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Abstract The Smad pathway is involved in transforming growth factor- (TGF-B) signal transduc-
tion. The Smad complex binds with the promoter of target gene to modulate gene transcription.
Various transcriptional coactivators and corepressors associate directly with Smads for appropriate
binding of Smads to target promoters and regulation of Smads transcriptional activities. The ulti-
mate degradation of Smads mediated by the ubiquitin-proteasome pathway (UPP) has been es-
tablished as a mechanism to shut off the Smad pathway. In addition to the Smad pathway, TGF-
can also activate other signaling pathway such as the MAPK pathway. The cross-talk of the Smad
pathway with other signaling pathways constitutes an important mechanism for the regulatory
network of TGF-f signaling.
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The transforming growth factor B (TGF-B) superfamily comprises a great number of struc-
turally related polypeptide growth factors, such as TGF-Bs, activins, inhibins, bone morphogenic
proteins (BMPs), growth differentiation factors (GDFs), Mllerian inhibitory substance, and glia
cell-derived neurotrophic factor (GDNF), etc!™). The TGF-B superfamily members are multifunc-
tional agonists involved in a broad spectrum of biological processes such as cell proliferation and
differentiation, embryogenesis, angiogenesis, tumorigenesis, extracellular matrix (ECM) forma-
tion, and bone formation and remodeling[zf“]. Accumulated evidence has advanced our under-
standing of the molecular mechanisms of TGF-B signaling, which mediates such a diverse range
of biological processes.

1 TGF-Breceptors

A milestone in the research of TGF-P signaling was the cloning of type Il receptor for activin
and TGF-P by Mathews and Lin et al. ™. The discoveries of these serine/threonine kinase recep-
tors present a novel signaling strategy based on previously characterized tyrosine kinase signaling.
The TGF-B signals are transmitted by two types of transmembrane serine/threonine kinase recep-
tors, the type |1 receptor and the downstream type | receptor. The type Il receptor determines the
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ligand binding specificity. TGF-B ligand first binds to the type Il receptor, leading to the recruit-
ment of the type | receptor to the cell membrane and its subsequent phosphorylation. In some
cases, TGF-B ligand can aso bind directly to the type | receptort”). The type Il receptor phos-
phorylates the type | receptor on its serine residues at the highly conserved GS domain, a glycine
and serine-rich domain between the transmembrane domain and the kinase domain'®. The type II
and type | receptors found to date which are involved in the signaling of TGF-Bs, activins, and
BMPs are summarized in table 1.

In addition to the type | and type Il receptors, there are other TGF-f§ binding proteins on the
cell surface, such as the type III, 1V, V, and VI receptors, glycosylphosphatidylinositol
(GPI)-anchored proteins, and endoglin, functioning to facilitate the binding of TGF-$ with type |
and type Il receptorslg]. It has been reported that endoglin shows some sequence similarity with
TBR 111 (the type Il TGFp receptor), thus promoting the binding of TGF-f1 and TGF-3 with
TBR Il and TBR 189, Furthermore, endoglin has also been shown to be an accessory receptor for
activins and BMPs™.

Internalization of TGF-f receptor complex occurred after ligand binding by a mechanism
distinct from normal endocytosis via clathrin-coated vesicles?. It was also reported that the ma-
jority of TGFBR | was intracellularly immunolocalized and accumulated in the nucleus after
TGF-B1 treatment!™. Therefore, the ligand-induced receptor down regulation and reduced recep-
tor affinity are probably results of receptor complex internalization.

Tablel Receptorsinvolved in the signaling of TGF-B superfamily members'*

TGF-Bs Activins BMPs
Typell receptor TRRII ActR-11 /Ei'\cﬂgﬁl" :
ACtR-11B gt
] BMPR-1A (AIK3)
Type | receptor Zﬁi' (Alk5) iy (E‘A(Iﬁg)“‘) BMPR-1B (AIk6)
ActR- | (Alk2)

TBRII, TGF-B type |l receptor; ActR-11, activin type || receptor; BMPR-II, BMPtype Il receptor; Alk, activin receptor-like
kinase; BMPR-1A, BMPtype | receptor A; BMPR-1B, BMPtype | receptor B.

It is well recognized that TGF-3 members act by binding to the transmembrane receptor
complex, which subsequently activate the intracellular signaling molecules, known as Smads, by
phosphorylation. The phosphorylation of the type | receptor activates the Smad pathway, which
involves the binding of Smads with the receptor complex, the activation and the oligomerization
of Smads, and the translocation of the Smad complexes to the nucleus where they modulate the
transcription of target genes by binding with the cis-acting elements in the promoter regions[15].
TGF-B receptors also activate other signaling pathway such as the mitogen-activated protein
kinase (MAPK) pathway, the protein phosphatase 2A (PP2A)/p70% pathway, and the phospho-
inositol-3-OH kinase (PI3K)-Akt pathway™®. The cooperation and counteraction between differ-
ent pathways are responsible for their balanced activation in response to TGF-3 and the ultimate
fulfillment of different TGF-P biological effects.
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2 Activation of the Smad pathway by TGF-B receptors

2.1 Theclassification and structure of Smads

Two signal transducers of dpp, the BMP homologue in Drosophila melanogaster, were first
discovered and named Mothers against dpp (Mad)™*”! and Medeal*® by Raftery and Sekelsky et al.
in 1995. Savage and co-workers™ cloned Sma-2, -3, and-4 recognized by the type Il receptor
daf-4 in Caenorhabditis elegans. As Mad, Sma, and other homologues were essentia for TGF-8
signaling, and they shared specific conserved N-terminal and C-terminal domains, a unified
nomenclature was soon adopted as Smad proteins, originated from the combination of gene names
from Sma and Mad by Derynck et al. in 1996!%%,

Smad proteins constitute a family of nine members serving as intracellular mediators of
TGF-p signals. They are divided into three classes based on their structural and functional features.
The first class is receptor-regulated Smads (R-Smads), of which Smadl, Smad5, and Smad8 re-
spond to BMPs whereas Smad2 and Smad3 mediate TGF-fg/activins signals. R-Smads are phos-
phorylated by the type | receptor and are pathway-restricted. Common-mediator Smads
(Co-Smads), as a second class of Smads, form heteromeric complexes with R-Smads, followed by
the translocation into the nucleus to regulate gene transcription. Inhibitory Smads (I-Smads), in-
cluding Smad6 and Smad7, are members of the third class which counteract the activities of Smad
complexes. Until recently, only a single Co-Smad in mammals, Smad4, has been found, whereas
in Xenopus two members of Co-Smads have been identified, known as Smad4 and Smad4p (also
called Smad10)!"?Y.

Smad family members have two conserved domains, the N-terminal Mad-homology domain
1 (MH1) and the C-termina Mad-homology domain 2 (MH2), separated by the linker region of
variable length and sequence.

The MH1 domain, highly conserved among R-Smads and Co-Smads, regulates binding to
DNA in the promoter region of target gene and interacting with Smad partners such as calmodulin,
vitamin D receptor (VDR), Jun, transcription factor E3 (TFE3), and activating transcription factor
2 (ATF2), etc.l"?2. The MH1 domain itself can form a compact globular fold, a secondary struc-
ture composed of four o-helices, six short  strands, and five loops. The B-hairpin structure func-
tions to contact the specific DNA in the major groove'”.

The MH2 domain is highly conserved among all Smads. It serves functions in the binding of
R-Smads with the type | receptor and Smad anchor for receptor activation (SARA), the oli-
gomerization of R-Smads and Co-Smad, as well as the binding of Smads with a number of tran-
scriptional co-modulators, such as forkhead activin signal transducer (FAST), c-Fos, polyoma vi-
rus enhancer binding protein 2/core binding factor (PEBP2/CBF), CREB (cAMP response element
binding protein)-binding protein (CBP)/p300, homeodomain protein TG-interacting factor (TGIF),
and Ski/SnoN, etc. The specificity of R-Smads phosphorylation by the type | receptor is deter-
mined by the L45 loop in the type | receptor and the L3 loop in the MH2 domain of R-Smads'? %
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The secondary structure formed in the MH2 domain consists of five a-helices (H1—HS5) and three
loops (L1, L2, L3), which constitute a B-sandwich structure®”!. C-terminal truncated Smad4 could
not form homo-oligomers by itself, nor form hetero-oligomers with phosphorylated Smad2®,
indicating the essentia role of the MH2 domain in Smads oligomerization.

The linker region is associated with binding to c-Juni®® and the ubiquitination of Smads'?.
The linker region contains important peptide motifs, despite that is not well conserved among all
Smads. For instance, the linker regions of Smadl, Smad2, and Smad3 contain serine residues
phosphorylation sites for ERK (extracellular stimulus responsive kinase)-family MAPK. The
phosphorylation of these sites could inhibit the activities of Smads, and the mutation of these ser-
ine residues inhibited nuclear translocation of Smads'?".

The two most C-terminal phosphorylated serine residues and a third non-phosphorylated ser-
ine residue form a specific and conserved SSXS motif in all R-Smads®®. The SSXS motif is the
site where R-Smads are phosphorylated by the type | receptor ki nases®, and it is also demon-
strated that ERK phosphorylates Smads at this motif!>®.

In addition, there is a conserved proline and tyrosine-rich PY motif in the linker region of
R-Smads or 1-Smads which has been verified to mediate association of Smadl with Smad ubig-
uitination regulatory factor 1 (Smurfl), a E3 ubiquitin Iigase[31]. A specific proline-rich domain,
called Smad4 activation domain (SAD), existsin the linker region of Smad4!®2.

The domains of three Smad classes and their associated functions are diagrammatically illus-
tratedin fig. 1.
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Fig. 1. Diagrammatic representation of Smads domains and associated functions. R-Smads, Receptor-regulated Smads;
Co-Smad, Common-mediator Smad; 1-Smads, Inhibitory Smads; MH1, Mad-homology domain 1; MH2, Mad-homology domain
2; TFES, transcription factor E3; ATF2, activating transcription factor 2; ERK, extracellular stimulus responsive kinase; Smurf,
Smad ubiquitination regulatory factor; SARA, Smad anchor for receptor activation; FAST, forkhead activin signal transducer;
PEBP2/CBF, polyoma virus enhancer binding protein 2/core binding factor; CBP, CREB (cCAMP response element binding pro-
tein)-binding protein; TGIF, homeodomain protein TG-interacting factor; NLS, nuclear locdlization signal; SAD, Smad4 activa
tion domain.



No. 5 SMAD PATHWAY IN TGF-B SIGNALING 453

2.2 The process of the Smad pathway

2.2.1 The presentation of cytoplasmic R-Smads to the activated type | receptor. A cell
membrane-localized Smad/receptor anchor protein, known as SARA, recruits cytoplasmic un-
phosphorylated R-Smads to the cell membrane where the activated receptor kinase is located™!.
Human SARA and its Xenopus homolog share an overall identity of 62%, with 85% identity in the
C-terminal two-thirds of the proteins>. SARA can bind to the MH2 domain of Smad2 and
Smad3, but not bind to Smadl and Smad4. Phosphorylations of R-Smads free them from SARA,
and SARA can then recruit additional unphosphorylated R-Smads from the cytoplasmic pool to
the membrane. SARA resides at the cell membrane via a double zinc finger domain known as
FYVE domain®. Downstream of the FYVE domain is a 45-amino acid Smad binding domain
(SBD), through which unphosphorylated Smad2 is recognized and concentrated at the membrane
in proximity to the receptor complex!?®.,

2.2.2 Thedissociation of phosphorylated R-Smads from the receptor complex and the concomi-
tant heteromerization with Co-Smad. The heteromers of R-Smads and Smad 4 are formed
through the association between the MH2 domains of the two Smads. Unphosphorylated R-Smads
exist mainly as monomers. Upon phosphorylation, R-Smads form homo-oligomers with them-
selves, and subsequently, quickly form hetero-oligomers with Co-Smad!®. Unphosphorylated
cytoplasmic R-Smads are auto-inhibited through the intramolecular interaction between the MH1
domain and the MH2 domain®. A unique loop in the MH2 domain of Smad4 prevents its
self-oligomerization™®”.

2.2.3 The trandocation of Smad heteromers into the nucleus. A lysine-rich motif in the
MH1 domains of all Smads has been verified as a huclear localization signal (NLS) in Smadl and
Smad3. The C-termina phosphorylation of Smad3 results in the changes of its conformation and
the exposure of the NLS, followed by nuclear trans ocation with the assistance of importin pland
Ran™®. Nuclear import of R-Smads is independent of the presence of Smad4, while Co-Smad
does not accumulate in the nucleus without a phosphorylated R-Smad®.

2.2.4 Binding of Smad heteromers to specific DNA in target gene promoter. In the promoter
regions of various TGF-B-responsive genes, such as plasminogen activator inhibitor 1 (PAI-1),
type | collagen o strand, Smad7t*?, c-myc®, p15™PHd 121 CPU%S - and matrix metallopro-
teinases (MMPs)!*¥, Smad-binding element (SBE)!*? and TGF- inhibitory element (TIE)!* exist
as functional cis-acting elements for genes transcription. Smad3 and Smad4 bind directly but with
low affinity to SBE via the conserved B-hairpin loops in their MH1 domains. The a-helicesin the
MH21 domain of Smad3 can enhance the binding activity of Smad3 to SBE®. The presence of the
unique exon-3-encoded sequence in the MH1 domain of Smad? is the reason why Smad2 cannot
bind to SBE directly!*. The MH1 domains of Smad3 and Smad4 also bind to GC-rich motifs in
promoters of target genes with a relaxed DNA-binding specificity!*®!.
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2.3 Theregulation of the Smad pathway

Smad heteromers bind to DNA directly after their entry into the nucleus. The DNA binding
mediated by the MH1 domain is of low affinity and low specificity; the formation of a
Smads-DNA complex with high affinity and high specificity involves the participation of other
DNA binding proteins, known as Smad partners. Thus Smads rely on interactions with Smad
partners to activate transcription of target genes.

2.3.1 Transcriptional coactivators. Most transcriptional coactivators associate with the MH2
domains of Smads and participate in the transactivation function of Smads. The first identified
Smad transcriptional partner is FAST*?. FAST can bind to specific DNA of target genes with high
affinity and high specificity, but only plays an accessory role in the transactivation function of
Smads in that it cannot activate gene transcription by itself. In Xenopus, a transcriptional factor
complex containing FAST1, Smad2, and Smad4 assembles on the promoter of Mix.2 thus enhanc-
ing its activin-responsive gene transactivation. Analysis of the complex showed that Smad?2 asso-
ciated directly with FAST1 via its MH2 domain. Smad4 did not interact directly with and func-
tioned to stabilize DNA binding activity of the Smad-FAST complex'*). Similar to the FAST1
complex on the promoter of Mix.2, FAST2-Smad2 complex binds to and activates transcription
from the goosecoid (gsc) promoter, whereas FAST2-Smad3 complex inhibits gene transcription of
gsc .

p300, also known as CREB (cCAMP response element-binding protein)-binding protein (CBP),
has intrinsic histone acetylase activity which can modify chromatin structure thus directly affects
the structure of the promoter region. Numerous investigations have demonstrated that CBP/p300
could bind directly to the MH2 domain of Smad2 and Smad3, and the linker region of Smad4™.
Furthermore, exogenous CBP/p300 could augment TGF-B-induced gene transactivation in a
Smad4-dependent fashion®™. The unique SAD domain of Smad4 functions to induce stronger
association of Smad complex with CBP/p300-2.

Activating protein-1 (AP-1) is a transcriptional factor composed of members of the Jun and
Fos families. AP-1 binding sites exist in the promoters of several TGF-B-responsive genes, either
overlapping or adjacent to SBE. c-Fos binds to the MH2 domain of Smad3, while c-Jun binds to
the linker region of Smad3. The complex consisting of ¢c-Jun, c-Fos, Smad3, and Smad4 binds to
the AP-1 binding site or SBE in target gene promoter and activates gene transcription[51].

PEBP2/CBF™? and Olf-1/EBF associated zinc finger (OAZ)™ interact with the MH2 do-
main of R-Smads, resulting in the cooperation with the R-Smads/Co-Smad complexes to induce
transcriptional activation of target genes.

Severd transcriptional coactivators bind to the MH1 domain of Smads, such as vitamin D
receptort®, and transcriptional factor TFE3!® and ATF2!®9,

New dataindicate that loss of tumor suppressor genes, such as nuclear protein Menin (MEN1
gene product), could aso block the Smad pathway. Moreover, Smad3 could interact directly with
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Menin'>, Whether some products of tumor suppressor genes function as transcriptional corepres-
sors remains to be uncovered.

2.3.2 Transcriptional corepressors. TGIF, as a homodomain DNA-binding protein, can asso-
ciate with the MH2 domain of Smad?2 resulting in the block of Smad target genes transcription.
Histone deacetylases (HDACs) was shown to interact with TGIF-Smad complex by binding to the
MH1 domain of Smad3 thus reducing the TGIF-dependent transcriptional repression’®®.

Calmodulin binds to two different a-helices in the MH1 domains of R-Smads in a cal-
cium-dependent manner. Exogenous calmodulin could inhibit Smads-mediated transactivation of
target genes™.

Ski and SnoN are two members of the Ski family of proto-oncogene products. Ski/SnoN was
found to interact with the MH2 domain of Smad2, Smad3, and Smad4 and to inhibit their transac-
tivation functions. Ski/SnoN regulates the Smad pathway via a negative feedback mechanism: the
extracellular stimulation of TGF-3 leads to the rapid degradation of Ski/SnoN, thus promising the
proceeding of the signaling pathway; the subsequent nuclear accumulation of Smad complexesin
turn enhances the expression of Ski/SnoN, resulting in the timely shut-off of TGF-B signaling!®”.
Ski-interacting protein (SKIP) could reverse the transcriptional inhibiting activity of Ski/SnoN
through interacting with the MH2 domain of Smad2 and Smad3'®".

2.3.3 The functions of 1-Smads in the Smad pathway. I-Smads are distinct from R-Smads
and Co-Smads in that these Smads contain specific MH1 domains and lack C-terminal phos-
phorylation sites. It has been generally recognized that |-Smads compete with R-Smads for bind-
ing to the receptor complex, resulting in the block of the formation of R-Smad-Smad4 hetero-
mers?d. Further investigations by Hata and Kimura et al. demonstrated that Smad6 could interfere
with the formation of Smad complex by competing with Smad4 for binding to phosphorylated
Smad1 (but not to Smad2)!°3, or by binding directly to Smad4'®®!. Smad7 can bind directly to the
phosphorylated type | receptor, and this in turn inhibits the phosphorylation of R-Smads and in-
duces the degradation of the receptor’®.

2.3.4 The shut-off of the Smad pathway by the ubiquitin-proteasome pathway (UPP). The
UPP-mediated proteolysis functions to control the activities of numerous cellular proteins in many
physiological events such as signal transduction and cell cycle regulation. In 1999 the finding of a
novel member of Hect domain E3 ubiquitin ligases that degrades R-Smads, designated as
Smurf1Y, provides the first evidence that the shut-off of the Smad pathway originates from the
UPP-mediated proteolysis of Smads.

A two-hybrid screen identified Smurfl. Coexpression of Smurfl and Smadl in two mam-
malian cell lines, 293T and COS-1, led to a significant and dose-dependent decrease in the level of
Smadl protein, thus supporting the concept that Smurfl could target Smadl for ubiquitination. In
addition to its Hect domain, Smurf1 has WW domains, which mediate the interaction of Smurfl
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with the PY motif of Smadl and Smad5 (but not of Smad2 and Smad3), and induce the ubiquiti-
nation and subsequent degradation of both Smads’®. Smurf1 mediates the ubiquitination of
Smad7 and its subsequent export to the cytoplasm. Furthermore, Smurfl associates with TRRI
through Smad7, and targets TBRI and Smad? that become degraded!®®.

Smurf2 is implicated in the ubiquitination of Smadl, Smad2, and Smad3, but cannot associ-
ate with Smad4!®®. Moreover, Smurf2 can interact with TGF-B receptor complex via Smad?, thus
inducing the degradation of the receptor complex and Smad7'%¥. Smad2-Smurf2 complex, to-
gether with anaphase-promoting complex (APC) and a member of UbcH5 family of E2 ubiquitin
conjugating enzymes, can induce the degradation of SnoN®".

The SCF/Rocl E3 ubiquitin ligase is found to be involved in the ubiquitination of phos-
phorylated nuclear Smad3 and its proteasomal degradation in the cytopl asm(®®.

Despite that UPP-mediated Smads proteolysis is a mechanism of the shut-off of the Smad
pathway, the E1 ubiquitin activating enzymes and the E2 ubiquitin conjugating enzymes mediat-
ing Smads ubiquitination remain to be systematically uncovered.

3 Theactivation of other signaling cascades by TGF-f receptors

The TGF-B receptors can activate three different MAPK signaling cascades: the ERK1/2
pathway (Raf/MEK1,2/ERK1,2 cascade), the INK/SAPK pathway (MEKK1-4/MKK4,7/INK1-3
cascade), and the p38 MAPK pathway (MAPKKK/MKK3,6/p38 cascade), and the specific path-
way utilized varies with cell type® ™. In HaCat cells, TGF-B induction of p15™** and p21“'™
occurred through Smad-independent activation of the MAPK pathway[”]. In kidney epithelial
cells, the activation of Raf antagonized TGF-B-induced apoptosis. Overexpression of Raf did not
affect the phosphorylation and nuclear entry of Smad?. In human fibrosarcoma cells, TGF-p in-
duced fibronectin synthesis through the INK/SAPK signaling cascade in a Smad4-independent
mannert™. These results suggest that TGF-[ receptors can activate the MAPK pathway via other
downstream mediators instead of Smads. TGF--activating kinase 1 (TAK1), as a novel identified
MAPKKK, has been reported to function as a mediator of TGF-J receptors to activate p38 MAPK
pathway and subsequently lead to the phosphorylation of ATF2, which associates with Smad4 as a
transcriptional coactivator in activating gene transcriptiont®. However, the mediators of TGF-B
receptors involved in the activation of TAK1 remain to be elucidated. Protein kinase C (PKC)!"
and an apoptosis inhibitor protein XIAP*® were found to couple the TGF-B receptors and the
BMP receptors to the MAPK pathway, respectively, thus providing us a new horizon on the find-
ing of downstream mediators coupling receptors to the MAPK pathway.

The PP2A/p70®¢ pathway involves activation of the phosphatase PP2A through the release
of its Ba subunit from the TGF- receptors, with resultant p70°* activity inhibition and G1 arrest.
In some cases, the PP2A/p70® pathway can mediate Smad-independent growth-inhibitory re-
sponse to TGF-B, and coexists in paralel with the functional Smad pathway in some epithelial
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cells. This indicates that the Smad pathway is dispensable for certain TGF-f inhibitory re-
sponses .

In addition, TGF-$ can activate PI3K-Akt (also known as protein kinase B, PKB) pathway.
Upon activation of PI3K by the tyrosine kinase receptors, the catalytic subunit of PI3K generates
phosphoinositide phosphate 2 (PIP2) and PIP3, followed by the activation of serine/threonine
kinase Akt, which functions to inhibit the activities of the Forkhead box transcription factor class
O (FOXO0), p53, and nuclear factor-kB (NF-kB)"®. TGF-B1 promoted in vitro angiogenesis par-
tially via activation of the PI3K-Akt pathway!””!. TGF-B1 was involved in epithelial to mesen-
chymal transition (EMT) through inducing phosphorylation of Akt at serine-473 and Akt in vitro
kinase activity!"®.

4 Thecrosstalk between the Smad pathway and other signaling pathways

4.1 Thecrosstak between the Smad pathway and MAPK pathway

The biological effects of TGF- involve the cooperation and counteraction between the Smad
pathway and the MAPK pathway. Smads can interact directly with transcriptional factors activated
by MAPK such as AP-1 and ATF2. SBE is often found in proximity to AP-1 binding site in pro-
moter region, resulting in Smads competition with AP-1 for binding the specific DNAM. In addi-
tion, loss of Smad4 led to the hyperactivation of the ERK1/2 pathway and overexpression of
Ras". These indicate the regulatory roles of Smadsin the MAPK pathway.

The MAPK pathway isimplicated in the regulation of the Smad pathway at the level of Smad.
Activated Ras could enhance UPP-mediated proteolysis of Smad4, suggesting a changed activa-
tion balance between the Smad pathway and the MAPK pathway results from the suppression of
the Smad pathway in carcinomas expressing activated Ras. Inhibition of the Smad signal trans-
duction by Ras constitutes an important mechanism for blocking TGF-3 biological effect in trans-
formed cellS®”. In addition, the phosphorylation of R-Smads in the linker region by ERK can
block the entry of Smad complexes into the nucleus?). The ERK pathway can block Smads ac-
tivities by stabilizing the formation of TGIF-Smad complex[sl]. In contrast, there is also compel-
ling evidence that the MAPK pathway can facilitate flux through the Smad pathway. Smad3
phosphorylation outside its SSXS motif by JNK facilitates both its activation by the type | recep-
tor and its nuclear accumulation®. Four phosphorylation sites for ERK in the linker region of rat
Smad1 are essential for its transactivation function®. Furthermore, the phosphorylation of Smad1
by ERK can enhance its heteromerization with Smad4 and subsequent nuclear accumul ation!®”.
Therefore, the molecular basis for the dual effect of MAPK on the Smad pathway deserves further
investigations.

4.2 The crosstalk between the Smad pathway and the JAK/STAT pathway
IFN-y signaing involves the JAK/STAT pathway. The Smad pathway has been found to be
inhibited by the STAT-induced expression of Smad7®. In primary fetal neural progenitor cells,
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LIF activated STAT3, and the cooperation between STAT3 and Smad7 affected the differentiation
of these cells into astrocytes[%]. In dermal fibroblast cells, the stimulation of IFN-y induced the
activation of STAT 1a, resulting in competition of STAT1o with Smad3 for binding to p300/CBP
and subsequent block of transcriptiona activation of TGF-3-responsive genes’®. These results
demonstrate the negative regulation of the Smad pathway by the JAK/STAT pathway.

The mechanisms of TGF- signaling are summarized in fig. 2.
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Fig. 2. TGF- signaling pathways. TGF-B, Transforming growth factor-f; R-Smad, receptor-regulated Smad; Co-Smad, com-
mon-mediator Smad; |-Smad, inhibitory Smad; MKK, MAPK (mitogen-activated protein kinase) kinase; JNK, c-Jun
NH2-terminal kinase; ERK, extracellular stimulus responsive kinase; MEK, MAPK or ERK kinase; ATF2, activating transcrip-
tion factor 2; AP-1, activating protein-1; PP2A, protein phosphatase 2A; PI3K, phosphatidylinositol-3-OH kinase; Akt, protein
kinase identified in the Akt virus, TAK1, TGF-B-activating kinase 1; PKA, protein kinase A; JAK, Janus kinase; STAT, signal
transducer and activator of transcription; Smurf, Smad ubiquitination regulatory factor; SBE, Smad-binding element; TIE,
TGF-B inhibitory element.

5 Pergpectives

The specificity of TGF-B signaling lies in its transmembrane serine/threonine kinase recep-
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tors, and its complexity lies in that TGF-B receptors could activate other signaling pathways in
addition to the Smad pathway, and that there are cross-talk between the Smad pathway and other
signaling pathways. Clearly, important aspects of the molecular mechanisms of TGF-3 signaling
remain to be clarified. Among those, the primary future tasks are the elucidation of: the mecha
nism of various TGF-B binding proteins in helping TGF- bind with its receptors; the mechanism
of endocytosis of TGF-B-receptor complex; the relative importance of various R-Smads in the
signaling; the mechanisms of oligomerization and nucleocytoplasmic shuttling of Smads; cofac-
tors for Smad complex and their functioning mechanisms; the cis-acting elements in target genes
to which coactivators- or corepressors-Smads complexes bind; new members of E1, E2, and E3
mediating the ubiquitination of different Smads. Further research on the mutation of transcrip-
tional corepressors could promise to provide more effective drug targets for gene therapy of ge-
netic disease and cancer.

A maor quest of TGF-B signaling is to elaborate the cross-talk mechanisms of the Smad
pathway with other signaling pathways. A key problem remaining, however, is the identity of the
downstream mediator coupling TGF-3 receptors to the activation of MAPK pathway. Thus far,
only serine residues phosphorylation sites for ERK were found in the linker regions of R-Smads,
but it has not been reported whether phosphorylation sites for p38 and JNK exist in Smads. In ad-
dition, since the phosphorylation of R-Smads by ERK can lead to stimulatory or inhibitory effect
on the nuclear entry of Smad complex, whether there are specific molecules mediating this dua
effect or how they function deserves future clarification. Although it has been shown that TGF-$3
could activate the PP2A/p70° pathway and the PI3K-Akt pathway, the process of the activation
remains unexplored. The research on the cross-talk between the Smad pathway and the JAK/STAT
pathway is preliminary. Whether Smads could modul ate the activation of the JAK/STAT pathway,
and whether there are cross-talk of the Smad pathway with the PP2A/p70° pathway and the
PI3K-Akt pathway, are additional future goals of importance. Furthermore, other growth factors
and cytokines also appear to be involved in TGF- signaling. Therefore, the specificity of TGF-8
signaling should be integrated into the whole signaling network during physiological and patho-
logical processes.
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