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Abstract
Smad proteins are intracellular molecules that mediate the canonical signaling cascade of TGFβ
superfamily growth factors. The TGFβ superfamily comprises two groups of growth factors, BMPs
and TGFβs. Both groups can be further divided into several sub-groups based on sequence
homologies and functional similarities. Ligands of the TGFβ superfamily bind to cell surface
receptors to activate Smad proteins in the cytoplasm; then the activated Smad proteins translocate
into the nucleus to activate or repress specific target gene transcription. Both groups of growth factors
play important roles in skeletal development and regeneration. However, whether these effects reflect
signaling through canonical Smad pathways, or other non-canonical signaling pathways in vivo
remains a mystery. Moreover, the mechanisms utilized by Smad proteins to initiate nuclear events
and their interactions with cytoplasmic proteins are still under intensive investigation. This review
will discuss the most recent progress understanding Smad signaling in the context of skeletal
development and regeneration.

1. Introduction
1.1 TGFβ superfamily

BMPs were initially discovered by the fact that demineralized bone matrix can initiate bone
formation when transplanted to ectopic sites in rodents [1]. Later, TGFβs were discovered in
studies of platelet derived growth factor (PDGF) and epidermal growth factors (EGF/TGFα)
[2,3]. Eventually, other related ligands were identified, leading to the definition of the TGFβ
superfamily, consisting of BMPs, TGFβs, and other groups of proteins such as growth and
differentiation factors (GDFs), activins, inhibins and Mullerian inhibitory factor (MIF) [4].
Interestingly, although BMPs reserve a bone forming capability in different species,
mammalian TGFβs have been found to only induce bone formation with site and tissue
specificity in non-human primates [5,6].

1.2. Smad proteins
The first description of Smad proteins was the finding of Mothers Against Dpp (MAD) in
Drosophila, which modified the phenotype of decapentaplegic (dpp; a BMP ligand) mutants
[7]. Later studies identified Sma proteins in C. elegans as closely related to MAD, and both
mediated signaling downstream of serine/threonine kinase receptors of TGFβ superfamily
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proteins [8]. Therefore, homologs of Mad and Sma have been named Smad. So far, 8
mammalian Smad proteins have been isolated, designated Smad1 through Smad8. The Smad
proteins are divided into 3 groups according to their functions. The first group is the receptor-
regulated Smads (RSmads), which include Smad1, 2, 3, 5 and 8. These Smad proteins bind to
membrane bound serine/threonine receptors, and are activated by the kinase activity of the
receptors. The second group includes only one member, Smad4. Smad4 acts as a co-factor that
binds to the activated R-Smads to form a complex that translocates into the nucleus. Therefore
Smad4 has been named Co-Smad. The third group comprises the inhibitory Smads (I-Smads),
which includes Smad6 and Smad7. These two Smads exert an inhibitory effect on the signaling
cascade by various mechanisms (Figure 1).

Smad proteins also share similar structures. A typical Smad structure includes N-terminal MH1
domain, linker region and a C-terminal MH2 domain. The MH1 domain is highly conserved
in all R-Smads and Smad4, but not in I-Smads. The major function of the MH1 domain is to
mediate DNA binding of Smad proteins. The linker region is highly variable in different Smads.
It is the target of regulation by other intracellular proteins through phosphorylation,
ubiquitination, or sumoylation. The MH2 domain is present in all Smads. Activation of R-
Smads is through the phosphorylation of a Ser-X-Ser motif in the MH2 domain by activated
receptors. The MH2 domain is also responsible for Smad protein interactions with other
intracellular proteins and transcriptional activation of target genes [9]. Different receptors in
the TGFβ superfamily have different preferences for binding to R-Smad proteins. For example,
Smad1, 5 and 8 mediate BMP signaling by interacting with the BMP receptors ALKs 1, 2, 3,
and 6, whereas Smad2 and 3 mediate TGFβ and Activin signaling through the TGFβ/activin
receptors ALKs 4 and 5. Smad6 is more specific for the inhibition of BMP signaling, whereas
Smad7 has inhibitory effects on both BMP and TGFβ signaling (for more detailed reviews,
see [9,10]). The consensus understanding so far is that R-Smads require Smad4 binding before
they can translocate into the nucleus, Recent evidence has challenged this dogma, as Smad4
conditional deletion in mice did not cause significant skeletal defects[11]; while, conditional
deletion of Smad1/5/8 led to lethality at birth due to severe chondrodysplasia[12].

1.3 Skeletal development and regeneration
Skeletal development in mammals is accomplished via two different mechanisms. In
intramembranous bone formation, mesenchymal cells from neural crest and cephalic
mesoderm differentiate into osteoblast cells to form the major cranial vault and clavicles.
Endochondral bone formation accounts for the development of the majority of the skeleton.
Initially, mesenchymal cells from the mesoderm condense at the sites where the bones will
form. The condensed mesenchymal cells then proliferate and differentiate into chondrocytes,
forming cartilaginous anlagen of the future bones. Later, the chondrocytes undergo terminal
differentiation and become replaced by invading osteoblasts to form the mineralized bone
tissue (for a more detailed review of endochondral bone formation, see [13]). BMPs are
important for condensation, and they are required for the initiation of chondrocyte
differentiation by inducing Sox9 expression. BMPs also regulate chondrocyte differentiation
at later stages by interacting with other signaling pathways such as Indian Hedgehog (Ihh),
Parathyroid Hormone Related Peptide (PTHrP) and Fibroblast Growth Factor (FGF) (see later
in this review). In the osteoblasts, BMP signaling is required for the commitment of
mesenchymal cells toward the osteoblast lineage. Similarly, TGFβ/Activin signaling is
important in chondrogenesis and osteogenesis, working synergistically or antagonistically with
BMP signaling, depending on the stage of differentiation.

Skeletal regeneration is a process of new bone formation after trauma or injury. The new bones
form at the site of injury, and could involve both intramembranous and endochondral bone
formation. Therefore, skeletal regeneration is considered a process recapitulating development.
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However, there are particular differences between these two processes, and these will be
discussed more in this review later.

In the past few decades, studies with gene deletions, targeted gene modification, and
overexpression of BMP/TGFβ signaling pathway components have revealed essential roles of
BMPs and TGFβs in skeletal development in vivo. Several excellent reviews have addressed
this topic. [14–16]). Therefore, in this review, we focus on a less well-understood aspect of
BMP/TGFβ biology: the roles of Smad family members. Until recently, it was widely assumed
that BMP and TGFβ signaling are mediated predominantly by R-Smad proteins acting in
concert with Smad4. However, recent studies have increased awareness of the potential
importance of non-Smad mediated BMP and TGFβ signaling [17,18]. The existence of the
non-Smad pathways raises the question of the relative importance of canonical Smads vs. non-
canonical (non-Smad) pathways. Moreover, intensive studies have described a sophisticated
Smad-dependant network of signaling events that are important in many processes, including
normal development, regulation of immune system, tumor initiation, tumor metastasis and
others. Conclusions from these studies indicated that the mechanisms of Smad signaling are
quite species, tissue, and cell type specific. Therefore, understanding the mechanisms of Smad
signaling in the context of skeletal development and regeneration requires additional focused
studies that are carried out in vivo under physiological conditions.

2. Role of Smads in Chondrogenesis
Smad proteins are ubiquitously expressed in chondrocytes during the entire process of
chondrogenesis [41]. However, due to the different functions of BMP and TGFβ pathways,
Smads have overlapping but distinct patterns of activity in different stages of chondrogenesis.
Elucidating the roles of Smad proteins in vivo involves several important questions. First,
within the two different groups of R-Smads, Smad1/5/8 and Smad2/3, does each of the Smads
play distinct roles in signal transduction, or do they have essentially overlapping functions?
Second, to what extent is BMP/TGFβ signaling mediated by R-Smads at distinct stages of
skeletal development? Third, what is the evidence that Smad4 is required for Smad1/5/8 and/
or Smad2/3 signaling? Finally, what role, if any, do the I-Smads play in skeletal development
and regeneration? Several mouse models with knockout, conditional knockout, and
overexpression of Smad proteins have been generated to study functions of Smads (See table
1). The phenotypes of these mice, if not lethal before skeletogenesis, normally include skeletal
defects, confirming the important functions of Smads in this process.

Since BMP/TGFβ signaling is important for nearly every aspect of development, it is not
surprising that global knockout of an R-Smad generally leads to early embryonic lethality.
Smad1 knockout mice die in mid-gestation due to extra-embryonic defects [19]. Smad2
knockout mice die at embryonic day 7.5–12.5 due to defects in primitive streak formation and
failure to establish an anterior-posterior axis within the epiblast or defects during gastrulation
[20–23]. Moreover, studies of Smad2-deficient chimeric mice revealed that Smad2, but not
Smad3, mRNAs were expressed in visceral endoderm, and definitive endoderm formation is
Smad2-dependant, indicating a unique function of Smad2 [24]. Global knockout of Smad4
causes early embryonic lethality at day E6.5 to E8.5, due to defects in gastrulation [30,31],
Smad5 knockout mice die between embryonic day 10.5 and 11.5, because of defects in
angiogenesis [33]. Interestingly, Smad8 knockout mice do not have apparent defects,
suggesting Smad1 and 5 could compensate for most of the functions of Smad8 [12,42,43].
Smad3 knockout mice survive birth, but develop colorectal cancer, impaired immunonological
functions, and osteoarthritis later in life[25–29]. These studies suggested that Smad1 and
Smad5 are both indispensible in BMP signaling, especially in early development, although
they might share some overlapping functions. Similarly, Smad2 signaling is indispensible in
embryonic development. Smad2 or other mechanisms could compensate for the loss of Smad3
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in early development, suggesting the functional overlap of Smad2 and Smad3. However, in
later stage of life, Smad3 has several indispensible functions that are different from Smad2. In
particularly, Smad3 is required for maintenance of normal immuno-suppressive responses,
articular chondrocyte homeostasis, and the tumor suppressive functions of TGFβ.

With the advancement in the genetic technologies, use of Cre-LoxP system allowed conditional
deletion of Smad genes in skeletal tissue. Since direct evidence of the functional role of
Smad1/5/8 in early chondrogenesis and growth plate chondrocytes is still missing, we have
recently generated conditional deletions of Smad1/5/8 in cartilage using Col2a1-Cre [12].
Smad1/5/8 triple deletions yielded early embryonic lethality and closely phenocopied mice
lacking the BMP receptors ALK3 (BMPR1A) and ALK6 (BMPR1B) [44]. These mice do not
form any endochondral skeleton; condensations form, but with the onset of Col2a1-Cre
expression, any further development is blocked. Smad1/5 double mutant mice have very similar
phenotypic presentations to Smad1/5/8 triple mutants, suggesting that Smad8 plays a very
minor role in chondrogenesis. In contrast, individual loss of Smad1, 5 or 8, and mice carrying
only a single allele of Smad5 (Smad1−/−;Smad5+/−;Smad8−/−) in cartilage are viable and form
a nearly normal skeleton. This observation demonstrates that Smads1 and 5 exhibit extensive
functional overlap. Additional studies demonstrated that the BMP signaling mediated by
Smad1/5 is required for the regulation of the Ihh/PTHrP feedback loop and the antagonism
between BMP and FGF signaling in the growth plate[12].

An important finding from these studies is that the majority of BMP signaling in endochondral
bone formation appears to be mediated by canonical Smad1/5 pathways as opposed to
noncanonical pathways. Moreover, it is surprising that Smad4 is not required for
skeletogenesis.. As discussed above, the current dogma is that Smad4 is a required co-Smad
for canonical BMP and TGFβ signaling, and Smad4 is expressed ubiquitously in all zones of
growth plate [41]. However, conditional deletion of Smad4 in cartilage leads to fairly minor
defects; Smad4cko mice develop dwarfism post-natally, mainly as a result of a disorganized
growth plate. The Smad4- deficient growth plate showed an expanded resting zone, reduced
proliferation, accelerated differentiation and increased apoptosis of chondrocytes, as well as
ectopic bone collar formation in the perichondrium and loss of responsiveness to TGFβ1
[11]. Given that loss of Smads1 and 5 leads to a total arrest in chondrogenesis at the
condensation stage, these data indicate that BMP signaling in skeletogenesis is largely
independent of Smad4.

Potential mechanisms by which BMP R-Smads may mediate their effects in skeletal cells have
been the topic of numerous in vitro studies. As aforementioned, BMPs induce chondrogenesis
by regulating Sox9 expression in mesenchymal cells. However, the molecular mechanism is
still unclear. It has been suggested that BMP alone is not sufficient to induce Sox9 expression
[45], although later studies indicated that BMP/Smad pathways regulate Sox9 expression
through a CCAAT-box in the Sox9 promoter, as well as by chromatin remodeling at the
proximal promoter [46,47]. A number of transcriptional targets of Smads1 and 5 in the growth
plate have been described, including Ihh, Col2, Col10, and Runx2 [48–51]. In addition to a
role as a transcriptional activator, BMP R-Smads also act as transcriptional repressors through
specific recruitment of transcriptional repressor complexes. For example, the Smad1/4
complex is required to recruit a HDAC/Sin3A complex for modulating a transcription
repressor, Nkx3.2, which promotes chondrocyte differentiation [52]. At the same time, other
nuclear proteins regulate Smad protein functions by regulating Smad stability, DNA binding,
and transcriptional activities. For example, most Smads can be degraded by the proteasome
through ubiquitination; on the other hand, sumoylation, seems to protect Smads from being
ubiquitinated. The capacity of R-Smads to bind DNA is enhanced by the presence of stabilizing
co-factors. Some transcriptional co-activators have been shown to interact with the MH2
domain of R-Smads to fully activate target gene transcription [9]. Other protein-protein
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interactions influence Smad signaling without participating in Smad-DNA complexes. For
example, calponin 3, an actin binding protein, has been found to interact directly with Smads
1 and 5 to negatively regulate the BMP–dependent cellular response of human chondrocytes,
possibly by sequestering Smads to the cytoskeleton [53]. Jab1, a subunit of the COP9
signalosome [54] interacts directly with Smad5 to attenuate the BMP-signaling response in
chondrocytes, possibly by inducing Smad5 degradation. [55].

With respect to the TGFβ/activin R-Smads, even less is known. The extent by which TGFβ/
activin signaling in vivo is mediated by Smads2/3 remains an important and unanswered
question. It is possible that Smad3 plays an essential role, since the Smad3 null mice phenotype
is similar to that of the mice expressing a transgenic dominant negative TGFβ type II receptor
(TgfbrII) [26,56]. However, conditional deletion of the TgfbrII with Col2a1-Cre and Prx1-
Cre causes axial skeleton defects, alteration in hypertrophic differentiation in growth plates,
and joint fusions in phalanges [57,58]. These defects are not present in the Smad3 null mice,
indicating that either Smad2 is more dominant in mediating TGFβ signaling in skeletal tissue
or the non-Smad pathways are major players (Figure 1). Moreover, TGFβ/activin signaling
may be more dependent on Smad4 than in BMP signaling, as the cartilage-specific loss of
Smad4 resembles in many aspects the phenotype of mice lacking Smad3 [11,26]. Nevertheless,
the full repertoire of effects mediated by TGFβ signaling in cartilage has not yet been defined
in vivo, nor have any studies yet addressed potential overlapping functions for Smads2 and 3.

Previous studies have shown that TGFβ may play important functions at early stages of
chondrogenesis. An in vitro study showed that Smad3, but not Smad2, forms a complex with
Sox9 and CEBP/p300 to activate genes for chondrogenesis [59]. A recent study showed that
Smad3 works cooperatively with Sox9 to initiate target gene transcription through chromatin
remodeling [60]. However, the fact that Smad3 knockout mice survive birth and only have
limited defects in the skeleton argues that the role of Smad3 in early chondrogenesis is not
critical, or Smad2 could largely compensate for the loss of Smad3 in early chondrogenesis.
Organ culture studies demonstrated that Smad3 is required for TGFβ1-induced chondrocyte
proliferation in mice, but share redundant functions with Smad2 in terms of inhibiting
hypertrophic differentiation [61]. In the post natal stage of life, Smad3 has been shown to play
an essential role in maintaining articular cartilage by preventing articular chondrocytes from
undergoing terminal hypertrophic differentiation [28]. In accordance, chondrocytes in
Smad3 deficient mice show accelerated differentiation in the growth plate shortly after
weaning, resulting in dwarfism. Accelerated differentiation was also observed in articular
chondrocytes, such that they escape from quiescence and continue the process of maturation,
resulting in the loss of articular cartilage. Later studies carried out with primary chondrocytes
isolated from these mice demonstrated increased BMP responsiveness, decreased
responsiveness to TGFβ1, and increased apoptosis[29]. Altogether, these observations
suggested that for TGFβ signaling, Smad2 could compensate for most of Smad3’s functions
in early development. However, Smad3 is required to maintain cartilage homeostasis by
mediating the TGFβ signaling that inhibits terminal differentiation of chondrocytes. Whether
this is due to elevated levels of expression of Smad3 relative to Smad2 in the chondrocytes, or
to a distinctly different activity of Smad3 compared to Smad2, remains to be investigated.

Data from in vitro experiments indicated extensive differences between Smad2 and Smad3 in
terms of DNA binding capacity, interactions with other nuclear proteins, and target gene
selection. For example, an additional 30 amino acids encoded by exon3 in the MH1 domain
of Smad2 prevents its direct binding to DNA, such that a complex of Smad2/4 and other
transcription factors is required for DNA binding. However, Smad3 homomers can form DNA
binding complexes even without Smad4. A whole list of transcription factors and nuclear
proteins that interact with Smad3 has been generated; most of them also interact with Smad2
[62]. Studies with modulating Smad2 and Smad3 levels by siRNA have revealed that Smad2
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and Smad3 not only share redundant functions, but also have unique roles. Smad3 appears
more important than Smad2 in TGFβ’s function in cell growth arrest (for a detailed review,
please see [62] ).

It is becoming increasingly clear that R-Smads also have essential functions in processes other
than initiating or repressing transcription directly on DNA. A recent finding linked R-smads
to the post-transcriptional processing of microRNAs. Smad1, 3, and 5 interact with primary
transcripts of miR-21, in a complex with the RNA helicase p68. This complex is a component
of the DROSHA microprocessor complex, which processes primary microRNAs to mature
forms. BMP and TGFβ signaling increase the expression of mature miR21 by stimulating the
activity of microprocessor in an R-Smad-dependent manner [63]. A noteworthy point is that
this process does not need Smad4. Although miR-21 has no known function in skeletal cells,
it is reasonable to speculate that Smad signaling has an effect in skeletal tissue by modulating
the processing of different miRNAs. For example, miR-141 and miR-200 modulate BMP2-
induced pre-osteoblast differentiation through translational repression of the transcription
factor Dlx5 [64]. Moreover, a BMP responsive miRNA199a has been shown to target Smad1
and down-regulate its level to negatively regulate BMP2-induced target gene transcription in
C3H10T1/2 cells[65].

Taken together, R-Smads 1/5/8 appear to mediate the majority of BMP effects in
chondrogenesis, and they may do so through both transcriptional regulation and non-
transcriptional regulatory mechanisms. Smads 1 and 5 share a high level of functional
redundancy, whereas Smad8 is less important in chondrogenesis. On the other hand, Smad2
and 3 have been shown to have quite unique functions from each other. The non-Smad
pathways may significantly contribute to TGFβ signaling in chondrogenesis suggested by the
difference between the TgfrIIcko and Smad3−/− phenotypes. However, conditional deletion of
either or both of Smads 2 and 3 will reveal additional valuable information.

3. Roles of Smads in Osteogenesis
BMP’s function in osteogenesis is tightly related to runt related factor Runx2 (Cbfa1/AML3).
Runx2 is a platform for the assembly of a multi-component regulatory complex that controls
activation and repression of genes during cell fate determination and differentiation. In the
skeletal system, Runx2 is critical for osteogenic lineage commitment and formation of the
skeleton [66,67]. The interaction of Runx2 with BMP signaling is bidirectional. Runx2 is
induced by BMP2 in osteoblast and chondrocyte cultures. On the other hand, Runx2 also
induces BMP2 and 4 expressions by binding to a region in their promoters. In the process of
osteogenic induction, Runx2 works together with Smads through direct binding in a
transcriptional activator complex. Runx2 recruits R-Smads to the complex to initiate BMP
responsive gene transcription [68,69]. The carboxyl terminus of Runx2 interacts with R-Smads
via a Smad interacting domain (SMID), which overlaps with the nuclear matrix targeting signal
(NMTS) [69]. Furthermore, the specific residues responsible for the interaction of Runx2 with
R-Smads have been identified. A triple mutation of amino acids 426–428 (HTY-AAA) in the
Runx2 C-terminal domain abolished both interaction with Smads and osteogenic
differentiation [70].

Other mechanisms by which Smad proteins promote osteogenesis have been described. Smad1
interacts with Hoxc8, a transcription inhibitor, and dislodges it from its binding sites to
stimulate osteoprotegrin transcription [71]. Osterix, an Sp1 transcription family member, is
essential for osteogenesis. It is up regulated by BMP2 during osteoblast differentiation and is
considered to work downstream of Runx2 [73]. Recent studies have suggested that in addition
to Runx2- mediated induction of Osterix, BMP signaling can also induce Osterix expression
through Msx2 [74], which is one of the three members of Msh family of homeobox genes and
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induced directly by BMP specific R-Smads [75]. Other possible mechanisms of BMP induction
of osterix expression could be through Dlx5 (reviewed in [76]). Taken together, BMP R-Smads
mediate BMP function in osteogenesis by interacting with Runx2 to activate target gene
transcription, in parallel with direct induction of important osteogenic genes like MSX2 and
Dlx5, leading to the induction of osterix (Figure 2).

On the other hand, TGFβ R-Smads have been shown to work both synergistically and
antagonistically with BMP in osteogenesis. For example, Smad3 has been shown to bind to
the osteopontin promoter as a sequence specific activator [72]. However, TGFβ activated
Smad3 inhibits osteocalcin expression by forming a repressive complex with Runx2 and
histone deacetylase (HDAC) at osteocalcin promotor, and this mechanism is cell type and
promoter specific [77].

Other transcriptional regulators working upstream, downstream or in parallel with BMP
signaling in osteogenesis include Bapx1, Msx1, Dlx6, and Inhibitor of differentiations (Ids)
(for a detailed review, see [78]). Although these molecules participate in BMP signaling, direct
evidence of interactions with Smad proteins in the context of osteogenesis is still missing. How
TGFβ work synergistically or antagonistically with BMPs in this process through different
Smad activities requires further investigation.

4. Roles of Smads in Skeletal Tissue Regeneration
Tissue regeneration in bone and cartilage more or less recapitulates the process of development.
However, there are noteworthy differences in terms of the cytokines and growth factors
involvement. Therefore, it is reasonable to speculate that the process of bone/cartilage tissue
regeneration has its own requirements for specific BMP/TGFβ ligands, receptors, and Smads
[79]. The bone healing process has been artificially divided to four different stages including
1) Inflammation, 2) cartilage formation and periosteum response, 3) cartilage resorption and
primary bone formation, and 4) secondary bone formation and remodeling. Multiple cytokines
and growth hormones are involved in the four temporally overlapping stages. These include
Interleukins, TNFα, PDGF, VEGF, and BMP/TGFβ. The major challenge in understanding
the roles of BMPs and TGFβ in tissue regeneration at the molecular level is to characterize the
spatial/temporal activity profile of different BMP/TGFβ ligands, receptors, and Smads, so that
appropriate therapeutic strategies can be developed [80]. Fracture healing is the most widely
studied process in bone tissue regeneration. Most bones heal by a combination of
intramembranous and endochondral ossification. Endochondral bone formation occurs closer
to the fracture site, which is mechanically unstable. It occurs external to the periosteum.
Intramembranous bone formation occurs at both ends of the callus and internal to the
periosteum [81]. During this process, BMP/TGFβ signaling is responsible for recruiting bone-
forming cells, initiation of chondrogenesis and osteogenesis, and regulation of bone
remodeling. Many studies have been done in animals and humans to elucidate the expression
patterns of different ligands, leading to speculation on their functions [79]. A recent study
demonstrated an essential role for BMP2 in fracture healing. Mice lacking BMP2 in limb
cartilage and bone suffer from spontaneous fractures and an impaired fracture response in
which cells are recruited to the site of injury but are unable to commit to chondrogenic or
osteogenic fates[82]. For clinical applications, human recombinant BMP2 and BMP7 have
been approved for promoting fracture healing. Direct evidence for the specific roles of Smad
proteins in this process is very limited. A study in a rat fracture model indicated that in the
fracture healing process, Smad1 and 5 expression patterns are similar to those of BMP2 and
7; whereas Smad2 and 3 expression patterns are similar to those of TGFβ[83]. This suggested
that, at least partially, BMP/TGFβ signaling in fracture healing is mediated by canonical Smad
pathways. However, in addition to mediating the BMP/TGFβ signaling, it is conceivable that
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Smad proteins have multiple interactions with other signaling molecules to promote
chondrogenesis and osteogenesis.

Studies of BMP/TGFβ signaling in cartilage repair or regeneration are mostly within the
context of osteoarthritis (OA). TGFβ signaling promotes chondrocyte production of
extracellular matrix (ECM), and maintains articular cartilage homeostasis. A number of ECM
proteins have been shown to be TGFβ target genes [84]. Its protective role has been confirmed
by the fact that Smad3−/− mice develop OA [28]. This also indicated that TGFβ exerts its
protective role in articular cartilage at least partially through Smad3, rather than Smad2.
Moreover, TGFβ has been shown to promote cartilage repair and to alleviate OA in animals.
However, a major complication of applying TGFβ for OA treatment is that TGFβ application
also induces the unwanted effects of tissue fibrosis and osteophyte formation. Recent studies
have explored the possibility of applying TGFβ I-Smads locally in soft tissue to avoid this
problem, but whether this is practicable is still under evaluation [85,86].

5. Role of I-Smads
I-Smads (Smad6 and 7) are key factors in intracellular regulation of BMP and TGFβ signaling.
The protein-binding MH2 domain of I-Smads is structurally similar to that of R-Smads, but
lacks the C-terminal Ser-X-Ser motif that is phosphorylated by the activated type I receptor.
I-Smads act as competitive inhibitors of R-Smad phosphorylation by forming stable
associations with activated type I receptors [87–89]. Smad6 can also inhibit R-Smad signaling
in a phosphorylation-independent manner by interacting with receptor-activated Smad1, thus
forming an inactive Smad1–Smad6 complex [90]. In addition to their role as competitive
inhibitors, I-Smads can inhibit BMP and TGFβ signaling by recruiting E3 ubiquitin ligases to
type I receptors, R-Smads or Smad4, leading to their ubiquitination and degradation [91–94].
I-Smads, however, are not immune to E3 ligases. Smad7 can be targeted by the RING-domain
E3 ligase, Arkadia [95], resulting in amplified TGFβ signaling. Interestingly, the expression
of I-Smads is directly induced by BMP and TGFβ signaling, thus forming a negative feedback
loop that limits the intensity and duration of BMP and TGFβ signaling. In addition, the complex
interaction between I-Smads and E3 ligases may fine-tune BMP and TGFβ signaling.

I-Smads are strongly expressed in the prehypertrophic and hypertrophic zones of the growth
plate [41], suggesting a role for I-Smads in regulating chondrocyte maturation. Indeed, gain-
and loss-of-function studies have shown that I-Smads regulate chondrocyte maturation in vitro
[96,97]. In vivo analyses revealed that I-Smads play multiple roles in development. Mice with
a global deletion of Smad6 or Smad7 exhibit defects in the cardiovascular system [34,36].
Moreover, mice with a hypomorphic allele of Smad7 have altered immune responses [37]. Gain
of function studies has recently been conducted to determine role of I-Smads in endochondral
bone formation. Cartilage-specific overexpression of Smad6 results in delayed chondrocyte
hypertrophy leading to dwarfism [35]. Overexpression of Smad7 at various stages of
endochondral bone formation in mice results in inhibition of mesenchymal cell condensation
and chondrocyte proliferation, as well as delayed chondrocyte maturation [40]. Because of the
high levels of I-Smad expression in these transgenic mice, the results may only highlight the
pathological role of I-Smads in endochondral bone formation. Furthermore, it is not known
whether Smad7 is normally expressed in condensing mesenchymal cells or proliferating
chondrocytes. Hence, the physiological role of I-Smads is still unknown.

6. Smads and other signaling pathways
BMP/TGFβ signaling interacts with other signaling pathways to form a complicated network
regulating cellular growth, differentiation, migration and apoptosis. These interactions and
their end effects are usually species, tissue, and temporal-spatial specific. They also occur at
different regulatory levels by engaging ligands, Smads, target genes, and intracellular proteins.
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In the context of skeletal development, BMP/TGFβ signaling predominantly interacts with
Wnt, Indian Hedgehog (Ihh), PTHrP, FGF, PI3K/Akt, and MAPK signaling pathways through
Smad-dependant interactions.

6.1 Smad interaction with Hedgehog and PTHrP pathway
Ihh signaling is important in growth plate chondrocytes. By interacting with PTHrP, Ihh
promotes proliferation and inhibits differentiation of growth plate chondrocytes, thus
regulating bone growth (reviewed in [98]). As mentioned above, Ihh is a direct target gene of
BMP [48], and Ihh also promotes BMP expression levels. In vitro studies demonstrated direct
association of Smad1 with truncated Gli3 protein[99], indicating direct roles of Smad proteins
in the interaction of these two signaling pathways. In vivo data from Smad1/5cko mice showed
that Ihh and PTHrP receptor (PPR) mRNA levels were significantly reduced, indicating that
BMP regulation of Ihh and PPR is direct and Smad1/5 dependent [12]. Little is known about
interaction between TGFβ and Hedgehog signaling. A mouse metatarsal culture study
suggested that the signaling relay from Ihh to PTHrP in the growth plate is mediated by
TGFβ2 in the perichondrium [100]. Another study has shown that Smad3-dependent TGFβ
signaling up-regulates Gli2 expression in fibroblasts, keratinocytes, and several cancer cell
lines. Mice with TGFβ1 overexpression showed Smad3- dependent increased expression of
Gli1 and Gli2 in the skin. [101]. However, whether these are true in the skeletal system remains
to be investigated.

6.2 Smad interaction with FGF pathway
FGF signaling is essential in both endochondral and intramembranous bone formation.
Disruption of FGF signaling is the cause of several human craniosynostosis and
chondrodysplasia syndromes. FGF controls chondrocyte and osteoblast proliferation and
differentiation through Jak/Stat and MEK1 pathways (reviewed in [102]. Previous studies have
shown the antagonistic functions of FGF and BMP signaling in chondrocytes, however, the
particular mechanisms underlying this antagonism remain largely unknown. Mouse model
studies involving deletion of BMPR1A (ALK3) and BMPR1B (ALK6) in chondrocytes have
confirmed this antagonism by showing the up-regulation of Stat1, Stat5, ERK1/2 in mutant
growth plates, as well as increased levels of FGF receptor I [103]. In terms of Smad
involvement, studies in other systems have shown that the linker region of Smad1 can be
phosphorylated by MEK1 pathways, thereby inhibiting BMP signaling [104,105]. However,
our recent study in a limb culture system argues this is not true for growth plate chondrocytes
in vivo. FGF signaling did not affect linker phosphorylation of Smad. Instead, linker
phosphorylation was induced by BMP treatment. Interestingly, the C-terminal phosphorylation
of Smads is reduced in cartilage after FGF treatment, suggesting that FGF signaling antagonizes
BMP by an indirect mechanisms, possibly by inducing de-phosphorylation of Smads or
regulating BMP ligand and receptor expression [12].

6.3 Smad interaction with Wnt signaling
Wnt is another key signaling molecule in skeletal cells, regulating proliferation, differentiation,
migration and apoptosis. The interactions between BMP/TGFβ and Wnt pathways are profound
and bidirectional. They occur at the level of ligands, cytoplasmic signaling intermediates, and
transcriptional targets. First of all, Wnt and BMP/TGFβ pathways regulate ligand expression
reciprocally. For example, in chicken embryos, Wnt-8c induces Nodal (a member of TGFβ
superfamily) expression in a β-catenin-dependent manner [106], and BMP2 down-regulates
Wnt7a and β-catenin in a p38 dependent manner, leading to enhanced chondrogenesis in
mesenchymal cells [107]. An interaction also happens through connective tissue growth factor
(CTGF). Wnt and BMP co-regulate CTGF expression in mesenchymal stem cells, and its
induction inhibits osteoblastic differentiation[108]. CTGF is also co-regulated by Wnt and
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TGFβ in Xenopus embryos. In this scenario, CTGF interacts directly with BMP4 and TGFβ
through its cystine rich (CR) domain. This direct binding prevents BMP4 from binding to its
receptor, but enhances TGFβ1-receptor binding [109]. (For a more detailed review, see
[110]).

Smad proteins play an important role in the cross talk between BMP/TGFβ and Wnt signaling.
The first evidence of direct Smad interaction with Wnt signaling components was in
Xenopus embryos. It was shown that Smad4, β catenin and Lef1 form a complex to activate
expression of the Wnt target gene twin (Xtwn) [111]. Interestingly, this process does not
necessarily require active TGFβ/Activin signaling, implying an independent function of Smad4
[112]. Another study showed a direct interaction of Smad2, 3 and 4 with Lef1/TCF in
mammalian cells. But these mechanisms of transcriptional regulation cannot be generalized
since not all target genes of Wnt are regulated this way, and BMP signaling does not affect
expression of these genes [111–113]. However, there are other genes that are regulated by a
similar mechanism, including Msx1, Msx2 and Id2, which are relevant to skeletal system
development, although the evidences comes from studies of neural development and human
carcinoma [114–116]. In reciprocity, Wnt signaling can regulate BMP/TGFβ signaling by
regulating GSK3-β activity. Wnt signaling deactivates GSK3-β and stabilizes Smad1, by
preventing the ability of GSK3-β to phosphorylate the Smad linker region [117]. Linker
phosphorylation of Smad1/5 by GSK3-β facilitates degradation, and prevents R-Smad
interaction with nuclear pores [118]. Axin interacts with Smad3 to facilitate TGFβ signaling
[119]. However, a recent study reported that Axin promotes Smad3 degradation to inhibit
TGFβ signaling [120]. In a skeletal context, TGFβ1 has been shown to increase β-catenin
nuclear translocation and to exert effects similar to those of Wnts on human bone marrow
derived mesenchymal stem cells (MSC) (stimulating proliferation while inhibiting
differentiation of these cells toward osteoblasts) or adipocytes. This process is Smad3-
dependent and involves direct interaction between Smad3 and β-catenin. Using siRNA to
knock down Smad3 abolished this effect, suggesting that Smad2 is unable to compensate for
Smad3 for this specific function [121]. BMP signaling has been shown to have an opposite
effect on Wnt signaling. Smad1 interacts with Dvl-1 at the linker region and this interaction
accounts for the inhibitory effect of BMP2 on Wnt signaling in mouse mesenchymal stem cells
(MSCs) [122].

6.4 Smad interaction with PI3K/Akt pathway
Phosphatidylinositol 3 kinase converts phosphatidylinositol-4, 5-bisphosphate (PIP2) to
phosphatidylinositol-3, 4,5-triphosphate (PIP3). PIP3 then regulates downstream effectors such
as Akt, a serine/threonine kinase. This pathway usually promotes cell survival, growth, and
migration. The PI3K/Akt pathway is negatively regulated by phosphatase and tensin homolog
deleted on chromosome 10 (PTEN), which is a phosphatase that dephosphorylate PIP3 to
PIP2 thus deactivating PIP3-dependent pathways. Just like TGFβ-Wnt interactions, interactions
between PI3K/Akt and BMP/TGFβ have been discovered in different cell types. PI3K/Akt
pathways antagonize the pro-apoptotic effects and cell cycle arrest induced by TGFβ signaling.
The mechanism of the pro-apoptotic effect of TGFβ has been shown in different cell types,
and is mostly Smad3-dependent [123]. Consistently, the mechanism of PI3K/Akt –mediated
restriction of TGFβ signaling appears to be through Smad3. Different studies have suggested
mechanisms involving direct or indirect interaction of Akt with Smad3, and enhanced or
attenuated TGFβ signaling regulated by PI3K/Akt (for a more detailed review, see [110]). On
the other hand, PI3K/Akt signaling is also regulated by BMP/TGFβ in the context of cell
migration, epithelial-mesenchymal transition, cell survival, and cell growth; but again, these
interactions are all likely cell type dependent [110]. In a more skeletal context, studies carried
out in mesenchymal precursor 2T3 cells showed dominant-negative PI3K and dominant-
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negative Akt have been shown to inhibit Smad5-dependent target gene transcription, as well
as nuclear translocation of BMP-specific R-Smads after ligand stimulation [124].

7.4 Smad interaction with MAPK pathway
MAPK pathways are evolutionarily conserved and regulate a variety of cellular events. There
are three distinct MAPK pathways, Erk1/2, JNK1/2/3, and p38/MAPKs. The interaction of
MAPK pathways with BMP/TGFβ and Smads generates a complicated network, involving
transcriptional regulation of Smads, as well as phosphorylation of Smad linker regions. Some
of these interactions have been discussed in the context of Smad/FGF interactions. Again,
although the interactions have been intensively studied, most of the evidence is derived from
in vitro studies. For example, Smad1/5 and Smad2/3 could all be phosphorylated by MAPKs
at the linker region, and this phosphorylation had different effects on each individual Smad
(reviewed in [110]). So far, in vivo data from the skeletal system are limited.

However, both BMP and TGFβ/activins have been shown to activate certain MAPK pathways,
such as TAK1/p38 pathway. These pathways mediate the effects of non-Smad signaling, or
non-canonical signaling of TGFβ superfamily proteins [17,18], although the mechanisms of
how BMP/TGFβ activate the MAPK signaling pathways are still under intensive investigation.
The most recent study showed that, in glomerular mesangial cells, TGFβ1 activate TAK1
through TAB1-mediated auto-phosphorylation of TAK1, without the requirement of the kinase
activity of type I receptor [125]. As mentioned in the beginning of this review, such non-
canonical signaling may be more important than suggested by our current understanding. The
fact that MAPK pathways also regulate Smad protein activities raised the possibility of cross-
talk between these two branches of BMP/TGFβ signaling in skeletal genesis. In deed, in
addition to linker region phosphorylation, studies on TAK1 conditional knock out mice in
chondrocytes suggested TAK1 also regulate C-terminal phosphorylation of Smad1. Moreover,
TAK1 deficient chondrocytes showed reduced activity of Smad1/5/8, and decreased expression
level of multiple BMP target genes, suggesting extensive regulation of BMP signaling by
TAK1 through acting on both Smad and non-Smad proteins [126].Further investigation is
needed to reveal this emerging complex picture of BMP/TGFβ signaling crosstalk.

Perspectives

Smad proteins have been long considered the major intracellular signaling transduction
molecules for TFGβ superfamily members. Since TGFβ superfamily signaling has a key
role in skeletal development and regeneration, it is then very important to understand the
role of Smad proteins in this context. However, fewer studies have been focused on Smad
family members than on the corresponding ligands and receptors. With the emerging picture
of a complicated network of intracellular molecules involved in TGFβ superfamily
signaling, it is more important to unveil the functions of Smad proteins. A major challenge
here is that the functions of Smads and their interactions with other signaling molecules
seem to be cell type, tissue and species specific. This emphasizes the importance of in
vivo studies in animal models. Currently, mouse models are the most accessible and
convenient for studying Smad functions in skeletal development. Recent studies have
already pointed out the importance of Smad1/5 in skeletal formation; however, roles of
TGFβ specific Smads, co-Smad, and inhibitory Smads have not been fully addressed. For
the investigation of these topics, conditional knockouts of Smad proteins in different
compartments or stages of skeletal development will yield valuable information. At the
same time, interactions with other signaling pathways or intracellular molecules could be
studied in these animal models. Such studies will reveal more information about the major
regulators in skeletal development and regeneration, identify new participants/targets in
these processes and lead to new strategies for disease treatment and tissue engineering.
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Figure 1. The Smad and Non-Smad pathway of BMP/TGFβ signaling
BMP/TGFβ signaling in vivo is mediated by either the Smad pathway (canonical) or the Non-
Smad (non-canonical) pathways. Both pathways could mediate important functions of BMP/
TGFβ in skeletogenesis. The non-Smad pathways also regulate Smad proteins by modulating
linker region and C-terminal phosphorylation. Moreover, Smad proteins also modulate
activities of molecules in Non-Smad pathways. The preference of intracellular pathways by
different receptor complexes, the crosstalk between these two pathways, and the exact signaling
mechanisms of the Non-Smad pathways in skeletal system remain to be investigated.
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Figure 2.
BMP signaling regulates important osteogenic genes through direct induction of Runx2, Msx2
and possibly Dlx5 in a Smad dependant manner. Then these molecules induce other important
osteogenic gene expression, such as osterix. Runx2 work with R-smad in an activator complex
to activate BMP responsive genes. Osterix also activate osteogenic gene transcription,
promoting the osteoblastic differentiation
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Table 1

Gene Mutation Promoter Phenotype Ref

Smad1 −/− - Lethal at E 10.5, defect in extra-
embryonic tissues and germ cell
formation

[19]

Smad2 −/− - Lethal at E 7.5–12.5, defects in
primitive streak formation, A-P axis
formation in epiblast, and gastrulation

[20] [21]; [22];
[23]

Smad2 ES chimera Lac-z marked Smad2
deficient cells

Absence of Smad2 deficient cells in
definitive endoderm

[24]

Smad3 −/− - Colorectal carcinoma, immuno-
function
defect, and osteoarthritis later in life

[25]; [26]; [27];
[28]; [29]

Smad4 −/− - Lethal at E 6.5–8.5, defects in
gastrulation (mesoderm), anterior
truncation of embryos

[30]; [31]

Smad4 CKO Col2a1-Cre Dwarfism [11]

Smad4 CKO Osteocalcin-Cre Reduced osteoblast proliferation and
function

[32]

Smad5 −/− - Lethal at E 10.5–11.5, defects in
angiogenesis

[33]

Smad6 −/− - Partially lethal, defects in endocardial
cushion formation, and aortic
ossification and high blood pressure in
viable mutants

[34]

Smad6 Overexpression Col11a2 Delayed chondrocyte hypertrophy,
dwarfism with osteopenia

[35]

Smad7 MH2 domain
deletion

- Partially lethal, defects in endocardial
cushion formation

[36]

Smad7 Exon1 deletion - Mutant is smaller, altered B cell
response to TGFβ signaling, increased
fibrogenesis.

[37]; [38]; [39]

Smad7 Overexpression Prx1-Cre; 11Enh-Cre;
11Prom-Cre

Decreased chondrocyte proliferation;
differentiation

[40]

Smad1
/5/8

Smad1cko;Smad
5cko;Smad8−/−

Col2a1-Cre Severe chondrodysplasia with
embryonic lethality

[12]
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