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Abstract

Smad proteins are the key intermediates of
transforming growth factor-beta (TGF-f) signaling
during development and in tissue homeostasis.
Pertubations in TGF-B/Smad signaling have been
implicated in cancer and other diseases. In the cell
nucleus, Smad complexes trigger cell type- and
context-specific transcriptional programs, thereby
transmitting and integrating signals from a variety of
ligands of the TGF-$3 superfamily and other stimuli in
the cell microenvironment. The actual transcriptional
and biological outcome of Smad activation

critically depends on the genomic integrity and the
modification state of genome and chromatin of the
cell. The cytoplasmic and nuclear Smads can also
modulate the activity of other signal transducers and
enzymes such as microRNA-processing factors. In the
case of breast cancer, the role of Smads in epithelial
plasticity, tumor-stroma interactions, invasion, and
metastasis seems of particular importance.

Introduction

As the key intermediates of canonical transforming
growth factor-beta (TGF-f) signaling, Smad proteins play
crucial roles in the determination of cell fate of multi-
cellular organisms. These proteins are vertebrate homologs
of the Drosophila protein MAD (mothers against deca-
pentaplegic) and the Caenorhabditis elegans protein
SMA (small), which were identified by genetic screens.
The Smad name is a combination of the two [1]. TGF-p
signaling is an evolutionarily conserved process in which
TGE-p family cytokines induce heteromeric complexes of
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type I and type II serine/threonine kinase TGF-p recep-
tors at the cell surface, which enable the constitutively
active type II receptor to phosphorylate the type I
receptor. Subsequently, type I receptors activate receptor-
regulated Smads (R-Smads) through phosphorylation of
their two carboxyl-terminal serine residues. R-Smads
then can form heteromeric complexes with the common-
partner Smad (Co-Smad), Smad4, which accumulate in
the nucleus and can induce cell type-specific gene
expression profiles through interaction with specific
subsets of other transcription factors, co-activators, and
co-repressors present (Figure 1). These Smad-interacting
proteins not only determine the cell type specificity and
cell context specificity of the transcriptional response but
also can alter the intensity and duration [2-5].

Inhibitory Smads (I-Smads) form a distinct subclass
among the Smads by counteracting the signals trans-
duced by TGF-B receptors, R-Smads, and Co-Smads.
[-Smads are part of feedback loops: they are induced by
TGF-p signaling and act by competing with R-Smads for
receptor binding, thereby inhibiting R-Smad phosphory-
lation [2-5] (Figure 1). The TGF-f/Smad pathway is further
controlled by multiple layers of regulation, such as signal
termination by phosphatases and ubiquitin ligases. More-
over, TGF-P can induce signaling and gene expression in
a Smad-independent manner (for instance, by activating
mitogen-activated protein kinases (MAPKs), PI3K-Akt/
PKB, and small GTPase pathways) [2,6] (Figure 1).

TGF-B/Smad signaling has a biphasic role in cancer
progression. In the early stages, TGF-f can inhibit growth
of epithelial cells and induce apoptosis and thus act as a
tumor suppressor [2,5]. Escape from TGF-f/Smad-
induced growth inhibition and apoptosis is commonly
observed in tumors (for instance, by inactivation muta-
tions or deletions in core components of the pathway,
such as specific receptors or Smads, or defects in the
downstream targets that mediate tumor suppression
[2,5]). Breast cancer cells frequently evade the cytostatic
action of TGF-P while retaining Smad functions. In fact,
in later-stage tumors, TGF-/Smad signaling has been
shown to promote tumor progression. Together with
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Figure 1. Smads as key mediators of transforming growth factor-beta (TGF-B) signaling. TGF-[3 family ligands induce heteromeric complex
formation of type Il (TBRII) and type | (TRRI) TGF-B receptors in the cell membrane. RIl subsequently phosphorylates RI, which in turn recruits,
phosphorylates, and activates R-Smads. Phosphorylated R-Smads subsequently form a complex with the co-Smad (Smad4) and then translocate
into the nucleus. In the nucleus, the Smad complexes bind to other DNA-binding transcription factors, co-activators, and co-repressors to regulate
the expression of a wide variety of target genes. The inhibitory Smads (Smad6/7) can reduce signaling by preventing phosphorylation of R-Smads.
The strength of the signal is also regulated by the continuously shuttling of Smad complexes between the nucleus and the cytoplasm. Besides
Smad-mediated signaling, TGF-f family members can activate the indicated non-Smad pathways, several of which can influence the activity of
Smad complexes and Smad target genes directly or indirectly or both. Co-Smad, common-partner Smad; I-Smad, inhibitory Smad; P, phosphate;

other signaling pathways activated in breast cancer,
TGF-B/Smad stimulates de-differentiation of epithelial
cells to malignant invasive and metastatic fibroblastic
cells [2,5].

In this review, we discuss the role of Smads as signal
integrators in breast epithelial plasticity and breast
cancer progression, thereby describing recent studies on
the molecular mechanisms, including crosstalk with
other signaling pathways. In addition, we review recent
work on the roles of Smads and cooperating factors in
tumor invasion and metastasis.

Molecular mechanisms of Smad signaling

Smad domains and function

The Smad family consists of eight members: two TGF-3
R-Smads (Smad2 and Smad3), three bone morphogenetic

protein (BMP) R-Smads (Smadl, Smad5, and Smad8),
one Co-Smad (Smad4), and two I-Smads (Smad6 and
Smad7). At their amino-terminal and carboxyl-terminal
ends, R-Smads and Co-Smads share two conserved
domains — termed mad homology (MH) 1 and MH2
domains, respectively — that are connected by a linker.
The I-Smads have only an MH2 domain (Figure 2).
Except for the main (long) isoform of Smad2 that
contains exon 3, R-Smads and Smad4 bind DNA via the
B-hairpin structure in their MH1 domains (Figure 2).
Both the MH1 and MH2 domains mediate interactions of
Smads with other transcription factors, co-activators, co-
repressors, and chromatin-remodeling factors. The ability
of Smads to interact with other DNA-binding factors
greatly facilitates gene regulation as Smads bind DNA
only with rather low affinity. The MH2 domain of
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Figure 2. Schematic structure of Smad family members. (a) The schematic structure of the indicated Smads shows the homology between

conserved among Smads, but the linker region (blue) is not conserved between the R-Smads and Smad4. The main splice variant of Smad2
contains two inserts in its MH1 domain (L1 and exon 3) that are not found in other R-Smads. For details on the functions of the indicated
domains and motifs, see the ‘'Smad domains and function’and ‘Regulation of Smads by phosphorylation’sections of the text. (b) A more detailed
representation of the MH1 and linker domains of Smad3 shows various phosphorylation sites and, as examples, some of the kinases and other
modifying enzymes acting on these sites and domains. Co-Smad, common-partner Smad; GSK-3, glycogen synthase kinase-3; I-Smad, inhibitory
Smad; MH, mad homology; PKC, protein kinase C; R-Smad, receptor-regulated Smad.

functional domains. The MH1 (red) and MH2 (green) domains are

R-Smads, in particular the L3 loop, is also responsible for
the interaction of R-Smads and type I TGF-p-related
receptors prior to phosphorylation, whereas the linker
region between the MH1 and MH2 domains contains
phosphorylation sites for different kinases and a poly-
proline-tyrosine (PY) motif that binds ubiquitin ligases
(Figure 2). The roles of the various Smad domains in
DNA binding and protein-protein interactions have been
reviewed previously in detail [2-5].

Regulation of Smads by phosphorylation

Only the R-Smads have a conserved SSXS motif in their
extreme C-terminus that is phosphorylated by activated
type I receptors (Figure 2). Whereas Smad2 and Smad3
are the major Smads downstream of TGF- and activin
type I receptors, Smadl, Smad5, and Smad8 are phos-
phorylated mainly by BMP type I receptors. However,
TGE-P also can induce phosphorylation of Smad1/5 in
various cell types. Phosphorylated R-Smads form
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heteromeric complexes with the Co-Smad Smad4 that
then accumulate in the nucleus (Figure 1). Various
studies indicate that trimeric complexes (Smad2/Smad2/
Smad4, Smad3/Smad3/Smad4, and Smad2/Smad3/
Smad4 and mixed complexes of BMP and TGF-f3 Smads)
are formed, but there are also reports of dimeric
complexes. Activated TGF- Smads bind to TGF-p-res-
ponsive elements, usually characterized by CAGA motifs,
whereas activated Smad1/5-Smad4 complexes induced by
BMP activate BMP-responsive elements (reviewed in
[3-5]). Mixed R-Smad complexes induced by TGEF-p
(containing, for instance, phosphorylated Smadl and
Smad2) do not activate BMP-responsive elements [7].

The C-terminal phosphorylation of R-Smads is counter-
acted by dephosphorylation by the phosphatase PPM1A
and others [8,9]. Importantly, CLIC4 (chloride intra-
cellular channel 4) and transcription factor Schnurri-2
can bind to phosphorylated Smad2 and Smad3 and there-
by interfere with their dephosphorylation [10]. Phos-
phorylated Smad2 and Smad3 interact with importins
and nucleoporins, and this promotes their nuclear
translocation and also that of Smad4 [11-15]. PPM1A has
been shown to facilitate the interaction of dephosphory-
lated Smad2/3 and nuclear export factor RanBP3 (Ran-
binding protein-3), thereby coupling dephosphorylation
with nuclear export to terminate TGF-fB/Smad signaling
[16,17]. Importantly, the Hippo pathway, which senses
cell density information, was recently found to determine
nuclear/cytoplasmic localization of active Smad com-
plexes via cell density-mediated formation of Crumbs
polarity complexes and the transcriptional regulators
TAZ and YAP [18].

Many other kinases also phosphorylate Smads. Erk1/2,
p38, and JNK MAP kinases, glycogen synthase kinase-3
(GSK-3), cyclin-dependent kinases (CDK2/4/8/9), TGF-p-
activated kinase-1, and G protein-coupled receptor
kinase-2 can all phosphorylate the Smad linker region
(Figure 2), which in most cases has been found to
suppress Smad activity (for instance, by enhancing
degradation) [4] (see below). TGF-B/BMP treatment thus
also can induce Smad linker phosphorylation but with
delayed kinetics as compared with C-terminal phos-
phorylation. This originally suggested that linker phos-
phorylation occurs as part of a negative feedback loop to
remove activated Smads. However, later studies showed
that linker phosphorylation also can enhance the inter-
action of Smads with the transcription factor YAP or
Pinl and thereby promote Smad target gene expression
[19]. Differential linker serine phosphorylation by
CDK&8/9 and GSK-3 appears to enable R-Smads first to
bind to YAP or Pinl and only later induces binding of the
ubiquitin ligase Smurfl or Nedd4L, which triggers
R-Smad destruction (Figure 2). Smadl phosphorylation
by CDK8/9 creates binding sites for the WW domains of
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YAP, but subsequent phosphorylation by GSK-3 elimi-
nates YAP binding and creates binding sites for the WW
domains of Smurfl. Similarly, Smad3 phosphorylation by
CDK8/9 was found to first create binding sites for Pinl,
and afterwards GSK-3 phosphorylates the sites that
enhance Nedd4L binding [20]. Phosphorylation of the
MH1 domain by protein kinase C also can inhibit Smad
activity (Figure 2). In contrast, murine protein serine/
threonine kinase 38 can activate Smad functioning via
phosphorylation of Smad2, Smad3, Smad4, and Smad7
[21].

Very recently, Msn members of the Ste20 family of
MAP4Ks (MAP kinase kinase kinase kinases) were found
to be able to block C-terminal phosphorylation of all
R-Smads, except Smad3, through a single highly con-
served phosphorylation event in the MH2 domain (a-
helix 1: T322 in Smad1/5/8 and T324 in Smad2). More-
over, functional assays in cell culture and Drosophila
whole animals showed that Msn kinases can suppress the
biological functions of Smad [22]. In conclusion, phos-
phorylation of Smads can occur at multiple residues and
domains and is a critical mechanism by which the TGF-p/
Smad pathway interacts with other signaling cascades,
such as the Wnt/GSK-3 and Ras-MAPK pathways.

Control of Smads by ubiquitination
Ubiquitin-mediated degradation of Smads in proteasomes
and lysosomes represents an important mechanism in
the control of Smad stability and turnover. Various
ubiquitin ligases can bind to non-activated Smads, but
some appear to preferentially target activated Smad
complexes and thereby trigger termination of Smad
signaling. Ubiquitin ligases binding to R-Smads include
the HECT ubiquitin ligases Smurfl and Smurf2, binding
to linker region PY motifs, Nedd4-2/Nedd4L, Tiull/
WWP1, WWP2, SCE-ROC1, and CHIP [3,4,23]. As des-
cribed above, other signaling pathways can influence
R-Smad (poly-)ubiquitination and degradation via CDK8/9-
and GSK-3-mediated linker phosphorylation. In addition,
the interaction between Smad2/3 and Smurf ubiquitin
ligases can be enhanced by estrogen via Smad binding to
the estrogen receptor (ER), causing estrogen-induced
Smad degradation and inhibition of TGF-f} signaling [24].
Smad4 degradation can be mediated by the E3 ligases
JAB1/CSN5 and SCFF'™? and mutated Smad4 found in
cancers can be degraded via SCF*? [4]. Smad4 can also
be mono-ubiquitinated at Lys519 by the RING-type E3
ligase ectodermin/TIF1y. Importantly, this ubiquitination
event does not affect Smad4 stability but inhibits its
binding to phosphorylated Smad2. Removal of the mono-
ubiquitin by the de-ubiquitinase FAM/USP9x restores
Smad4 function [25]. Recently, both the ubiquitin ligase
and transcriptional repressor activities of ectodermin/
TIFly were found to be induced by histone binding,
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suggesting that TIF1ly can dictate the residence time of
activated Smad complexes at their target genes [26].
Intriguingly, mono-ubiquitination of Smad4 on Lys507
has been found not to inhibit but to enhance its activity [4].

Like R-Smads, inhibitory Smad7 can bind the E3 ligases
Smurfl and Smurf2 via its PY motif. This triggers recruit-
ment of various ubiquitin ligases to the TGE-pB type I
receptor and causes its subsequent degradation, which
represents one of the ways by which Smad7 inhibits
TGEF-pB signaling. The ubiquitin ligase Arkadia controls
the degradation of Smad7 itself and its binding is
facilitated by axin, a scaffold protein that plays a crucial
role in Wnt signaling. Interestingly, other inhibitors of
Smad signaling, such as their co-repressors Ski and SnoN,
can also be ubiquitinated and degraded via Arkadia [3-5].
Specific isoforms of ubiquitin ligase WWP2 also can bind
and degrade Smad?7 [23]. In conclusion, ubiquitin ligases
and scaffold proteins not only control Smad stability and
activity but also enable Smads to act as converging points
between TGF-B/BMP pathways and other signaling path-
ways, such as the Wnt/GSK-3 pathway.

Other Smad modifications: acetylation, sumoylation,
methylation, and parylation
Acetylation of lysine residues can prevent their ubiquiti-
nation and subsequent proteasomal degradation. The co-
activator and acetyl-transferase p300 can stabilize Smad7
via this mechanism, whereas various deacetylases, such
as SIRT1, can render Smad?7 sensitive to ubiquitination
again [4,27]. p300/CBP-mediated acetylation of the MH1
domain of Smad2 has been reported to promote TGF-
signaling in a ligand-dependent manner, presumably by
enhancing Smad2 nuclear accumulation [28,29]. Smad3
can also be acetylated by p300/CBP in the MH2 domain,
which is associated with enhanced transcriptional
activity of a GAL4-Smad3 fusion protein [30].
Sumoylation represents another post-translational
modification through which Smad activity can be con-
trolled. The E3 ligase PIAS1 can sumoylate Smad4 in its
MH1 domain, which enhances TGEF-f signaling by
preventing Smad4 ubiquitination and degradation. But
sumoylation might also inactivate Smad4 via recruitment
of transcriptional repressors (reviewed in [4]). Like
acetylation, sumoylation might therefore refine the
regulatory mechanisms that control Smad signaling.
Smad6 and Smad?7, but not (R-)Smads and Smad4, can
also be methylated by PRMT-1 (protein arginine N-
methyltransferase-1). However, the functional consequen-
ces of this modification are as yet unclear [31]. Intriguingly,
PARP-1 (poly(ADP-ribose)polymerase-1) was recently
reported to interact with Smad3 and Smad4 and to
poly-ADP-ribosylate them. This parylation event appears
to regulate the potency and duration of Smad-induced
transcription by reducing Smad DNA binding [32].
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Control of Smad activity by protein-protein interaction

As mentioned previously, Smad activities, in particular
DNA-binding and gene activation, are also regulated
extensively by protein-protein interactions. So far,
Smads have been found to bind to and regulate more
than 100 proteins, which include (cell type-specific)
transcription factors and co-regulators, such as AP-1,
Foxo, ets members, p300/CBP, and HDACs. The very
large size of the Smad3 interactome supports the idea
that Smads represent a critical node in the control of
tissue homeostasis [33]. As protein-protein interaction-
mediated control by Smads has been extensively
reviewed previously [2-5], we will mention only recent
studies relevant for breast (cancer) development. How-
ever, it is important to stress that, via these interactions
and the post-translational modifications described
earlier, the TGF-B, Ras-MAPK, PI3K-Akt/PKB, Wnt/
GSK-3, and p53 pathways converge and cooperate in the
nucleus through multi-protein transcriptional regu-
latory complexes at their target promoters (Figures 1-3).
Moreover, these interactions can mechanistically
explain how oncogenic mutations in these cooperating
pathways can switch TGF-/Smad signaling from tumor
suppressive to tumor promoting in cancer progression
(see below).

As described in previous sections, interaction of Smads
with components of other signaling pathways can also
occur outside the nucleus. Relevant for the crosstalk
between TGF-B/Smad and PI3K-Akt/PKB signaling is,
for instance, the direct interaction between Smad3 and
Akt/PKB in the cytoplasm, preventing Smad3 phos-
phorylation and nuclear translocation and thereby also
Smad3-mediated transcription and apoptosis [34]. More-
over, as described above, the Hippo/Taz/Yap pathway
determines nuclear/cytoplasmic localization of active
Smad complexes via cell density-mediated formation of
Crumbs polarity complexes [18].

Also, Smad7 exhibits several functions via protein-
protein interactions. In addition to competing with
R-Smads for binding to the activated type I TGEF-f
receptor, Smad7 can inhibit TGF-p signaling by recruit-
ing phosphatases to the receptors and by inhibiting
Smad binding to DNA [3,4]. Furthermore, Smad7 can
function as an adaptor to facilitate activation of p38
MAPK [6].

Figure 3 summarizes the various ways through which
Smad activity is regulated. It remains to be established to
what extent phosphorylation, ubiquitination, acetylation,
sumoylation, methylation, and parpylation occur simul-
taneously on endogenous Smad proteins in vivo, whether
they are regulated by each other, and whether all of these
modifications are controlled by the cellular signaling
networks. Mass spectrometry approaches are expected to
shed more light on this matter.
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Figure 3. Schematic representation of the regulation of

Smad activity in the cell. A variety of different post-translational
modifications and protein-protein interactions control the properties
of individual Smads or Smad complexes or both and thereby regulate
their transcription factor activity and target gene specificity in a
stimulus- and cell type-specific manner. For each control mechanism,
one example is given [96-100].

Smad-mediated functions

Besides playing crucial roles in signal transmission and
gene regulation, the Smad proteins have been found to
exhibit functions such as enzyme regulation (Figure 4).
The role of Smads in assembly and recruitment of
ubiquitin-ligase complexes has already been described.
Another activity is binding to the regulatory subunit of
protein kinase A (PKA), thereby activating PKA indepen-
dently of increased cAMP and mediating TGF-$
activation of CREB, induction of p21(Cipl), and inhibi-
tion of cell growth [35].

An important recently detected function of the Smads
is regulation of microRNA (miRNA) processing. miRNAs
are small non-coding RNAs that modulate diverse
biological functions through the repression of target
genes. R-Smads were found to directly interact with the
RNA helicase p68, a component of the DROSHA com-
plex that mediates the processing of miRNA precursors
[36]. Smads were also shown to bind to CAGA sequences
in the stem structures of a subset of miRNA precursors
and thereby to facilitate their maturation [37]. It is
important to note that, like Smad activity, expression of
non-coding RNAs is cell type- and cell context-specific
and that Smad signaling therefore results in very cell
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type- and cell context-specific miRNA profiles (reviewed
in [5]).

Mammary development, stem cells, and cancer
TGF-B family members, including activin, are expressed
throughout mammary gland development and maintain
ductal morphogenesis and architecture of the gland,
regulate stem cell populations, and influence epithelial
proliferation and differentiation in response to hormones.
Deletion of the activin fb subunit results in incomplete
mammary development and absence of lactation in mice,
and TGF-p has been shown to inhibit alveolar formation
and synthesis of milk proteins and to induce apoptosis
during involution of the mammary gland (reviewed in
[38,39]). Analysis of putative mammary phenotypes in
Smad knockout mice has been complicated for Smadl,
Smad2, Smad4, and Smad5, which are essential for
embryonic development (reviewed in [40]). Specific
disruption of Smad4 in the mammary epithelium did not
affect mammary gland development during the first three
pregnancies but did cause a gradual enhancement of cell
proliferation, alveolar hyperplasia, and transdifferentia-
tion of mammary epithelial cells into squamous epithelial
cells. As a consequence, all mutant mice developed
squamous cell carcinoma or mammary abscesses or both
between 5 and 16 months of age [41]. For the other Smad
knockout mice, in vivo mammary phenotypes have not
been reported [40,42].

Normal mammary epithelial cells

One of the functions of the TGF-/Smad pathway during
mammary gland development is to antagonize the
prolactin/JAK/STAT pathway during the control of
mammary gland growth, differentiation, and lactation.
For instance, activation of Smad2, Smad3, and Smad4 by
activin and TGF-f} was found to block STAT5-mediated
activation of B-casein and cyclin D1 expression via
inhibition of the association between STAT5 and the co-
activator CBP [43].

Smad2 and Smad3 appear to have specific functions in
the mammary epithelium. Analysis of conditionally
immortalized mammary epithelial cell lines derived from
the virgin mammary glands of H-2Kb-tsA58 transgenic
immortomice crossed with (conditional) Smad2- or
Smad3-null mice showed that Smad3, but not Smad?2, is
critical for TGF-B-induced growth inhibition, apoptosis,
and epithelial-mesenchymal transition (EMT), whereas
both Smad2 and Smad3 can mediate TGF-p-induced
invasion as long as a threshold level of total Smad is
exceeded [44]. In a related study, RNaseH-induced mRNA
degradation in NMuMG mouse mammary epithelial cells
showed that Smad3, rather than Smad2, is the critical
R-Smad in TGF-p-induced target gene activation and
EMT [45]. Also, in several other (breast) cancer models
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and cell types, Smad2 and Smad3 were found to exhibit
distinct functions (see below).

In fact, although Smad2 and Smad3 share 92% identity
at the amino acid level, Smad2-null mice die during
embryogenesis, whereas Smad3-null mice are viable and
survive until adulthood. This appears to be due to
differences in the Smad2 and Smad3 expression patterns
rather than to different intrinsic Smad protein activities,
as insertion of Smad3 into the Smad2 locus is sufficient
to rescue the lethality of Smad2-null mice. However, the
long Smad2 isoform that lacks intrinsic DNA-binding
activity cannot rescue the Smad2-null phenotype [46].
This suggests that, when expressed at sufficient levels, the
long Smad2 isoform is mainly responsible for the differ-
ent behavior of Smad2 and Smad3. It is important to note
that, for a given biological response, different cell types
can show different Smad requirements, and this is most
likely due to cell type-specific expression of the trans-
cription factors and co-factors that cooperate with the
Smads (see above).

Loss of TGF-B/Smad-dependent growth inhibition and
subsequent tumor progression

As mentioned previously, TGF-p signaling usually acts as
a tumor suppressor in the early stages of tumor

development. Tumor suppressor activities of TGF-f/Smad
signaling include repression of c-myc [47] and induction of
cyclin-dependent kinase inhibitors (reviewed in [2,5,48]).
During cancer progression, accumulation of genetic
mutations as well as epigenetic changes can render cells
insensitive to the cytostatic effects of TGF-p, and core
components of the TGF-f pathway, including Smad2,
Smad3, and Smad4, are frequently inactivated in a subset of
cancer specimens (for instance, in colorectal cancer) [49-
51]. However, breast cancers often carry defects only in
downstream mediators of the cytostatic action of TGE-f,
show normal TGF-f3 signaling from receptors to Smads, and
retain or gain other TGF-B-responsive properties, indicating
that TGF-B/Smad signaling is critical for breast cancer
progression [48,51-55]. A large number of studies support
the positive role of TGF-f/Smads in late breast cancer. For
instance, transgenic mice expressing an activated TGF-p
type I receptor or dominant negative TGF-{ type II receptor
under control of the mouse mammary tumor virus pro-
moter showed that TGF-f impairs mammary tumorigenesis
induced by activated forms of the Neu receptor tyrosine
kinase but promotes the formation of lung metastases [56].
Moreover, reduction in Smad2/3 signaling was found to
enhance tumorigenesis but to suppress metastasis of
breast cancer cell lines [57].



Sundqvist et al. Breast Cancer Research 2012, 14:204
http://breast-cancer-research.com/content/14/1/204

One of the important issues in breast cancer research is
what switches TGF- and Smads from tumor suppressors
to tumor promoters during the later stages of cancer
progression [2,58]. As mentioned previously, oncogenic
mutations in Ras-MAPK, PI3K-Akt/PKB, Wnt, p53, Myc,
and other TGF-B/Smad-interacting pathways can make
cells insensitive to TGF-B-induced growth arrest and
apoptosis. However, these oncogenic events can also
specifically enhance pro-invasive and pro-metastatic
TGEF-B responses in epithelial cells, and this often
involves a change in the balance between canonical Smad
and non-Smad signaling [2,5,48,59-61]. For instance,
TGEF-B, oncogenic Ras, and mutant-p53 together can
induce the formation of a Smad/mutant-p53/p63 ternary
protein complex in which the suppressive function of p63
is inhibited, resulting in activation of genes that promote
migration, invasion, and metastasis [62]. Moreover,
transformation by oncogenic Ras was found to strongly
enhance the Smad-dependent invasion of breast cancer
cells in a collagen matrix [59,63]. Radiation carcino-
genesis studies that include stromal or epithelial TGF-p
depletion suggest that the TGF-f switch from tumor
suppressor to tumor promoter involves distinct stromal
versus epithelial actions, in particular pro-tumorigenic
stromal remodeling [64].

As described in the following sections, many preclinical
studies indicate that TGF-f and Smads can promote
tumor invasion and metastasis through EMT, through
enhanced motility, invasion, and survival of the tumor
cell, and by affecting the tumor stroma via the extra-
cellular matrix composition. TGF-$ and Smads can also
stimulate angiogenesis and suppress immunosurveillance
(reviewed in [2,39,65]). Moreover, EMT has been found
to produce cancer cells that express stem cell markers
and exhibit stem cell characteristics, suggesting that
cancer cells that undergo EMT can metastasize through
acquired invasiveness and, upon dissemination, through
enhanced self-renewal potential, enabling them to grow
out into macroscopic metastases [66].

Epithelial-to-mesenchymal transition
As mentioned earlier, TGF-f/Smad signaling can stimu-
late de-differentiation of epithelial cells to malignant
invasive and metastatic mesenchymal cells. In general,
EMT is characterized by disassembly of adherence
junctions, tight junctions, desmosomes, or gap junctions
and by activation of the cytoskeletal and signaling
systems involved in migration and invasion. Moreover,
changes in expression of specific membrane proteins and
secreted cytokines, such as downregulation of E-cadherin
and upregulation of N-cadherin, can occur.

EMT is also promoted by several other developmental
and morphogenetic signaling pathways, such as the Wnt,
Notch, and hedgehog (stem cell) pathways, and pathways
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controlled by receptor tyrosine kinases and hormone-
dependent nuclear receptors, such as the Ras-MAPK
pathway [67,68]. These EMT pathways already function
during embryogenesis and can be reactivated abnormally
during cancer progression. As mentioned above, co-
operation and convergence of these pathways can occur
in multi-protein transcriptional regulatory complexes in
the nucleus, such as so-called EMT-promoting Smad
complexes (EPSCs) — containing EMT-associated trans-
cription factors such as Snaill, Zeb1/2, Twist, B-catenin,
Lef/TCE, Foxc2, and AP-1 — that repress epithelial genes
and activate mesenchymal genes [68] (Figure 4). The
interplay between Smads and Snaill represents a good
example of the complexity of EMT induction by the
TGF-B/Smad pathway. Smad2, Smad3, and Smad4
directly bind to the Smaill promoter and induce its
expression in cooperation with the architectural nuclear
factor HMGA2 (high-mobility group 2) [4]. However,
after induction, the Smads also bind to the Snaill
protein and, together with Snaill, repress a large group
of epithelial genes, including E-cadherin and occludin
[68].

Interestingly, stable transformation of EpH4 normal
mouse mammary gland epithelial cells by oncogenic
H-Ras was found to result in strong reduction of the
Smad3 levels and to render these cells insensitive to
TGF-B-induced growth inhibition but susceptible for
EMT and invasive growth. Ectopic expression of Smad3
in EpRas cells restored growth inhibition by TGF-f but
did not affect EMT induction [69]. Since Smad3 levels are
often reduced in advanced human tumors ([69,70] and
references therein), these results suggest that the
expression level of Smad3 might be an important deter-
minant of tumor progression, high levels being required
for tumor suppression by TGF-B and low levels being
sufficient for tumor promotion [69].

In addition to the pathways mentioned above, the
translation activating mammalian target of rapamycin
(mTOR) pathway can complement the TGF-/Smad
pathway in inducing EMT in mouse epithelial cells.
TGF-B was found to activate mTOR through PI3K and
AKT/PKB, leading to the phosphorylation of S6 kinase 1
and eukaryotic initiation factor 4E-binding protein 1,
direct regulators of translation initiation [6,71].

The pro-oncogenic functions of Smads in mammary
epithelial cells also are exhibited via crosstalk with the
p53, Myc, and IKK-NF-xB pathways [4,62,72,73] (see
above). For instance, TGF-B1-activated Smad3 and Smad4
were found to bind specifically to the second promoter
region of the p53 E3 ligase human murine double minute
(HDM2), causing increased HDM2 protein expression
and destabilization of p53 in human cancer cell lines.
During EMT in murine mammary epithelial cells,
TGF-B1 expression also induced Mdm?2 (murine double
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minute 2) expression, which may represent a critical pro-
survival mechanism in cancer progression [72].

The ability of Smad proteins to regulate miRNA pro-
cessing is of particular interest in EMT because miR-200
family miRNAs have been found to be downregulated by
TGF-B/Smad signaling. miR-200 downregulation results
in the upregulation of several EMT-regulating genes,
notably Zeb1/2 and TGF-f32, and thus represents a posi-
tive feed-forward loop [5,74]. Moreover, Smads induce
the miR-155 gene, which regulates actin dynamics and
inhibits epithelial polarity via its effects on the small
GTPase RhoA [75]. In addition, TGF- has been found to
regulate the sphere-initiating stem cell-like feature in
breast cancer through miRNA-181 and ATM [76].

Another important EMT-related function of Smads in
breast cancer is maintenance of epigenetic silencing.
Disruption of TGF-/Smad2 signaling by Smad7 over-
expression or Smad2 knockdown in the spindle-shaped
mesenchymal-like MCF10A-MIII cells was found to
interfere with DNA hypermethylation and silencing of
epithelial genes (Figure 4). This silencing might be
mediated by Smad2-dependent activation of the DNA
methyl-transferase DNMT1 [77].

Tumor-stroma interactions and invasion

In vivo, tumor cells interact both with extracellular
matrix components such as laminin, fibronectin, and
collagen and with cells in the tumor stroma. Likewise,
various types of non-tumor cells such as fibroblasts,
macrophages, and other immune cells are affected by,
and attracted to, the tumor cells via secreted growth
factors and cytokines. TGF-B/Smad signaling thus can
mediate its functions in cancer both through autonomous
tumor cell signaling and via interactions with the tumor
microenvironment, in particular at the tumor-invasion
front, where the levels of TGF-B are high. Moreover,
TGF-B/Smad signaling in stromal fibroblasts and
mesenchymal stem cells might contribute to their ability
to promote breast cancer metastasis [2,78,79].

As mentioned above, TGF-f/Smad signaling can en-
hance cancer progression when the tumor cells have
become insensitive to its growth-suppressive effects.
TMEPAI a TGF-B-induced transmembrane protein that
can bind to NEDD4 E3 ubiquitin ligase and that is
overexpressed in several cancers, appears to play an
important role in this since it seems to convert TGF-3
from a tumor suppressor to a tumor promoter. TMEPAI
enhanced TGF-B-induced growth, motility, and invasion
in breast cancer cells but decreased breast tumor mass in
a mouse xenograft model. This decrease was associated
with increased expression of PTEN (phosphatase and
tensin homologue), an inhibitor of the PI3K-Akt/PKB
pathway [80]. In addition, TMEPAI can sequester Smad
proteins to decrease TGF-p signaling as part of a negative
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feedback loop, which diminishes the TGF-f/Smad-
induced growth-inhibitory effects [81].

Similar to the TGF-B/Smad pathway, the BMP/Smad
signaling pathway appears to posses both tumor-suppres-
sive and oncogenic properties in breast cancer (reviewed
in [82]). For instance, BMP7 can counteract (part of) the
EMT program, can both positively and negatively affect
proliferation of breast cancer cells depending on the cell
line, and can increase migration and invasion of some
types of breast cancer cells. BMP7 expression was also
found to be inversely related to tumorigenicity and
invasive behavior of human breast cancer cells, and
exogenous addition of BMP7 inhibited Smad-mediated
TGF-B signaling in the metastatic MDA-231 breast
cancer cells [83].

BMP7 also can inhibit TGF-p-induced collagen inva-
sion of breast cancer cells, but this does not seem to
involve direct effects of BMP7 on TGF-B-induced Smads
[84]. In a spheroid invasion model, Smad3 and Smad4 are
critical for TGF-B-induced invasion of oncogenically
transformed human MCF10A cells. Matrix metallo-
proteinases 2 and 9 were found to be critical Smad-
dependent invasion genes in this system, but other
TGEF-P target genes play a role as well [63]. Intriguingly,
only some of these Smad-dependent invasion genes were
inhibited by BMP7 and not by the highly related BMP6
[84]. Another BMP, BMP4, was found to cause G, cell
cycle arrest in several breast cancer cell lines but stimu-
lated migration and invasion in only a subset of these
lines [85].

The role of BMP-induced Smad1/5/8 in these processes
remains to be established. Interestingly, non-canonical
TGEF-B-induced Smad1/5 phosphorylation (see above) is
not required for TGF-B-induced growth arrest or EMT but
appears to mediate TGF-B-induced anchorage-independent
growth in (Ras-transformed) mouse mammary epithelial
cells [7] and also seems to initiate and promote TGF-f3-
stimulated migration [86].

TGEF-B was also found to switch breast cancer cells
from cohesive to single-cell motility through a transcrip-
tional program involving Smad4, EGFR, Nedd9, M-RIP,
FARP, and RhoC. Inhibition of TGF-p signaling in vivo
prevented cells from moving singly but did not inhibit
cells from moving collectively, and cells restricted to
collective invasion were capable of lymphatic invasion
but not blood-borne metastasis [87].

ER-mediated Smad degradation via Smurfs (see above),
resulting in inhibition of TGF-p-induced migration, inva-
sion, and (possibly) EMT, might represent one of the
mechanisms by which ER signaling and TGE-f signaling
cross-talk in breast cancer [24] (reviewed in [88]).
Although breast cancer is typically hormone-dependent
and estrogen can enhance cellular growth and prolifera-
tion of breast cancer cells, estrogen might suppress
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Figure 5. Schematic representation of signal integration by Smad complexes. Multiple types of signaling pathways converge at the level of
Smad complexes to regulate cellular behavior in a stimulus- and microenvironment-specific manner. Various cytokines signal through JAK (Janus
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invasion and metastasis in the later stages of breast
cancer. In fact, ER-negative breast tumors are less differ-
entiated and more difficult to cure [88]. However, it
remains to be established whether Smad levels are
decreased in ER-positive tumors. In this respect, it should
be mentioned that amplification of HER-2 can potentiate
TGEF-pB-induced invasion (see below).

Metastasis

The Smad proteins also exhibit critical function in
metastasis formation. As discussed above, Smads can
cooperate with oncogenic Ras and the p53 family tumor
suppressor pathway in breast cancer progression, which
results in activation of genes that promote migration,
invasion, and metastasis [62]. Knockdown studies showed
that Smad4 is required for bone metastasis of breast
cancer cells but mainly for the initial establishment and
less for metastasis maintenance or progression of
already-established macrometastases [89,90]. Owing to
their different effects on tumor angiogenesis, Smad2 and
Smad3 have opposing roles in breast cancer bone

metastasis [91]. In line with the positive role of Smad4
and Smad3 in bone metastasis, RNAi (RNA interference)-
mediated knockdown of the Smad co-repressor c-Ski
enhanced tumor metastasis in vivo but did not affect
tumor growth. Moreover, TGF- was found to trigger
degradation of Ski via the E3 ligase Arkadia, and this
required binding of phosphorylated Smad2 or Smad3
[92].

The HER-2 receptor tyrosine kinase — amplified in
approximately 25% of invasive human breast cancers —
also can affect TGF-B/Smad signaling. HER-2 over-
expression differentially alters TGF-p responses in
luminal versus mesenchymal human breast cancer cells
and potentiates the TGF-p-induced pro-invasive and
pro-metastatic gene signature in the mesenchymal breast
cell line MDA-MB-231 [93]. In contrast, HER-2 silences
TGF-B- and oncogene-induced sencescence-mediated
tumor suppression by switching expression of trans-
cription factor C/EBPP isoforms. This HER-2-induced
isoform switching prevents the assembly of C/EBP/Smad
transcriptional repressor complexes [94]. Another
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modulator of TGF-f/Smad signaling involved in
metastasis is the calcium/phospholipid-binding and actin
regulatory protein Annexin Al. This protein was found
to promote lung metastasis formation of basal-like breast
cancer cells by enhancing TGF-B/Smad signaling and
actin reorganization, thereby allowing efficient cell
migration and invasion of metastatic breast cancer cells
[95].

Finally, as mentioned above, BMP7 can inhibit Smad-
mediated TGF-p signaling in metastatic MDA-231 cells.
Importantly, BMP7 also inhibited de novo formation and
progression of osteolytic bone metastases of these cells
[83]. However, it should be noted that BMPs can also
have positive effects on breast cancer metastasis (reviewed
in [82]).

Conclusions and perspectives

R-Smads, Co-Smads, and I-Smads transmit and integrate
a large amount of distinct and context-specific positive
and negative growth signals elicited by TGF-p super-
family ligands and other signaling networks. The Smads
perform these functions in a cell- and microenvironment-
specific manner through a large number of distinct
protein-protein interactions and post-translational modi-
fications and also via regulation of miRNA processing. By
regulating genes controlling cell cycle arrest, apoptosis,
EMT, migration, invasion, and metastasis formation,
Smads have crucial functions in both breast development
and breast cancer. Crosstalk, both direct and indirect (via
target genes), with the Ras-MAPK, PI3K-Akt/PKB, and
p53 pathways (among others) determines the actual bio-
logical outcome of Smad signaling (Figure 5). Future
work is likely to reveal new insights in the functions of
Smads in (cancer) stem cells, cancer-associated fibro-
blasts, and mesenchymal stem cells, in particular with
respect to invasion and metastasis. In addition, the
therapeutic potential of specific inhibitors of the TGF-p/
Smad pathway is heavily investigated at present.

This article is part of a review series on Key signalling nodes in
mammary gland development and cancer, edited by Adrian Lee and
Charles Streuli. Other articles in the series can be found online at
http://breast-cancer-research.com/series/signalling_nodes.
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