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Abstract

Transforming growth factor-� (TGF-�) has roles in embryonic development, the prevention of inappropriate inflammation and tumour
suppression. However, TGF-� signalling also regulates pathological epithelial-to-mesenchymal transition (EMT), inducing or progressing
a number of diseases ranging from inflammatory disorders, to fibrosis and cancer. However, TGF-� signalling does not proceed linearly
but rather induces a complex network of cascades that mutually influence each other and cross-talk with other pathways to success-
fully induce EMT. Particularly, there is substantial evidence for cross-talk between �V integrins and TGF-� during EMT, and anti-integrin
therapeutics are under development as treatments for TGF-�-related disorders. However, TGF-�’s complex signalling network makes the
development of therapeutics to block TGF-�-mediated pathology challenging. Moreover, despite our current understanding of integrins
and TGF-� function during EMT, the precise mechanism of their role during physiological versus pathological EMT is not fully under-
stood. This review focuses on the circle of regulation between �V integrin and TGF-� signalling during TGF-� induced EMT, which pose
as a significant driver to many known TGF-�-mediated disorders.
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EMT and pathogenesis: 
the good, the bad and the ugly

Epithelial-to-mesenchymal transition contributes to diverse devel-
opmental events including blastocyst implantation, gastrulation,
generation of the neural crest, closure of the palate and normal
wound healing [1–3]. Paradoxically, EMT also plays a role in
pathological wound healing, tissue fibrosis and aspects of the
EMT-like transitions that occur in many types of cancer [4, 5].
Morphologically, EMT is defined as the loss of epithelial characters
such as apical–basolateral polarity, tight and adherens junctions
and the ability to synthesize basement membranes. Concomitantly,
these cells develop a fibroblastic morphology by rearranging their

actin cytoskeleton, become migratory by forming filopodia and
lamellopodia, interact with stromal extracellular matrices (ECM)
due to changes in cell surface matrix receptors such as integrins,
begin direct synthesis of stromal ECM and, in some cases, partic-
ularly in scar formation, become contractile myofibroblasts [3, 6,
7]. However, due to its functional diversity and complexity, scien-
tists have long disagreed on a clear definition of EMT. A recent
international meeting on EMT proposed to solve this dispute by
classifying EMT into three different types: Type1, Type2 and Type3
(Fig. 1) [8, 9]. Type1 EMT occurs during the earliest stages of
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development, for example, during implantation and embryogene-
sis. Type2 EMT is defined as that which occurs in more mature
epithelial tissues. In contrast to Type1 EMT, Type2 EMT can be
triggered by inflammation or wound-healing responses and may
lead to fibrosis. Finally, Type 3 EMT is the loss of epithelial and the
gain of mesenchymal characters associated with cancer progres-
sion and metastasis.

TGF-� - a central player in EMT

Although several growth factors participate in EMT [10],
Transforming growth factor-� is the most studied, with evidence
suggesting that it can drive all three classes of EMT [11, 12].
Further, TGF-� also regulates a wide array of other cellular

Fig. 1 Epithelial mesenchymal transition (EMT) occurs when epithelial cells lose their epithelial cell characteristics and become mesenchymal. Mesenchymal
cells can return to an epithelial phenotype, a process called mesenchymal–epithelial transition (MET). Type1 EMT: During embryogenesis, the primitive epithe-
lium (the epiblast) undergoes EMT forming primary mesenchyme that can migrate and undergo MET to form secondary epithelia that differentiate into new
epithelial tissues. Type2 EMT: In mature or adult tissues, epithelial cells can also undergo EMT following local cellular disorganization caused by various stres-
sors, inflammation or wounding but fail to undergo MET leading to fibroblast production and finally fibrosis. Type3 EMT: Epithelial cancer cells can undergo
EMT to acquire a more migratory mesenchymal phenotype that allows them to invade secondary epithelia and proliferate as secondary tumours. During the
process, migrating mesenchymal cells will have to intravasate, migrate through vasculature and extravasate to invade secondary tissue, undergo MET and
proliferate forming secondary tumours. Green (epithelial cells), pink (mesenchymal), yellow (primary tumour), red (secondary tumour).
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processes including cell division, differentiation, motility, apopto-
sis and tumour suppression [13, 14]. There are three known iso-
forms of TGF-� in mammals, TGF-�1, TGF-�2 and TGF-�3 [15].
The expression and function of all three isoforms varies dramati-
cally among tissues and can even vary from species to species
[16, 17]. Therefore, the mechanism by which TGF-� function is
regulated and its signals transmitted within cells is very complex.
TGF-� is synthesized within the secretory pathway as a precursor,
which is cleaved to form the functional 25 kD TGF-� homodimer
and the latency-associated peptide (LAP). LAP and TGF-� homod-
imer remain associated as a non-covalently bound complex known
as the small latent complex (SLC). The SLC remains in the secre-
tory pathway until it is bound by latent TGF-�-binding protein
(LTBP) to form the large latent complex (LLC). The LLC is secreted
and bound either covalently or non-covalently to the ECM [18, 19].
In most cases, the LLC will remain in the ECM until it is further
processed to release active TGF-� [20]. Upon its release, the
active TGF-� cytokine ignites TGF-� signalling by first binding to
the type II TGF-� receptor, inducing a conformational change in its
serine/threonine kinase domain and recruiting the type I TGF-�
receptor to form the active receptor complex. Once the receptor
complex is formed, the type II receptor kinase phosphorylates
multiple serine and threonine residues in the TTSGSGSG sequence
of the cytoplasmic GS region of the type I receptor, leading to the
activation of TGF-�-induced signalling [21].

The best-studied pathway mediating TGF-� function is the
SMA-Mothers against decapentaplegic family member dependent
(canonical) pathway, which initiates when receptor-regulated
SMAD 2 and/or 3 (r-SMAD2/3) is recruited to the activated TGF-�
receptor by the SMAD anchor for receptor activation [22]. The
type I TGF-� receptor then phosphorylates r-SMAD2/3 inducing
conformational changes in the MH2 domain of r-SMAD2/3 and its
subsequent dissociation from the receptor complex. Once phos-
phorylated and released, the phosphorylated r-SMAD2/3 attains a
high affinity towards the co-SMAD (SMAD4) and binds to it [23].
The complex formed by r-SMAD2/3 and co-SMAD4 translocates
to the nucleus where, in the case of EMT, it represses epithelial
gene transcription while transcriptionally activating the expression
of mesenchymal genes as well as other transcription factors capa-
ble of regulating EMT, such as members of Snail, ZEB and bHLH
families [16, 24]. This canonical pathway can also induce EMT via
cross-talk with other signalling pathways. For instance, SMAD-
mediated TGF-� signalling can activate integrin-linked kinase
(ILK), which allows ILK to phosphorylate GSK-3� and Akt family
serine/threonine protein kinase (Akt), leading to �-catenin nuclear
translocation and activation of other transcription factors, result-
ing in EMT of renal tubular epithelial cells [25, 26]. Transforming
growth factor-� can also mediate EMT through its non-canonical
(SMAD independent) pathways [27]. For instance, TGF-�-induced
activation of Erk/MAP kinase, Rho GTPase and the PI3 kinase/Akt
pathways can result in all three EMT types [28, 29]. This is an area
of active investigation; more non-canonical pathways and addi-
tional levels of regulation are still being discovered [30].

Recently it was shown that TGF-� signalling can regulate the
expression of microRNAs, which play a crucial role in regulating EMT

[31]. MicroRNAs belonging to the miR-200 and miR-205 family can
prevent EMT by down-regulating the EMT-associated transcription
factors ZEB1 and SMAD interacting protein 1 (SIP1) [32]. Because
miR-200 and miR-205 expression is reduced upon TGF-� stimula-
tion, this suggests that TGF-� is a key regulator of the expression of
microRNAs that block EMT [33]. It is likely that other microRNAs
either synergize with or antagonize TGF-� signalling during TGF-�
induced EMT, thus, investigating how TGF-� signalling regulates
microRNA expression during EMT is important for the eventual
development of therapeutics that target TGF-� function.

Changes in cell–cell/cell–ECM adhesion
in EMT—the role of integrins during EMT

Interactions between cells and ECM convey micro-environmental
cues that influence cell behaviour and function [34, 35]. Integrins
are heterodimeric transmembrane proteins consisting of one �-
and one �-subunit. Integrins facilitate interactions between cells
and the ECM and play major roles in cell proliferation, differentia-
tion, adhesion and migration [36]. At least 24 different integrin
heterodimers exist, which recognize diverse components of the
ECM including laminin, collagen, heparan sulfate proteoglycans,
vitronectin, fibronectin, osteopontin, bone sialoprotein, throm-
bospondin, fibrinogen and tenascin [37, 38]. Further, changes in
ECM composition, such as the increased expression of
fibronectin, vitronectin and type I collagen seen during EMT, can
switch integrins from an inactive low affinity to an active high-
affinity ligand binding state [39, 40]. This can result in outside—
in integrin signalling mediated via adaptor proteins that bind to the
cytoplasmic tail of integrins such as ILK, paxillin, focal adhesion
kinase (FAK) and five LIM domains containing focal adhesion pro-
tein (PINCH). Similarly, intracellular cues can also activate inte-
grin-associated proteins affecting integrin affinity for extracellular
ligands, a process known as inside-out signalling [41].

Thus, in the case of EMT, perturbations of the ECM microenvi-
ronment or intracellular cues can persuade integrins to dictate
adhesion changes between cells and the ECM (and in some cases
cells to cells), subsequently inducing disassembly of tight and
adherens junctions, dissolution of desmosomes, actin reorganiza-
tion and loss of epithelial apical–basal polarity, which are all asso-
ciated with EMT. In extremis, these changes initiate focal adhesion
complex formation leading to cell migration and invasion [42]. For
example, �5 integrin regulates cell–cell/cell–ECM adhesion
changes upon TGF-� signalling and �5 integrin depletion reduces
the invasiveness of breast carcinoma cells by impairing the disso-
ciation of tight junctions and/or reducing cell–ECM adhesion [43].
Further, �1 integrin engagement with collagen type I results in
loss of E-cadherin and indirect up-regulation of N-cadherin, sug-
gesting that integrin activation can directly result in EMT [44, 45].
Integrins can also facilitate changes in cell–ECM contact during
EMT by binding to membrane Type-1 matrix metalloproteinase
(MT1-MMP) to control their function [46].
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TGF-� as a regulator of integrin
expression during EMT

Many �V integrins, especially �V�3, �V�5 and �V�6 are
expressed at low levels in healthy epithelial tissues but up-regulate
during both type2 and type3 EMT [47–49]. For example, �V�6
integrin is highly up-regulated during pulmonary inflammation,
fibrosis and cervical squamous cell carcinoma, where its
increased expression correlates with poor prognosis [50, 51]. This
implies that the TGF-� signalling that induces EMT also plays an
essential role in the up-regulation of integrin expression. A recent
study showed that TGF-�1 signalling during renal fibrosis
enhances SMAD3 binding to the �1 integrin promoter, triggering
an up-regulation of �1 integrin gene expression. Interestingly,
knockdown or functional blockade of either �1 integrin or SMAD3,
slowed the progression of renal fibrosis [52]. Another study
showed that TGF-�1-induced signalling increased both �3 inte-
grin subunit mRNA and protein levels as well as surface expres-
sion of �V�3 in human lung fibroblasts via a �3 integrin, c-Src
family of non-receptor tyrosine kinases (Src)- and p38 MAPK-
dependent pathway [53].

TGF-�-mediated integrin up-regulation can also be indirect.
TGF-� is a key regulator of ECM production, deposition and
remodelling [54, 55], while integrin expression is partially regu-
lated by the cellular microenvironment [40]. Thus, TGF-�-medi-
ated up-regulation of ECM protein expression can indirectly stim-
ulate integrin expression. For example, TGF-�-induced fibronectin
expression in MRC-5 human myofibroblasts subsequently
induces the expression of �V�3, �V�1 and �1�1 integrins [56].
TGF-�-induced signalling can also regulate integrin activation
states by mediating the expression of integrin-associated adaptor
proteins such as PINCH-1, which binds to ILK and plays an essen-
tial role in integrin signalling [57–59]. Further, TGF-� signalling
can directly activate integrins by phosphorylating the cytoplasmic
tail of the � integrin subunit. A recent study reports that TGF-�1
promotes vascular invasion by phosphorylating �1 integrin’s 
threonine 788–789 via the TGF-� receptor, inducing inside-out 
signalling that ultimately drives hepatocellular carcinoma invasion
[60]. Thus, by regulating integrin expression and function, TGF-�
gains the ability to regulate cell biology in a tissue- and cell-
specific fashion. However, in spite of the emerging understanding
of how TGF-� signalling can regulate integrins during EMT pro-
gression, it is much less clear why these processes are tissue and
cell specific.

�V integrins activate TGF-�

Transforming growth factor-� is secreted in a latent form which
must be activated extracellularly to efficiently trigger receptor-
mediated TGF-� signalling. Diverse activation mechanisms have

been demonstrated which allow for regulation of TGF-� function
in different cellular/tissue contexts [61]. Among the three TGF-�
isoforms, only the LAPs of TGF-�1 and TGF-�3 contain an integrin
binding motif, arginine–glycine–aspartic acid (RGD). Notably,
many �V integrins including �V�1, �V�3, �V�5, �V�6 and 
�V�8 can interact with this RGD sequence resulting in activation
of TGF-�1 and TGF-�3 [50, 62–65]. Not surprisingly, mice with a
non-functional variant of the RGD sequence in their TGF-�1 LAP
express normal levels of latent TGF-�1, but display features 
similar to that of TGF-�1 knockouts [50, 66]. Moreover, mice lack-
ing �V�6 and �V�8, phenocopy TGF-�1 and TGF-�3 knockouts
confirming the importance of �V integrins in TGF-�1 and TGF-�3
activation [67]. Furthermore, antibody-mediated blockade of �V
integrin function, particularly �V�6, down-regulates the TGF-�-
induced EMT and inflammation known to causes fibrosis, 
metastasis and cancer [68–71]. Two different models of how �V
integrins can activate TGF-� are proposed, both of which have 
significant experimental support. It appears that the choice of
TGF-� activation mechanism is cell-type specific and is influenced
by whether the appropriate integrin is expressed and the specific
cell physiological context. However, it is not known whether the
use of a particular TGF-�-activating mechanism influences the
resulting TGF-� signalling.

Conformational change activation mechanism

Upon binding to the LAP of TGF-�1 and TGF-�3, �V integrins can
exert adhesion-mediated cell forces inducing conformational
changes of the LAP, which results in structural deformation of the
latent complex and liberation of active TGF-� [50]. Drugs which
block myofibroblast contraction such as ML-7, blebbistatin,
cytochalasin D and the �-smooth muscle actin (�-SMA) contrac-
tion inhibitor SMA-FP, also inhibited activation of TGF-�1 by con-
traction-inducing drugs [72, 73]. Analogously, studies that inhib-
ited �V�5 integrin function by forming �v�5–Thy1 complexes
also inhibit contraction-induced latent TGF-�1 activation [74].
Because TGF-� signalling induces a contractile cytoskeleton along
with �-SMA expression during EMT, this can result in further TGF-
� activation [75]. Although this direct activation does not require
proteolysis of either the LAP or LTBP, it does require a mechani-
cally stiff ECM and contractile cytoskeleton which provides suffi-
cient forces to liberate TGF-� from its latent complex [20, 76].

Conformational change activation mechanism
with proteolysis

Not all integrin interactions with the LAP directly activate TGF-�,
particularly in the absence of a stiff ECM. Moreover, active TGF-�
must be physically proximal to a type II TGF-� receptor for activa-
tion of TGF-� signalling. Notably, several MMPs such MMP-9 and
MMP-2 can proteolytically cleave the LAP and/or LTBP to liberate
TGF-� from its ECM bound stores [77, 78]. Further, �V integrins
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can interact with MMPs, such as MMP2 and MMP9, to tether them
to the cell surface [79, 80]. Thus, in certain physiological contexts,
�V integrins can simultaneously promote proximity of MMPs to
the LAP and sequester the LLC close to the type II TGF-� recep-
tor. Depending on the cell/tissue type, this mechanism can function
without significant cell traction [76, 81], although a contractile
cytoskeleton and a mechanically resistant ECM can also partici-
pate [73, 76].

Overall, �V integrins can activate TGF-�, which induces EMT,
which then in turn creates an ideal microenvironment for further
unregulated TGF-� activation resulting in pathological EMT.
Recently, the known complexity of this mechanism has been
increased by a report showing that �V integrins also interact with
the TGF-� co-receptor, endoglin, and this interaction can enhance
�V integrin mediated TGF-� activation [82]. However, the extent to
which cell type, magnitude of the ECM’s mechanical resistance,
the relative proximity of latent TGF-� to proteinases and other
known TGF-� activators such as pH, thrombospondin-1 and reac-
tive oxygen species [20] play a role, remains unclear.

TGF-� and integrin signalling  
cross-talk during EMT

Inactive integrins are not usually bound to the ECM or tightly
linked to the actin cytoskeleton, instead, they are scattered dif-
fusely over the cell surface. However, upon their binding to ECM,
a purposeful association with the actin cytoskeleton is induced,
leading to integrin clustering into focal adhesion complexes,
which, depending on the properties of the ECM, will instigate inte-
grin signalling [83, 84]. This signal is propagated to the intracel-
lular integrin associated adaptor proteins such as ILK, Src, PTKs
and FAK; which subsequently activate other downstream players
such as MAPK, Ras/Rho, small GTPases, PI3K and AKT [85]. On
the other hand, canonical TGF-� signalling initiates upon receptor
activation and SMAD phosphorylation but can indirectly activate
MAPK and PI3K pathways as well [86]. In addition, non-canonical
TGF-� signalling can directly activate MAPK, PI3, Ras/Rho and
small GTPase pathways [30]. Therefore, cross-talk between TGF-
� and integrin signalling can occur downstream of initial receptor
activation and regulate various cellular processes [87], which may
override the tumour suppressing function of TGF-� [88–90] or
lead to other TGF-�-associated disorders [91]. TGF-� signalling
can also result in either direct or indirect phosphorylation of inte-
grin adaptor proteins, while integrins can associate with receptor
tyrosine kinases (RTKs) to activate TGF-� signalling resulting in
tumour invasion and metastasis [49]. Further, TGF-�1 signalling
can induce tyrosine phosphorylation of FAK including its
autophosphorylation site, Tyr-397, leading to inside-out integrin
signalling that subsequently induces myofibroblast differentiation
in fibrotic diseases [85]. TGF-�1 induced signalling can also phos-
phorylate other proteins such as the p85 subunit of PI3K, and ser-

ine 473 of Akt resulting in the up-regulation of �V integrin expres-
sion that is necessary for the migration of human chondrosar-
coma cells [86].

On the other hand, integrin association with RTKs may activate
the integrin—receptor-tyrosine-kinase signalling that is necessary
for development, tumour invasion and metastasis. For example,
TGF-� signalling can lead to the transcriptional up-regulation of
�V�3 integrin expression, which then enhances the functional
interaction between the type II TGF-� receptor and �V�3 inte-
grins; a situation that potentiates the proliferative effects of TGF-
�-induced EMT in human lung fibroblasts [92]. Type II TGF-�
receptor and �V�3 integrin interactions can also auto-stimulate
type II TGF-� receptor phosphorylation on its tyrosine residues via
Src; initiating a TGF-� signalling induced stimulation of MAPKs
that leads to EMT and invasion in epithelial cells [93]. Overall,
more potential points of cross-talk between integrin and TGF-�
signalling are being discovered, yet even now, the mechanistic dif-
ferences that allow TGF-� to suppress tumourigenic processes in
healthy tissue and promote tumour formation by cancer cells still
remain unclear.

Disease perspectives

Active TGF-� has a high affinity for its receptors, so, in most
cases, a released/active TGF-� ligand will initiate a TGF-� sig-
nalling cascade as long as TGF-� receptors are within reach [94].
Because different cellular functions require distinct levels of 
TGF-� signalling [76], tight regulation of latent TGF-� activation is
 necessary to prevent diverse diseases including inflammation,
autoimmune disorders, fibrosis, cancer and cataract [95–99].
Conversely, inadequate levels of active TGF-� due to mutation of
either the TGF-� genes or those for TGF-� activators can lead to
pathology. For instance, TGF-�1-deficient mice exhibit a multifo-
cal, mixed inflammatory cell response and tissue necrosis, leading
to organ failure and death 20 days after birth [100, 101]. In
humans, inadequate TGF-� signalling can result in various disor-
ders including brain haemorrhage and immune system-associated
disorders [102, 103]. Notably, restoring normal TGF-� signalling
and/or inhibiting its inappropriate expression in experimental ani-
mals reverses some TGF-�-associated pathologies and stands as
promising therapeutic approach (Table 1). TGF-�-induced sig-
nalling is also known to destabilize E-cadherin-mediated cell–cell
adhesion during EMT [104]. Fascinatingly, a study in renal fibrosis
revealed that bone morphogenic protein (BMP)-7 can reverse
TGF-�1-induced EMT by restoring E-cadherin expression hence
halting EMT progression. These results suggest that cross-talk
between BMP-7 and TGF-� is essential to regulate pathological
EMT [105]. �V integrins can activate TGF-� by binding to its LAP
and evidence of such activation has been linked in EMT progres-
sion. Therefore, blocking the undesirable activities of �V integrins
without interfering with their beneficial functions could impede
EMT progression during cancer, wound healing and fibrosis.
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Integrin antagonists show clinical promise for the treatment of
TGF-�-induced EMT-associated disorders such as inflammation,
fibrosis and cancer [106]. Most of the therapeutic approaches cur-
rently under investigation target integrin function using anti-inte-
grin agents including both naturally occurring and engineered
peptides that can mimic their RGD ligand, or antibodies that can
act as integrin antagonists [107–109]. For example, clinical
administration of a peptide antagonist of the �V�3 receptor suc-
cessfully inhibits pathological angiogenesis seen in cancer, prolif-
erative retinopathy, rheumatoid arthritis and psoriasis [110, 111].
Similarly, TGF-�-mediated enhancement of glioma cell migration
via the up-regulation of �V�3 integrin expression is abrogated by
echistatin, a Arg-Gly-Asp (RGD) containing snake venom which is
a potent antagonist of �V�3 integrin [112].

Several integrin-targeted therapies are in clinical development
for the treatment of cancer [117]. For instance, Cilengitide or
EMD12197 (Merck KGaA, Darmstadt, Germany) is a small cyclic
RGD designed peptide that selectively and competitively antago-
nizes ligand binding to �V�3 and �V�5 [118], which is being
evaluated in a phase III clinical study for treatment of glioblastoma
[119]. A number of monoclonal antibodies are also in clinical
development. CNTO 95 is a fully humanized monoclonal antibody
targeting �V integrin, which shows anti-tumour and anti-metastatic
activity in animal models and is in a Phase I clinical trial for the
treatment of solid tumours [120, 121]. Similarly, Vitaxin, also
known as MEDI-522 or Abegrin, is also a humanized monoclonal
antibody that can block the interaction of �V�3 with various
 ligands such as osteopontin, latent TGF-� and vitronectin [114].

Vitaxin is currently in clinical trials for the treatment of stage IV
metastatic melanoma and androgen-independent prostate cancer
[122]. Notably, MedImmune Inc. ended advanced human testing
of Vitaxin to treat rheumatoid arthritis and psoriasis in 2004
because it failed to show clinical benefits in initial studies [123].
More recently, it was shown that pre-treatment of osteoclasts with
macrophage colony stimulating factor (M-CSF), which is known to
activate �V�3, enhanced Vitaxin’s inhibitory effect. Furthermore,
the PI3-kinase inhibitor wortmannin abolished M-CSF’s effects on
the action of Vitaxin suggesting that Vitaxin’s inhibitory effects
require an activated form of �V�3 integrin and that PI3-kinase
 signalling is involved in the process [124]. On the other hand,
numerous studies have shown that PI3K-Akt signalling is involved
in TGF-�-induced EMT and cell migration [125, 126]. This exem-
plifies how understanding the cross-talk between �V integrins and
TGF-� signalling can enhance the therapeutic potential of not only
Vitaxin, but other integrin antagonists as well, to make better and
more successful therapeutics.

Completing the circle

Integrins and their signalling can regulate EMT by both perturbing
cell adhesion and stimulating EMT associated gene expression. In
addition, integrins containing the �V subunit can activate latent
TGF-� to result in TGF-�-induced EMT. Concomitantly, TGF-�

Table 1 Attempts to target �V integrin function as a therapeutic strategy to treat TGF-�–associated disorders

Integrin Disorder Experimental findings

�V�3 1. Atherosclerosis 1. Blockade of �V�3 reduced neointima formation by reducing TGF-� activity [113]

�V�5 2. Rheumatoid arthritis 2. Integrin �V�3 as a target for the treatment of rheumatoid arthritis and related rheumatic diseases [114]

3. Systemic sclerosis
3. Increased expression of integrin �V�5 contributes to the establishment of autocrine TGF-� signalling in

scleroderma fibroblasts [115]

�V�6 1. Inflammation 1. �V�6 protects against inflammatory periodontal disease through activation of TGF-� [98]

2. Carcinoma 2. Blockade of integrin �V�6 inhibits tumour progression in vivo by a TGF-� regulated mechanism [70]

3. Fibrosis
3. Inhibitors of �V�6 integrin or TGF-� down-regulate fibrosis following acute or ongoing pulmonary, 

biliary injury, renal injury [68, 69]

4. Cataracts
4. �V�6 was hypothesized to be the main activator of TGF-�1 in the lens capsule and represents a possible

target for the prevention of posterior capsular opacification [99]

�V�8 1. Immune dysfunction
1. �V�8-mediated TGF-� activation by dendritic cells is essential to prevent inflammatory bowel disease

and autoimmunity [103]

2. COPD
2. �V�8 integrin-mediated TGF-� activation amplifies pathologic epithelial-mesenchymal in chronic

obstructive pulmonary disease patients [116]

3. Brain haemorrhage 3. �V�8 acts as a central regulator of brain vessel homeostasis through its regulation of TGF-� activation [102]
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signalling can activate integrins and also up-regulate integrin
expression. TGF-� signalling can also induce a contractile
cytoskeleton and a stiff cellular microenvironment to further
 facilitate latent TGF-� activation by �V integrins. This altogether
creates a feed-forward circle of cross-regulation between �V inte-
grins and TGF-� (Fig. 2) that can drive the EMT responsible 
for TGF-�-associated disorders ranging from inflammation,
 fibrosis and cancer. Because experimental approaches that inter-
fere with �V integrin function block TGF-�-mediated disease
pathogenesis in experimental models, elucidation of the molecular
participants in both physiological and pathological EMT as well as
differences in their regulation, may lead to selective therapies for
TGF-�-associated disorders.
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Fig. 2 �V integrins recognize an RGD motif present in the LAP of TGF-�. This binding induces either adhesion-mediated cell forces and/or brings latent
TGF-� into the proximity of MMPs, which consequently lead to the liberation/activation of the TGF-� homodimer from its latent complex. Upon activa-
tion, the TGF-� homodimer will bind to the Type II TGF-� receptor initiating TGF-�-Smad signalling, which upregulates the expression of �V integrins in
addition to that of other EMT markers. These newly formed integrins can liberate more TGF-� from its latent complex, sustaining and reinforcing TGF-�
induced EMT progression. This cooperative feed forward loop between �V integrins and TGF-� can lead to the unregulated TGF-� signalling responsible
for a number of TGF-�–associated disorders.
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