1), we demonstrated that the 
fracture healing process was delayed in chondrocyte-specific, but not osteoblast-
specific, Bmp2 conditional KO mice (Mi et  al. 2013). This study has provided 
important information about the time frame for BMP-2 administration when it is 
used to promote fracture healing.

Bone fracture healing resembles the endochondral skeletal development process 
and periosteal tissue plays a critical role during fracture healing. The periosteum, 
which is the membrane that covers the outer surface of long bones, is divided into 
an outer fibrous layer and inner osteogenic layer. The fibrous layer contains fibro-
blasts, while the osteogenic layer contains mesenchymal progenitor cells that are 
able to differentiate into chondrocytes and osteoblasts after a bone fracture (Colnot 
et  al. 2012). Transplantation of a live bone graft harvested from Rosa 26A mice 
showed that about 70 % of osteogenesis in the graft was attributed to the expan-
sion and differentiation of donor periosteal progenitor cells. Furthermore, engraft-
ment of BMP-2-producing bone marrow stromal cells on non-vital allografts 
showed marked increases in cortical graft incorporation and neovascularization, 
suggesting that BMP-2-induced tissue engineered functional periosteum may 
improve allograft incorporation and repair (Zhang et al. 2005b). This study indi-
cates that periosteal tissue plays a critical role in bone fracture healing and that 
BMP-2 promotes periosteal progenitor cells to differentiate into chondrocytes and 
osteoblasts, leading to endochondral bone formation in the fracture callus.

Although BMP-2 has been used successfully to treat different orthopedic 
diseases, concerns have also been raised. Recent studies suggest that BMP-2 
enhances bone resorption in vitro and in vivo. Treatment with BMP-2 in bone 
grafts might cause a higher nonunion rate compared to nontreatment group, which 
was attributed to an aggressive bone resorptive phase prior to osteoinduction 
(Pradhan et  al. 2006). In addition, reports also showed that BMP-2-treated bone 
grafts for spinal fusion lost their original height and structure, probably due to 
activated bone resorption (Vaidya et al. 2007). It has been reported that treatment 
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with BMP-2 in a primate bone defect model increased the size of the defect and 
the number of osteoclasts by inducing bone resorption followed by bone formation 
(Seeherman et al. 2010). These reports suggest complications in clinical settings 
where anabolic effects of BMP-2 are expected, but catabolic effects may occur 
prior to anabolic effects. To prevent catabolic effects of BMPs, several studies of 
combining BMP therapy with anti-resorptive drugs, such as bisphosphonates, have 
been conducted. The addition of zoledronic acid to BMP-7 increased a bone vol-
ume significantly compared to BMP-7 alone in bone defect and bone graft models 
in rats (Little et  al. 2005; Harding et  al. 2008). These reports suggest that com-
bining BMP and bisphosphonate treatments may have synergistic effects on bone 
regeneration. Randomized controlled clinical trials are required in order to further 
investigate the efficacy of this combination treatment in patients.

1.2 � Bmp-4

1.2.1 � Cartilage Repair

The effect of BMP-4 on adult cells is different from those on embryonic stem 
cells. Muscle derived-stem cells stably expressing Bmp4 exhibited the chondro-
cytic phenotype, including Col2 gene expression. Bmp4 stably transfected pro-
genitor cells were mixed with fibrin glue and transplanted into cartilage defects in 
the femoral groves of nude mice. Histological analysis showed that 8 weeks after 
transplantation, cartilage defects treated with the stem cells overexpressing Bmp4 
were filled with white glossy tissue that was well integrated with the surround-
ing articular cartilage. The results demonstrated that the transplanted cells became 
chondrocyte-like cells stained with Safranin O. In contrast, the defects filled with 
cells stably transfected with LacZ cDNA only contained the fibroblast-like cells 
(Kuroda et al. 2006).

An important consideration for cartilage repair is possible angiogenesis 
and osteophyte formation. Muscle-derived stem cells were infected with ret-
roviruses expressing Bmp4 and soluble Flt-1 (blocking the VEGF effect). An 
arthritis model in rats was then established by the intra-articular injection of 
mono-iodoacetate and the rats were then treated with the cells expressing Bmp4 
and Flt-1. The results show that this therapy induced maximal chondrogen-
esis with undetectable angiogenesis, thus leading to persistent cartilage repair 
(Matsumoto et al. 2009).

1.2.2 � Bone-Tendon-Muscle Interaction

Recent studies suggest that BMP-4 is critical for embryonic development of bone 
ridges/eminences. Such ridges are the insertion sites of muscles and tendons to 
bones in embryonic stages and are pivotal for normal biomechanics and the motion 
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of limbs in adults. Blitz et al. 2009 used the deltoid tuberosity to investigate embry-
onic bone ridge formation in mice and demonstrated that this process was similar to 
that of the epiphyseal growth plate. Signals from tendons adjacent to bones initiate 
the ridge formation and the process was supported and enhanced by the signaling 
from adjacent muscles. Tendon-specific transcription factor scleraxis (SCX) upreg-
ulates BMP-4 expression at the insertion site. The tissue-specific deletion of Bmp4 
in tendons of Bmp4Scx mice resulted in aberrant formation of bone ridges in the 
axial and appendicular skeletons, indicating that normal Bmp4 expression in ten-
dons is indispensable for the formation of bone ridges (Blitz et al. 2009). The pro-
genitor cells forming bone ridges are not descendent of chondrocytes; instead, they 
are the Sox9 and SCX double positive cells regulated by TGF-β in the initial pro-
cess of bone ridge formation. The subsequent differentiation of such cells is regu-
lated by BMP-4 signaling (Blitz et al. 2013). These observations help us understand 
the mechanism of the bone-tendon interaction and unravel the pathogenesis of some 
pediatric orthopedic diseases, such as Osgood-Schlatter syndrome, a disease com-
monly seen in children about 8 years-old with a major clinical manifestation being 
pain in the insertion site of the patellar tendon in the tibia (Gholve et al. 2007).

1.3 � Bmp-6

BMP-6 null mutant mice show delayed ossification of developing sterna. The 
observations made by in situ hybridization revealed that Bmp6 was specifically 
expressed in the hypertrophic zone of epiphyseal growth plates, implying that 
BMP-6 can be used as a marker for chondrocyte hypertrophy (Solloway et  al. 
1998). In Bmp6 null mutant mice, the diameters of long bones were smaller than 
their wild-type (WT) littermates, suggesting that BMP-6 may play a role in appo-
sitional bone growth. In addition, the longitudinal bone growth was also affected, 
suggesting that BMP-6 is also important for the normal function of growth plate 
chondrocytes (Perry et  al. 2008). BMP-6 was also expressed in human carti-
lage and may play a role in maintenance of the homeostasis of articular cartilage 
(Bobacz et al. 2003).

1.3.1 � Cartilage Repair

BMP-6 has been shown to induce the differentiation of adipose tissue-derived 
stem cells toward chondrocytes with robust expression of Col2 and aggre-
can (Estes et al. 2006). In a recent study, adipose tissue-derived stem cells were 
genetically modified with a baculovirus system for prolonged and sustained pro-
duction of BMP-6 and TGF-β3. Such cells were cultured in porous scaffolds 
and transplanted to rabbit knee joints to repair cartilage defects. The induced 
new cartilage-like tissue exhibited a zonal structure typical of normal articu-
lar cartilage. No chondrocyte hypertrophy or joint degeneration was observed.  
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However, these results were not observed in the rabbits transplanted with the 
stem cells that transiently expressed BMP-6 and TGF-β3. These findings sug-
gest that prolonged production of these two growth factors and an appropriate 
scaffold are critical for chondrogenesis and successful cartilage repair (Lu et  al. 
2014). Consistent with these findings, the injection of adenovirus expressing either 
BMP-2 or BMP-6 to the knee joint cavity of a pony with large osteochondral 
defects resulted in the enhanced regeneration of cartilage and subchondral bone, 
but the long-term effect of such repair was not satisfactory (Menendez et al. 2011).

1.3.2 � Bone Regeneration

To investigate the effect of endogenous BMPs, compound deficient mice (Bmp
2+/−;Bmp6−/−) were generated. Such mice exhibited a reduced bone volume, a 
phenomenon not seen in single KO mice. Impaired endochondral bone formation, 
but not intra-membranous growth, was detected in fracture calluses of compound 
deficient mice, suggesting a synergistic effect of endogenous BMP-2 and BMP-6 
in normal bone metabolism and bone repair (Kugimiya et  al. 2005). Adenovirus 
expressing Bmp6 was injected locally after osteotomy surgery in rabbits. The 
results demonstrated that BMP-6 is potent for osteoinduction and skeletal repair 
(Bertone et  al. 2004). Non-viral delivery of BMPs holds great promise for skel-
etal repair. Adipose-derived and bone marrow-derived stem cells were nucleo-
fected with Bmp2 or Bmp6 and these cells were mixed with fibrin gel and injected 
to thigh muscles of mice. Local osteogenesis was monitored by µCT. The results 
demonstrated that bone marrow-derived cells are superior to the cells from adipose 
tissue in their potential for osteogenesis and that BMP-6 is a more potent inducer 
for osteogenesis than BMP-2 (Mizrahi et al. 2013).

1.4 � Bmp-7

1.4.1 � Cartilage Repair and Arthritis

It has been shown that BMP-7 is expressed in human articular cartilage and BMP-7 
increased the synthesis of proteoglyans and collagen type 2 (Col2) in human articu-
lar chondrocytes (Huch et al. 1997). The addition of BMP-7 upregulated important 
molecules for cartilage homeostasis, including hyaluronan and CD44 (Chubinskaya 
et al. 2000; Nishida et al. 2000). A recent report demonstrated that hyaluronan-CD44 
signaling potentiated BMP-7-Smad1 signaling, and loss of CD44 caused partial loss 
of BMP-7 signaling mediating aggrecan production (Luo et al. 2014).

A model for impact injury in articular cartilage was established in sheep by 
applying contusive forces to the medial femoral condyles, causing injury to the 
superficial and middle zones of articular cartilage. The sheep were treated with 
BMP-7 for different time periods. The results showed that treatment with BMP-7 
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effectively prevented the progression of joint destruction caused by injury, and 
that BMP-7 may have a chondro-protective effect on patients with articular injury 
(Hurtig et  al. 2009). Similarly, BMP-7 injection into rat knee joints delayed the 
cartilage degradation caused by excessive running (Sekiya et al. 2009).

Consistent with these findings, BMP-7 enhanced proteoglycan synthesis in the 
chondrocytes isolated from donors with osteoarthritis. BMP-7 has a synergistic 
effect with IGF-1. In normal and osteoarthritic chondrocytes, BMP-7 enhanced 
proteoglycan synthesis, especially when BMP-7 was added with IGF-1 (Loeser 
et  al. 2003; Chubinskaya et  al. 2000). Aging is a significant contributor to OA 
development and BMP-7 and IGF-1 increased proteoglycan synthesis in chondro-
cytes derived from either young or aged donors. Aging causes partial inhibition 
of the chondrogenetic response to IGF-1, or BMP-7 plus IGF-1 in proteoglycan 
synthesis. Aging-related oxidative stress suppressed the effect of BMP-7 through a 
p38-Smad1 non-canonical pathway (Loeser et al. 2014).

1.4.2 � Meniscus Repair

In a recent study, the effect of BMP-7 on in vivo induction of fibrocartilage was 
investigated. BMP-7 at different doses was injected directly into the Achilles 
tendon of adult Lewis rats and the tendon samples were examined at differ-
ent time points after injection. The results showed that 4-weeks after surgery, 
fibrocartilage-like tissue were successfully induced from the tendon following 
BMP-7 injection. The transformed tendon was sutured to repair meniscus defects. 
Histological and immunohistochemical analysis of the ‘tendon-meniscus’ sam-
ples showed that BMP-7 induced tendon cell transformation to fibrocartilage with 
enhanced expression of Col2, leading to the regeneration of meniscus and allevia-
tion of articular cartilage degeneration (Ozeki et al. 2013).

1.4.3 � Fracture and Spinal Fusion

rhBMP-7 was approved by the FDA in 2001 for the treatment of fracture patients, 
especially nonunion fractures. BMP-7 has a satisfactory efficacy and an excellent 
safety profile. Trails have been conducted using BMP-7 with a collagen carrier for 
revision surgery due to fracture nonunions in different bones, including the tibia 
and femur. Over 80 % of patients so treated achieved clinical healing. rhBMP-7 
and collagen putty have been developed and used for fusion of the cervical and 
lumbar spine. The outcomes of this treatment are promising despite the com-
mon complications, such as soft tissue swelling. Comparative studies of the rela-
tive potencies of rhBMP-2 and rh-BMP-7 have been contradictory; one plausible 
explanation for the discrepancies being the difference in scaffolds. Other factors 
include the rate of tissue clearance and the numbers of the responding cells near 
the fracture sites. An important factor that may limit the widespread clinical use of 
BMP-7 is the cost of the treatment (Lo et al. 2012; Ronga et al. 2013).
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1.5 � Bmp-9

BMP-9 strongly promoted osteoblast differentiation from mesenchymal stem 
cells (MSCs) both in vitro and in vivo (Kang et al. 2004; Cheng et al. 2003; Luo 
et  al. 2004; Luu et  al. 2007; Peng et  al. 2003, 2004). Studies from He’s labora-
tory demonstrated that BMP-9 regulated a distinct set of downstream targets that 
probably play a role in osteoinduction. Unlike other TGF-β superfamily mem-
bers, the mature BMP-9 protein retains the N-terminal pro-region that is gener-
ally cleaved in other BMPs prior to secretion. Retention of the pro-region did not 
result in functional inhibition of BMP-9 and may in fact stabilize the mature pro-
tein after secretion (Brown et al. 2005). Also, unlike other BMPs, BMP-9 has poor 
affinity for ALK3 (BMPR-IA), a receptor that generally transduces BMP sign-
aling (Brown et  al. 2005). Using dominant-negative mutants of the seven type I 
receptors, Luo et al. demonstrated that only ALK1 and ALK2 mutants effectively 
inhibited BMP-9-induced osteogenic differentiation in vitro and in ectopic bone 
formation assays (Luo et  al. 2010). These findings suggest that the mechanisms 
governing BMP-9-mediated osteoinduction of MSCs may differ from other BMPs 
(Lamplot et al. 2013).

1.6 � Cross-Talk Between BMP and Wnt Signaling

The role of BMPs in skeletal development and pattern formation are well docu-
mented, however, the role and mechanism of BMPs in bone formation remain 
unclear. To investigate the interaction between BMP and Wnt signaling, several in 
vitro studies using mesenchymal progenitor cell lines or primary osteoblasts have 
been conducted. Differing results have been found.

Several recent studies show that BMP-2 has a synergistic effect with Wnt 
ligands and β-catenin. β-catenin was required for BMP-2-induced osteoblast dif-
ferentiation (Mbalaviele et  al. 2005; Chen et  al. 2007; Zhang et  al., 2009). In 
vivo studies also demonstrated that BMP-2 induced expression of several Wnt 
ligands and their receptors, and activated β-catenin-mediated T cell factor (TCF)-
dependent transcriptional activity. Mice expressing conditional β-catenin null 
alleles displayed inhibition of BMP-induced chondrogenesis and osteogenesis 
(Chen et  al. 2007). These findings suggest that BMP-2-induced bone formation 
may be mediated by canonical Wnt/β-catenin signaling.

In contrast, other reports showed that BMPs induced Sost expression in Saos-2 
osteosarcoma cells (Yu et  al. 2011). Similarly, treatment of cultured calvarial 
bone with BMP antagonist Noggin increased canonical Wnt signaling (Kamiya 
et al. 2008). In vivo studies demonstrated that osteoblast-specific conditional KO 
of BMP receptor type IA (Bmpr1aCol1) had increased bone mass during weanling 
stages. Bmpr1aCol1 mice show diminished expression of Sost and increased Wnt/
β-catenin signaling as assessed by Wnt reporter TOPGAL mice and TOP-flash 
luciferase reporter. Consistent with the negative regulation of the Wnt pathway by 
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BMPRIA signaling, treatment of osteoblasts with dorsomorphin, an inhibitor of the 
Smad-dependent BMP pathway, enhanced Wnt signaling. In addition to Sost, Dkk1 
was also down-regulated in bone tissue of Bmpr1aCol1 mice. Expression levels of 
Dkk1 and Sost were up-regulated by the treatment with BMP-2 and down-regulated 
by Noggin. Moreover, mice expressing a constitutively active Bmpr1a transgene 
show up-regulation of both Dkk1 and Sost and partially restored the high bone 
mass phenotype when crossed with Bmpr1aCol1 KO mice (Kamiya et  al. 2010). 
These results suggest that BMPRIA in osteoblasts negatively regulates bone mass 
and Wnt/β-catenin signaling. BMPRIA-mediated negative regulation of bone mass 
may be through promoting Sost and Dkk1 expression in osteoblasts. The discrep-
ancy observed in these studies may be due to stage differences of the target cells.

2 � Wnt/β-Catenin Signaling in Bone and Cartilage 
Regeneration

After more than 10 years research, we now understand that canonical Wnt/β-catenin 
signaling controls bone mass. Disruption of any molecule in this signaling path-
way in genetic mouse models caused significant changes in bone mass (Gong et al. 
2001; Babij et al. 2003; Day et al. 2005; Glass et al. 2005; Hill et al. 2005). Human 
genetic studies also demonstrated that High Bone Mass (HBM) diseases were 
observed in patients with Lrp5 gain-of-function mutations or Sost loss-of-function 
mutations (Gong et al. 2001; Boyden et al. 2002; Little et al. 2002; Van Wesenbeeck 
et al. 2003; Beighton 1976; Beighton et al. 1976; Balemans et al. 2001; Brunkow 
et al. 2001; Wergedal et al. 2003). LRP5 is a co-receptor of Wnt/β-catenin signaling 
and sclerostin is a negative regulator of LRP5 signaling (Ke et al. 2012). A recom-
binant form of parathyroid hormone (PTH), designated Teriparatide or Forteo, is 
an FDA approved anabolic agent which promotes bone formation in patients with 
osteoporosis (Tsai et  al. 2013). Recent studies suggest that the molecular mecha-
nism of PTH action in bone formation may be through inhibition of Sost and Dkk1 
expression in osteocytes and osteoblasts (Keller and Kneissel 2005; Bellido et al. 
2005; Silvestrini et al. 2007; Leupin et al. 2007; Guo et al. 2010). Therapeutic PTH 
is given as a daily subcutaneous injection, and its use is limited to 2 years dura-
tion due to observations of induction of osteosarcoma and chondrosarcoma in long-
term rodent studies. To better manage osteoporosis and other bone loss-associated 
diseases, additional bone anabolic agents are needed. Two humanized monoclonal 
antibodies targeting the Wnt/β-catenin signaling pathway, sclerostin, and Dkk1 anti-
bodies (Scl-Ab and Dkk1-Ab), have been developed in recent years. Preclinical and 
clinical studies found that these agents have potent anabolic effects on bone forma-
tion and fracture healing (Rossini et al. 2013; Weivoda and Oursler 2014).

Sclerostin (Scl) and Dkk1 bind Wnt co-receptors LRP5/6 to inhibit Wnt bind-
ing and signaling, leading to a reduction in bone formation. Sclerostin and Dkk1 
bind the first β-propeller of LRP5 and LRP6 to inhibit Wnt1 class Wnt signaling 
(Ettenberg et al. 2010; Bourhis et al. 2010). Dkk1 also binds the third β-propeller to 



26 D. Chen et al.

inhibit Wnt3a class Wnt signaling (Ke et al. 2012). Dkk1 and sclerostin also utilize 
co-receptors to enhance their inhibitory activity. Dkk1 forms a ternary complex with 
LRP5 or LRP6 and Kremen receptors 1 or 2, which results in internalization of the 
complex (Ellwanger et al. 2008; Ke et al. 2012). Scl-Ab and Dkk1-Ab prevent the 
interaction of these molecules with LRP5 and LRP6, allowing Wnt ligands to bind 
the LRP5 or LRP6 co-receptor and activate β-catenin signaling.

2.1 � Scl-Ab

2.1.1 � Scl-Ab in Ovariectomy-Induced Bone Loss

Osteoporosis is a metabolic bone disease characterized by low bone mass and 
micro-architectural deterioration of bone tissue leading to increased bone fragil-
ity. In the United States, approximately 10 million Americans older than 50 years 
have osteoporosis, and about 1.5 million fragility fractures occur each year. It is 
estimated that one in two women and one in five men aged 50 years will have an 
osteoporotic fracture in their remaining lifetime (Harvey et al. 2008).

Sclerostin antibodies (Scl-Abs) have been reported to have significant bone 
anabolic activity in various animal models. Treatment with Scl-Ab increased 
bone mineral density and improved cortical and trabecular architecture at the 
lumbar vertebrae and femur in aged male rats (Li et  al. 2010). Treatment with 
Scl-Ab was associated with marked increases in bone mass at cortical and trabecu-
lar sites in gonad-intact primates (Ominsky et  al. 2010). Scl-Ab was also found 
to increase trabecular thickness and bone strength of lumbar vertebrae and the 
proximal femur (Ominsky et  al. 2011). Moreover, increasing bone formation on 
remodeling surfaces and along quiescent surfaces (modeling surfaces) was found 
in Scl-Ab treated animals (Ominsky et al. 2014). This implies that treatment with 
Scl-Ab might exert a modeling effect. The ovariectomized (OVX) rat model is a 
widely used animal model for hypogonadal estrogen deficiency induced bone loss. 
Li et al. reported the effect of Scl-Ab on OVX rats (Li et al. 2009). In OVX rats 
treated with Scl-Ab, trabecular thickness, trabecular BMD and bone volume in 
distal femur were restored to levels similar to sham controls. In addition, bone for-
mation at the proximal tibia and lumbar vertebrae was significantly increased in 
Scl-Ab treated rats. Furthermore, treatment with Scl-Ab resulted in increased oste-
oblast surface and decreased osteoclast surface. Therefore, treatment with Scl-Ab 
has robust anabolic effects with marked increases in bone formation, and reverses 
OVX-induced bone loss.

2.1.2 � Scl-Ab in Bone Mechanical Strength

In addition to its efficacy in promoting bone formation and increasing bone 
mass, Scl-Ab also increased mechanical strength of rat bone. Bone strength 
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parameters, such as peak load, stiffness, and energy to failure were increased in 
lumbar vertebrae and femoral diaphysis after treatment with Scl-Ab in OVX ani-
mals and aged male rats (Li et  al. 2010; Ominsky et  al. 2010; Li et  al. 2009). 
Scl-Ab also increased bone strength at the femoral neck, the principal site for 
osteoporotic fracture in humans (Li et  al. 2010). These preclinical studies 
demonstrate that treatment with Scl-Ab promotes bone formation, increases 
bone mass and bone strength, and reduces the risk of a secondary osteoporotic 
fracture.

2.1.3 � Scl-Ab in Bone Fracture Healing

Skeletal fractures may occur as a consequence of trauma as well as fragility and 
represent a significant public health problem. Biological therapies, such as local 
application of BMPs, were developed to accelerate fracture healing and reduce 
fracture-associated complications. However, to date there are no approved sys-
temic therapies to accelerate fracture healing and reduce fracture-associated com-
plications. It has been shown that Scl-Ab is a potent agent for enhancing fracture 
healing (Ominsky et al. 2011).

Fracture healing is a complex biologic process, which involves granulation, 
callus formation, and bone modeling and remodeling. Application of Scl-Ab to 
enhance fracture healing is an anabolic approach in several bone fracture mod-
els. Scl-Ab significantly increased bone mass and bone strength at the site of 
fracture in a fibular osteotomy model (Ominsky et  al. 2011). The fractures in 
the Scl-Ab group had less callus cartilage with smaller fracture gaps contain-
ing more bone and less fibrovascular tissue than the control group. The most 
recent study has investigated effects on the healing of defects in proximal  
tibiae of OVX rats (McDonald et  al. 2012). Scl-Ab significantly improved 
repair outcomes, augmenting both intramembranous and endochondral bone 
formation and enhancing bone formation and bone volume. Diabetes mellitus 
is recognized as a high-risk factor for fracture incidence and fracture healing 
delay. ZDF fa/fa rats are an established model of type 2 diabetes mellitus with 
low bone mass and delayed bone fracture healing. Scl-Ab reversed diabetes-
associated low bone density and impaired osteoblast function, improved bone 
mass and strength, and improved bone defect regeneration in diabetic ZDF rats 
(Hamann et al. 2013).

2.1.4 � Scl-Ab in Osteogenesis Imperfecta

Osteogenesis Imperfecta (OI) is a genetic disorder with the skeletal fragility as 
the hallmark feature (Cundy 2012). Most patients with OI have mutations in 
genes encoding type I collagen, Col1a1 and Col1a2, or in genes encoding pro-
teins that participate in the assembly, modification, and/or secretion of type 
I collagen (Byers and Pyott 2012). LRP5 is a Wnt co-receptor and regulates 
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bone mass and bone strength in human. Specific missense mutations in Lrp5 
cause an autosomal dominant phenotype characterized by HBM and increased 
bone strength (Boyden et  al. 2002; Little et  al. 2002). The HBM-causing mis-
sense mutations make LRP5 resistant to its endogenous inhibitors Dkk1 and 
sclerostin (Boyden et  al. 2002; Semenov and He 2006; Balemans et  al. 2008; 
Ellies et al. 2006). To determine if Scl-Ab has potential for use in treatment of 
OI disease, Jacobsen et  al. have performed two proof-of-principle experiments. 
They showed that increasing bone anabolism via the LRP5 pathway significantly 
improved bone mass and bone strength in the Col1a2+/p.G610C mouse model of 
OI. Col1a2+/p.G610C mice have a missense mutation in the α2 chain of type I col-
lagen, which is identical to that found in a large kindred affected with a moder-
ate form of OI (Daley et  al. 2010). The Col1a2+/p.G610C mice have lower bone 
density and bone strength than their WT littermates (Daley et al. 2010). In the first 
experiment, the authors crossed Lrp5+/p.A214V mice with Col1a2+/p.G610C mice 
and determined the effect of the LRP5 HBM allele on bone properties in the off-
spring. In the second experiment, they administered Scl-Ab (Li et al. 2009) or vehi-
cle alone to WT and to Col1a2+/p.G610C mice. They found that Col1a2+/p.G610C; 
Lrp5+/p.A214V offspring had significantly increased bone mass and strength 
compared to Col1a2+/p.G610C; Lrp5+/+ controls. The improved bone proper-
ties were not due to altered mRNA expression of type I collagen or its chaper-
ones, nor were they due to changes in mutant type I collagen secretion. In the 
second experiment they treated Col1a2+/p.G610C mice with Scl-Ab. They found 
that antibody treated mice had significantly increased bone mass and strength 
compared to vehicle treated control mice (Jacobsen et al. 2014). These findings 
indicate increasing bone formation, even without altering bone collagen compo-
sition, may benefit patients with OI and that Scl-Ab is a potential treatment for 
OI disease.

2.1.5 � Potential Side Effect

Sclerostin KO (Sost−/−) mice have HBM with small bone marrow cavities. 
Hematopoietic cell fate decisions are dependent on the local microenvironment. 
Osteoblasts and stromal cells support hematopoietic stem cell quiescence as well 
as facilitate B-cell development. Recent studies demonstrated that the bone mar-
row of Sost−/− mice is specifically depleted of B cells because of elevated apop-
tosis at all B-cell developmental stages. In contrast, B-cell function in the spleen 
was normal. Further analysis confirmed that Sost is mainly expressed in osteo-
cytes but not in hematopoietic lineage cells, suggesting that the B-cell defects 
in Sost−/− mice are noncell autonomous. This finding was further confirmed by 
transplantation of WT bone marrow into lethally irradiated Sost−/− recipients. 
WT  →  Sost−/− chimeras displayed a reduction in B cells, whereas reciprocal 
Sost−/− → WT chimeras did not, supporting the idea that the Sost−/− bone envi-
ronment cannot fully support normal B-cell development (Cain et al. 2012). These 
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results demonstrate a novel role for Sost in the regulation of bone marrow environ-
ments and B cell development and also suggest that another potential side effect 
for Scl-Ab is affecting bone marrow B-cell survival.

2.2 � Dkk1-Ab

Based on the same principles applied in the development of Scl-Ab, the scien-
tists at the company, Amgen, further developed Dkk1-Ab as an alternative ana-
bolic agent for the treatment of osteoporosis and fracture healing. As predicted, 
the administration of Dkk1-Ab indeed increased bone formation, reversed ova-
riectomy-induced bone loss and accelerated fracture healing in animal studies 
(Li et  al. 2011; Agholme et  al. 2011). To determine if Dkk1-Ab promotes bone 
fracture healing through activation of β-catenin signaling, we treated β-catenin 
conditional KO mice (β-cateninPrx1ER) with Dkk1-Ab and found that the Dkk1-
Ab-induced fracture healing was significantly delayed in β-cateninPrx1ER mice 
(Jin et  al. 2015). It will be interesting to learn if Scl-Ab and Dkk1-Ab activate 
β-catenin signaling in different populations of cells during fracture healing. Since 
sclerostin and Dkk1 have very different expression patterns (Atkins et  al. 2011; 
Moustafa et  al. 2012; Guo et  al. 2010; Hardy et  al. 2012), the prediction is that 
these two antibodies will act on different populations of cells in periosteum tissue 
during bone callus formation. Mechanisms of actions of Scl-Ab and Dkk1-Ab on 
bone require further investigation.

Although Scl-Ab and Dkk1-Ab show promising activities in the treatment of 
osteoporosis and promoting fracture healing, several issues must be considered, 
such as the potential role of long-term usage of these antibodies in promoting tum-
origenesis, development of osteoarthritis, and other side effects. Although patients 
with osteoporosis are often elderly and no cancer incidence has been reported in 
patients with Lrp5 gain-of-function mutations or Sost loss-of-function mutations, 
long-term monitoring for patients prescribed with these humanized antibodies is 
necessary. Activation of β-catenin signaling could lead to an osteoarthritis-like 
phenotype and defects in disk degeneration in mice (Zhu et al. 2009; Wang et al. 
2012). Potential side effects, such as osteoarthritis and disk degeneration, require 
consideration. Recent data suggest that sclerostin is expressed in articular cartilage 
tissue; however, animals with Sost deletion or receiving Scl-Ab do not develop 
osteoarthritis during aging or following mechanical injury (Roudier et  al. 2013). 
In fact, recent findings demonstrated that systemic bone loss in the spine and per-
iarticular bone loss in the proximal tibia were completely blocked and partially 
reversed by administration of Scl-Ab, but not by inhibition of tumor necrosis fac-
tor (TNF) in hTNF-tg mice. Moreover, Scl-Ab completely arrested the progression 
of bone erosion in hTNF-tg mice and led to significant regression of cortical bone 
erosions when Scl-Ab was used in combination with TNF inhibitors (Chen et al. 
2013).
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