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Abstract
The identification of Smads as protein transcription factors in 1995 led to elucidation of the
canonical transforming growth factor–β (TGF-β) signaling pathway. In the years that have
followed, nuances of the pathway have been realized, and the once-simple scheme of ligand to
receptor to activated transcription factor is now understood to be highly regulated at each step and
riddled with crosstalk from other pathways. The Smads are also recognized as important players
outside of canonical TGF-β–dependent signaling and are responsible for regulating diverse
cellular processes. New evidence suggests that Smad7 plays an integral role in maintaining cell-
cell adhesion through direct regulation of β-catenin. Receptor-activated Smads regulate the
processing of a subset of microRNAs, particularly miR-21. The number of reports demonstrating
the interactions of Smads with proteins outside of canonical TGF-β signaling is increasing,
although the functional relevance of these interactions is not known. Investigating these
interactions will likely yield more evidence that Smads serve important and diverse purposes
beyond their original reported function as signal transducers in the TGF-β pathway.

A Canonical View
Transforming growth factor–β (TGF-β) was first isolated from serum growth factor in the
early 1980s (1) and was subsequently characterized as a potent regulator of cell migration,
differentiation, and proliferation (2,3). It was not until over a decade later that receptor-
activated Smads (R-Smads) were identified as the transcription factors that carry the TGF-β
signal downstream (4). Three classes of Smads have since been identified: R-Smads,
common Smads (co-Smads), and inhibitory Smads (I-Smads). In the presence of TGF-β or
the related ligands bone morphogenetic proteins (BMPs), ligand-specific TGF-β receptors,
which are composed of a type II and type I subunit), become activated, and the type I TGF-β
receptor subunit (TβRI) phosphorylates R-Smads: Smad 1, 5, and 8 (BMP) or Smad 2 and 3
(TGF-β) (5). At the level of the TβRI, the I-Smads, Smad6 and 7, act as competitive
inhibitors of R-Smad phosphorylation (6). Once phosphorylated, R-Smads complex with the
co-Smad Smad4 and accumulate in the nucleus to mediate transcriptional events (7)
(summarized in Fig. 1). The canonical transcriptional outcome of TGF-β stimulation is
dependent on cell type (8,9), secondary to which coactivators or repressors are recruited to
the Smad transcriptional complex (10). TGF-β has been implicated in many aspects of tissue
development and maintenance (2), and aberrant signaling causes a cadre of disease states
(2); thus, understanding this pathway is a priority. Elucidation of this signaling cascade
temporarily subjugated Smads to the role of mere transducers of TGF-β signaling. New
studies, however, reveal that Smads control processes that are independent of TGF-β and
that Smads have a complicated existence of their own.
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Noncanonical Functions of Smads
The I-Smad Smad7, in the context of canonical TGF-β signaling, has been implicated in
both inhibition (11–13) and promotion (14,15) of tumorigenesis. In early tumorigenesis, it
has been suggested that loss of Smad7 is protective, yielding more R-Smad phosphorylation
and subsequently more apoptosis and growth arrest of cancerous cells (16). In contrast,
increased abundance of Smad7 late during tumorigenesis can yield less R-Smad
phosphorylation and consequently fewer downstream events, such as epithelialmesenchymal
transformation (17) and cell migration (12), thus providing a protective effect. Tang et al.
have shed new light on the role of Smad7 in cancer and how its noncanonical function can
promote increased cell-cell adhesion (18), which may potentially inhibit cancer metastasis.
They demonstrated that Smad7 directly interacted with β-catenin to inhibit its
phosphorylation by the target kinases glycogen synthase kinase 3β (GSK-3β) and casein
kinase Iα (CKIα), resulting in decreased β-catenin degradation (18). Unphosphorylated,
stabilized β-catenin complexes with E-cadherin, yielding strengthened cell-cell adhesion
(18). Whether Smad7 regulates the phosphorylation of other intracellular proteins remains
unknown, but Smad7 does interact with other proteins that can be phosphorylated, including
PIASy, protein inhibitor of activated signal transducer and activator of transcription (STAT)
(19). Likewise, Smad7 binds both the R-Smad transcriptional co-activator, p300, and its
activating kinase, Akt (20), creating a possible scenario for Smad7 to further regulate TGF-β
signaling in a noncanonical manner. The extent to which Smad7 is a general
phosphorylation inhibitor is unknown, but the door is clearly open for further studies.

Noncanonical functions of R-Smads have also been reported. The R-Smads have been
implicated in the processing of RNAs. Following a yeast–two hybrid screen designed to
discover novel Smad binding partners, Warner et al. determined that Smad3 directly bound
Splicing factor 3b subunit2 (SF3b2), a member of the major RNA splicing complex (21).
Although the functional consequences of this interaction remain unknown, R-Smads have
now been reported to function in another type of RNA processing, microRNA (miRNA)
processing. The R-Smads—Smads 1, 2, and 3—can facilitate the posttranscriptional
processing of a subset of miRNAs, specifically miR-21 (22). These R-Smads interacted with
p68, an RNA helicase that operates in the DROSHA miRNA processing complex (22). By
an uncharacterized mechanism, Smad involvement in the DROSHA complex promotes
cleavage of the primary precursor mRNA (pri-miRNA) into precursor miRNA (pre-miRNA)
(22). Because miR-21 down-regulates the tumor suppressor PDCD4 (programmed cell death
4) (23–25), regulation of miR-21 production by Smads further implicates Smads as
promoters of tumorigenesis. TGF-β and BMP ligands have indirect control over this
mechanism because phosphorylated receptor Smads accumulate in the nucleus after ligand
stimulation and only nuclear-localized Smads complex with DROSHA (22). However,
Smad phosphorylation status has no bearing on the ability of Smads to participate in this
miRNA processing (22); both phosphorylated and unphosphorylated Smads can participate.
Although Smads are in a perpetual state of flux between the nucleus and the cytoplasm (26),
it is unknown to what extent they are involved in basal miRNA processing in the absence of
TGF-β or BMP stimulation. Reevaluation of R-Smad knockout models in light of this
function in miRNA processing may reveal the importance of miR-21 in a number of
biological processes. Smad2 knockout mice are embryonic lethal because of a gastrulation
defect (27), and it would be of interest to determine whether misregulation of miR-21
contributes to this phenotype and whether miR-21 plays a role in early developmental
processes. Likewise, Smad3 knockout mice show accelerated wound healing and increased
incidence of colon carcinoma (27), and it remains to be determined whether amounts of
miR-21 are altered and contribute to these phenotypes.
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Noncanonical Regulation of Smad Activity
Phosphorylation of R-Smads on the canonical Ser-Ser-X-Ser (where X is any amino acid)
motif can be accomplished by stimulation with agents other than TGF-β and by alternate
kinases other than TβRI. Epidermal and hepatocyte growth factors stimulate the acute
phosphorylation of R-Smads (that is, the effect is not secondary to transcriptional events);
however, the kinase responsible for this phosphorylation remains unknown (28). Treating
cells with nocodazole, a microtubule-depolymerizing agent, also increases Smad
phosphorylation above basal levels in the absence of TGF-β (29). Because the R-Smads
bound microtubules, Dong et al. hypothesized that microtubules sequester Smads and
restrict their access to the TGF-β receptor (29). However, an alternate kinase, Mps1, which
is involved in cell cycle and mitotic control, is activated by nocodazole (30). Mps1
phosphorylates R-Smads in a TGF-β–independent manner, leading Zhu et al. to propose that
“cell cycle-specific activation of Smad signaling” by Mps1 might control transcription of
genes that are temporally important for mitosis (30).

The activities of R-Smads can be directly regulated by retinoids (that is, nontranscriptional).
One example of this interaction is the observation that retinoids can potentiate TGF-β–
mediated phosphorylation of Smad2 (31). However, Smads phosphorylated in the presence
of retinoids do not behave in a canonical manner. When cells are stimulated with both TGF-
β and retinoids, phosphorylated R-Smads do not enter the nucleus or participate in
downstream transcriptional events as effectively compared with cells stimulated with TGF-β
alone (31). Thus, retinoids can influence both canonical TGF-β signaling and noncanonical
functions of Smads by controlling the phosphorylation of R-Smads by TβRI, while
simultaneously regulating their nuclear accumulation (31). Because the retinoid and TGF-β
pathways are critical in many of the same normal and disease processes, including
development (32,33), skin disorders (34), and tumorigenesis (35), it is important to
remember that these two pathways are intimately linked on many levels, including
transcriptional regulation of TGF-β pathway components by retinoids (32,33,35) and
regulation of Smad phosphorylation and nuclear localization by retinoids (31).

Many questions remain regarding Smads' activities, inside and outside of canonical TGF-β
signaling. Reevaluation of previously unexplainable findings in light of these newly
recognized roles for Smads might reveal that noncanonical Smad signaling contributes to the
observed phenotypes and cellular responses. Likewise, several functionally uncharacterized
Smad protein-protein interactions have been reported (21), and these could serve as a
launching pad for further elucidating the diverse roles of Smads, particularly those that are
autonomous of TGF-β.
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Fig. 1.
Canonical and noncanonical Smad signaling. A simplified representation of canonical TGF-
β signaling is depicted centrally with thick arrows and involves ligand-mediated receptor
activation, R-Smad phosphorylation, and Smad translocation to the nucleus to regulate
transcription. Noncanonical pathways have thinner arrows. A noncanonical function of I-
Smad is the stabilization of β-catenin, which allows it to interact with E-cadherin and
increases cell-cell adhesion. Retinoids promote noncanonical activities of R-Smads by
simultaneously potentiating R-Smad phosphorylation by TβRI and blocking R-Smad nuclear
accumulation, thus decreasing nuclear functions of Smads. Noncanonical activation of R-
Smads occurs after nocodazole treatment, which leads to disassociation of R-Smads from
microtubules and activation of Mps1 kinase, which phosphorylates R-Smads. Nuclear-
localized R-Smads also join the DROSHA miRNA-processing complex to increase the
conversion of pri- to pre-miRNA of specific miRNAs.
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