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Transforming growth factor-B (TGF-B) is a pleiotropic factor that acts as a tumor suppressor in the early stages, while it exerts
tumor promoting activities in advanced stages of cancer development. One of the hallmarks of cancer progression is the
capacity of cancer cells to migrate and invade surrounding tissues with subsequent metastasis to different organs. Matrix met-
alloproteinases (MMPs) together with urokinase-type plasminogen activator (uPA) and its receptor (uPAR), whose main origi-
nal function described is the proteolytic degradation of the extracellular matrix, play key cellular roles in the enhancement of
cell malignancy during cancer progression. TGF-B tightly regulates the expression of several MMPs and uPA/uPAR in cancer
cells, which in return can participate in TGF-B activation, thus contributing to tumor malignancy. TGF-$ is one of the master
factors in the induction of cancer-associated epithelial to mesenchymal transition (EMT), and recently both MMPs and uPA/
uPAR have also been shown to be implicated in the cancer-associated EMT process. In this review, we analyze the main molec-
ular mechanisms underlying MMPs and uPA/uPAR regulation by TGF-$3, as well as their mutual implication in the development

of EMT in cancer cells. Developmental Dynamics 247:382-395, 2018. © 2017 Wiley Periodicals, Inc.
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Introduction

Transforming growth factor-B (TGF-B) plays key roles in many bio-
logical functions, such as embryonic stem cell self-renewal and dif-
ferentiation, homeostasis of differentiated cells, suppression of the
immune system, and promotion of cancer development (Massague,
2012). During the advance of malignancy, one of the main charac-
teristics of a cancer cell is its enhanced capacity for migration,
which allows invasion of surrounding tissues and metastasis to dif-
ferent organs (de Groot et al., 2017; Lambert et al., 2017).

Matrix metalloproteinases (MMPs) are a group of mainly
extracellular matrix (ECM) proteolytic enzymes which enable
cells to migrate and invade surrounding tissue (Kessenbrock
et al.,, 2010). Due to their importance, many MMPs are tightly
regulated at transcriptional level during normal development but
are deregulated in cancer, when their activity and expression are
related to the worsening in the development of cancer (Yan and
Boyd, 2007). Both urokinase-type plasminogen activator (uPA)
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and its cell surface receptor uPAR have profound effects on the
increased capacity of cancer cells to migrate and invade sur-
rounding tissues (Duffy, 2002; Dellas and Loskutoff, 2005; Santi-
banez, 2013). Consistent with its role in cancer dissemination, the
high level of uPA correlates with the adverse patient outcome
(Seetoo et al., 2003; Harbeck et al., 2004). TGF-$ regulates both
MMP and uPA expression in cancer cells, while MMPs and uPA
may activate the latent secreted TGF-B (Annes et al., 2003), thus
producing a pernicious cycle that contributes to cancer progres-
sion. Importantly, TGF-3, MMPs, and uPA/uPAR induce epithe-
lial to mesenchymal transition (EMT) in cancer cells. These cells
can exploit the heterotypic reciprocal interactions established
between TGF-B, MMPs, and uPA/uPAR to induce EMT and to
strengthen cancer progression and metastasis. In this review, we
aim to describe the molecular mechanisms involved in TGF-f,
MMPs, and uPA interplay in cancer EMT, and the complex cas-
cades that culminate in the clinical manifestation of metastasis.

The TGF-8

TGF-B was discovered as a potent inductor of growth in normal
rat kidney fibroblast in the soft agar assay (Anzano et al., 1982).
Article is online at: http:/onlinelibrary.wiley.com/do0i/10.1002/dvdy.
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Fig. 1. TGF-B signaling. Activated TGF-81 from the latent complex binds to its cell surface type Il receptor (TBRII) inducing the activation of
TGF-B type | receptor (TBRI). Then activated TBRI phosphorylates Smad2,3 which in turn promotes the Smads release from the inner face of the
plasmatic membrane. Phosphorylated Smads interact with co-Smad4 forming a heteromeric complex to be translocated into the cell nucleus.
Activated TGF-B-receptor complexes may also activate MAPK, NFkB, and PI3K signals, among others. These signals can activate or interact with
other transcription factors through an integration pathway to regulate target genes (Attisano and Wrana, 2002; Shi and Massagué, 2003; Kubicz-

kova et al., 2012; Luo, 2017).

Following its discovery, TGF-3 was found to be a strong inhibitor
of epithelial cell proliferation (Roberts et al., 1985), thus sugges-
ting, for the first time, its dual role in cell growth. Mammals
express three genetically distinct isoforms of TGF-B (TGF-B1, -2,
and -3) with high protein sequence homology. The corresponding
human genes are located on chromosomes 19q13, 1q41, and
14q24, respectively (Meulmeester and Ten Dijke, 2011; Santiba-
nez et al., 2011).

TGF-B or TGF-B1, belongs to the large family of structurally
related regulatory proteins that comprises more than 40 proteins.
The TGF-B superfamily is composed of activins, inhibins, bone
morphogenetic proteins (BMP) and growth and differentiation
factors, among others (Wakefield and Hill, 2013). TGF-Bs have
been involved in a plethora of distinct biological processes, which
include cell growth, differentiation, and development, as well as
tumorigenesis (Santibanez et al., 2011; Weiss and Attisano,
2013).

Bioactive TGF-f is a dimer that initiates intracellular signaling
by binding to its cell-surface serine/threonine kinase receptors

type I and II (TBRI and TRRII) (Fig. 1). Binding of TGF-B to TRRII
leads to the phosphorylation of TRRI, thus activating its kinase
domain (Attisano and Wrana, 2002). Then, the activated ligand/
receptor complex phosphorylates and stimulates the release of
the signaling mediators on the inner face of the cytoplasmic
membrane, Smad2 and Smad3. The phosphorylated Smad2,3
then forms a heterotrimeric complex with the common Smad4.
The activated Smad complex is further translocated into the
nucleus where it binds and regulates the promoters of different
target genes (Shi and Massagué, 2003). In the nucleus, the Smad
complex can associate with different cofactors, such as CREB/
ATF, RUNX, and activator protein 1 (AP1), further enabling
Smads to target genes in a collaborative manner (Kubiczkova
et al., 2012).

TGF-B signal transduction is negatively regulated by the
expression of other Smad components, the inhibitory Smad-6
and Smad-7 (I-Smads). Of interest, TGF-B signaling induces I-
Smads expression, which creates a negative feedback loop. In
general, Smad7 antagonizes TGF-3 by interacting with TBRI and
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Fig. 2. Basic structure of MMPs and MT-MMPs. For further details refer to the text (Loffek et al., 2011; Radisky and Radisky, 2015).

leading to its degradation. Smadé6 preferentially inhibits BMP sig-
nalling by disrupting the Smad1-Co-Smad interaction and form-
ing an inactive Smad1-Smad6 complex (Moustakas and Heldin,
2016).

In addition, TGF-B/receptors/Smad proteins are subjected to
posttranslational modifications, including phosphorylation/
dephosphorylation, sumoylation, and ubiquitination which
reversibly regulate their stability and availability. Moreover,
ligand-receptor complexes are subjected to internalization and
recycling by means of either lipid rafts/caveolae or clathrin-
coated vesicles, which can modulate signaling as well as protein
degradation in the proteasome. Thus, all these mechanisms finely
regulate TGF- signaling (Kang et al., 2009).

In addition to the Smad2,3 pathway, TGF-B can activate
numerous other signal transduction pathways, commonly
referred to as non-Smad pathways (Fig. 1), which increase the
capacity of TGF-B to participate in a diversity of cellular func-
tions. These signals include the mitogen-activated protein kinases
(MAPKs): ERK1/2, JNK, and p38; phosphoinositide 3-kinase
(PI3K); AKT1/2 and mTOR, known cell survival mediators;
nuclear factor kappa B (NFkB); Cyclooxygenase-2 and prosta-
glandins; the small GTPase proteins: Ras and Rho family (Rho,
Rac1, and Cdc42), among others (Luo, 2017).

The Role of TGF-B in Cancer

In the early steps of epithelial carcinogenesis, TGF-3 operates
as a tumor suppressor factor, due to its anti-proliferative and
pro-apoptotic roles which counter the effects of local mitogenic
stimulation in the injured or stressed epithelium (Padua and
Massagué, 2009). Conversely, in advanced stages, TGF-$3 oper-
ates as tumor promoter, as cancer cells become refractory to its
growth inhibitory effects by different mechanisms, including

modifications in the components of TGF-$ signaling, such as
inactivating mutations in TBRII and Smad4, and other not fully
elucidated alterations (Bierie and Moses, 2006; Padua and Mas-
sagué, 2009). This contradictory function of TGF-B in cancer is
also reflected in human patients, since its level is positively
related to a favorable prognosis in early stages of cancer, while
in advance stages, the level of TGF-f within tumor stroma is
associated with poor prognosis. This makes TGF-3 a useful bio-
marker for cancer prognosis and also a predictor of cancer
recurrence (Principe et al., 2014). Moreover, cancer cells pro-
duce and secrete high levels of TGF-B that can act as a potent
immunosuppressor factor, and can influence the tumor-
infiltrating immune cells, thus creating an environment of
immune tolerance, which finally allows metastatic cancer cells
to escape immune surveillance (Teicher, 2007; Park et al.,
2009). Importantly, TGF- produced by the tumor and local
stromal cells contributes to the progression and metastatic
potential of cancer through autocrine and paracrine signals
(Teicher, 2007).

The MMPs

MMPs are grouped in a family of approximately 23 zinc-
dependent endopeptidase enzymes that share a similar structure.
MMPs are capable of degrading almost all protein components in
the ECM and participate in tissue remodeling, cell migration and
invasion, proliferation and angiogenesis in both normal and
physiological and pathological conditions (Radisky and Radisky,
2015; Mittal et al., 2016). Based on their domain, structure and
substrate preference, MMPs may be classified as follows: (i) colla-
genases, that include MMP 1, MMP8 and MMP13; (ii) gelatinases,
that include MMP2 and MMP9; (iii) membrane-type MMPs (MT-
MMPs); (iv) stromelysins, that include MMP3, MMP10 and
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MMP11; and (v) matrilysins, including MMP7, MMP26, and
others (Loffek et al., 2011).

All MMPs are synthesized as inactive zymogens and, with the
exception of the membrane-bound MT-MMPs, are secreted into
the extracellular microenvironment. At least four well-conserved
domains have been described in almost all MMPs: The N-
terminal pro-domain of approximately 80 amino-acids, a hinge
region, the catalytic domain, and finally a C-terminal hemo-
pexin-like domain (Fig. 2). Pro-MMPs can be activated by the
cleavage of the propeptide that enables the dissociation of the
pro-domain from the catalytic site. This cleavage occurs intracel-
lularly by furin or in the extracellular milieu by other MMPs or
serine proteinases, and allows MMPs to be active and associate
with substrates (Loffek et al., 2011). The proteolytic activity of
MMPs is mainly regulated by tissue inhibitors of MMPs (TIMPs).
There are four different TIMPs (TIMP1, -2, -3, and -4). TIMPs can
inhibit all active MMPs, however, not with the same efficacy
(Murphy, 2011; Arpino et al., 2015).

Of interest, some MMPs have a protective role in cancer. MMPs
release natural angiogenic inhibitors, such as angiostatin, endo-
statin, and tumstatin, as a result of degrading extracellular com-
ponents such as plasminogen, collagen XVIII, and collagen IV,
respectively (Quintanilla et al., 2012). For instance, in breast and
oral cancer patients, MMP8 expression is a good prognostic
marker (Lopez-Otin et al., 2009). Conversely, elevated MMP8
level, in cooperation with TGF-f3, is a useful tool for poor prog-
nosis prediction of hepatocellular carcinoma (HCC) patients (Qin
et al., 2016). In addition to MMP8, other MMPs, such as MMP3
(stromelysin 1), MMP11 (stromelysin 3), and MMP19 play dual
roles in cancer and exert pro-tumorigenic or protective roles,
depending on cell context (Lopez-Otin et al., 2009; Quintanilla
et al,, 2012).

Regulation of MMPs Expression by TGF-

MMP promoters hold several cis-elements which in turn can
either activate or repress MMP gene expression, and allow fine-
tuned regulation of MMPs. MMP promoters possess several trans-
activator domains, including AP-1, PEA3, Sp-1, B-catenin/Tcf-4-
lef-1, RARE, and NF-kB, among others (Yan and Boyd, 2007;
Clark et al., 2008). According to the cis-element composition
within their promoters, MMPs can be classified as follows: (1)
TATA and AP-1 group contain TATA boxes at around —30 bp
with AP-1 sites around —70 bp. This group is composed of
MMP1, MMP3, MMP7, MMP9, MMP10, MMP12, MMP13,
MMP19, and MMP26; (2) the TATA no AP-1 group contains a
TATA box lacking a proximal AP-1 site, such as MMP8, MMP11,
and MMP21; finally, (3) the no TATA no AP-1 group of pro-
moters, which neither harbor TATA boxes nor proximal AP-1
site; this causes the transcription of these MMPs to start at multi-
ple sites at the promoters, and includes MMP2, MMP14, and
MMP28 (Yan and Boyd, 2007). Furthermore, the expression of
MMPs in the third group is mainly regulated by the specificity
protein 1 (SP1) transcription factors which makes expression of
these MMPs partly constitutive, with low modulation by growth
factors (Chakraborti et al., 2003). According to bioinformatic
analysis, MMP20 has been included in the first group; MMP15
and MMP27 into the second group; and finally MMP16, MMP17,
MMP23, MMP24, and MMP25 as members of the third group
(Clark et al., 2008) (Table 1).

TABLE 1. MMPs by cis-Element Classification

1) TATA and 2) TATA no 3) no TATA no
AP-1 AP-1 AP-1
MMP1, MMP3, MMPS,

MMP7, MMP9, MMP11,MMP15,

MMP10, MMP12, MMP21 and

MMP13, MMP19, MMP27

MMP20 and

MMP26

Classification of MMPs based on their basic cis-elements of
promoter composition (Chakraborti et al., 2003; Yan and
Boyd, 2007; Clark et al., 2008)

Two main regulatory binding sites within gene promoters for
TGF-B have been discovered; TGF-B inhibitory element (TIE),
represented by the consensus sequence 5'-GNNTTGGtGa-3' that
was first characterized in MMP3 promoter (Kerr et al., 1990;
Zawel et al., 1998; Narayan et al., 2005); and the Smad binding
elements (SBE) whose sequence contains 5-GTCTG-3' and its
palindrome CAGAC within particular promoters, both are recog-
nized by Smad3 through its N-terminal Mad homology 1 (MH1)
domain (Zawel et al., 1998). Meanwhile, Smad4 recognizes the
nonconsensus GC-rich motifs in gene promoters. Of interest,
because Smad2 contains a 30-amino-acid insert in the MH1
domain its direct binding to gene promoters is disabled (Shi and
Masague, 2003).

The MMP1, MMP3, MMP7, MMP9, MMP 13, and MMP14 are
harboring TIE sites. The analyses of the role of TIE in these MMPs
revealed that TGF-$ represses the expression of MMP1, MMP3,
and MMP?7 (Kerr et al, 1990; Gaire et al., 1994; White et al., 2000;
Yuan and Varga, 2001; Kitamura et al., 2009; Tian et al., 2009).
Meanwhile, the TIE sequence in MMP9, MMP13 and MMP 14 pro-
moters seems not to be implicated in TGF-B-regulated MMP
expression (Lohi et al., 2000; Tardif et al., 2001; Ogawa et al.,
2004).

The capacity of TGF- to regulate MMPs expression can also
be mediated through the interaction of Smads with other tran-
scription factors, which enormously increase the possible interac-
tions within the MMP promoters. For instance, TGF-3 regulates
MMP13 gene expression by means of the AP1 site and through
interaction between Smad3 and JunB and Runx-2 (Uria et al.,
1998; Selvamurugan et al., 2004).

Beyond the capacity for Smad activation, TGF-$, by inducing
other intracellular signals, transactivates AP1, PEA3, NF-kB or
SP1 transcription factors to regulate MMP expression (Fini et al.,
1998; Yan and Boyd, 2007). For example, AP1/JunB complex
mediates TGF-$3 repression of MMP1 in dermal fibroblasts. Con-
versely, in epidermal keratinocytes, TGF-f3 stimulates MMP1
expression by means of c-Jun/AP1 complexes (Mauviel et al.,
1996). Furthermore, in the breast cancer MCF10A cells, TGF-B
induces MMP2 promoter transactivation by means of activation
of ATF2/AP1 and SP1 (Kim et al., 2007). In addition, TGF-B indu-
ces MMP10 expression through the myocyte enhancer factor
(MEF)-2 and in Smad3-independent manner. MMP10 has a key
function through its capacity to activate several pro-MMPs such
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as MMP1, MMP7, MMP8, MMP9, and MMP13 (Ishikawa et al.,
2010).

Beyond Smads, TGF-f activates several other intracellular sig-
nal transduction pathways, converging in the transactivity of dif-
ferent transcription factors necessary for the regulation of MMPs
expression.

The MMP2 expression is induced by both Smads and TAK1-
p38 MAPK-ATF2 pathway (Sano et al., 1999; Kim et al., 2007).
Moreover, p38 signaling also contributes to the induction of
MMP2 by TGF-B in breast epithelial cells and in pleural malig-
nant mesothelioma (Zhong et al., 2006). On the other hand, in
squamous cell carcinoma from the oral cavity, TGF-B enhances
MMP2 and MMP 14 expression independent of p38, but p38 par-
ticipates in TGF-B1-mediated MMP2 activation (Munshi et al.,
2004). Furthermore, Binker at al. (2011) reported that TGF-
stimulates MMP2 production and activation by means of Rac1/
reactive oxygen species (ROS)/NF«B/IL-6 pathways in the human
pancreatic cancer cell line SW1990.

In HCC cells, elevated expression of MMP8 was mediated by
Rac1/PI3K/Akt pathway in response to TGF-B treatment (Qin
et al., 2016). Of interest, MMP9 seems to be an important target
of TGF-B in cancer cells, as it was shown in transformed mouse
keratinocytes that TGF-B is able to stimulate this MMP through
the activation of both ERK1,2 and Rac1/ROS/NFxB dependent
mechanisms (Santibanez et al., 2002a; Tobar et al., 2010). Also,
in breast cancer cells, ERK1,2 mediates TGF-B-induced MMPs,
while in both breast and HCC cells, ERK1,2 and TAK1/NF«B path-
ways are essential for TGF-B-stimulated MMP9 expression
(Arsura et al., 2003; Safina et al., 2007, 2008). Furthermore, TGF-
B activates PI3K/Akt/NFkB signaling in myeloid leukaemia path-
ogenesis to increase MMP9 expression (Zhu et al., 2011), thus
suggesting NFkB proteins as key pathways for the induction of
MMP9 by TGF-B in cancer cells. Conversely, in nontransformed
cells, NFkB participates in the inhibition of MMP9 expression by
TGF-B (Ogawa et al., 2004). MMP9 and MMP13 are also induced
by means of p38 in human keratinocytes and cutaneous SCC cells
(Johansson et al., 2000). Furthermore, MMP 14 collaborates in the
capacity of TGF-B to activate JNK MAPK and expression of
MMP9 in human keratinocytes (Soemun et al., 2008), thus sug-
gesting a novel interplay between MMP14 and the TGF-B-
dependent activation of JNK and expression of MMP9.

One of the hallmarks of cancer is dysregulation of the epige-
nome, i.e. tumor progression is associated with global epigenetic
modifications that alter the expression of tumor-promoting as
well as of tumor suppressing proteins (Dawson, 2017). These epi-
genetic alterations include DNA methylation, histone modifica-
tions and microRNAs (miRs) expression (Perri et al., 2017). TGF-3
is able to induce global changes in DNA methylation in cancer
cells by either inducing expression or activity of DNA methyl-
transferases (DNMT-1, -3A, and -3B) (Cardenas et al., 2014).
Moreover, TGF-f also contributes to the regulation of biogenesis
of miRs by either inhibiting or enhancing miRNA maturation
(Hata and Davis, 2009; Guo et al., 2016).

Furthermore, MMPs are highly subjected to multiple epigenetic
regulations in cancer cells; MMPs expression is susceptible to be
regulated by DNA methylation, histone acetylation and by miRs
(Chernov and Strongin, 2011; Li and Li, 2013 and references
therein). Although TGF-B can severally induce cancer cell epige-
nome dysregulation, contribution of these alterations in the
capacity of TGF-B to regulate MMPs expression is not well eluci-
dated. Due to TGF-B functions in the epigenome and the

susceptibility of MMPs to be regulated by epigenetic mechanisms,
further investigations should be able to define the specific contri-
bution of epigenetic mechanisms in the capacity of TGF-3 to reg-
ulate MMPs expression in cancer cells.

The uPA System

The uPA system has a broad range of targets and controls many
aspects of cell biology and physiology in cancer that are critical
for the progress of initiated malignant cells in tumor progression
(Smith and Marshall, 2010; Gonias and Hu, 2015). The uPA sys-
tem plays key role in cell migration, invasion and tumorigenesis
by regulating cell-associated proteolysis and both cell-cell and
cell-ECM interactions (Blasi and Carmeliet, 2002; Dang et al.,
2005). Four main members compose the uPA system: uPA, its cell
surface receptor uPAR, the main substrate plasminogen (P1g), and
the plasminogen activator inhibitor-1 (PAI1), also known as the
serine protease inhibitor 1 (SERPINE1) (Mekkawy et al., 2014)
(Fig. 3). uPA is synthesized as a 54 kDa latent single chain protein
(sc-uPA), which comprises three different functional regions: the
amino terminal domain that is harboring the EGF-like growth
factor sequence (GFD) by which uPA binds to uPAR; one kringle
domain implicated in protein interaction; and the carboxy-
terminal catalytic domain containing the serine protease that
converts the latent plasminogen into the active form of plasmin
(P1m).

The first two domains comprise the amino-terminal fragment
ATF (Poliakov et al., 2001; Blasi and Carmeliet, 2002; Smith and
Marshall, 2010). Meanwhile, uPAR is produced as 50-60 kDa pro-
tein highly glycosylated and anchored to the plasma membrane by
a glycosylphosphatidylinositol moiety. Mainly, uPAR possesses
three structural domains, D1, D2, and D3, which generate a central
cavity for the GFD binding (Barinka et al., 2006; Rijken and Lijnen,
2009) (Fig. 3). The uPAR shedding, by phosphatidylinositol-specific
phospholipase D, releases the full protein moiety from cell surface
membrane generating the soluble form of uPAR (suPAR). The suPAR
maintains intact uPA binding ability and may act as an uPA-
scavenger and it can interfere with the activity of the cell surface
uPAR by means of integrin interaction (Thune et al., 2009; Blasi
and Sidenius, 2010).

Plg is a 92 kDa single-chain glycoprotein consisting of 791
amino acids. The uPA converts plasminogen to plasmin by cleav-
ing a single Arg561-Val562 peptide bond (Rijken and Lijne,
2009). Plasminogen, similarly to uPA, can bind to specific cell
surface receptors to form a highly localized proteolytic micro-
domain (Smith and Marshall, 2010). Binding of uPA to uPAR
strongly enhances its capacity to generate plasmin. Furthermore,
a positive feedback loop is produced between uPA and plasmin.
Plasmin, by proteolytic cleavage at Lys158-Ile159 peptide bond
in turn converts sc-uPA to active uPA (Rijken and Lijne, 2009;
Smith and Marshall, 2010).

The 50 kDa glycoprotein PAI1 is the primary physiological
inhibitor of uPA in vivo, and functions as a suicide inhibitor in
stoichiometry 1:1 with uPA (Dellas and Loskutoff, 2005; Hagel-
gans et al., 2013). Also, when PAI1 is bound to uPA/uPAR com-
plex at the cell surface, an interaction with the low-density
lipoprotein related protein-1 (LPR1) is triggered to form a
clathrin-dependent endocytosis complex. Then, uPAR and LPR1
are recycled to the plasma membrane, while uPA and PAI1 are
subjected to lysosomal degradation (Czekay et al., 2001). Interest-
ingly, the recycling of cell surface uPAR facilitates its
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-Fibrinolysis

-ECM proteins degradation
-Growth factor release and
Activation from ECM
-MMPs activation

-uPA activation

-increase of cell migration
and invasion

Fig. 3. Basics of the uPA system. The 54 kDa uPA, that comprises the EGF-like growth factor sequence/GDF and the kringle domain (KD) at the
N-terminal region and the catalytic domain (CD) at the C-terminal of the protein, is secreted as latent single chain polypeptide. Then, uPA by
means of its GDF can bind to its cell surface receptor uPAR composed of three structural domains (D1, D2, and D3) that generate a central cavity
for the uPA binding. In turn, uPAR is anchored to the plasma membrane by a glycosyl phosphatidylinositol (GPI) moiety. Bound uPA is proteolyti-
cally activated and is able to proteolytically cleave the inactive Plg to its active form PIm. UPA/uPAR/PIm system contributes to the enhancement
of cell malignancy by participating in several molecular and cellular events as indicated. For further details see the text (Mekkawy et al., 2014;
Blasi and Carmeliet, 2002; Dang et al., 2005; Rijken and Lijnen, 2009; Smith and Marshall, 2010).

redistribution, as a ligand-free receptor, to the invasive front of
cancer cells, which further enhances cell migration and invasion.
Moreover, in addition to their implication in cancer cellular
events and behavior, uPA, uPAR, and PAIl are poor prognosis
and shortened survival biomarkers in cancer (Smith and Mar-
shall, 2010; Santibanez, 2013).

TGF-B Regulates uPA Expression

TGF-B is able to regulate uPA expression in several types of
transformed cells, and many studies contributed in the elucida-
tion of the underlying molecular mechanisms. In mouse trans-
formed keratinocytes, TGF- induces uPA expression through
Ha-Ras/ERK1,2 MAPK (Santibanez et al., 2002a). This is also con-
firmed by the ectopic expression of Sprouty-related EVH1
domain-containing protein 2 (Spred2) that interacts and inhibits
Ha-Ras, thereby inhibiting the capacity of TGF-B to stimulate
uPA expression (Villar et al., 2010a). Of MAPKs, JNK was also
shown to collaborate in the expression of uPA in transformed
cells (Santibanez, 2006). Furthermore, Rac1/ROS/NFkB axis con-
tributes to the elevated expression of uPA in cancer cells under
TGF-B treatment (Tobar et al., 2010). In addition, Smad3 and its
co-activator Sky interacting protein (SKIP) mediate TGF-B-
induced uPA expression (Villar et al., 2010b; Kocic et al., 2013).
Contradictory studies have been published about the contribu-
tion of Smad4 on uPA expression in cancer cells. In colon cancer
cells, overexpression of Smad4 reduces uPA expression, while it
mediates TGF-B—stimulated uPA expression in breast cancer
cells (Schwarte-Waldhoff et al., 1999; Shiou et al., 2006). More-
over, ectopic expression of Smad4 in spindle carcinoma cells
does not affect uPA expression, whereas inactivation of Smad4
in transformed mouse keratinocytes increases uPA expression by

leading hyperactivation of Ha-Ras (Iglesias et al., 2000; Santiba-
nez et al., 2002b).

Although TGF-B induces uPAR expression (Nagamine et al.,
2005), the underlying molecular mechanisms have not been elu-
cidated. Nevertheless, similar to the regulation of uPA, the tran-
scription factors that regulate uPAR expression are able to
respond to TGF-B (Santibanez, 2013). Also, it has been recently
determined that uPA/uPAR system participates in the expression
of TGF-B1 in breast cancer cell line MDA-MB 468 (Hu et al.,
2014). This is a very interesting point because it suggests positive
feedback loop between uPA and TGF-B, which can, in a synergis-
tic pathway, contribute to the enhancement of cancer cell
malignancy.

The MMPs and uPA Activate TGF-

TGF-B is ubiquitously expressed in all cells and tissues within the
body, and is synthesized as a latent protein that exerts its cellular
functions after being activated (Annes et al., 2003). TGF-8 is syn-
thesized and secreted as a 75 kDa precursor complex that com-
prises a signal peptide, latency-associated peptide (LAP) domain
and the mature TGF-3 protein. TGF-@ precursor is intracellularly
cleaved in the Golgi apparatus, by the furine-like convertase.
This produces the small latent complex (SLC) between LAP and
mature TGF- that interact by noncovalent bonds. Usually the
SLC binds to the latent TGF-B binding protein (LTBP) to form the
large latent complex (LLC). The secreted LLC remains covalently
associated to the ECM (Annes et al., 2003; Janssens et al., 2005).
Furthermore, this complex needs to be activated and released
from ECM to be bioavailable to exert its cellular effects (Fig. 4)
(Annes et al., 2003).

Furthermore, TGF- is synthesized in excess and the activation
of TGF-B acts as a rate-limiting step in its bioavailability
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Fig. 4. TGF-B processing and uPA- and MMPs-dependent activation. TGF-B is synthesized as precursor protein. The signal peptide (SP) target-
ing TGF-B precursor protein to the secretory pathway, which is cleaved during the transit through the rough endoplasmic reticulum (RER); a homo-
dimer of protein is formed and then is cleaved by furin convertase to produce the SLC formed by the mature TGF-8 noncovalently bound to the
LAP; Furthermore, SLC is covalently bound to the LTBP producing the LLC; finally, LLC is secreted and stored in the ECM for subsequent activa-
tion. When uPA is bound to its receptor (UPAR), it activates Plg to the active form PIm, PIm can promote the activation of latent TGF- by proteo-
lytic cleavage within the N-terminal region of the LAP. Similarly, membrane-bound MMPs or soluble MMPs can degrade ECM and/or activate the
latent TGF-B by proteolytic cleavage within the N-terminal region of the LAP. In addition, pre-MMPs can be activated directly by plasmin. Activated
TGF-B, by binding to its cell surface receptors TRRI-TBRII, triggers the activation of intracellular signal transduction to exert its cellular effects

(Lyons et al., 1990; Janssens et al., 2005; Annes et al., 2003; Jenkins, 2008; Santibanez, 2013).

(Jenkins, 2008). Importantly, activation of the latent TGF-$ is a
key biological checkpoint and it is a highly regulated process to
ensure the precise levels of active TGF-B (Jenkins, 2008). More-
over, latent TGF-B does not bind to receptors and needs to be
released from the complexes with LAP and LTBP. The release of
TGF-B from the latent complex can be performed by both proteo-
lytic and nonproteolytic mechanisms, such as heat, local acidifi-
cation, reactive oxygen species (ROS), thrombospondin-1 (TSP1),
integrins, and proteases (Hyytiainen et al., 2004; Rifkin, 2005;
Jobling et al., 2006). Activation of TGF-f is involved in the pro-
teolytic cleavage of LAP, and TGF- can be activated by MMPs
(Annes et al., 2003; Jinkins, 2008). Soluble or cell-surface MMP9
bound to CD44, MMP2, MMP13 and MMP 14 activate TGF- by
cleaving the LTBP complex, solubilizing ECM-bound TGF-$3 and

increasing its bioavailability (Fig. 4) (Dallas et al., 2002; Tatti
et al., 2008).

The uPA/plasmin can activate TGF- in tumor cells in vitro.
Plasmin proteolytically cleaves within the N-terminal region of
the LAP disrupting the noncovalent bonds resulting in TGF-
release (Fig. 4) (Lyons et al., 1990). Also, the conversion from the
latent form of TGF-P to the active TGF-f is inhibited by using
both anti-uPA neutralizing antibodies or by preventing uPA
binding to uPAR (Odekon et al., 1994). Nevertheless, it is not clear
if the TGF-B activation by uPA/plasmin operates in vivo, because
Plg-null mice show normal embryonic development and do not
display significant changes such as severe immune dysregulation
and massive inflammatory responses observed in fgfb-null mice
(Bugge et al., 1995; Bottinger et al., 1997). However, TGF-B can
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be activated by several mechanisms and a redundancy can occur
during mice development, whereas ECM-TGF- releasing and
activation by uPA/plasmin within tumor stroma may be an
important step in the enhancement of cancer malignancy (Santi-
banez, 2013).

The EMT

The discovery that, through the EMT, cancer cells acquire the
capacity of self-renewing stem-like cells opens the promise to
fully understand and resolve the metastatic process, a major
problem in cancer biology. EMT is a key step in providing the sta-
tionary tumor cells with the capability to migrate and invade sur-
rounding tissues, a process that is critical for cancer cell
dissemination and metastasis (Yeung and Yang, 2017). This is a
multi-step process characterized by strong remodeling of the epi-
thelial cytoarchitecture and changes in the functional capacity of
cancer cells (Diepenbruck and Christofori, 2016). In the course of
EMT epithelial cells lose their differentiated phenotype, switching
their marker expression toward mesenchymal cell type. EMT was
originally described as an integral program displayed during the
morphogenesis in embryonic development, now defined as type 1
EMT; later it was described in pathogenesis including wound
healing and fibrosis processes defined as type 2 EMT; and finally
in cancer progression and metastasis as type 3 EMT (Thiery,
2003; Thiery et al., 2009; Kalluri and Weinberg, 2009; Yeung and
Yang, 2017).

Early phenotypic changes of EMT include loss of cell-cell con-
tact due to the downregulation of the junction protein complexes
that included E-cadherin, claudin-1, and ZO-1. Moreover, the
down-regulation of E-cadherin, important for epithelial homeo-
stasis, leads to the decrease of desmosomal proteins such as pla-
koglobin, desmogleins, and desmoplakins (Thiery et al., 2009;
Moreno-Bueno et al., 2009). Moreover, during the display of EMT
program epithelial cells lose their apical/basal polarity and inter-
cellular adhesions and express a characteristic set of mesenchy-
mal genes and phenotype, their cytoskeleton is subjected to
profound rearrangement, and the expression of cytokeratins is
down-regulated while the expression of mesenchymal vimentin
network is upregulated. These events work together with cells
motile behavior, which is in part induced by the increased expres-
sion of ECM-degrading enzymes, such as serine-proteinases (e.g.
uPA) and MMPs, to finally increase tumor cell invasive and met-
astatic phenotype (Moustakas and Heldin 2009; Juarez and Guise,
2011; Heldin et al., 2012; Macara and McCaffrey, 2013).

The Role of TGF- in EMT

Currently, TGF-f receives substantial attention as a master regu-
lator of EMT, as it participates in all types of EMT. TGF-f inter-
acts with several other oncogenic signal transduction pathways
to stimulate and sustain the mesenchymal phenotype of meta-
static cells (Derynck et al., 2014).

The Smad3/Smad4 complex participates in the induction of
EMT (Deckers et al., 2006; Roberts et al., 2006; Kocic et al., 2013;
Heldin et al., 2012). Smad2 was in turn shown to have a paradox-
ical role in EMT, because Smad2 ablation stimulates EMT in
mouse skin carcinogenesis, while, on the other hand, mediates
the EMT in carcinoma cells (Oft et al., 2002; Hoot et al., 2008).

Furthermore, non-Smad signaling elicited by TGF-B contrib-
utes to cancer EMT, including Ras and Rho GTPases; MAPKs;

Wnts and NFxB (Santibanez, 2006; Xu et al., 2009; Tobar et al.,
2010; Santibanez et al., 2010). Through the convergence between
Smads and non-Smad signaling, TGF- is able to regulate the
activation of several EMT-related transcription factors, including
SNAI1 and SNAI2 (also named as Snail and Slug) or Twist (Heldin
et al., 2012; Diepenbruck and Christofori, 2016). For instance,
SNAI1 and 2 participate in EMT by repressing E-cadherin pro-
moter transactivation and by stimulating the expression of mes-
enchymal markers such as vimentin and o smooth muscle actin
(SMA) (Sanchez-Till6 et al., 2012; Yu et al., 2013; Lamouille
et al.,, 2014). Moreover, by up-regulating the expression of pro-
inflammatory interleukins IL-1, -6, and -8, SNAI1 creates an
inflammatory microenvironment that supports the acquisition of
cancer EMT (Cano et al., 2000; Juarez et al., 2006; Lyons et al.,
2008; Juarez and Guise, 2011). Importantly, one vital feature dur-
ing TGF-B-induced EMT is the acquisition of migratory and inva-
sive properties of cancer cells. The up-regulation of serine
proteinases such as uPA and MMPs allows cells to degrade ECM
proteins and provides tumor cells with the capacity to invade sur-
rounding tissues and colonize distant organs (Quintanilla et al.,
2012; Santibanez, 2013; Obenauf and Massagué, 2015).

The TGF-B and MMP Interaction in EMT

Novel evidence indicates that, beyond their role in the facilitation
of cancer cell invasion and ECM degradation, MMPs can stimu-
late EMT. MMPs have been shown to induce EMT in several types
of epithelial cells, including kidney, ovary, lung, pancreas, and
prostate (Radisky and Radisky, 2015). Three different mechanisms
have been postulated to explain the role of MMPs in the induc-
tion of the EMT program: (i) elevated levels of MMPs directly
induce EMT; (ii) during the EMT advance , cancer cells produce
MMPs that further enhance EMT and facilitate cell invasion and
metastasis; (iii) the conversion of cancer cells and other cells
within tumor stroma to activated mesenchymal/stromal-like cells
by EMT, drives additional cancer cell progression by means of
MMPs production by these activated cells within the cancer (Orli-
chenko and Radisky, 2008; Radisky and Radisky, 2010).

One of the first evidence implicating MMPs in the induction of
EMT comes from studies of MMP3 (Lochter et al. 1997). MMP3
directly degrades E-cadherin in mammary epithelial cells, which
leads cells to EMT. MMP3 treatment of the mammary epithelial
SCp2 cell line provokes the loss of cell-cell interaction, which
parallels to cytokeratins down-regulation and vimentin upregula-
tion. The display of EMT was accompanied with in vivo produc-
tion of highly invasive tumors with mesenchymal cell phenotype
in the tumor edge. On the contrary, bitransgenic mice that co-
express both MMP3 and TIMP1 do not develop tumors, demon-
strating that active MMP3 is necessary for the display of EMT in
mammary neoplasias (Sternlicht et al., 1999). These effects of
MMP3 are mediated by inducing the expression of Raclb con-
comitantly with the increase in intracellular levels of ROS (Radi-
sky and Radisky, 2015). Although MMP2 seems to be necessary
and sufficient for the induction of EMT, in melanoma cells the
treatment with the purified and activated MMP2 does not modu-
late the EMT (Liu et al., 2012). Recently, and conversely to the
protective role of MMP8 in cancer (Lopez-Otin et al., 2009), a
positive mutual interplay between TGF-f and MMP8 in the
induction of EMT in HCC cells has been reported (Qin et al.,
2016).
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MMP9 induces EMT by cleaving the E-cadherin ectodomain,
which induces the dissociation of B-catenin from cell-cell adhe-
sion complexes. Furthermore, the disruption of E-cadherin-f3-
catenin complexes by either MMP9 or TGF-B1 increases the
expression of SNAI2 that strongly represses E-cadherin expres-
sion at the transcriptional level (Symowicz et al., 2007; Zheng
et al., 2009; Yu et al., 2013). Moreover, MMP9 strongly and sus-
tainably stimulate cancer cell transition into a mesenchymal phe-
notype (Lin et al., 2011). The MMP7 also mediates the E-cadherin
ectodomain shedding, leading to tracheal epithelial cell scattering
and migration (McGuire et al., 2003). Moreover, MMP 14 overex-
pression also provokes a cleavage of E-cadherin in breast cancer
cells (Rozanov et al., 2004), oral squamous cell carcinoma SCC9
(Yang et al., 2013) and in nasopharyngeal carcinoma cells (Zhao
et al., 2015). Furthermore, in prostate cancer cells, the EMT
induced by MMP 14 overexpression shows activation of the extra-
cellular latent TGF-, which in turn stimulates the secretion of
Wnt5a. This induction was accompanied with cell scattering and
acquisition of migratory mesenchymal-like phenotype, whereas
these changes were disabled by either MMP 14 activity inhibition
or targeting of the hemopexin domain of MMP14 (Nguyen et al.,
2016). Conversely, the expression of MMP14 did not correlate
with EMT-like changes in ovarian cancer patients (Vos et al.,
2016).

One interesting and indirect mechanism has been described for
the induction of EMT in MCF-7 cancer cell line by insulin-like
growth factor-1 (IGF-1) (Walsh and Damjanovski, 2011). IGF-1,
by a mechanism dependent of PI3K and MAPK signals, induces
activation of MMP9 that stimulates EMT by means of TGF-{ acti-
vation (Walsh and Damjanovski, 2011). Also, MMP9 mediates
EGF-induced EMT in head and neck squamous carcinoma
SCC10A cell line by E-cadherin shedding, and cell migration and
invasion as well (Zuo et al., 2011). These are good examples stag-
ing the sophisticated and complex interaction between MMPs
and different cytokines/growth factors that participate in driving
EMT and tumor progression (Quintanilla et al., 2012).

In addition, a positive feedback loop can operate between
MMPs and TGF-B during the promotion of EMT program in
tumor progression. The signal peptide-CUB-EGF-like domain
containing protein 3 (SCUBE3), which is a secreted glycoprotein
up-regulated in lung cancer, acts as an endogenous ligand for
TRRII and MMPs. In fact, MMP2 and MMP9 can cleave SCUBE3,
thus producing an N-terminal EGF-like repeat and a C-terminal
CUB domain fragment. In turn, these CUB fragments activate
TGF-B signaling, stimulate MMP2 and MMP9 expression and
promote EMT concomitantly with the enhancement of migration
and invasion of cancer cells (Wu et al.,, 2011). MMP15, also
named as MT2-MMP, has been involved in the induction of EMT:
the overexpression of MMP15 in HCT116 human colorectal and
A549 lung cancer cell lines leads to EMT by intracellular cleavage
of E-cadherin and Z0O-1 (Liu et al., 2016).

Furthermore, the overexpression of MMP28 (Epilysin), one of
the last MMP members discovered, induces irreversible EMT in
A549 lung adenocarcinoma cells. MMP28 proteolytically acti-
vates the latent TGF- and increases bioavailable TGF-3, which
in turn stimulates MMP9 and MMP14 expression and the EMT
program (Illman et al., 2006).

Finally, these data indicate that TGF-@ potently regulates
MMPs expression and EMT in tumor cells. As shown in many cell
types, the interaction between TGF-B and MMPs to maintain the

Cell malignancy

EMT i q
== |
uPA/uPAR MMPs
ma )
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Fig. 5. TGF-B, MMPs, and uPA interplay in cancer EMT. TGF-8,
MMPs, and uPA/uPAR are involved in the induction of EMT, with a
mutual interplay. TGF-B stimulates the expression of MMPs which
through either the activation of latent TGF- or direct interaction with
cancer cells may contribute to the induction of cancer EMT. Similarly,
TGF-B stimulates uPA/uUPAR expression which increases the amount of
active PIm. PIm, in turn, may participate directly in TGF-f activation or
indirectly by means of activation of MMPs. Meanwhile, uPA/uPAR
expression participates in EMT induction by mediating TGF-B effect, as
well as may by direct contribution to the induction of the epithelial con-
version to the mesenchymal phenotype, thus strengthening cancer cell
malignancy (Orlichenko and Radisky, 2008; Radisky and Radisky, 2010;
Heldin et al., 2012; Santibanez, 2013; Krstic and Santibanez, 2014).

mesenchymal cell features during cancer EMT is of high impor-
tance (Fig. 5).

The TGF-B and uPA Interplay in EMT

Although the most studied function of uPA system is its proteo-
lytic ability, it is now widely acknowledged that this system par-
ticipates in several other activities supporting cancer invasion
and metastasis. It has recently been suggested that uPA/uPAR
complex can stimulate EMT to promote cancer progression. UPA/
uPAR induces cancer cell EMT by means of several intracellular
signaling pathways, such as Ras-ERK1,2 MAPK, Rac1, and PI3K-
AKT (Lester et al., 2007; Jo et al., 2009a). Also, uPAR plays a key
role in EMT program by inducing the expression of the Forkhead
Box M1 transcription factor (Huang et al., 2014). Moreover,
uPAR plays an important role in hypoxia-induced EMT, where
uPAR expression is increased, and the silencing of uPA or uPAR
strongly diminishes EMT (Gupta et al., 2011). Moreover, the
down-regulation of uPA by shRNA, in the EMT-associated uPAR
overexpression in breast cancer cells, is sufficient to inhibit this
phenomenon, indicating that without adequate endogenous uPA
level uPAR is not enough to induce EMT. In addition, uPAR over-
expression enhances uPA expression in a positive feedback man-
ner and probably by stimulating ERK1,2 signaling (Jo et al.,
2009b). Furthermore, uPAR can induce cancer stem cell proper-
ties concomitantly with EMT in breast cancer cell lines (Jo et al.,
2010). In addition, an interesting connection between MMP-9
and uPA has been reported, because their simultaneous knock-
down by siRNA in breast cancer cells greatly inhibited EMT as is
observed by the increase in the expression of E-cadherin, and in
the reduction of vimentin and SNAI1 expression in MDA-MB-
231 cells (Moirangthem et al., 2016).
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Fig. 6. Protein—protein interaction network of TGF-3, uPA, and MMPs. The STRING search program was used to determine the network interac-
tion of TGF-b, uPA system, and the indicated MMPs. Line thickness indicates the strength of data support (http://string-db.org).

As aforementioned, TGF-f3 is a potent stimulator of the expres-
sion of uPA and its binding sites on the cell surface during tumor
progression in the model of mouse skin carcinogenesis (Santiba-
nez et al., 1999). The increased uPA expression level occurs by
the same intracellular signal transduction associated to TGF-B31-
induced EMT (Santibanez, 2006; Tobar et al., 2010; Villar et al.,
2010a; Kocic et al., 2013), however, it is not well known whether
uPA and/or uPAR may play a direct role in TGF-B—induced EMT
and vice versa. Recently, Laurenzana et al. (2015) demonstrated
that uPA mediates TGF-B-induced EMT, because the down-
regulation of uPAR, by antisense oligonucleotide, reduces the
capacity of this factor present in mesenchymal stem/stromal cells
conditioned medium, to stimulate the transition to a mesenchy-
mal phenotype. Nevertheless, it is clear that both TGF-B and
uPA/uPAR collaborate in the induction of cancer-associated EMT
(Fig. 5), and it is important to elucidate the molecular mecha-
nisms underlying the TGF- and uPA/uPAR interaction in tumor
progression.

Concluding Remarks

Increasing evidence support the important role of the TGF-,
MMPs and uPA/uPAR system in tumor progression and metasta-
sis. Due to their importance in tumorigenesis, combinatory tar-
gets for cancer chemotherapy may be developed. In this review,
we described the TGF-, MMPs uPA/uPAR pathway interplay
and the amplification loop operated between them that enhances
cancer progression and metastasis. Moreover, TGF-3, MMPs, and
uPA/uPAR contribute to cancer EMT induction, which enhances
tumor cells migration and invasion, and at the same time may

increase the population of cancer associated fibroblasts (Glaire
et al., 2012). Within the tumor, all three types of proteins dynam-
ically interact to facilitate cancer cell migration and invasion by
producing a positive stroma/microenvironment-driven cancer
progression (Fig. 6).

Although collaboration between uPA and MMP9 has been
demonstrated (Moirangthem et al., 2016), it is necessary to clearly
define the interaction between other MMPs, such as MMP2 and
MMP 14, and the uPA/uPAR system in cancer EMT. Nevertheless,
the simultaneous regulation of TGF-B, MMPs and uPA/uPAR
could be used to control the positive tumor microenvironment
and cancer cells-stromal cells interaction. The key future chal-
lenge is to develop highly specific MMP and uPA/uPAR inhibitors
for both activity and/or expression usable in cancer treatment.
Nonetheless, elucidating the complexity of TGF-, MMPs and
uPA/uPAR protein interactions in cancer is critical for under-
standing their participation in the initiation, progression, and
tumor metastasis, and could eventually reveal potential combina-
tions with current oncotherapies. We hope future clinical trials
using combined therapies targeting simultaneously TGF-j,
MMPs, and uPA/uPAR could increase the success of cancer
treatment.
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