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1. ABSTRACT

Bone morphogenetic proteins, BMPs, are
members of the transforming growth factor-b (TGF-b)
superfamily, which are implicated in embryogenesis,
organogenesis, skeletogenesis, osteogenesis, cellular
differentiation and apoptosis by regulating the expression
of specific target genes. Recent progresses in studying the
BMP signaling reveal that a cytoplasmic protein family,
Smad, plays a central role in mediating the biologica
effects of BMPs. Smad transduces the signal from the
cytoplasm to the nucleus where Smad regulates the
transcription of the target genes through the direct
association with the specific biding elements or with
assistance of other transcription factors or co-activators
such as p300/CBP. In addition, the signals mediated by
Smad are also positively or negatively controlled by cross-
talks with other hormone, growth factor or cytokine
signalings, thereby modulating the biological actions of
BMPs. Moreover, Smad signaling has negative feedback
regulations at the cytoplasmic or nuclear level, which are
important to restrict or terminate the biological effect of
BMPs. Here we provide an overview of recent knowledge
about the roles of Smad family in the regulation of BMP
signaing.

2.ACTIVATION OF SMAD

BMP exets its diverse biologica effects
through two types of transmembrane receptors, BMP type |
(BMPRI) and type Il receptors (BMPRII) (1, 2), both of
which posses intrinsic serine/threonine kinase activity (1, 2)
(Figure 1). Upon binding to the type Il receptors, BMP
induces hetero-dimerization between BMP type | and type
11 receptors, and subsequently BM PRI is phosphorylated by
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BMPRII, recruits and phosphorylates R-Smad (receptor-
regulated Smad), including Smadl, Smad5 and Smad8 (3-
5) (Figure 1 and 2). In contrast to BMPs, other members of
TGF-b superfamily such as TGF-b or activin activates
other R-Smad such as Smad2 and Smad3 (3-5) (Figure 2).
Until BMP or TGF-b €licits the receptors, R-Smad remains
inactive by forming intramolecular association between
MH1 and MH2 domain, and is anchored to the cell
membrane through the binding to SARA (Smad-anchor for
receptor activation) (6) (Figure 1). Activated R-Smad
forms the heterocomplex with Smad4, which is categorized
as Co-Smad (Common-partner Smad) (Figure 2), and then
the complex translocates into the nucleus and regulates the
transcription of specific target genes (Figure 1). To date,
only one Co-Smad has been cloned and characterized in
mammals. In Xenopus, Smad4-b (also known as Smad10)
was identified as the second Co-Smad that lacks the nuclear
export signal, resulting in constitutively localizing in the
nucleus (7). Both R-Smad and Co-Smad contain two
conserved domains named as MH1 (Mad homology 1) and
MH2 domains spanned by a linker region (3-5) (Figure 2).
MH1 domain serves as DNA binding domain, whereas
MH2 domain has a capacity to associate with type |
receptor, Co-Smad, transcription factors, p300/CBP, and
SARA (Figure 2). Structural study revealed that the
sequence motif in L3 loop of R-Smad that associates with
L45 loop of type | receptor defines the ligand-specificity
(8). R-Smad but not Co-Smad has SSxS motif at the C-
terminal  region (Figure 2), which is gspecifically
phosphorylated by corresponding type | receptor (Figure 1
and 2). On the other hand, Smad6 and Smad7 have MH2
domain but lack MH1 domain (Figure 2), consequently
Smad6 and Samd7 act as inhibitory Smad (1-Smad) for R-
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Activation and inactivation of Smad

Figure 1.
signaling.Receptor-regulated Smad (R-Smad), which is
recruited to cell membrane by SARA, is ready to respond
to ligand stimulation. After activation of type | receptor, R-
Smad, is phosphorylated and forms hetero-complex with
common Smad (Co-Smad). Subsequently, the hetero-
complex translocates into the nucleus and regulates the

transcription of target genes. Inhibitory Smad (I-Smad)
negatively regulates Smad signaling by blocking the
binding of R-Smad to type | receptor, hetero-complex
formation between R-Smad and Co-Smad, and the
transcriptional regulation by R-Smad in the nucleus.
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Figure 2. Schematic diagram of Smad family. Smad family
is classfied into receptor-regulated Smad (R-Smad),
common-partner Smad (Co-Smad) and Inhibitory Smad (I-
Smad). R-Smad contains specific phosphorylation motif,
SSxS, at the c-terminal region.
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mad and/or Co-Smad by inhibiting the association of R-
Smad with type | receptors (9, 10) or its complex formation
with Co-Smad (11) (Figure 1 and 2). Interestingly,
expression of Smad6 or Smad7 is up-regulated or induced
by BMPsor TGF-b (12, 13). Samd7 blocks both BMP and
TGF-b signaling, whereas Smad6 seems to be specific for
BMP signaling It is also reported that Smad6 function as
repressor in the nucleus (14) (Figure 1). Furthermore, 1-
Smad is involved in degradation of type | receptor through
ubiquitin-proteasome system as described below. Thus, |-
Smad restricts the magnitude of Smad signaling dlicited by
BMPs or TGF-b through several different mechanisms

276

(Figure 1). These feedback regulations provide an
important fine-tune mechanism for the BMP signaling and
control the cellular functions.

3. REGULATION OF TRANSCRIPTION BY SMAD

3.1. Direct binding of Smad to DNA

Like TGF-b, BMPs mediate the biologica
effects by stimulating transcriptional actions on the target
genes. R-Smad and Co-Smad binds target genes directly
through b-hairpin loop presentin MH1 domain (15) (Figure
3). Biochemical studies show that CAGAC or AGAC motif
is optimal for the binding. Indeed, these Smad binding
elements (SBE) exist in the promoter region of
plasminogen activator inhibitor-1 (PAI-1), JunB, and 1gC a
genes that are responded to TGF-b, activin, or BMPs (16-
18). However, it is unlikely that this Smad-SBE binding
alone is sufficient to define the specificity of Smad
signaling based on the following reasons; Firt, there is no
SBE motif in the goosecoid gene that is strictly regulated
by TGF-b (19). Second, the binding affinity for SBE is not
strong enough to achieve the transcriptional regulation of
many target genes (15). Third, the sequence of b-hairpin
loop is highly conserved in al R-Smad and Co-Smad, and
the binding affinities for Smadl, Smad3 and Smad4 to the
SBE are similar (15). Fourth, the incidence of SBE
sequence in genome is not rare, suggesting that SBE is not
able to determine the tissue specific effects of BMPs or
TGF-b. Thus, other mechanisms should be required for
determining the specificities of Smad and augmenting its
binding affinity for the target genes, and the binding to
SBE appearsto provide the scaffold for Smad.
3.2. Association of Smad with
transcription molecules

A winged-helix transcription factor family,
Fast-1 was identified as a molecule which specifically
binds to activin response element (ARE) present in
Xenopus Mix.2 gene in activin-dependent manner (20)
(Figure 3). Since ARE is sufficient to transactivate Mix.2
gene (20), Fast-1 is a key regulator for this transcriptional
regulation. Two mammalian homologues of Fast-1, Fast-1
and Fast-2 (19, 21), were aso isolated from specifictissues
where activin signaling is necessary for embryonic
development. The Fast molecules physically associate with
a-helix region of MH2 domain of Smad2, and
consequently regulate the transcription of the target gene
such as Mix.2, goosecoid and Lefty2 genes (19, 21) (Figure
3). Biochemical studies indicate that Smad2 is unable to
directly bind these target genes but assists both Smad4 and
Fast-2 to bind goosecoid gene by forming the complex
(19). Collectively, in this paradigm, Smad2/Smad4, which
serves as the turning-on/off switch, and Fast family
functions determine the specificity of the signals (Figure 3).
The transcriptional studies using Smad4 deficient cells
support the necessity of complex formation between Smad2
and Smad4 for the transactivation of Mix.2 gene by Fast-1
even though Smad2 does not directly bind to the gene (22).
Of interest, Smad3 also physically associates with Fast-2,
but inhibits the transcriptional activation of Fast-2 by
blocking Smad4 to bind to goosecoid gene (19). These
observations provide a model that shows the functional

tissue-specific



Regulation of Smad signaling
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Figure 3. Transcriptional regulation by Smad. A: Hetero-
complex of R-Smad and Co-Smad binds to Smad binding
element (SBE) in the target genes and regulates their
transcription. B: Tissue specific transcription factor such as
Fast binds to ARE elements in the target genes but Fast
itself is not able to transactivate them. When ligand
stimulates Smad signal, Smad complex associates with Fast
and assists it to exhibit transcription. C: Smad complex
bound to SBE interacts with the partner transcription
factors including Runx, AP-1 and TFE-3, and
synergistically controls the transcription of target genes. D:
Smad complex efficiently regulates the transcription of the
target genes by association with coactivator P300/CBP. E:
When Smad complex associates with repressor, TGIF, Ski
or SnoN, the transcription of target genes are shut off.

differences between Smad2 and Smad3 and the
bifunctional roles of Fast-2. A zinc-finger protein OAZ is
also a bifunctional transcriptional regulator in controlling
Xvent-2 gene that is one of the specific target genes for
BMPs and controls mesoderm ventralization (23). OAZ is
able to associate with activated Smadl, and Smadl/OAZ
complex binds to BMP response element (BRE) in Xvent-2
gene and increases Xvent-2 gene promoter activity. In
contrast, when a transcription factor OIf-1/EBF exists,
OAZ preferentialy binds Olf-1/EBF, and transactivates the
genes that are involved in development of olfactory
epithelium or pre-B lymphocyte through binding to
CCGCCC  motif, consequently  decreasing  the
transcriptional activity on Xvent-2 gene (23).
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3.3. Cooperative role of Smad and other transcription
factors

Several studies have indicated the functional
cooperation between Smad and general transcription factors
that enhances their transcriptional activity on the target
genes. ATF-2 and c-Jun were shown to be common targets
for Smad3 (24-26). Cooperative role of Smad3 and Smad4
with c-Jun/c-Fos complex in the augmentation of AP-1
activity has also been described (26, 27) (Figure 3). In
addition, synergistic cooperation of TFE3 and Smad has
been found to increase PAI-1 promoter activity in response
to TGF-b stimulation (28, 29). Consistent with this notion,
the binding region of TFE3 to PAI-1 gene was identified as
E-box, which is located adjacent tothe SBE site (28)
(Figure 3). Thus, Smad is capable of enhancing the
functions of these transcription factors by assembling the
formation of this complex.

Smad is also able to associatewith the members
of a transcriptional family, Runx/Pebp2a/AML/Chbfa (30,
31) (Figure 3). As one of the important aspects in this
molecular assembly, Smad3 has been shown to assist Chfa3
to control the IgA class switching in B lymphocytes by
forming the complex (30). Similarly, Smadl interacts with
Runx2/Cbfal, which is an essential transcriptional factor
for bone formation, in a BMP-dependent manner (32, 33),
and this complex formation enhances the transcriptional
activity of Cbfal on osteocalcin promoter (33).

The identification of binding of Smad to SIP1
provides another molecular mechanism by which Smad
stimulates the transcription of some genes through
releasing the repression. SIP1 works as repressor in basal
conditions. When Smad is activated and interacts with
SIP1, Smad blocks the SIP1 function and releases SIP1
from DNA, thus transactivating the promoter of specific
genes (34, 35).

3.4. Recruitment of Co-activator by Smad

To efficiently activate the transcription of the
target genes, Smad a so recruits the co-activator p300/CBPthat
has histone acetyHransferase (HAT) activity (36, 37). By this
enzymatic activity, the complex enables to loose the
nucleosome structure and increasss access of basal
transcriptiona factors including RNA polymerase 11 (Figure
3). Since p300/CBP is a large molecule and has &bility to
associate with several transcriptiona  regulators  through
different domains, the association of Smad with p300/CBP can
link the BMP signding to other signaling pathways. As an
example, Smadl and Stat3 can assemble the complex through
the binding to p300/CBP as discussed below (38) (Figure 3
and 4). In addition, orphan transcriptional activator MSGL1,
which has a strong transactivating activity but lacks a DNA-
binding activity, binds Smad4, which in turn enhances the
transcriptional activity of MSGL1 (39, 40). These findings
suggest that Smad needs the assistance of these co-activatorsto
function opticdly in the nucleus, dthough Smad itsdf
apparently hastransactivating activity (41, 42).

3.5. Suppression of Smad function in thenucleus
To properly mediate the biological effects
during cellular differentiation or embryonic development,
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Figure 4. Cross-talk between Smad and other signaling. Smad complex directly or indirectly associates with LEF/b-catenin,
Stat3 or vitamin D receptor (VDR) which is elicited by Wnt, LIF or vitamin D, respectively. Erk kinase activated by EGF or
HGF positively or negatively regulates activation of Smad by phosphorylating c-terminal or linker region, respectively.

BMPs or TGF-b signaling needs to suppress the
transcription of some genes or restrict the magnitude of the
signals at the transcriptional level. To achieve this, Smad
also recruits the co-repressors. A homeo-domain repressor,
TGIF, which interacts with histone deacetylases (HDAC),
binds to Smad2 or Smad3, and suppresses the transcription
regulated by Smad (43-45) (Figure 3). In this case, TGFI
seems to block the association of Smad with p300/CBP by
interacting the same region. Since the expression of TGIF
is induced by ligand stimulation, it is likely that this
inhibitory effect by TGIF functions as a negative feedback
loop. Similarly, the members of the oncoprotein family, Ski
and its related protein SnoN, also interact with Smad2 or
Smad3, and negatively regulate the Smad activity by
recruiting N-CoR, mSin3A and HDAC to the complex (46-
50) (Figure 3). Interestingly, the expression of Ski is down-
regulated by degradation when BMP or TGF-b sgnd is
active and necessary in the nucleus (51). However, in some
types of cancer cells, Ski is highly expressed and not
degraded in response to TGF-b, resulting in shutting down
the tumor-suppressive effects of TGF-b (52). This
observation suggests the role of oncoprotein Ski and SnoN
in oncogenesis.

Similar to Ski and SnoN, a oncoprotein Evi-1 is
likely to exhibit the oncogenic activity in hematopoietic
cells by suppressing the effects of TGF-b (53). Evi-1,
which encodes a zing-finger protein, physicaly interacts
with Smad3 and suppresses its transcriptional activity
presumably as a repressor (53). Evi-1 may be involved in
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the pathogenesis of leukemia, at least in part, through the
association with Smad (54).

4. NETWORKSWITH OTHER SIGNALING

The biological actions of BMPs or TGF-b are
positively or negatively modulated by other hormones,
cytokines and growth factors. Vitamin D receptor (VDR)
physically interacts with activated Smad2 or Smad3 in the
nucleus, and enhances transcriptional activity of
Smad2/Smad3 (55) (Figure 4). Although the functiona
relationship between TGF-b and vitamin D is currently
unknown, the observation suggests the functional
cooperation between Smad and other nuclear receptors.
Whnt/wingless pathway aso synergistically communicates
with Smad signaling When Wnt signaling and TGF-b
signalingare active, Smad3 associates with b-catenin/LEF-
1 complex, and the assembled complex cooperatively
transactivates the Xtwn gene promoter (56) (Figure 4). In
Xenopus, this interaction between Wnt and TGF-b
signaling play an important role in formation of Spemann’s
organization (57, 58).

As described above, Smadl is able to form
complex with Stat3 through binding p300/CBP (Figure 4).
Consistent with this, BMP2 and LIF synergisticaly
transactivate the target gene and induce the differentiation
of astrocytes in the presence of p300 (38). In contrast,
interferon-g has been shown to induce Smad7 expression
through activation of Statl, thereby inhibiting the action of
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Figure 5. Restriction of Smad signaling by ubiquitination-proteasome degradation system. A: Smurfl interacts with R-Smad and
degrades it after ubiquitination. B: In the nucleus, Smurf2 or ROC1 degrades R-Smad after ubiquitination. C: After interaction of
Smurf with 1-Smad, the complex associates with type | receptor, and Smurf degrades both I-Smad and type | receptor.

TGF-b in the cdls (59). These findings indicate that Smad
signaling is positively or negatively modulated by the
cross-talk with Stat signaling

It is well-known that EGF antagonizes BMP
effect. This mechanism has been elucidated, in part, by
inactivation of Smadl (60). A MAP kinase, Erk, which is
activated by EGF or HGF stimulation, phosphorylates
PxSP motif present in the linker region of Smadl, and this
phosphorylated Smadl is unable to translocate into the
nucleus and stimulate the transcription (60) (Figure 4).
Consistent with this observation, oncogenic Ras-
transformed cells show the resistance to the growth
inhibitory effects of TGF-b (61). In contrast, Smad2 has
been shown to be phosphorylated at carboxyl-terminal
phosphorylation site and activated by HGF stimulation (62)
(Figure 4). The reason of this discrepancy between these
studies is currently unknown and further investigations are
required.

5. RESTRICTION OF SMAD SIGNALING BY
DEGRADATION

Recently, the evidences that the ubiquitination-
proteasome system play roles in regulation of Smad
signaling are accumulating. A HECT domain E3 ligase,
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Smurfl, was initidly identified as a molecule that
associated with Smadl (63). Smurfl has a C2 domain and
two WW domains. The WW domain of Smurfl interacts
with PPXY motif in the linker region of Smadl and Smad5
(63). C2 domain seems to be important for the binding of
Smurfl to the cell membrane (64). After associating with
Smurfl, Smadl and Smad5 are ubiquitinated and degraded
in the proteasome (63). It islikely that Smurf1 regulates the
magnitude of BMP signaling by controllingthe steady-state
protein levels of Smadl and Smad5. Interestingly, since
another BMP-regulated Smad, Smad8, lacks PPXY motif,
it seems that Smad8 is resistant to Smurfl-dependent
degradation (Figure 5). A homologue of Smurfl, Smurf2,
plays roles in the degradation of Smad2 in a TGF-b-
dependent manner. Unlike Smurfl, Smurf2 interacts only
with phosphorylated Smad2 but not unphosphorylated
form, and negatively regulates TGF-b sdignaling by
promoting degradation of Smad2 (65) (Figure 5). Smurf2
also degrades SnoN, which is associated with Smad2 (65).
Of note both Smurfl and Smurf2 aso associate with
Smad7, which usually exists in the nucleus (66, 67). The
complex is exported from nucleus, and recruited to
activated TGF-b type | receptor, and Smurfs subsequently
degrade TGF-b type | receptor as well as Smad7 (66, 67)
(Figure 5). Thus, this paradigm indicates another molecular
basis by which |1-Smad negatively regulates TGF-b and
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Figure 6. Possible molecular mechanisms in induction of osteoblastic differentiation by Smad. After BMP dlicits signal, BMP-
regulated Smad directly or indirectly up-regulates the expression of Runx2/Chfal, and subsequently the Smad interacts with
Runx2/Cbfal and synergistically controls the transcription of target genes that are necessary for induction of osteoblastic

differentiation.

BMP signaling. In addtion to Smurfs, Ring finger protein,
ROC1, forms E3 ubiquitin ligase complex with Skpl,
Cullinl, and Fbwla, and degrades Smad2 after
ubiquitination (68) (Figure 5). Interestingly, accelerated
degradation of mutated Smad2 and Smad4, which are
identified in cancer patients, has been reported, and E2
ligase UbcH5 family is likely to be involved in this process
(69). This finding suggests the relationship between
degradation of Smad and oncogenesis.

6. SMAD AND BONE METABOLISMS

BMPs are dso known as powerful cytokines
that induce bone formation by promoting osteoblast
differentiation of mesenchymal stem cells (70, 71).
Blockade of Smad signaling by overexpression ofmutant
Smad or [|-Smad inhibits BMP-induced osteoblast
differentiation of undifferentiated mesenchymal cells (72,
73). Consistently, overexpression of Smadl/Smad4 or
Smad5/Smad4 is also sufficient to initiate the osteoblast
differentiation (74). These observations demonstrate that
BMP-regulated Smad, Smadl, Smad5 and probably Smad8
play key rolesin osteoblast differentiation of mesenchymal
cells. So, the next question would be what is the target of
Smad during osteoblastogenesis.

The transcription factor
Runx2/Cbfal/PEBP2aA/Osf2, which belongs to runt
family, plays important roles in bone formation. Inherited
mutations of Cbfal cause the cleidocrania dysplasia
characterized by severe impairment of osteogenesis in
humans (75). Targeted disruption of the Chbfal gene
resulted in abnormal skeletogenesis with complete lack of
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osteogenesisin mice (76, 77). In vitro studies have shown that
an dternatively-spliced form of Chfal (called Osf2) directly
controls the expression of the osteoblast specific genes
including osteocalcin, osteopontin and type | collagen during
osteoblast differentiation and that overexpresson of Chbfal
promoted osteoblast  differentiation in the multipotent
mesenchyma C3H10TL/2 cdls (78, 79). These findings
collectively indicate that the Cbfal isan essentia transcription
factor for osteoblast differentiation of the mesenchymal stem
cells and osteogenesis. Importantly, Smadl and Smad5
physicdly interact with Runx2 in the nucleus and enhance the
osteogenic activity of Runx2 (32, 33). Furthermore, a mutated
Chbfal found in a patient with the cleidocranid dysplasia is
unableto interact with Smad1 (32). These findings suggest the
importance of the association between BMP-regulated Smad
and Runx2/Cbfal in osteoblast differentiation of mesenchymal
cels. Expresson of Runx2/Cbfal during osteoblast
differentiation also appears to be controlled by Smadl and
Smad5 (33, 80), dthough it is not known whether Smadl and
Smad5 directly regulate the transcription of Chfal gene.
Thus, Smadl and Smad5 activated by BMPs control the
function and expresson of Runx2/Cbfal, thereby
promoting osteoblast differentiation and bone formation
(Figure 6). As described above, Smad signding is
negatively controlled at the several levels. Notably, it has
been demonstrated that Tob, a member of the emerging
family of antiproliferative proteins, is expressed in
osteoblasts, and blocks Smad-regulated transcriptional
activity through the association with Smad (81). Moreover,
orthotopic bone formation in response to BMP-2 is elevated
in Tob-deficient mice (81). Collectively, Tob is an
inhibitory regulator for BMP-regulated osteogenesis
through the interaction with Smad.
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Although BMP aso promotes and controls the
differentiation of chondrocytes, chondrogenesis seems to
be independent of Smad signaling because overexpression
of Smad6 did not affect the chodrocytic differentiation of
ATDCS5 cdls (73). Since abnormal chondrogenesis has
been reported in ATF-2 deficient mice (82), and BMP
glicits ATF-2 signaing through p38 kinase, Smad-
independent pathway, p38/ATF-2 cascade may be
responsible for the regulation of chondrocyte
differentiation.

7. CONCLUSION

BMPs are a multipotent growth factors and
exhibit the tissue- and time-specific effects. As an
immediate downstream molecule of BMP signaling Smad
possesses critical functions. First, Smad mediates the signal
from corresponding receptor to the nucleus. Second, Smad
signaling is tightly and strictly regulated at the several
levels. Last, Smad is able to modulate, augment or restrict
the signals in the cytoplasm or nucleus through the
association with other signaling molecules or transcription
factors. Thus, Smad harmonizes the signals by establishing
complexand precise regulatory signaling network.
Identification of Smad family, the Smad-interacting
proteins and regulatory mechanisms have led to a
breakthrough in our understanding in the signa
transduction and biological functions of BMPs in avariety
of tissues and cells.

8. ACKNOWLEDGMENTS

A part of this work was supported by Takeda
Science Foundation, Senri Life Science Foundation, and
the Ministry of Education, Science, Sports and Culture
Grant-in-Aid for Scientific Research A 11307041 and C
10671739, and by NIH Grants PO1-CA40035, RO1-
AR28149 and RO1-DK45229.

9. REFERENCES

1. Massague J.: TGF-b signaling: receptors, transducers,
and Mad proteins. Cell 85, 947-950 (1996)

2. Derynck R. & Y. Zhang: Intracellular signalling: the mad
way to doit. Curr Biol 6, 1226-1229 (1996)

3. Heldin C.H., K. Miyazono & P. ten Dijke: TGF-b
signalling from cell membrane to nucleus through SMAD
proteins. Nature 390, 465-471 (1997)

4. Wrana J.L.: Regulation of Smad activity. Cell 100, 189-
192 (2000)

5. Massague J. & D. Wotton: Transcriptional control by the
TGF-b/Smad signaling system. EMBO J 19, 1745-1754
(2000)

6. Tsukazaki T., T.A. Chiang, A.F. Davison, L. Attisano &
JL. Wrana: SARA, a FYVE domain protein that recruits
Smad? to the TGFb receptor. Cell 95, 779-791 (1998)

7. Howell M., F. Itoh, C.E. Pierreux, S. Valgeirsdottir, S.
Itoh, P. ten Dijke & C.S. Hill: Xenopus Smad4b is the co-

281

Smad component of developmentally  regulated
transcription factor complexes responsible for induction of
early mesodermal genes. Dev Biol 214, 354-369 (1999)

8. Chen Y.G,, A. Hata, R.S. Lo, D. Wotton, Y. Shi, N.
Pavletich & J. Massague: Determinants of specificity in
TGF-b signa transduction. Genes Dev 12, 2144-2152
(1998)

9. ImamuraT., M. Takase, A. Nishihara, E. Oeda, J. Hanai,
M. Kawabata & K. Miyazono: Smad6 inhibits signalling by
the TGF-b superfamily. Nature 389, 622-626 (1997)

10. Nakao A., M. Afrakhte, A. Moren, T. Nakayama, J.L.
Christian, R. Heuchel, S. Itoh, M. Kawabata, N.E. Heldin,
C.H. Heldin & P. ten Dijke: Identification of Smad7, a
TGF-b-inducible antagonist of TGF-b signalling. Nature
389, 631-635 (1997)

11. Hata A., G. Lagna, J. Massague & A. Hemmati-
Brivanlou: Smad6 inhibits BMP/Smadl signaling by
specifically competing with the Smad4 tumor suppressor.
Genes Dev 12, 186-197 (1998)

12. Takase M., T. Imamura, T.K. Sampath, K. Takeda, H.
Ichijo, K. Miyazono & M. Kawabata: Induction of Smad6
mRNA by bone morphogenetic proteins. Biochem Biophys
Res Commun 244, 26-29 (1998)

13. Itoh S., M. Landstrom, A. Hermansson, F. Itoh, C.H.
Heldin, N.E. Heldin & P. ten Dijke: Transforming growth
factor b1 induces nuclear export of inhibitory Smad7. J
Biol Chem 273, 29195-29201 (1998)

14. Ba S, X. Shi, X. Yang & X. Cao: Smad6 as a
transcriptional corepressor. J Biol Chem 275, 8267-8270
(2000)

15. shi Y., Y.F. Wang, L. Jayaraman, H. Yang, J.
Massague & N.P. Pavletich: Crystal structure of a Smad
MH1 domain bound to DNA: insights on DNA binding in
TGF-b signding. Cell 94, 585-594 (1998)

16. Jonk L.J, S. Itoh, C.H. Heldin, P. ten Dijke & W.
Kruijer: Identification and functional characterization of a
Smad binding element (SBE) in the JunB promoter that
acts as a transforming growth factor-b, activin, and bone
morphogenetic protein-inducible enhancer. J Biol Chem
273, 21145-21152 (1998)

17. Hua X., Z.A. Miller, G. Wu, Y. Shi & H.F. Lodish:
Specificity in transforming growth factor b-induced
transcription of the plasminogen activator inhibitor-1 gene:
interactions of promoter DNA, transcription factor muEs,
and Smad proteins. Proc Natl Acad Sci U S A 96, 13130-
13135 (1999)

18. Lindemann R.K., P. Balschmieter, A. Nordheim & J.
Dittmer: Transforming growth factor b regulates
parathyroid hormone-related protein expression in MDA-
MB-231 breast cancer cells through a novel Smad/Ets
synergism. J Biol Chem 276, 46661-46670 (2001)



Regulation of Smad signaling

19. Labbe E., C. Silvestri, P.A. Hoodless, JL. Wrana & L.
Attisano: Smad2 and Smad3 positively and negatively
regulate TGF b-dependent transcription through the
forkhead DNA-hinding protein FAST2. Mol Cdl 2, 109-
120 (1998)

20. Chen X., MJ Rubock & M. Whitman: A
transcriptional partner for MAD proteins in TGF-b
signalling. Nature 383, 691-696 (1996)

21. Liu B., C.L. Dou, L. Prabhu & E. Lai: FAST-2 is a
mammalian  winged-helix  protein  which mediates
transforming growth factor-b signas. Mol Cell Biol 19,
424-430 (1999)

22. Zhou S,, P. Buckhaults, L. Zawel, F. Bunz, G. Riggins,
JL. Dai, SE. Kern, K.W. Kinzler & B. Vogelstein:
Targeted deletion of Smad4 shows it is required for
transforming growth factor-b and activin signaling in
colorectal cancer cells. Proc Natl Acad Sci U SA 95, 2412-
2416 (1998)

23. Hata A., J. Seoane, G. Lagna, E. Montavo, A.
Hemmati-Brivanlou & J. Massague: OAZ uses distinct
DNA- and protein-binding zinc fingers in separate BMP-
Smad and OIf signaling pathways. Cell 100, 229-240
(2000)

24. Liberati N.T., M.B. Datto, J.P. Frederick, X. Shen, C.
Wong, E.M. Rougier-Chapman & X.F. Wang: Smads bind
directly to the Jun family of AP-1 transcription factors.
Proc Natl Acad Sci U SA 96, 4844-4849 (1999)

25. Sano Y., J. Harada, S. Tashiro, R. Gotoh-Mandeville,
T. Maekawa & S. Ishii: ATF-2 is a common nuclear target
of Smad and TAK1 pathways in transforming growth
factor-b signaing. J Biol Chem 274, 8949-8957 (1999)

26. Zhang Y., X.H. Feng & R. Derynck: Smad3 and Smad4
cooperate with c-Jun/c-Fos to mediate TGF-b-induced
transcription. Nature 394, 909-913 (1998)

27. Wong C., E.M. Rougier-Chapman, J.P. Frederick, M.B.
Datto, N.T. Liberati, JM. Li & X.F. Wang: Smad3-Smad4
and AP-1 complexes synergize in transcriptiona activation
of the c-Jun promoter by transforming growth factor -b.
Mol Cell Biol 19, 1821-1830 (1999)

28. Hua X., X. Liu, D.O. Ansari & H.F. Lodish: Synergistic
cooperation of TFE3 and smad proteins in TGF-b-induced
transcription of the plasminogen activator inhibitor-1 gene.
Genes Dev 12, 3084-3095 (1998)

29. Hua X., Z.A. Miller, H. Benchabane, JL. Wrana &
H.F. Lodish: Synergism between transcription factors TFE3
and Smad3 in transforming growth factor-b-induced
transcription of the Smad7 gene. J Biol Chem 275, 33205-
33208 (2000)

30. Hana J., L.F. Chen, T. Kanno, N. Ohtani-Fujita, W.Y.
Kim, W.H. Guo, T. Imamura, Y. Ishidou, M. Fukuchi, M.J.
Shi, J. Stavnezer, M. Kawabata, K. Miyazono & Y. Ito:

282

Interaction and functional cooperation of PEBP2/CBF with
Smads. Synergistic induction of the immunoglobulin
germline Ga promoter. J Biol Chem 274, 31577-31582
(1999)

31. Zhang Y. & R. Derynck: Transcriptional regulation of
the transforming growth factor-b -inducible mouse germ
linelg a constant region gene by functional cooperation of
Smad, CREB, and AML family members. J Biol Chem
275, 16979-16985 (2000)

32. Zhang Y.W., N. Yasui, K. Ito, G. Huang, M. Fujii, J.
Hanai, H. Nogami, T. Ochi, K. Miyazono & Y. Ito: A
RUNX2/PEBP2a A/CBFA1 mutation displaying impaired
transactivation and Smad interaction in cleidocranial
dysplasia. Proc Natl Acad Sci U S A97, 10549-10554
(2000)

33. Nishimura R., K. Hata, S. Harris, F. lkeda & T.
Yoneda: Core-binding factor al (Cbfal) induces
osteoblastic differentiation of C2C12 cells without
interactions with Smadl and Smad5. Bone 31, 303-312
(2002)

34. Verschueren K., JE. Remacle, C. Collart, H. Kraft,
B.S. Baker, P. Tylzanowski, L. Nelles, G. Wuytens, M.T.
Su, R. Bodmer, J.C. Smith & D. Huylebroeck: SIP1, a
novel zinc finger/homeodomain repressor, interacts with
Smad proteins and binds to 5-CACCT sequences in
candidate target genes. J Biol Chem 274, 20489-20498
(1999)

35. Remacle J.E., H. Kraft, W. Lerchner, G. Wuytens, C.
Collart, K. Verschueren, J.C. Smith & D. Huylebroeck:
New mode of DNA binding of multi-zinc finger
transcription factors: deltaEF1 family members bind with
two hands to two target sites. EMBO J 18, 5073-5084
(1999)

36. Feng X.H., Y. Zhang, RY. Wu & R. Derynck: The
tumor suppressor Smad4/DPC4 and transcriptional adaptor
CBP/p300 are coactivators for smad3 in TGF-b-induced
transcriptional activation. Genes Dev 12, 2153-2163 (1998)

37. Janknecht R., N.J. Wells & T. Hunter: TGF-b-
stimulated cooperation of smad proteins with the
coactivators CBP/p300. Genes Dev 12, 2114-2119 (1998)

38. Nakashima K., M. Yanagisawa, H. Arakawa, N.
Kimura, T. Hisatsune, M. Kawabata, K. Miyazono & T.
Taga Synergistic signaling in fetal brain by STAT3-Smadl
complex bridged by p300. Science 284, 479-482 (1999)

39. Shioda T., R.J. Lechleider, S.L. Dunwoodie, H. Li, T.
Y ahata, M.P. de Caestecker, M.H. Fenner, A.B. Roberts &
K.J. Isselbacher: Transcriptional activating activity of
Smad4: roles of SMAD hetero-oligomerization and
enhancement by an associating transactivator. Proc Natl
Acad i U SA 95, 9785-9790 (1998)

40. Yahata T., M.P. de Caestecker, R.J. Lechleider, S.
Andriole, A.B. Roberts, K.J. Isselbacher & T. Shioda: The



Regulation of Smad signaling

MSG1 non-DNA-binding transactivator binds to the
p300/CBP coactivators, enhancing their functional link to
the Smad transcription factors. J Biol Chem 275, 8825-
8834 (2000)

41. LiuF., A. Hata, J.C. Baker, J. Doody, J. Carcamo, R.M.
Harland & J. Massague: A human Mad protein acting as a
BMP-regulated transcriptional activator. Nature 381, 620-
623 (1996)

42. Kim J, K. Johnson, H.J. Chen, S. Carroll & A.
Laughon: Drosophila Mad binds to DNA and directly
mediates activation of vestigial by Decapentaplegic. Nature
388, 304-308 (1997)

43. Wotton D., R.S. Lo, S. Lee & J. Massague: A Smad
transcriptional corepressor. Cell 97, 29-39 (1999)

44. Wotton D., R.S. Lo, L.A. Swaby & J. Massague:
Multiple modes of repression by the Smad transcriptional
corepressor TGIF. J Biol Chem 274, 37105-37110 (1999)

45. Wotton D., P.S. Knoepfler, C.D. Laherty, R.N.
Eisenman & J. Massague. The Smad transcriptional
corepressor TGIF recruits mSin3. Cell Growth Differ 12,
457-463 (2001)

46. Luo K., SL. Stroschein, W. Wang, D. Chen, E.
Martens, S. Zhou & Q. Zhou: The Ski oncoprotein interacts
with the Smad proteins to repress TGF-b signaling. Genes
Dev 13, 2196-2206 (1999)

47. Stroschein S.L., W. Wang, S. Zhou, Q. Zhou & K. Luo:
Negative feedback regulation of TGF-b signaling by the
SnoN oncoprotein. Science 286, 771-774 (1999)

48. Akiyoshi S, H. Inoue, J. Hanai, K. Kusanagi, N.
Nemoto, K. Miyazono & M. Kawabata: c-Ski acts as a
transcriptional co-repressor in transforming growth factor-b
signaling through interaction with smads. J Biol Chem 274,
35269-35277 (1999)

49. Liu X., Y. Sun, R.A. Weinberg & H.F. Lodish: Ski/Sno
and TGF-b signaling. Cytokine Growth Factor Rev 12, 1-8
(2001)

50. Xu W., K. Angelis, D. Danielpour, M.M. Haddad, O.
Bischof, J. Campisi, E. Stavnezer & E.E. Medrano: Ski acts
as a co-repressor with Smad2 and Smad3 to regulate the
response to type b transforming growth factor. Proc Natl
Acad i U SA 97, 5924-5929 (2000)

51. Sun Y., X. Liu, E. Ng-Eaton, H.F. Lodish & R.A.
Weinberg: SnoN and Ski protooncoproteins are rapidly
degraded in response to transforming growth factor b
signding. Proc Natl Acad Sci U S A 96, 12442-12447
(1999)

52. Reed JA., E. Baes, W. Xu, N.A. Okan, D.
Bandyopadhyay & E.E. Medrano: Cytoplasmic localization
of the oncogenic protein Ski in human cutaneous
melanomas in  vivo: functiona implications for

283

transforming growth factor b signaling. Cancer Res 61,
8074-8078 (2001)

53. Kurokawa M., K. Mitani, K. Irie, T. Matsuyama, T.
Takahashi, S. Chiba, Y. Yazaki, K. Matsumoto & H. Hirai:
The oncoprotein Evi-1 represses TGF-b signaling by
inhibiting Smad3. Nature 394, 92-96 (1998)

54. lzutsu K., M. Kurokawa, Y. Imai, K. Maki, K. Mitani
& H. Hirai: The corepressor CtBP interacts with Evi-1 to
repress transforming growth factor b signaling. Blood 97,
2815-2822 (2001)

55. Yanagisawa J., Y. Yanagi, Y. Masuhiro, M. Suzawa,
M. Watanabe, K. Kashiwagi, T. Toriyabe, M. Kawabata, K.
Miyazono & S. Kato: Convergence of transforming growth
factor-b and vitamin D signaliing pathways on SMAD
transcriptional coactivators. Science 283, 1317-1321 (1999)

56. Labbe E., A. Letamendia & L. Attisano: Association of
Smads with lymphoid enhancer binding factor /T cell-
specific factor mediates cooperative signaling by the
transforming growth factor-b and wnt pathways. Proc Natl
Acad Sci U SA 97, 8358-8363 (2000)

57. Crease D.J,, S. Dyson & J.B. Gurdon: Cooperation
between the activin and Wnt pathways in the spatial control
of organizer gene expression. Proc Natl Acad Sci U SA 95,
4398-4403 (1998)

58. Nishita M., M.K. Hashimoto, S. Ogata, M.N. Laurent,
N. Ueno, H. Shibuya & K.W. Cho: Interaction between
Wnt and TGF-b signalling pathways during formation of
Spemann's organizer. Nature 403, 781-785 (2000)

59. Ulloa L., J. Doody & J. Massague: Inhibition of
transforming growth factor-b/SMAD signalling by the
interferon-gamma/STAT pathway. Nature 397, 710-713
(1999)

60. Kretzschmar M., J. Doody & J. Massague: Opposing
BMP and EGF signalling pathways converge on the TGF-b
family mediator Smadl. Nature 389, 618-622 (1997)

61. Kretzschmar M., J. Doody, I|. Timokhina & J.
Massague: A mechanism of repression of TGF-b/ Smad
signaling by oncogenic Ras. Genes Dev 13, 804-816 (1999)

62. de Caestecker M.P., W.T. Parks, CJ. Frank, P.
Castagnino, D.P. Bottaro, A.B. Roberts & R.J. Lechleider:
Smad2 transduces common signals from receptor serine-
threonine and tyrosine kinases. Genes Dev 12, 1587-1592
(1998)

63. Zhu H., P. Kavsak, S. Abdollah, JL. Wrana & G.H.
Thomsen: A SMAD ubiquitin ligase targets the BMP
pathway and affects embryonic pattern formation. Nature
400, 687-693 (1999)

64. Hanyu A., Y. Ishidou, T. Ebisawa, T. Shimanuki, T.
Imamura & K. Miyazono: The N domain of Smad7 is
essential for specific inhibition of transforming growth
factor-b signding. J Cell Biol 155, 1017-1027 (2001)



Regulation of Smad signaling

65. Bonni S, H.R. Wang, C.G. Causing, P. Kavsak, S.L.
Stroschein, K. Luo & J.L. Wrana: TGF-b induces assembly
of a Smad2-Smurf2 ubiquitin ligase complex that targets
SnoN for degradation. Nat Cell Biol 3, 587-595 (2001)

66. Kavsak P., R.K. Rasmussen, C.G. Causing, S. Bonni,
H. Zhu, G.H. Thomsen & JL. Wrana. Smad7 binds to
Smurf2 to form an E3 ubiquitin ligase that targets the TGF
b receptor for degradation. Mol Cell 6, 1365-1375 (2000)

67. Ebisawa T., M. Fukuchi, G. Murakami, T. Chiba, K.
Tanaka, T. Imamura& K. Miyazono: Smurfl interacts with
transforming growth factor-b type | receptor through
Smad7 and induces receptor degradation. J Biol Chem 276,
12477-12480 (2001)

68. Fukuchi M., T. Imamura, T. Chiba, T. Ebisawa, M.
Kawabata, K. Tanaka & K. Miyazono: Ligand-dependent
degradation of Smad3 by a ubiquitin ligase complex of
ROC1 and associated proteins. Mol Biol Cdl 12, 1431-
1443 (2001)

69. Xu J. & L. Attisano: Mutations in the tumor
suppressors Smad2 and Smad4 inactivate transforming
growth factor b signading by targeting Smads to the
ubiquitin-proteasome pathway. Proc Natl Acad Sci U S A
97, 4820-4825 (2000)

70. Yamaguchi A., T. Komori & T. Suda: Regulation of
osteoblast differentiation mediated by bone morphogenetic
proteins, hedgehogs, and Chfal. Endocr Rev 21, 393-411
(2000)

71. Reddi A.H.: Bone and cartilage differentiation. Curr
Opin Genet Dev 4, 737-744 (1994)

72. Nishimura R., Y. Kato, D. Chen, SEE. Harris, G.R.
Mundy & T. Yoneda: Smad5 and DPC4 are key molecules
in mediating BMP-2-induced osteoblastic differentiation of
the pluripotent mesenchymal precursor cell line C2C12. J
Biol Chem 273, 1872-1879 (1998)

73. Fujii M., K. Takeda, T. Imamura, H. Aoki, T.K.
Sampath, S. Enomoto, M. Kawabata, M. Kato, H. Ichijo &
K. Miyazono: Roles of bone morphogenetic protein type |
receptors and Smad proteins in osteoblast and chondroblast
differentiation. Mol Biol Cell 10, 3801-3813 (1999)

74. Yamamoto N., S. Akiyama, T. Katagiri, M. Namiki, T.
Kurokawa & T. Suda: Smadl and smad5 act downstream
of intracellular signalings of BMP-2 that inhibits myogenic
differentiation and induces osteoblast differentiation in
C2C12 myoblasts. Biochem Biophys Res Commun 238,
574-580 (1997)

75. Mundlos S,, F. Otto, C. Mundlos, J.B. Mulliken, A.S.
Aylsworth, S. Albright, D. Lindhout, W.G. Cole, W. Henn,
JH. Knoll, M.J. Owen, R. Mertelsmann, B.U. Zabel &
B.R. Olsen: Mutations involving the transcription factor
CBFAL1 cause cleidocrania dysplasia. Cdl 89, 773-779
(1997)

284

76. Komori T., H. Yagi, S. Nomura, A. Yamaguchi, K.
Sasaki, K. Deguchi, Y. Shimizu, R.T. Bronson, Y.H. Gao,
M. Inada, M. Sato, R. Okamoto, Y. Kitamura, S. Y oshiki &
T. Kishimoto: Targeted disruption of Cbfal results in a
complete lack of bone formation owing to maturational
arrest of osteoblasts. Cell 89, 755-764 (1997)

77. Otto F., A.P. Thornell, T. Crompton, A. Denzel, K.C.
Gilmour, I.R. Rosewel, G.W. Stamp, R.S. Beddington, S.
Mundlos, B.R. Olsen, P.B. Selby & M.J. Owen: Cbfal, a
candidate gene for cleidocrania dysplasia syndrome, is
essential for osteoblast  differentiation and  bone
development. Cdll 89, 765-771 (1997)

78. Ducy P., R. Zhang, V. Geoffroy, A.L. Riddl & G.
Karsenty: Osf2/Cbfal: a transcriptional activator of
osteoblast differentiation. Cell 89, 747-754 (1997)

79. Harada H., S. Tagashira, M. Fujiwara, S. Ogawa, T.
Katsumata, A. Yamaguchi, T. Komori & M. Nakatsuka:
Cbfal isoforms exert functional differences in osteoblast
differentiation. J Biol Chem 274, 6972-6978 (1999)

80. Lee K.S,, H.J. Kim, Q.L. Li, X.Z. Chi, C. Ueta, T.
Komori, JM. Wozney, E.G. Kim, J.Y. Choi, H.M. Ryoo &
S.C. Bae: Runx2 is a common target of transforming
growth factor b1l and bone morphogenetic protein 2, and
cooperation between Runx2 and Smad5 induces osteobl ast-
specific gene expression in the pluripotent mesenchymal
precursor cell line C2C12. Mol Cell Biol 20, 8783-8792
(2000)

81. Yoshida Y., S. Tanaka, H. Umemori, O. Minowa, M.
Usui, N. Ikematsu, E. Hosoda, T. Imamura, J. Kuno, T.
Yamashita, K. Miyazono, M. Noda, T. Noda & T.
Yamamoto: Negative regulation of BMP/Smad signaling
by Tob in osteoblasts. Cell 103, 1085-1097 (2000)

82. Reimold A.M., M J. Grusby, B. Kosaras, JW. Fries, R.
Mori, S. Maniwa, |I.M. Clauss, T. Callins, R.L. Sidman,
M.J. Glimcher & L.H. Glimcher: Chondrodysplasia and
neurological abnormalities in ATF-2-deficient mice. Nature
379, 262-265 (1996)

Key Words. Cytokine, TGF, TGF-b, Smad, BMP,
Osteoblast, Review

Send correspondence to: Riko Nishimura, D.D.S,
Ph.D.Department of Biochemistry, Osaka University of
Graduate School of Dentistry, 1-8 Yamadaoka, Suita,
Osaka, 565-0871, Japan, Tel: +81-6-6879-2887, Fax: +81-
6-6879-2890, E-mail: rikonisi @dent.osaka-u.ac.jp



