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Abstract

Transforming growth factor (TGF)- signalling pathways are intensively investigated because of their diverse association
with physiological and pathophysiological states. Smad transcription factors are the key mediators of TGF-p signalling.
Smads can be directly phosphorylated in the carboxy terminal by the TGF-f receptor or in the linker region via multiple
intermediate serine/threonine kinases. Growth factors in addition to hormones and TGF- can activate many of the same
kinases which can phosphorylate the Smad linker region. Historically, Smad linker region phosphorylation was shown to
prevent nuclear translocation of Smads and inhibit TGF- signalling pathways; however, it was subsequently shown that
Smad linker region phosphorylation can be a driver of gene expression. This review will cover the signalling pathways of
Smad linker region phosphorylation that drive the expression of genes involved in pathology and pathophysiology. The role
of Smad signalling in cell biology is expanding rapidly beyond its role in TGF-p signalling and many signalling paradigms
need to be re-evaluated in terms of Smad involvement.
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intensively investigated and it has even been used as a model
system, for example, in the study of phenomena of whether
cells respond to absolute or relative changes in signals [2].

Smad transcription factors, especially phosphorylated
Smads, are key mediators of TGF-f signalling, but recent
data have shown that the involvement of Smads in cellular
signalling extends well beyond their role as mediators of
TGF-f signalling. Smad transcription factors are divided
into three distinct subgroups based on their role in signal
transduction: the receptor-regulated Smads (R-Smads), com-
mon mediator Smads (Co-Smads) and the inhibitory Smads
(I-Smads). The R-Smads comprise Smads 1-3,5, 8/9 and are
phosphorylated in response to TGF-f and bone morphoge-
netic proteins (BMP) [3]. Smad4 is the only mammalian Co-
Smad identified and it mediates signalling from both TGF-f3
and influences BMP signalling pathways [3]. [-Smads,
Smad6 and Smad7 inhibit the activation of R-Smads via
competitive binding with Smad4. TGF-f-regulated Smads,
Smad2 and Smad3 are composed of N-terminal domain
(MAD homology 1(MH1)), the linker region and a carboxy-
terminal (MAD homology 2 (MH2)) domain that contains
two serine residues directly phosphorylated by TGF-f type
I receptor (TGFBR1) [3].

In Smad signalling pathways R-Smads, Smad2 and
Smad3 are phosphorylated by TGF-p, and Smadl, Smad5
and Smad8 are phosphorylated in response to BMP. Canoni-
cally, TGF-p signalling involves the TGFBR1 also known as
activin-like kinase (Alk) 5 that mediates the phosphorylation
of R-Smads (Smad2 and Smad3) on the serine residues of
the carboxyl terminal. Like other members of the TGF-f3
superfamily, BMPs elicit their effects through the activa-
tion of serine/threonine kinase receptors. Alk3 and Alk6
activate the R-Smads (Smadl, Smad5 and Smad8) in the
carboxyl terminal. However, the Alk2 receptor only activates
Smadl and Smad5. The phosphorylation of the R-Smads in
the carboxy terminal promotes their binding with Co-Smad
(Smad4) to form a Smad complex that enters the nucleus for
regulation of gene transcription. In addition to the canonical
Smad signalling pathways, the TGF-f superfamily members
can also signal via non-canonical Smad pathways. Mamma-
lian Smad2 and Smad3 have a similar amino acid sequence
with 66% and 96% identity in the MH1 and MH2 amino
acid sequences, respectively. In contrast to the similarity in
their amino acid sequences, there are two major differences
between the overall structure of Smad2 and Smad3. Align-
ment of the MH1 domains of Smad2 and Smad3 reveals that
there are two regions of amino acid sequences that are pre-
sent in Smad?2, but absent in Smad3. One of these is called
GAG, a short N-terminal amino acid residue consisting of
ten residues [4]. The other is a 30-residue sequence referred
to as TID [4]. The removal of the GAG domain in Smad?2 or
the insertion in Smad3 had no effect on the transcriptional
activity of the Smads [5]. However, the TID domain, rich in
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serine and threonine residues, prevents Smad2 from directly
binding to DNA.

TGF-p-activated Smads are composed of the N-termi-
nal domain, the central linker region and carboxy-terminal
domain that contains three serine residues of which two are
directly phosphorylated by TGFBR1. Non-canonical Smad
signalling involves TGFBR1-mediated activation of multi-
ple intermediate serine/threonine kinases which are part of
cascades that phosphorylate serine and threonine residues in
the linker region of R-Smads. In the context of non-canoni-
cal Smad signalling, many growth factors and hormones in
addition to TGF-p can activate these same serine/threonine
kinases that can directly or indirectly lead to the phospho-
rylation of the relevant target residues in the linker region
of R-Smads [6, 7]; some of these kinases may be the same
or different from those activated by TGF-p.

In the first descriptions of the role of Smad linker region
phosphorylation, oncogenic RAS as well as epidermal
growth factor (EGF) phosphorylated four serine/threonine
sites in the linker region of Smad2 and Smad3. Notably,
these stimuli do not phosphorylate the serine residues of
the carboxyl terminal [8]. EGF-mediated Smad linker phos-
phorylation inhibits the translocation and accumulation of
Smads in the nucleus, thus disrupting TGF-p signalling
and functions [8]. Canonical signalling involving phospho-
rylation of the serine residues in the carboxyl terminal of
R-Smads leads to the regulation of gene expression. The
canonical signalling pathway can be modulated by TGF-f§
or other growth factors and hormones that activate cytosolic
serine/threonine kinases which phosphorylate the Smad
linker region residues. However, with new data emerging,
it has become apparent that linker region-phosphorylated
Smad2 can translocate to the nucleus and indeed stimulate
gene expression [6, 9-13]. We showed the presence of linker
region phosphorylated Smad2 in the nucleus of human vas-
cular smooth muscle cells (VSMCs) treated with TGF-
[14].

Agonists of G protein coupled receptor (GPCRs), pro-
tein tyrosine kinase receptors (PTKRs) and serine/threonine
kinase receptors (S/TKR) can all mediate Smad2 linker
region phosphorylation. Smad carboxy-terminal phosphoryl-
ation only arises from TGFBR1. The TGFBRI is activated
via direct agonist stimulation or via transactivation-depend-
ent mechanisms in which a GPCR via intricate cell mem-
brane mechanisms activates the TGFBR1 [7, 13, 15-17].
In these examples, it is difficult to interpret the separate
roles for Smad carboxy and linker region phosphorylation.
However, in the one specific example of thrombin signalling
via protease-activated receptors (PAR)-1 in keratinocytes,
thrombin had no effect on the carboxy-terminal phosphoryl-
ation of Smad2; this implies that the responses of increased
plasminogen activator inhibitor (PAI)-1 expression and
cell migration arose from thrombin-stimulated Smad linker
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region phosphorylation [6]. Furthermore, thrombin-stimu-
lated PAI-1 expression was not blocked by the prototypical
TGFBRI1 inhibitor, SB431542, demonstrating that there is
no role for TGFBR1 or Smad carboxy-terminal phospho-
rylation in this response [6]. These results provide evidence
that it is now possible to identify the GPCR/PAR-1 serine/
threonine kinase-mediated Smad linker region phosphoryla-
tion pathway as a signalling pathway in its own right and not
simply a pathway for the regulation of the canonical TGF-f
signalling pathway. In this review we examine, evaluate and
present the evidence that the non-canonical Smad linker
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Fig. 1 The evolution of Smad signalling. a Canonical TGF-f receptor
(TGFBRY1) signalling results in the direct phosphorylation of Smad in
the carboxyl-terminal region. Phosphorylated Smad forms a complex
with Smad4 and enters the nucleus to regulate transcription. b Phos-
phorylation of the Smad2 linker region inhibits nuclear translocation
and TGF-f signalling [8]. ¢ Activation of the TGFBR1 leads to the

region phosphorylation pathway is a signalling pathway in
its own right.

Historical perspective

The first characterization of TGF-p and Smad signalling
revealed carboxyl terminal phosphorylation of R-Smads,
followed by nuclear translocation and regulation of gene
transcription (Fig. 1a) [1]. Subsequently, it was shown
that concomitant linker region phosphorylation of Smad
linker and carboxyl terminal lead to nuclear exclusion
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phosphorylation of the Smad2 linker region via activation of serine/
threonine kinases, and phosphorylated Smad2 in vascular smooth
muscle cells stimulates the expression of genes associated with ather-
osclerosis [10]. d G protein-coupled receptor agonist phosphorylated
the Smad? in the linker region in the absence of Smad carboxyl phos-
phorylation to regulate gene expression and migration [6]
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and effectively inhibition of TGF-f signalling and cellular
responses (Fig. 1b) [8, 18].

However, in recent reports, it has become apparent that
TGF-p can activate kinases which lead to the phosphoryla-
tion of Smads in the linker region and this dually carboxyl
terminal and linker region phosphorylated entity can trans-
locate to the nucleus and stimulate gene expression. In data
from our laboratory, TGF- treatment of human VSMCs
leads to upregulation of the expression of the genes for two
of the enzymes which are rate limiting in the polymeriza-
tion and elongation of the glycosaminoglycan (GAG) chains
on the proteoglycan, biglycan (Fig. 1c) [10, 14]. Inhibitors
of Erk1/2 and p38 (but not Jnk) MAP kinases [14] block
TGF-p-mediated increase in the length of GAG chains and
expression of the GAG elongation enzymes; and the kinase-
specific inhibition of GAG elongation correlated with the
effects on Smad linker region phosphorylation in these cells
[10, 14]. It was this observation that transformed the prevail-
ing view of the role of non-canonical Smad signalling [11,
15, 19]. In VSMCs, GAG hyperelongation by TGF-f stim-
ulation is dependent on both transcription and translation
[20]. Our recent work using a chromatin immunoprecipita-
tion assay shows that Smads bind to the promoter region of
GAG-synthesizing genes [11]. This work also shows that for
TGF-B-regulated GAG gene expression, the phosphoryla-
tion of Smad2 linker region facilitates gene expression. In
VSMCs, thrombin via transactivation of the TGFBR1 and
EGEFR regulated GAG chain hyperelongation [21] and the
expression of the genes for GAG chain elongation [7, 13,
19]. Mechanistic studies show that thrombin activates the
PAR-1 leading to transactivation of the EGFR via matrix
metalloproteinase to phosphorylate the Smad2 linker region
[7]. This is an additional example of phosphorylation of the
Smad linker region stimulating rather than inhibiting gene
expression.

In VSMCs, thrombin transactivates both TGFBR1 (lead-
ing to phospho-Smad2C) and EGFR (leading to phospho-
Erk1/2), so it is difficult to distinguish or separate the
involvement of TGFBR1 action arising from thrombin-
meditated transactivation of TGF-p (via TGFBRI1 to stimu-
late carboxy-terminal phosphorylation of Smads). We have
recently demonstrated in human keratinocytes that PAR-1
activation by thrombin only transactivates EGFR (leading to
Smad linker region phosphorylation) and thrombin activa-
tion of PAR-1 does not transactivate TGFBR1 as we have
observed in VSMCs [6]. PAR-1 transactivation of the EGFR
sequentially stimulates Smad linker region phosphorylation,
the expression of PAI-1 mRNA and keratinocyte migration
[6]. So, it is Smad2 linker phosphorylation arising from
EGFR transactivation that mediates the responses and there
is no role for canonical carboxy-terminal Smad phosphoryla-
tion in this process because the response is not blocked by
the prototypical TGFBR1 inhibitor, SB431542.
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Recently, several examples [6, 22, 23] have emerged
where it has been demonstrated that linker region phospho-
rylation of R-Smads can yield entities which are not carboxy
terminal phosphorylated, but can modulate gene transcrip-
tion. In the Ty;17 cell differentiation model, proximity liga-
tion assays demonstrated that phosphorylated Smad?2 linker
region was in close proximity of STAT3 and histone acetyl-
transferase p300, and in contrast C-terminal phosphoryl-
ated Smad?2 was not [22]. Phosphorylation of Ser255 (in the
Smad? linker region) leads to formation of a complex with
p300 and STATS3 to bind to the promotor regions of Rorc and
[117a genes [22]. This shows that the linker region of Smads
induces cellular responses independent of carboxy-terminal
phosphorylation and as such represents a signalling pathway
in its own right.

GPCR transactivation-dependent signalling
and Smad linker region phosphorylation

In the phenomenon of GPCR transactivation signalling, first
discovered in the Ullrich laboratory [24] more than two dec-
ades ago and since studied in great detail, the paradigm is
restricted to GPCR transactivation of tyrosine kinase cell
surface receptors, most notably receptors for EGF, platelet-
derived growth factor (PDGF), fibroblast growth factor and
other tyrosine kinase agonists [25]. However, in the last dec-
ade we have discovered that GPCRs can transactivate ser-
ine threonine kinase cell surface receptors and specifically
the TGFBR1 [26-28]. Although there were several earlier
reports of GPCR agonists being associated with the genera-
tion of phospho-Smad2C, we suggested the model that this
was transactivation signalling analogous to the original work
of Ullrich and colleagues [24]. Our original studies were in
VSMC s in which there is very strong and equivalent acti-
vation of both the tyrosine and the serine threonine kinase
pathways—thrombin acting on PAR-1 leads to the activation
of both EGFR and TGFBRI1 to generate phospho-Erk1/2 and
phospho-Smad2C, respectively, and both of these pathways
drive the expression of genes for the polymerizing enzymes
which are responsible for the synthesis of the chondroitin
sulphate/dermatan sulphate GAG chains on the lipid-binding
proteoglycan biglycan [7, 21, 29].

In the context of renal fibrosis, PAR-2 transactivation of
EGFR and TGFBR1 was studied in human proximal tubu-
lar epithelial cells [30]. PAR-2 mediated phosphorylation of
Smad2 was inhibited by a broad-spectrum matrix metallo-
proteinase (MMP) inhibitor, marmistat. However, in mouse
proximal tubule cells, lysophosphatidic acid (LPA)-mediated
Smad2C phosphorylation was unaffected by the broad-spec-
trum MMP inhibitor, GM6001 [31], and in VSMCs, PAR-
1-mediated transactivation of the TGFBR1 was unaffected
by GM6001 [21]. Re-examination of the role of MMPs pro-
vided the interpretation that in VSMCs, PAR-1-mediated
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phosphorylation of only the Smad?2 in the linker region was
dependent on MMPs [7] because it arose from classic EGFR
transactivation. GPCR transactivation of PTKRs utilizes cell
membrane mechanisms and MMPs. MMPs are involved in
PAR-1 and PAR-2 (personal communication)-mediated
phosphorylation of the Smad?2 linker region [6, 7, 30].

In various cell types, GPCR agonists transactivate the
TGFBRI1 to phosphorylate Smad?2 in the carboxy terminal
[26, 27, 32]. However, we have screened numerous cell types
treated with GPCR agonists and in some cells we could not
detect Smad2 carboxy-terminal phosphorylation. Thus, the
data available at present indicates that GPCR transactiva-
tion of TGFBRI1 is an important, but not a universal cel-
lular phenomenon. However, we have thus far universally
observed the agonist-mediated phosphorylation of the linker
region of Smad2/3. We also observed a Smad linker region
phosphorylation mediated stimulation of gene expression,
noting that this occurs without any activation of TGFBRI.
From these and other studies, we tentatively developed the
working hypothesis that the non-canonical Smad linker
region phosphorylation pathway is a signalling pathway in
its own right and not only a modulator of canonical TGF-f
signalling. Below, we discuss GPCR-mediated Smad?2 linker
region phosphorylation in the absence of TGFBRI1 and car-
boxy-terminal phosphorylation.

Signalling pathways leading to isolated Smad linker
region phosphorylation

TGFBRI1 not only phosphorylates the C-termini of R-Smads,
but also activates multiple serine/threonine kinases, which
then directly or indirectly phosphorylate various linker
region residues of R-Smads [15, 33]. Smad-independent [34]
or non-canonical cascades [35] refer to the signalling path-
ways resulting in the activation of serine/threonine kinases
to phosphorylate the linker region of Smad transcription fac-
tors. The canonical TGF-f/BMP signalling pathway leading
to Smad carboxy-terminal phosphorylation is dogmatically
treated as the more important signalling pathway; however,
recent observations suggest that the Smad linker region
phosphorylation plays a more widespread role in cell biol-
ogy than previously considered.

The Smad linker region can undergo regulatory phospho-
rylation by multiple kinases, including MAPKSs, Erk, Jnk and
p38, PI3 K, CDKs, ROCK and GSK3 [9, 10, 13, 36]. Among
these kinases, MAPK and CDK are major groups of protein
kinases showing preference for specific serine/threonine
residues in the linker region [10, 11, 14]. Phosphorylation
of the serine and threonine linker residues can act to both
augment and antagonize R-Smads functioning in a context-
dependent manner. For example, induction of the RAS pro-
tein or stimulation of Erk signalling prevents the nuclear
accumulation of R-Smads and blocks gene transcription by

Smads [37]. Phosphorylation of the same residue by p38,
ROCK and Jnk enhances transcription by Smads [38]. In
epithelial cells, TGFBR1 and RAS-associated kinases,
including Erk, Jnk and CDK4, differentially phosphorylate
Smad2 and Smad3 in the carboxy terminal, linker region or
both [39]. The CDK-mediated phosphorylation events create
variable Smad2/3 phospho-isoforms that can differentially
interact with Smad4 and either translocate or be blocked
from entering the nucleus to initiate the transcription of tar-
get genes.

In Ty{17 cells, phosphorylated Smad2 in the linker region
serves as a STAT3 transcription factor co-activator, whereas
unphosphorylated Smad3 in the carboxy terminal serves as
a STAT3 co-repressor [22]. Treatment with PI3K inhibi-
tor reduced phosphorylation of Thr179/220 residue of the
Smad protein irrespective of Smad2/3 C-terminal phos-
phorylation in both human embryonic stem cells and tumor
cell lines [23]. Utilizing both pharmacological and genetic
approaches, mMTORC2 was identified as a key mediator in
regulating Smad2/3 linker region Thr220/179. Together, the
Thr220/179 residue of the Smad2/3 linker region can be
readily phosphorylated by PI3K/mTORC?2 signalling path-
ways in the absence of Smad2/3 carboxy activation [23].

More recently, primary human mesenchymal stem cells
stimulated with TGF-f, IL1P or a combination of the two
agonists phosphorylated Smad2 [40]. IL1p induced the
phosphorylation of both the Thr220 and the three serine resi-
dues of Smad? in the linker region; however, these agonists
had no effect on Smad2C phosphorylation within a 24 h time
frame [40]. Palatal mesenchymal cells from TAK-1 knockout
mice exhibit reduced Smad carboxy and linker region phos-
phorylation [41]; in primary mesenchymal stem cells TAK-1
plays a crucial role in mediating IL Ip-induced TGF-f sig-
nalling via the Smad linker region [40]. Together, these
results show that the linker region-phosphorylated Smad, in
the absence of phosphorylation of the carboxy terminal, can
translocate to the nucleus and regulate gene transcription.

In the context of extracellular matrix synthesis and prote-
oglycan modification, the stimulation of biglycan expression
as well as the hyperelongation of GAG chains is dependent
on Smad?2 linker region phosphorylation [10, 13, 14, 19].
Phosphorylation of Smad has emerged as a critical step in
the signalling pathways that control the synthesis of bigly-
can, both the core protein and GAG chains. More recently,
we have used flavopiridol, a broad-spectrum CDK inhibi-
tor, to study the role of linker region phosphorylation in
TGF-f-stimulated synthesis of biglycan [11]. Flavopiridol
blocked TGF-B-mediated linker region phosphorylation at
both the serine and the threonine residues. TGF-p stimu-
lated the binding of the Smad to the promoter region of the
C4ST-1 and CHSY1 genes and this response was inhibited
by flavopiridol. The increase in the binding of the Smad to
the promoter regions of the two genes shows that in this
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context, the transcription factor can translocate into the
nucleus to regulate gene transcription [11]. The GPCR ago-
nist, thrombin, transactivates EGFR and TGFBRI1 leading
to the enhanced synthesis of proteoglycans and an increase
in mRNA expression of these two GAG-synthesizing genes
[7, 19]. The Smad2 linker region served as a point for inte-
grating GPCR-mediated signalling via transactivation of the
EGFR and TGFBRI1, and phosphorylation of specific linker
region residues led to downstream expression of individual
genes associated with the initiation and elongation of pro-
teoglycan GAG chains [13].

The Smad linker region is associated with a number of
pathophysiological conditions, including cancer develop-
ment [8], cardiovascular disease [10, 14], Alzheimer’s [42],
renal fibrosis [43], esophagitis mucosae [44], endothelial
dysfunction [9], wound healing [6] and inflammation-related
diseases [22, 40]. Greater appreciation of the Smad2 linker
region as a signalling pathway in its own right will allow for
more in-depth studies of this transcription factor and may
lead to the identification of therapeutic targets for interven-
tion in human disease.

Non-TGF-B/TGFBR1-mediated Smad linker
phosphorylation

Phosphorylation of the linker region of Smad transcription
factors was originally described as a parallel opposing or
modulating mechanism of canonical TGF-f/BMP effec-
tor signalling. However, Smad linker phosphorylation and
downstream function entirely independent of TGF-p/BMP
signals were reported in the earliest studies of Smad func-
tion. Kretzschmar et al. [45] were the first to demonstrate
that specific serine residues in Smad1 linker could be phos-
phorylated by Erk1/2 independently of BMP signals. Simul-
taneous mutation of the linker region PXSP motifs and the
BMP receptor carboxy target motif SSVS resulted in com-
plete loss of Smad1 phosphorylation both in the presence
and absence of stimulation by BMPs. Erk-mediated phos-
phorylation of Smad1 linker inhibited the accumulation and
activity of Smadl in the nucleus. In the following years, it
was reported that PTKR-mediated Smad linker phosphoryla-
tion can generate activating signals; both hepatocyte growth
factor (HGF) and EGF are able to trigger rapid phosphoryla-
tion, within 15 min, of Smadl and Smad?2 linker proteins by
kinases downstream of MEK1 [46]. Blocking with TGF-p-
neutralizing antibody had no effect on HGF-mediated Smad
linker phosphorylation and downstream responses which
confirmed that the signalling was independent and not due
to the autocrine or paracrine action of TGF-f.

The linker phosphorylation sites differ between Smad
proteins with the Smad1-type linkers containing a cluster of
four PXSP sequences, which are classical MAPK sites, and
the Smad2-type linkers containing one PXTP followed by
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three XXSP sequences [47] that can be phosphorylated by
another serine threonine kinase Ca>*-calmodulin-dependent
kinase II [48]. In 2004 Matsuura et al. [49] showed in mouse
embryonic fibroblasts that cyclin-dependent kinases CDK4
and CDK2 phosphorylate Thr178 and Ser212 in Smad3
linker region and inhibit cell cycle progression from G1 to
S phase [49]. In rat hepatic stellate cells, Yoshida et al. [50]
demonstrated that PDGF-activated Jnk directly phosphoryl-
ates Smad2/3 linker and stimulates expression of PAI-1. The
Smad3 linker region was subsequently shown to contain a
discrete DNA-binding domain that is capable of mediating
transcriptional activation [S51]. In human aortic endothelial
cells, Smad? is preferentially phosphorylated by the serine/
threonine kinase Akt in the linker region and then preferen-
tially localized to the nucleus under shear stress raised from
2 to 10 dyn/cm? [52]. These findings emphasize the potential
importance of independent linker region phosphorylation in
different cell signalling contexts and outcomes.

In oral keratinocytes, EGF promotes Erk1/2 activation
and Smad2 linker phosphorylation that is blocked by the
MEK1/2 inhibitor U0126. This pathway inhibits TGFf1-
mediated N-cadherin expression in normal oral keratino-
cytes, but does not block in malignant oral squamous carci-
noma cells [53]. Melanoma cells exhibit constitutive Smad?2
and Smad3 linker phosphorylation and this is attributed
to an aberrant TGF-f-based autocrine loop that overrides
TGF-B-mediated growth inhibition [18]. However, there
is also evidence showing that human melanoma cells have
TGF-B-independent Smad linker phosphorylation, which
can be induced by the glutamate release inhibitor, riluzole,
through GSK3 activation [54]. In fibro-carcinogenesis
seen in chronic viral hepatitis of hepatocellular carcinoma,
cytokine-driven Jnk activation triggers linker phosphoryla-
tion of Smad3 that promotes disease progression [55]. As
a disease marker, low pSmad3C and high pSmad3L cell
staining are predictive of human hepatocellular carcinoma
development [55]. Taken together, these findings provide
clear evidence that Smad linker phosphorylation can be a
driving force in malignant cells.

We have recently reported on the mechanism of thrombin-
stimulated PAI-1 expression and cell migration in keratino-
cytes [6]. Thrombin stimulated PAI-1 expression in HaCaT
cells through EGFR transactivation and subsequent Erk1/2-
dependent phosphorylation of Ser250 in the linker region of
Smad? [6]. Importantly, thrombin treatment does not result
in an increase in carboxy-terminal phosphorylated Smad2,
so thrombin does not transactivate TGFBR1 in these cells;
furthermore, thrombin-stimulated expression of PAI-1 (ten-
fold) is not blocked by the TGFBRI1 inhibitor, SB431542,
under conditions in which TGF-p stimulation of PAI-1 (100-
fold) is completely blocked by SB431542. SB431542 is a
highly efficacious inhibitor of TGFBR1, so carboxy-terminal
phosphorylation of Smad2 cannot be occurring, meaning
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that the signalling pathway for thrombin-stimulated PAI-1
expression involves Smad linker region phosphorylation,
nuclear translocation and activation of PAI-1 gene expres-
sion in the absence of carboxy-terminal Smad phosphoryla-
tion. This data are the clearest demonstration that Smad
linker region phosphorylation is a signalling pathway in its
own right.

The importance of the specificity of Smad
phospho-antibodies and signalling pathway
interpretations

For cell biology and in particular cell signalling stud-
ies, there is a huge array of phospho-antibodies targeting
an enormous range of epitopes, often multiple phospho-
epitopes on the same protein. In many reports, activation
is used synonymously with phosphorylation, but the latter
is more specific and is preferred. There are many targets of
kinases where different phosphorylation sites have little or
no impact on the interpretation of the signalling pathways
involved, because they indicate that the target is phospho-
rylated and the kinase activity is increased sometimes by
several orders of magnitude. There are, however, some path-
ways in which the specific phospho-epitopes have profound
implications for the integration and interpretation of the sig-
nalling pathway involved.

Smad has three domains: MH1, MH2 and the proline rich
linker region. R-Smads have a characteristic Ser-Ser-X-Ser
sequence at the C-terminus (MH2) which can be phospho-
rylated, resulting in the activation of downstream signal-
ling pathways. Antibodies measuring the phosphorylation
of carboxy-terminal residues are commercially available.
The Smad linker region has at least four residues which are
phosphorylated. In Smad2, a threonine in position 220 and
three serine residues in positions 245, 250 and 255 can be
phosphorylated. In Smad3 there is a threonine residue in
position 179 and three serine residues at positions 204, 208
and 213 [56]. Early studies of the Smad linker region utilized
an antibody which targeted the three serine residues; how-
ever, Sekimoto and colleagues [56] generated nine antibod-
ies to detect various phosphorylation sites of the Smad2 and
Smad3 linker region.

The availability of individual antibodies targeting dis-
tinct phospho-isoforms has greatly expanded the scope for
studying TGF-f signalling. Linker region phosphoryla-
tion may allosterically regulate intramolecular interactions
between the MH1 and MH2 domains, and intermolecular
interactions between Smads and other molecules. Differen-
tial localization of protein kinases that can phosphorylate
Smad2/3, whether in the cytoplasm or nucleus, also affects
multiple signalling responses that determine the functional
outcome [57]. In rat gastric epithelial cells, treatment
with TGF-f and HGF resulted in nuclear translocation of

phosphorylated Smad2 linker residues Thr220 and Ser255,
but not Ser245 and Ser250, and with Smad3 linker region
residues Thr179 and Ser208 and Ser213 were translocated
to the nucleus but not Ser204 [56]. These results show
the specificity of Smad2/3 linker signalling pathways. In
bovine aortic endothelial cells, a specific signalling path-
way was identified to regulate the mRNA expression of
PAI-1 [9]. TGF-P via CDKs and p38 phosphorylates the
Ser245 and Ser255 residue to regulate the mRNA expres-
sion of PAI-1 [9]. In VSMCs specific residues of the
Smad?2 linker region regulate different genes and func-
tions in the context of cardiovascular disease [10]. Phos-
phorylation of the Thr220 Smad2 linker was associated
with the regulation of the gene involved in the initiation of
GAG chain synthesis [10]; however, the serine residues are
involved in the elongation of the GAG chains [11]. More
recently in human keratinocyte cells, the Smad2 linker
region residue Ser250 was shown to regulate thrombin-
mediated PAI-1 expression and cell migration [6].

In describing the pathway through which thrombin stim-
ulates PAR-1 to mediate transactivation of the TGFBR1
leading to the formation of pSmad2C, we concluded that
MMPs were not involved in this pathway; this was important
because MMPs were well known to be involved in GPCR
transactivation of EGFR so this was a major point of dis-
tinction of these two signalling pathways [58]. Specifically,
we used a phospho antibody which targeted the Ser465/467
residues in the carboxy terminal of Smad2. In VSMCs,
thrombin-stimulated increase in pSmad2C was not blocked
by MMP inhibitor, GM6001, in the same cells in which
GM6001 blocked thrombin-mediated increase in pErk1/2,
a transactivation response which is known to involve MMPs
[21]. Concomitantly to our work, Cheng et al. [30] found
that the thrombin-stimulated increase in phosphoSmads
was blocked by marmistat, an inhibitor of MMPs. This con-
flicting experimental data lead to a diametrically opposed
conclusion as to the involvement of MMPs in PAR-1 trans-
activation of TGFBRI1 [30]. To investigate this dilemma,
we studied the effect of thrombin on both carboxy-terminal
and linker region phosphorylation of Smad2 using phospho-
antibodies to the appropriate regions [7]. We confirmed our
earlier work by showing that the carboxy-terminal phospho-
rylation of Smad2 was not blocked by GM6001; however,
we found that the linker region phosphorylation was indeed
blocked by the MMP inhibitor, GM6001 [7]. Consistent with
the hypothesis being brought forward in this paper, the data
confirmed that linker region phosphorylation occurred as
PAR-1 to EGFR transactivation (as described above) where
activation of EGFR led to increased pErk1/2 and direct
phosphorylation of Smad2 in the linker region [6]. The
conclusion is that MMPs are involved in PAR-1-mediated
transactivation of EGFR, but they are not involved in PAR-
1-mediated transactivation of TGFBRI.
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Conclusions

The implications of these findings and interpretations are
profound—there are a multitude of serine/threonine kinases
which can phosphorylate multiple residues in the linker
region of Smad2/3 and it is likely that these lead to very
specific alterations in the expression of individual or sets
of genes which may be involved in pathophysiological pro-
cesses. The role of Smad linker region phosphorylation was
discovered and described in terms of its role in modulating
canonical TGFBR1/Smad signalling. There are, however,
several layers of complexity that are imposed on this simple
paradigm. Phosphorylation of the Smad2 linker region, how-
ever, can occur independently of TGFBR1. In the context of
transactivation-dependent signalling, GPCRs can transacti-
vate PTKRs to phosphorylate Smad?2 linker region. Direct
activation of PTKRs involved the activation of intracellu-
lar serine/threoning kinases to mediate Smad linker region
phosphorylation. In the studies covered in this review, Smad
linker region phosphorylation occurring independently of
carboxy-terminal phosphorylation drives the expression
of genes in functional signalling pathways. Thus, hitherto
unimagined therapeutic targets, various serine/threonine
kinases which phosphorylate Smad2/3 in the linker region,
may arise from a reimagining of Smad transcription factor
signalling as addressed in this review.
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