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Abstract

TGF-B (Transforming Growth Factor-$) cytokines employ the Smad proteins as the intracellular
mediator of signaling. Upon TGF-f stimulation, the cytoplasmic Smads become phosphorylated and
consequently accumulate in the nucleus to regulate target gene expression. The cytoplasm-to-nucleus
redistribution of Smads, as well as the ability of Smads to activate or repress gene transcription, is
under multiple layers of regulation by factors not limited to TGF-B. With recent advance in the
knowledge of regulatory factors impinged on Smads, we are beginning to understand the complexity
in cellular responses to TGF-p.
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1. INTRODUCTION

Since its identification in the early 1980s, transforming growth factor § (TGF-3) has been well
established as an important regulator of tissue homeostasis and embryonic development in
metazoans [1,2]. The physiological responses to TGF-B and members of this cytokine family
are diverse, and dependent on the intrinsic properties of the recipient cells.

The signal transduction of all TGF-p cytokines is mediated by a rather simple and
evolutionarily conserved mechanism [3-5]. TGF-f cytokines are bound by their cognate
receptors (referred to as the type Il receptor) which are constitutively active protein kinases
[6,7]. This ligand binding event induces type Il receptor to associate with and consequently
phosphorylate a second transmembrane receptor - the type | receptor. Phosphorylation of the
type | receptor results in activation of its kinase activity [8]. Downstream of the TGF- receptor
kinases, the family of Smad proteins serves as the essential mediators of signaling [9,10]. When
fused to the heterologous GAL-4 DNA binding domain, Smad was shown to be capable of
activating the transcription of a reporter gene with GAL-4-binding sites in the promoter [11].
This, and the later observation that Smads have specific DNA binding activities, led to the
conclusion that Smads function as transcription factors [12]. The link between activated TGF-
j receptors and Smads was established with the key discovery that Smad is a substrate of the
type | TGF-p receptor kinase and as a result the phosphorylated Smad concentrates in the
nucleus [13-15]. Thus, being a signal-activated transcription factor, Smad is the central
transducer of TGF-p signal.

In mammals, the family of Smad proteins include Smad1, 2, 3, 5 and 8, which all contain an
SXS motif at their carboxy-termini that are phosphorylated by ligand-activated TGF-f receptor
kinases. These Smads are therefore referred to as R-Smads (Receptor activated Smads). While
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Smad2 and Smad3 act specifically downstream of only TGF-fs, activin and Nodal, Smad1, 5,
and 8 are activated by BMPs (Bone Morphogenetic Proteins) only [9,10]. Smad4 is not
phosphorylated at its carboxy-terminus, but associates with R-Smads and enters the nucleus
upon stimulation by all TGF-p cytokines. Thus Smad4 is referred to as the co-Smad [9,10].
Smad6 and Smad7 belong to the 1-Smad (Inhibitory Smad) subgroup, which bind to the type
| receptor or Smad4 and block their interaction with R-Smads [16-19]. Hence, Smad6 and
Smad7 inhibit TGF-p signaling. The Smads share sequence similarities, most notably in the
N-terminal and carboxy-terminal regions, referred to as the MH1 (Mad Homology 1) and MH2
domains respectively. The sequence between the MH1 and MH2 domains is termed the linker
region, which is quite variable among Smads.

Knockout mice as well as tissue culture-based studies have implicated R-Smads and Smad4
in regulating growth and differentiation properties of a wide variety of cell types, consistent
with the multifaceted physiological functions of TGF-p cytokines [1,2]. It is becoming
increasingly clear that Smads are subject to additional inputs from other extracellular signals.
The linker regions of R-Smads are phosphorylated in response to mitogenic signals. In the case
of Smadl, such phosphorylation plays important roles in regulating tissue patterning during
embryonic development [20,21]. Through phosphorylating the linker of Smad2 and 3, MAPKs
(Mitogen-Activated Protein Kinase) or CDKs (Cyclin-Dependent Kinases) antagonize the
growth inhibitory function of TGF-B in epithelial cells [22,23]. In contrast, the Rass/MAPK
pathway cooperates with TGF-p and Smads in regulating EMT (Epithelial-to-Mesenchymal
Transition) and extracellular matrix remodeling [24,25]. Moreover, TGF-3 can bypass Smads
and directly activate the PI3K (Phosphatidylinositol 3-Kinase) pathway in regulating growth
properties of fibroblast [26]. Thus, cross-talks between TGF-B and other signaling pathways
are highly dependent on cellular contexts, may take place through Smad-dependent and
independent mechanisms, and have profound implications in disease mechanisms of cancer
and fibrosis [4,27,28].

The complexity in TGF-f responses arises partly from the wide variety of transcriptional
cofactors that partner with Smads in promoter specific or cell type specific manners and also
non-Smad elements in TGF-p signaling. The subjects on transcriptional regulation by Smads
and Smad-independent TGF-p signaling have been discussed extensively in several excellent
reviews [4,5,29-31]. This present review will instead focus on the signaling activity of Smad,
particularly on intracellular trafficking and post-translational modifications of Smads. These
two events critically control Smad function as a signal transducer and transcription factor, and
serve as the nodes that integrate inputs from TGF-p and other signals.

2. CONTROL OF SUBCELLULAR LOCALIZATION OF SMADS

R-Smads and Smad4 are present mostly in the cytoplasm or evenly throughout the cell at basal
state, but become concentrated in the nucleus upon TGF- stimulation [13,32,33]. Such spatial
control of Smads ensures conditional access of Smads to their target genes. Moreover, the
amount of Smads accumulated in the nucleus and the duration of Smads being engaged with
their target promoters are critical determinants of transcriptional outcomes [34-36]. Therefore,
nucleocytoplasm translocation of Smads is a crucial regulatory issue in TGF-f signaling.

2.1. Nucleocytoplasmic Shuttling of Smads in Basal State Cells

Although immunofluorescent staining showed that the bulk of R-Smads and Smad4 undergo
cytoplasm-to-nucleus movement only upon TGF-p stimulation, two studies using methods
designed to capture dynamics of Smads revealed spontaneous bi-directional shuttling of Smads
across the nuclear envelope without TGF-p stimulation [37,38].
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This conclusion was further validated recently in live cell analyses [39,40]. PAGFP (Photo-
Activatable Green Fluorescent Protein)-fused Smad2 can be photoactivated in live cells locally
by laser, so that a particular pool of PAGFP-Smad?2 can be visualized. With this technology,
it was shown that Smad2 continuously move into and out of the nucleus in unstimulated cells
[40]. Moreover, FLIP (Fluorescence Loss In Photobleaching) analysis of GFP-fused Smad2
and Smad4 showed that when either the cytoplasmic or nuclear pool of GFP-Smads is depleted
by photobleaching, the remaining GFP-Smads redistribute and quickly reache a new
equilibrium between the two compartments [39]. These real-time analyses strongly suggest
that R-Smads and Smad4 do not need TGF-f stimulation to enter the nucleus; but apparently
without TGF-B, nuclear import of R-Smads and Smad4 is offset by export forces so these
Smads cannot reach a high concentration in the nucleus.

More and more signal transducers have been found to continuously shuttle in and out of the
nucleus, thus nucleocytoplasmic trafficking is becoming a common feature of many signaling
molecules [41]. However the functional purposes of such Smads shuttling in the absence of
TGF-p stimulation remain a question. While Smads need to be in the cytoplasm to sense the
ligand-binding state of the TGF-p receptors, it is unclear if the nuclear presence of R-Smads
not phosphorylated at their carboxy-termini has any functional consequences.

2.2. Nuclear Import and Export Mechanisms of Smads

The transport of macromolecules across the nuclear envelope is mediated by the nuclear pore
complex (NPC), an assembly of multiple copies of over 30 proteins termed nucleoporins [42,
43]. Translocation across the nuclear envelope entails three steps: anchorage to the NPC,
migration through the NPC and release into either cyto- or nucleoplasm [44-46]. Many protein
cargos are recruited to the NPC by the importin 3 (also referred to as karyopherin) family of
transport receptors. These transport receptors recognize various nuclear-targeting motifs in
proteins such as the classic Nuclear Localization Signal (cNLS) and through separate domains
all transport receptors also directly interact with nucleoporins. Such properties are essential for
transport receptors to carry cargos into or out of the nucleus. Based on limited sequence
similarity or shared biochemical properties, over 20 putative transport receptors have been
proposed in mammals [47]. Those function in nuclear import are commonly referred to as
importins, while those specialize in nuclear export are termed exportins. The association of
importins and exportins with their cargos is regulated by Ran GTPase in opposite manners:
RanGTP induces dissociation of importins from their substrates, but enhances interaction
between exportins and their cargos [44-46]. Since RanGTP is exclusively present in the
nucleus, importins and exportins can therefore only deliver their cargos in one direction even
though importins and exportins alone can traverse the nuclear envelope in both directions.

2.2.1. R-Smads—Reconstituted nuclear import assay in vitro has been instrumental in
deciphering the molecular mechanism of nuclear import by the importin 3 family of transport
receptors [48]. The behavior of Smad2 and Smad3 in this assay suggest that these Smads,
without being phosphorylated by TGF-p receptors, can spontaneously enter the nucleus
independent of transport receptors [49,50]. It appears that the Smads can be recruited to NPC
by direct protein-protein interactions with nucleoporins Nup214 and Nup153 [37]. This
interaction requires a hydrophobic region in the carboxy-terminus of Smad2 and Smad3. Point
mutations in the nucleoporin binding domain, or competitive binding to this domain by other
proteins all led to much impaired nuclear import of Smad2, supporting the notion that
nucleoporin interaction is important for nuclear import of Smad2 [37]. Smad3 is an unique
case in that it also binds to importin B1 through an NLS-like motif in the N-terminal region
[51-53]. Due to differences in the flanking sequences, Smad2 does not interact with importin
B1 [51]. For Smad3, this importin f1 binding is separate from the nucleoporin binding,
suggesting the possibility that there may be parallel mechanisms for importing Smad3 into the
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nucleus. However, in the same reconstituted nuclear import assay, the MH2-domain mediated
importin-independent pathway for Smad3 appeared to be more robust than the MH1-domain
mediated importin B1-dependent mechanism [50]. A number of other signal transducers such
as STATS (Signal Transducer and Activator of Transcription) and ERKSs (Extracellular Signal-
Regulated Protein Kinases) have been described to employ multiple mechanisms for nuclear
import [54,55]. For Smad3, the question is what determines the choice of alternative nuclear
import pathways.

The ability to directly bind nucleoporins could facilitate nuclear export as well, but the
participation of exportins may also be needed. Recently, exportin 4 was shown to be capable
of binding to the MH2 domain of Smad3, and knockdown of exportin 4 by siRNA inhibited
nuclear export of Smad3 [40]. More importantly, TGF-B-induced carboxy-terminus
phosphorylation of Smad3 appeared to weaken its interaction with exportin 4, consistent with
the idea that by impeding the rate of nuclear export, TGF- enhances nuclear accumulation of
R-Smads [40].

2.2.2. Smad4—Smad4 undergoes cytoplasm-to-nucleus redistribution upon TGF-
stimulation, but unlike most R-Smads it also becomes exclusively localized in the nucleus
when the CRM-1-dependent nuclear export is inhibited by Leptomycin B [56,57]. While the
current consensus is that CRM-1 is the export receptor for Smad4, the mechanism underlying
TGF-B-independent nuclear import of Smad4 is under debate. Smad4 can directly interact with
Nup214 and it enters the nucleus without the assistance of importins in the nuclear import assay
[50]. On the other hand, a lysine rich motif is present in the MH1 domain of Smad4. This region
in Smad3 binds to importin 1, but in Smad4 it apparently interacts with importin o instead
[58]. Mutation of this importin a binding site affected nuclear concentration of Smad4 in
response to Leptomycin B treatment, but significant amount of Smad4 was still detected in the
nucleus [56]. Moreover, it is unclear if the effect is due to defects in nuclear import or nuclear
retention, since the mutations might also interfere with Smad4 binding to DNA as shown in
another study [59]. When tested in the reconstituted in vitro assay, nuclear import of Smad4
was robust under the condition that a typical importin o cargo was unable to translocate into
the nucleus [50]. Thus, similar to Smad3, Smad4 may also enter the nucleus through multiple
pathways.

2.3. Nuclear and Cytoplasmic Retention Factors of Smads

In addition to the nuclear transport machinery, retention factors are another major force in
controlling the subcellular localization of Smads. Kinetic analysis of Smad movement in live
cells also indicated that the mobility of Smads in the cytoplasm is limited, probably due to
certain retention mechanisms [39]. When overexpressed, SARA (Smad Anchor of Receptor
Activation), Ski and PKB (Protein Kinase B)/Akt have all been shown to sequester Smad2 or
Smada3 in the cytoplasm [49,60-62]. In the case of SARA, its binding to Smad2 precludes
nucleoporin interaction and inhibits nuclear import of unphosphorylated Smad?2 [37,49].
Moreover, the affinity between SARA and Smad?2 is substantially decreased upon TGF-f-
induced phosphorylation of Smad2, so release from SARA may be part of how TGF-f enhances
nuclear accumulation of R-Smads [60]. However, SARA is almost exclusively localized in
endosomes, while Smad?2/3 are present throughout the cytoplasm, so apparently only a small
proportion of Smad?2/3 are under the control of SARA [60]. In fact, live cell analysis suggested
that the mobility of R-Smads in the cytoplasm is unchanged upon TGF-p signaling, arguing
against the idea that release from cytoplasmic retention plays an important role in TGF-f-
induced nuclear accumulation of R-Smads [40].

Mirroring the retention factors in the cytoplasm, Smad binding proteins can also sequester
Smads in the nucleus. It was first shown that overexpression of FoxH1, itself an exclusively
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nuclear protein, results in nuclear localization of Smad2 in the absence of TGF-f signal [37,
63]. Similar observations were made with a number of other Smad2 interacting proteins in the
nucleus, such as ATF2 [64]. It is conceivable that DNA-binding, characteristic of R-Smads
and Smad4, may also help retaining Smads in the nucleus. Retention of Smad in the nucleus
is likely a consequence of suppressed Smad nuclear export, perhaps due to competition between
the nuclear retention factor and the export factor for association with Smads. Interestingly,
when the Smad-binding domain of SARA was artificially targeted to the nucleus by fusion
with an NLS, the endogenous Smad2 and Smad3 became sequestered in the nucleus without
TGF-B induction [65]. This supports the notion that inhibition of Smad-nucleoporin interaction
could block both nuclear export and import of Smad2 and Smad3. Like SARA, Fox H1 and
ATF2 both bind to the MH2 region of Smad2, and Fox H1 can compete with the nucleoporin
Nup153 for binding to Smad2, which could explain how Fox H1 inhibits Smad2 exit from the
nucleus [37]. Given the recently identified role of exportin 4 in Smad3 export to the cytoplasm,
it will be interesting to examine if Fox H1 or ATF2 interferes with Smad3 binding to exportin
4 as well.

2.4. How TGF-B targets Smads into the nucleus

In response to TGF-p, one major event that potentially affects nuclear transport of R-Smads
and Smad4 is the association between R-Smad and Smad4, which creates a new demand to
import Smads as a complex. This raises the question of how much of the conclusions on nuclear
import of monomeric R-Smads and Smad4 can be applied to the R-Smad/Smad4 complex. In
addition to nuclear import and export, a host of nuclear and cytoplasmic retention factors must
also be at play in concentrating R-Smads and Smad4 in the nucleus upon TGF- stimulation

(Fig. 1).

The case is best illustrated for Smad4 (Fig. 1). Upon association of Smad4 with phosphorylated
R-Smads, the interaction between CRM-1 and Smad4 is largely abolished, and consequently
Smad4 export is prohibited [66]. On the other hand, there is no indication of increased nuclear
import when Smad4 and R-Smads are bound to each other [66]. The complex exhibited similar
affinity for nucleoporins, and there is no evidence if Smad4 binding to importin a is enhanced
as a consequence to Smad4 association with R-Smads. The in vitro import assay revealed that
compared to monomeric Smad4, the complex may contact different nucleoporins when
traversing the NPC, but the efficiency of nuclear import remained comparable [66]. Therefore,
the failure to export Smad4, due to binding of phospho-R-Smads, may be sufficient to restrict
Smad4 to the nucleus. This agrees well with earlier observations that ligand-induced nuclear
accumulation of Smad4 depends on the presence of R-Smads in mammalian and Drosophila
cells [32,67].

The scenario is more complex for R-Smads (Fig.1). Live cell analysis did not detect noticeable
change in the nuclear import rate of R-Smads in response to TGF-f3, consistent with the finding
that phosphorylation of R-Smads does not affect its affinity to nucleoporins [37,40]. Kinetic
analysis of live cells also showed no sign of Smads being released from cytoplasmic retention
in response to TGF-P stimulation. While it was proposed that phoshorylation of R-Smads may
increase its affinity for importin p1, it has not been shown if importin g1 can import the R-
Smad/Smad4 complex [51,52]. The pressing issue is if the R-Smads/Smad4 complex uses
different machinery for import compared to unphosphorylated monomeric Smads which are
much smaller in size. On the other hand, the mobility of R-Smads in the nucleus seemed to be
much decreased upon TGF-p stimulation [51]. This led to the idea that perhaps similar to
Smad4, TGF-B keeps R-Smads in the nucleus mostly by inhibiting their nuclear export. Indeed
phosphorylation of R-Smads was shown to cause some decrease in binding to exportin 4
[68]. But depletion of exportin 4 by siRNA did not cause much change in R-Smads localization
at basal state [68]. So unlike in the case of Smad4, blocking the export is not sufficient to target
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R-Smads to the nucleus. Apparently, additional elements must be considered to explain how
R-Smads are targeted to the nucleus by TGF-p.

3. POST-TRANSLATIONAL MODIFICATION OF SMADS

Like many other signaling molecules, Smads are subject to phosphorylation, ubiquitination,
SUMOylation and acetylation (Table 1). These covalent modifications are important in
regulating the activity of Smads in TGF-B signaling (Table 1). Some of these modifications
are induced by non-TGF-p signals, thus providing ways for other signals to perturb TGF-$
signal transduction.

3.1. Phosphorylation

3.1.1. TGF-B-induced phosphorylation at the carboxy-termini of R-Smads—
Phosphorylation of the carboxy-terminal SXS motif is the on-switch that enables R-Smads to
interact with Smad4, accumulate in the nucleus, and bind to DNA and transcription cofactors
to regulate gene transcription. A long-standing question regarding the control of carboxy-
terminal phosphorylation is the phosphatases that act to dephosphorylate and hence inactivate
the R-Smads. Conceivably such protein phosphatases can either function in the cytoplasm to
limit the amount of phosphorylated R-Smads that can enter the nucleus, or act in the nucleus
to terminate the transcriptional regulation by R-Smads. In addition, dephosphorylation of R-
Smads is closely linked to and required for nuclear export of R-Smads and Smad4 [37,38].
Recently, an RNAIi (RNA-interference) screening of Ser/Thr phosphatases in cultured
Drosophila S2 cells identified PDP (Pyruvate Dehydrogenase Phosphatase) to be required for
dephosphorylation of MAD (Smad1 ortholog in Drosophila) [69]. Interestingly, Drosophila
strains harboring a defective PDP gene exhibit ectopic carboxy-terminal phosphorylation of
MAD at embryonic stages when in wild type animals MAD is not phosphorylated [69]. This
provides strong genetic evidence implicating PDP in dephosphorylation of MAD. Moreover,
PDP is present in both nucleus and cytoplasm, and in the PDP mutant strain phospho-MAD
could be detected in punctate pattern in cytoplasm [69]. These observations suggest the
possibility that PDP’s function may be to reverse aberrant phosphorylation of MAD by signals
other than DPP, which may take place at discreet loci in cytoplasm during embryonic
development. Since PDP is present in mitochondria, it will also be interesting to examine if
the punctate distribution of ectopically phosphorylated MAD corresponds to mitochondria. In
mammals, two closely related PDPs, PDP1 and PDP2, are found in the genome, and have been
characterized as mostly functioning in the mitochondria to regulate the catalytic activity of
pyruvate dehydrogenase [70]. siRNA-mediated depletion of PDPs did cause reduced
dephosphorylation of Smad1, which is downstream of BMP, but not dephosphorylation of
Smad?2/3 [69]. This agrees with the general notion that the BMP pathway in vertebrates, rather
than the TGF- pathway, is more related to the DPP pathway in Drosophila. But it is not yet
resolved if indeed PDPs distinguish the two subfamilies of Smads, just like the receptor kinases
can, or that the observation was just a reflection of more redundancy in phosphatases capable
of dephosphorylating Smad2/3.

In the meantime, Lin et al. resorted to an overexpression approach to screen for mammalian
phosphatases that target R-Smads, which uncovered PPM1A as a phosphatase for Smad2 and
Smad3 [71]. siRNA-based knockdown confirmed the requirement of PPM1A in
dephosphorylation of Smad2 and Smad3. PPM1A directly dephosphorylates Smad2 at the
carboxy-terminal SXS motif, but not the phospho-Ser/Thr residues in the linker region [71].
Elevated level of PPM1A mitigated transcriptional response to TGF-, and inhibited the anti-
proliferation function of TGF-B. In zebrafish, overexpression of PPM1A perturbed nodal
signaling during development, suggesting that the function of PPM1A is evolutionarily
conserved [71]. PPM1A is exclusively present in the nucleus, and its activity facilitates nuclear
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export of Smad2/3 [71]. Therefore, PPM1A’s primary role may be to terminate the TGF-f
responses in the nucleus.

Moreover, Knockaert et al. reported that the SCP (Small C-terminal Domain Phosphatases)
family of phosphatases function to inhibit BMP signaling and induction of the secondary axis
in Xenopus embryonic development [72]. Biochemical evidence indicated that SCPs
dephosphorylate Smad1 directly, and depletion of SCPs by RNAI in mammalian cells led to
enhanced and prolonged phosphorylation of Smad1 and increased transcriptional activation of
target genes in response to BMP [72]. Interestingly, SCPs exhibited much stronger catalytic
activity as well as higher interaction affinity towards Smad1 than Smad2/3. Unlike PDPs, SCPs
are present entirely in the nucleus, suggesting that these two groups of phosphatases may
dephosphorylate Smad1 at different locations and/or different phases of BMP signaling [72].

These studies marked a new direction in understanding how TGF-$ signaling is downregulated,
and also raised several questions such as whether these phosphatases may also act on the TGF-
B receptor kinases. All three studies pointed out the possibility that multiple phosphatases
recognize R-Smads as substrates. This may reflect multiple functional purposes expected of
such phosphatases, i.e. either to limit the magnitude of signal sent into the nucleus or to
terminate the signal once it reaches into the nucleus. It is also conceivable that different cell
types, or at different developmental stages, different phosphatases are involved to turn off TGF-
B signal. Furthermore, activities of Smad phosphatases may be subject to regulation by various
other signaling pathways, thus different phosphatases may serve as conduits through which
different signals interfere with the strength of TGF-p signals. In vivo studies of phosphatases
against Smads are eagerly awaited to provide more insights on how such negative regulation
would affect various physiological processes regulated by TGF-p.

3.1.2. Smad phosphorylation by other pathways—TGF-B-independent
phosphorylation of serine or threonine residues was also observed in endogenous R-Smads.
These phosphorylation events are triggered by various extracelluar signals, and the targeted
sites are mostly in the linker or N-terminal region of Smads that are not always conserved in
all R-Smads (Fig. 2). This may provide potential node through which different R-Smads can
be differentially regulated.

For many of the linker region phosphorylation events, the responsible kinases have been
suggested. Initially, MAPKSs (Mitogen Activated Protein Kinase) were shown to phosphorylate
Smad1 upon EGF (Epidermal Growth Factor) stimulation [73]. Similar, but not identical sites
in Smad2 and Smad3 are phosphorylated by MAPKs downstream of activated Ras (Fig. 2)
[22]. MAPK is also responsible for phosphorylation of Smad4 on Thr276 [74,75]. In addition,
the linker regions in Smad2 and Smad3 are subject to phosphorylation by Cam Kinase Il (Ca-
and Calmodulin-dependent kinase I1), on three of the atypical SXD Cam Kinase Il sites [76].
More recently, the N-terminal and linker regions of Smad3 were shown to be phosphorylated
by CDKs, which is regulated in a cell-cycle-dependent manner [23]. GRK-2 (G protein-coupled
Receptor Kinase 2) phosphorylates Ser197 in Smad2, a residue in the linker that is not targeted
by any of the kinases listed above [77].

The current consensus is that these phosphorylation events all act to repress the function of R-
Smads in TGF-f signaling. In Xenopus embryonic development, BMP signaling suppresses
neural differentiation induced by FGF (Fibroblast Growth Factor) and IGF (Insulin-like
Growth Factor) [20]. FGF and IGF induces linker phosphorylation of Smad1 through MAPK,
and elimination of such phosphorylation by mutating the MAPK sites rendered Smadl much
more potent than the wild type Smad1 in inhibiting neural differentiation [20]. Thus,
phosphorylation of the Smad1 linker region provides the mechanism by which FGF and IGF
attenuate BMP signaling, in order for neural differentiation to proceed. Also in Xenopus
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embryos, the TGF-f ligand activin can induce mesoderm markers in ectoderm, but the
responsiveness is lost at particular embryonic stages. Such loss of competence could be rescued
by introducing Smad2 with the MAPK sites mutated, establishing the correlation between
Smad2 linker phosphorylation and inactivation of activin signaling [78]. Mice with knock-in
point mutations abolishing MAPK phosphorylation sites in Smad1 linker displayed distinct
phenotypes compared to mice with Smad1-null mutation or Smad1 with the carboxy-terminal
mutation preventing BMP-induced phosphorylation [21]. At the cellular level, mutation of the
MAPK sites resulted in distribution of Smad1 to the cytoplasmic membrane, and changes in
cell-cell adhesion as well as actin cytoskeleton structures [21]. The observations in mice further
validate that the linker region of Smadl is a point of cross-talk between BMP and MAPKS,
and inhibition of BMP signaling may not be the only functional outcome of linker
phosphorylation of Smad1. Much less is known about the physiological consequence of Smad4
phosphorylation by MAPK, this phosphorylation event appears to be constitutive and may
result in enhanced nuclear accumulation of Smad4 [74,75].

The underlying mechanism through which N-terminal and linker region phosphorylation
inhibits R-Smads functions remains an issue of much debate. MAPK- and Cam Kinase I1-
mediated phosphorylation did not appear to interfere with the carboxy-terminal
phosphorylation of R-Smads by TGF-p or BMP receptor kinases, but was shown to inhibit
nuclear accumulation of Smadl, 2, and 3 [73,76]. The loss of activin responsiveness in
Xenopus is largely due to exclusion of Smad2 from the nucleus, and indeed mutating the MAPK
sites in the linker restored Smad2’s ability to accumulate in the nucleus [78]. The N-terminal
and linker phosphorylation by CDKs resulted in reduced transcriptional activation potency of
Smad3, whether this is due to decreased interaction with transcription cofactors remains to be
tested, but apparently there is no defect in the carboxy-terminal phosphorylation of Smad3
[23]. In contrast, the GRK-2-mediated phosphorylation of Ser197 in Smad?2 inhibited the
carboxy-terminal phosphorylation in response to TGF-p, which explains how GRK-2 prevents
nuclear accumulation of Smad2 [77].

Many questions remain unanswered. For example, what percentage of endogenous R-Smads
and Smad4 are phosphorylated at the linker or N-terminal regions, how such phosphorylations
may regulate biochemical properties of R-Smad and result in reduced nuclear accumulation of
R-Smads? Structural analysis of Smads with the linker region phosphorylated will provide
useful information. Furthermore, protein phosphatases targeting the linker and N-terminal
phosphorylation sites are potentially important factors in regulating Smad functions.
Identifying such phosphatases will unravel another layer of regulation imposed on Smads.

3.2. Ubiquitination

Ubiquitination of lysine residues was initially recognized as a prelude to proteosome-mediated
protein degradation [79]. More recent studies have shown that dependent on the type of
ubiquitination (i.e. poly-vs. mono ubiquitination) and the topology of ubiquitin linkage to the
protein (i.e. involvement of either Lys48 or Lys63 of the ubiquitin), ubiquitin can serve other
functions such as a sorting signal that direct the protein to particular subcellular locales [80,
81].

R-Smads phosphorylated by the TGF-f receptor kinase undergo ubiquitination and subsequent
degradation [82]. Together with dephosphorylation, these events lead to termination of the
TGF-p signaling. The steady state level of R-Smads is also subject to stability control by
ubiquitination, which may limit the extent of TGF-f response. Smurfl and Smurf2 are HECT-
domain containing E3 ubiquitin ligases that recognize R-Smads as substrates through a PPXY
motif found in R-Smads [83-85]. In addition to being direct substrates of Smurfs, Smads may
serve as a targeting device and direct the associated Smurf to other substrates of ubiquitination.
For instance, Smad2 binds to both the proto-oncogene SnoN and Smurf2, and by bringing the
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two together facilitates SnoN ubiquitination and degradation [86]. Another example is Smad?,
which binds to Smurf2 and targets Smurf2 to the TGF-p receptor kinase for degradation
[87-89].

Smad4 lacks a PPXY motif to recruit the Smurfs, however, ectodermin/TIF1-y (also named
TIM33, RFG7 and PTC7), a protein harboring a RING domain in addition to a number of other
functional domains, was reported recently to suppress Smad4 function and impair Xenopus
embryonic development by acting as an E3 ubiquitin ligase of Smad4 [90]. This hypothesis is
somewhat controversial, as another recent study in mammals did not find ectodermin/TIF1-y
functions in Smad4 degradation, but rather that ectodermin/TIF1-y competes with Smad4 as a
transcription cofactor of R-Smads and regulates the development of the hematopoietic system
[91].

Most of these conclusions were based on in vitro biochemical studies involving overexpressed
proteins. More in vivo evidence is needed to verify the proposed model of Smurf function. To
this end, dSmurf, the Drosophila Smurf, was shown to restrict DPP signaling during Drosophila
embryonic development, supporting the idea that by targeting R-Smads for degradation dSmurf
is a negative regulator of TGF-p signaling in vivo [92]. In contrast, knockout of the Smurfl
gene in mice did not manifest phenotypes that implicate Smurfl function in R-Smads
degradation [93]. Rather, Smurfl appeared to be a critical regulator of the abundance of
MEKK2 [93]. This could be simply due to functional redundancy between Smurfl and Smurf2,
and indeed compound Smurfl and Smurf2 null animals have severe defects and suffer early
embryonic lethality [93]. Whether such physiological abnormalities can be attributed to
aberrant R-Smads levels and TGF-p signaling is still an issue under investigation.

On the other hand, mice carrying mutations in other E3 ubiquitin ligases have suggested the
possibility that ubiquitination may facilitate TGF-f signaling. In embryonic fibroblasts isolated
from mice with null deletion of Itch, a gene encoding an E3 ligase, the sensitivity to TGF-$3
stimulation was much diminished, as evidenced by decrease in R-Smad phosphorylation and
nuclear translocation [94]. The most imminent issue is whether the pro-TGF-f function of Itch
is direct, perhaps through ubiquitination of Smads or TGF-f receptor kinases. Although in
vitro Itch can ubiquitinate Smad2 directly, whether this is the case in vivo and how such
ubiquitination benefits Smad2 phosphorylation by TGF-f still needs to be verified [94].

At present, the field lacks critical information regarding which lysine residues in endogenous
R-Smad are ubiquitinated by which E3 ligase, the topology of such ubiquitination, and whether
the ubiquitination state changes in response to TGF-f and other signals. There are challenging
technical difficulties, but primary cell lines with Smurfl or Itch knock out are available now
which will greatly facilitate investigations of these important issues.

3.3. SUMOylation

The small ubiquitin-related modifier (SUMO) proteins (i.e. SUMO-1, 2, 3) can also be
covalently linked to lysine residues within the consensus sequence VKDE [95]. Similar to
ubiquitination, SUMOylation is catalyzed by a three-tier enzymatic cascade involving E1, E2
and E3 enzymes [95]. The functional consequence of SUMOylation is just beginning to be
realized, and so far examples include regulation of transport across the NPC and stabilization
of target proteins [96].

Several labs have reported SUMOylation of Smad4, and these studies identified Lys 159, and
to a lesser degree Lys 113, as the sites of SUMOylation [97-99]. These lysines lie in the linker
region, the most divergent part in Smads. Therefore, it was not surprising that under the same
assay conditions, none of the R-Smads were found to be SUMOylated. In these studies, the E2
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enzyme Ubc9 and the E3 enzyme PIASy are suggested to be responsible for Smad4
SUMOylation [97-99].

Only a small pool of Smad4 is SUMOylated, and TGF-B may enhance Smad4 SUMOylation
through the p38 MAPK [99]. Based largely on mutational analysis of Lys 159 and Lys113, it
was concluded that when these residues were mutated to Arg, the stability of Smad4 was
slightly improved [97-99]. It is not clear however, if this is due to SUMOylation blocking
ubiquitination of the same Lys residues. SUMOylation of Smad4 was proposed to facilitate
nuclear accumulation and transcriptional activation by Smad4 [97]. But this was challenged
by mutational analyses which showed that mutating Lys 159 and Lys 113 of Smad4
significantly enhanced the transcriptional activation function of Smad4, suggesting that in spite
of stabilizing the Smad4 protein, SUMOylation of Smad4 suppresses its function as a
transcription factor in TGF-p signaling [98,100]. Interestingly, Smad4 was recruited to punctate
structures in the nucleus by the E3 ligase PISAy [98]. Whether and how such sub-nuclear
distribution of SUMOylated Smad4 affect Smad4 activity in transcriptional regulation still
awaits further investigations.

Most of the conclusions on the effects of SUMOylation on Smad4 activity are based on
mutational analyses, and it is hard to determine if the observed functional consequences after
mutations are due to the loss of SUMOQylation or structural changes introduced by the Lys to
Arg switch. However, it is conceivable that SUMOylation of Smad4 may bestow unique
properties to Smad4, such as interaction with proteins, which consequently affects the
efficiency of Smad4 to regulate TGF-p target gene transcription. It will also be interesting to
determine how the p38 MAPK stimulates SUMOylation of Smad4, which is yet another unique
cross-talk between TGF-B and other signaling pathways.

3.4. Acetylation

Acetylation is another form of covalent modification that can take place on Lys. The acetylation
state of various lysine residues in histones determines chromatin configuration and the
accessibility of gene promoters by transcription factors. Thus, histone acetyltransferases and
deacetylases are important regulators of gene transcription [101]. Acetylation was also found
in a number of transcription factors, which regulates their biochemical properties, including
DNA binding, protein-protein interaction and stability [102].

CBP (CREB Binding Protein) and p300 are acetyltransferases that serve as transcriptional
coactivators of R-Smads and Smad4 [103,104]. Indeed, Smad2 and Smad3 were recently found
to be acetylated directly by these two acetyltransferases [105]. The site of acetylation was
mapped to Lys 378 in Smad3, and mutation of this residue to Arg led to decreased
transcriptional activation by Smad3, consistent with the idea that this acetylation event is
important for the transcriptional regulatory functions of Smad3.

Smad7 was also found to be subject to acetylation, which is believed to be mediated mostly
by p300 but not CBP [106]. Lys 64, and to a less degree, Lys 70 in the MH1 domain of Smad7
were identified as the sites of acetylation [106]. It was shown that overexpression of p300
stabilized Smad7 protein, and such effect depends on the acetyltransferease function of p300.
In addition, the carboxy-terminal region of Smad7 binds to the histone deacetylase HDACL,
which can reverse the acetylation of Smad7 by p300 [107]. As expected, acetylation of Lys4
and Lys70 prevented ubiquitination of Smad7, which probably accounted for the observed
increase in Smad?7 stability [106]. Therefore, acetylation of Smad7 by p300, which is a nuclear
protein, may be important in maintaining the stability of Smad7 in the nucleus. Interestingly,
Smurfl has been suggested to ubiquitinate Smad7 and facilitate nuclear export of Smad7
[87]. This raises the question if acetylation also serves as a nuclear retention signal of Smad?7,
and prevents Smad7 from binding to the TGF-f receptor. Again, it is far from clear what is the

Biochim Biophys Acta. Author manuscript; available in PMC 2007 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 11

percentage of endogenous Smad7 that undergoes acetylation and if this is required for the
physiological functions of Smad7.

4. CONCLUDING REMARKS

With the discovery of Smads, a rather simple and linear mechanism of TGF-p signal
transduction was proposed nearly ten years ago that centers around Smads. Since then, the
understanding of Smads has become much more comprehensive (Fig.3). In addition to TGF-
B, a wide variety of factors impinge on Smads to either enhance or antagonize TGF- impacts
on cell proliferation, differentiation, angiogenesis, extracellular matrix remodeling, etc.

In TGF- signaling, selective activation and repression of target gene transcription is critically
dependent on three inter-related aspects of Smad regulation: nuclear accumulation, post-
translational modification, and interaction with transcriptional cofactors (Fig. 3). Many basic
mechanistic questions still remain to be explored on these three issues, such as whether TGF-
{3 and/or other cross-talking signals directly impact on the nuclear transport machinery to
modulate nucleocytoplasmic shuttling of Smads; the identity of phosphatases targeting the
activated type | TGF-p receptor kinases and the various linker phosphorylation sites in Smads,
and how they themselves maybe regulated. Additional challenges lie further ahead in defining
the physiological relevance of some of the recent findings. For instance, knock-in mutations
of phosphorylation, ubiquitination, SUMOylation or acetylation sites would provide much
needed in vivo verification if these post-translational modifications of Smads are important in
TGF-B-regulated processes such as embryonic development, wound healing, angiogenesis etc.
Such mutants can also be studied in the background of mouse models of various cancers in
order to determine the involvement of Smad modification, either by TGF-$ or non-TGF-
signals, in cancer development.

All these information will feed into the ever expanding network of TGF-p signaling, which is
vital in understanding the complex roles of TGF-f in the pathophysiology of diseases such as
cancer. Such knowledge will ultimately help design therapeutic strategies that target TGF-
signaling.
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Figure 1.

Nucleoporins, transport receptors and retention factors regulate the nucleo-cytoplasmic
distribution of R-Smads and Smad4. Note the involvement of importin 1 is limited to Smad3
only. The model suggests that Smad2 and Smad3 need to be dephosphorylated and dissociated
from Smad4 before they can be exported to the cytoplasm by exportin 4 (for Smad2/3) and
CRM-1 (for Smad4).
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Figure 2.

Relative positions of phosphorylated residues in R-Smads. The responsible kinases are
indicated with color coding. Only phosphorylation sites verified by mutational analyses are
highlighted. TBRI: type | TGF-B receptor; BMPRI: type | BMP receptor.
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Figure 3.

Positive and negative regulation of R-Smad functions. Factors that facilitate or inhibit R-Smads
functions are categorized and shown in red and grey boxes, respectively.
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Summary of post-translational modifications of Smads, the effectors and functional consequences.

Type of Posttranslational

Modification Targeted Smads Responsible Enzymes Effects
Carboxy- R-Smads Type | TGF-B receptor Nuclear accumulation, association with Smad4
terminal phosphorylation kinases and various transcription factors etc.
Inhibition of nuclear accumulation or
N-terminal o linker region R-Smads 'I\I/Ié‘;KK‘ZCDK' Camk transcriptional activity. In the case of GRK2, also
hosphorvlation Y ' failure in C-terminal phosphorylation.
phosphory Enhanced nuclear accumulation in response to
Smad4 MAPK TGF-B
R-Smads Smurf 1, 2 Degradation of R-Smads.
Enhanced Smad2 phosphorylation in response to
Ubiquitination Smad2 Itch TGF-B. ) )
Smadd Ectodermin/TIFLy ﬁlrjrggjsdegradatlon and exclusion from the
Enhanced stability, nuclear accumulation and
. transcriptional activity. But also evidence
SUMOylation Smad4 Ubcs, PIASY suggesting much suppressed transcriptional
activity.
- Smad2, 3 CBP and p300 Increased transcriptional activity.
Acetylation Smad7 Mostly p300 Increased stability.
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