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1Turku Centre for Biotechnology, University of Turku, Tykistökatu 6, Turku 20520, Finland and 2Department of Biochemistry
and Food Chemistry, University of Turku, Turku, Finland

Cancer is a complex disease and progresses within a dynamically evolving extracellular matrix that controls virtually every aspect
of the tumour and tumour-associated cells. Interactions with the extracellular microenvironment are predominately mediated by a
family of cell-surface transmembrane receptors called integrins. Integrin–matrix engagement leads to the formation of adhesion
plaques, consisting of signalling and adaptor proteins, at the plasma membrane that link the extracellular matrix to the regulation
of the cell cytoskeleton. In this review, we will highlight exciting data that identify new roles for integrins and integrin-dependent
signalling in cancer away from the plasma membrane, discuss the implications of integrin-dependent regulation of Met and ErbB2
growth factor receptors and highlight the role of specific integrins in different stages of cancer development including
maintenance of cancer stem cells.

Cell adhesion to the extracellular matrix (ECM) is vital for
multicellular life and is predominantly mediated by a family of
transmembrane cell-surface receptors named integrins. To date, 24
distinct integrin heterodimers, generated from a combination of
18 a- and 8 b-subunits, have been identified in mammals. The
specific pattern of integrin expression determines which ECM
components a cell can bind to and therefore how a cell senses and
responds to its microenvironment.

Integrins are unique among transmembrane receptors in that
they signal bidirectionally. Recruitment of talin, an adaptor
protein, to the integrin tail induces a conformational switch in
the integrin extracellular domain, leading to receptor activation
and increased affinity for ECM ligands (inside-out signalling).
Integrin–ECM engagement, in turn, leads to the recruitment of
adaptor and signalling proteins to the integrin cytoplasmic domain
and promotes the assembly of macromolecular complexes termed
focal adhesions (outside-in signalling) (Figure 1). Through this
bidirectional linkage, integrins provide spatially restricted com-
munication lines between the cell and their microenvironment, act
as key mechanosensing and force-transducing units and coordinate
actin cytoskeletal polymerisation to regulate important biological
functions including proliferation, gene expression, cell survival and
cell motility (Legate et al, 2009). In the setting of cancer, these same
integrin-mediated processes are exploited by tumour cells to

promote invasiveness and oncogenic survival and to engineer a
host microenvironment that is conducive to tumour growth and
metastatic spread. Furthermore, the intricate interplay between
integrins, growth factors (GFs) and GF receptors (GFRs) adds an
additional level of complexity to ECM-initiated signals and
ultimately the control of cell fate (Figure 1) (Ivaska and Heino,
2011) and is often a confounding factor fostering drug resistance in
cancer therapies.

Accordingly, disrupting integrin function to treat cancer is an
area of extensive and continuing research and several synthetic
peptides and humanised antibodies have been developed to
interfere with integrin–ligand interactions. Regardless of the
encouraging in vitro and preclinical results, late phase clinical
trials have, thus far, been disappointing (Desgrosellier and
Cheresh, 2010). The recent POSEIDON trial (NCT01008475)
showed no improvement in treating patients with K-RAS wild-type
metastatic colorectal cancer with abituzumab (anti-av-integrin
antibody) combined with the standard of care (Elez et al, 2015).
Similarly, a phase 3 trial with the integrin antagonist cilengitide in
combination with radiotherapy did not show any improvement in
glioblastoma patient outcome (NCT00689221) and further devel-
opment of the drug for treating cancer was discontinued (Stupp
et al, 2014). Given the complexity of integrin function and
integrin-GFR cross-talk, it is possible that targeting signalling
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molecules downstream of integrins, rather than integrins them-
selves, would be a more beneficial therapeutic approach.
Focal adhesion kinase (FAK), a non-receptor tyrosine kinase
implicated in b-integrin signalling, is enriched in focal adhesions
and together with Src kinase coordinates adhesion turnover, actin
cytoskeleton dynamics and cell shape and regulates cancer cell
migration and cell invasion. As such, several clinical trials are
currently ongoing with FAK (GSK2256098, PF04554878, VS-4718
and so on) and Src (dasatinib) inhibitors. Currently, the majority
of these trials are under phase 1–2 safety and pharmacokinetic
evaluation and the true potential of the corresponding drugs will
become apparent in the future.

INTEGRINS AND LONG-RANGE SIGNALLING IN CANCER

In the classical perception of integrin signalling, integrin activity
and function are spatially restricted to the plasma membrane
and require an intact uninterrupted integrin–ECM connection.
Interestingly, emerging data continue to uncover new and
unanticipated roles for core adhesion proteins in cancer-relevant
pathways distal to cell–ECM contacts and this is exemplified by the
core adhesome kinase FAK (Figure 2). FAK, a recognised focal
adhesion-localised protein that is activated in response to integrin–
ECM engagement, has also been detected in active-integrin-
positive early endosomes. FAK was found to be active in
endosomes and to prolong integrin–ECM-initiated signals follow-
ing receptor internalisation to suppress anoikis and support
anchorage-independent growth of breast cancer cells in vitro and
to promote metastasis in vivo (Figure 2A) (Alanko et al, 2015).
These data are intriguing on two fronts. First, they challenge the
classical view of integrin signalling, thus opening up new avenues
to target integrin function where defining the nature (i.e.
composition and dynamics) of active–integrin–endosomal com-
plexes will be fundamental and, second, suggest that cancer cells
may be able to highjack and repurpose integrin trafficking

pathways to prolong ECM-dependent survival cues in the absence
of a physical cell–ECM contact. This may be one mechanism
employed by circulating tumour cells to avoid anoikis initiation
during metastatic spread. FAK and Src, in addition to talin, have
been observed in other endosomal compartments containing
unligated active integrins and found to be important for
coordinating directional cell migration in fibroblasts by main-
taining integrin activity and focal adhesion polarity (Nader et al,
2016) (Figure 2A). Although the relevance of this endo-
cytic pathway was not investigated in the context of cancer,
regulation of integrin activity in endosomes may offer an ideal
opportunity for cancer cells to increase migration efficiency during
cell invasion.

Focal adhesion kinase has also been detected in cell nuclei of
squamous cell carcinoma in association with chromatin and other
transcription factors. This cancer cell-specific nuclear-localised
FAK was shown to act as a scaffold to regulate another cancer
hallmark, that is, the transcription of immunomodulatory genes in
favour of tumour tolerance in a process requiring FAK kinase
activity (Serrels et al, 2015) (Figure 2B). Targeting FAK signalling
in pancreatic cancer was recently demonstrated to increase
immune cell infiltration into the tumour microenvironment and
to sensitise pancreatic tumours to checkpoint immunotherapy
(Jiang et al, 2016). Although in this work FAK localisation was not
investigated, together these studies highlight intriguing examples of
potential integrin-immune system cross-talk in cancer and the
value of targeting FAK in combination with immunotherapy.
Understanding the specific stimuli or signalling pathways that
drive FAK to the nucleus in different cancers will be vital in
developing an effective antitumour approach. Current hypotheses
propose cellular stress, disengagement of integrin–ECM contacts
and kinase inhibition as contenders that increase levels of ‘free’
FAK and FAK nuclear accumulation (Lim, 2013).

It is important to note that, in addition to FAK, other canonical
integrin adhesome scaffolding proteins including a-actinin,
paxillin, zyxin and related family members have been observed
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transforming growth factor b.
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in cell nuclei and several have been implicated in gene
transcription (Hervy et al, 2006; Byron and Frame, 2016). Whether
the nuclear roles of these proteins are linked to their function in
adhesion plaques and the implications for disease (e.g. cancer)
remain to be determined. These studies, however, emphasise the
need to further understand if or how subcellular compartmenta-
lisation regulates the function of integrin adhesome proteins in
pathophysiological settings.

In ovarian cancer, transcriptional upregulation of b1-integrin by
ZNF304 (a zinc-finger transcription factor) and subsequent
activation of a Src–FAK–paxillin axis was demonstrated to enforce
anoikis resistance in vitro and ZNF304 gene silencing to
significantly inhibit ovarian tumour growth in a mouse model
(Aslan et al, 2015) (Figure 2B). It would be interesting to determine
if endosomal accumulation of active integrins and/or nuclear
localisation of FAK or paxillin contribute to the observed ZNF304-
mediated effects. Nevertheless, the enhanced antitumour efficacy of
ZNF304 silencing in combination with paclitaxel suggests that
targeting integrin transcription may provide complementary
treatment for ovarian cancer (Aslan et al, 2015).

In addition to new distal roles for focal adhesion proteins in
protumourigenic processes, known cancer-associated proteins, have
been shown to achieve prodisease effects through modulation of
pathways intimately linked with cell adhesion. For example, cyclin D1,
a prominent transcriptional cell cycle regulator and instigator of
transformation and tumorigenesis, has recently been shown to bind to
filamin A, Rho and PACSIN2 (components of the integrin adhesome)
in the cytoplasm and in complex with its kinase binding partner Cdk4
(another integrin adhesome protein) to phosphorylate a subset of
membrane-associated paxillin in membrane ruffles. Phosphorylation
of paxillin, in turn, triggers Rac GTPase activity (cytoskeletal
regulator), membrane ruffling and cell invasion in normal fibroblasts
and tumour cells in vitro (Fuste et al, 2016) (Figure 2C). Intriguingly,
the pool of cyclin-D1/Cdk4-phosphorylated paxillin was notably
absent from focal adhesions; however, the possibility that it was
localised in nascent integrin adhesions (focal complexes) in
membrane ruffles was not determined.

More extreme examples of long-range integrin signalling have
been illustrated in tumour exosomes and associated with disease
advancement. Intercellular exosome transfer of the avb6-integrin
heterodimer has been suggested to contribute to cancer progres-
sion by facilitating horizontal propagation of more aggressive
integrin-associated prostate cancer phenotypes (Fedele et al, 2015)
(Figure 2D). Moreover, biodistribution and proteome analyses of
tumour-secreted exosomes have revealed specific integrin-hetero-
dimer signatures that direct metastases to different organs by
fusing with the target tissue and initiating the formation of a
premetastatic niche. In particular, exosomal a6b1- and a6b4-
integrins were associated with lung metastasis and avb5-integrin
was linked to liver metastasis (Hoshino et al, 2015) (Figure 2E).
In addition to integrins, transforming growth factor-b1 (TGF-b1)
has been located in tumour-derived exosomes where it promotes
transformation of bone marrow mesenchymal stem cells to
tumour-supportive myofibroblasts (Chowdhury et al, 2015)
(Figure 2E). As av-integrins are known regulators of TGF-b
activity, it is possible that exosomal integrins and TGF-b cooperate
to prepare the metastatic niche. These highly interesting
discoveries suggest a previously unappreciated role for integrins
in cancer and shed light on Paget’s seed-to-soil hypothesis offering
the potential for novel prognostic and therapeutic interventions.

INTEGRINS AND THE TUMOUR MICROENVIRONMENT

As bidirectional signalling molecules, integrins are ideally situated
to sense, modulate and respond to changes in extracellular stimuli.

Cancer cells migrating through the surrounding stroma use distinct
integrin-containing actin-rich plasma membrane protrusions such
as lamellipodia and motor protein myosin-X-induced filopodia to
anchor the cell, probe the microenvironment and promote cell
invasion. In particular, b1-integrin-containing filopodium-like
protrusions have been implicated in activating dormant tumour
cells and promoting proliferation and formation of micrometas-
tases at distal sites (Shibue et al, 2012; Jacquemet et al, 2015)
(Figure 2F).

Although normal stroma has recently been shown to impede
tumorigenesis (Kaukonen et al, 2016), the biophysical and
biochemical cues from a tumour microenvironment support
malignancy by modulating the hallmarks of cancer (Bissell and
Hines, 2011; Pickup et al, 2014). Cancer-associated stromal
fibroblasts have been viewed as the protagonists of a dynamically
evolving cancer microenvironment and promoters of tumour
growth and progression. Recently, ‘paradoxical’ activation of
melanoma-associated fibroblasts by PLX4720, a BRAF inhibitor,
was demonstrated to increase stromal matrix production and
stiffening. Importantly, these ECM changes triggered elevated
b1-integrin-Src-FAK signalling in melanoma tumour cells and
contributed to BRAF-mutant melanoma resistance to PLX4720
(Hirata et al, 2015). Notably, in the absence of stromal fibroblasts
and on soft matrices, isolated melanoma spheroids/cells remained
susceptible to BRAF inhibition, whereas increasing the elastic
modulus of the matrix was sufficient to subdue the apoptotic
response. Here, coinhibition of BRAF and FAK was found to lead
to more effective control of BRAF-mutant melanoma. These data
demonstrate the acute impact of the tumour microenvironment on
tumour cell signalling and acquisition of resistance.

In recent years, microscopy techniques including two-photon
second-harmonic generation have strengthened the correlation
between the stiffness and organisation of the tumour stroma and
disease progression (Conklin et al, 2011; Laklai et al, 2016; Oudin
et al, 2016). In human breast carcinoma, a specific tumour-
associated collagen signature (TACS) consisting of straight, aligned
collagen fibre bundles, perpendicular to the tumour boundary, was
found to correlate with patient survival (Conklin et al, 2011).
Similarly, in pancreatic ductal adenocarcinoma, increased peri-
ductal collagen thickness, high epithelial tension and matricellular
fibrosis were demonstrated to be indicative of an aggressive disease
state (Laklai et al, 2016). Importantly, modulation of tumour cell
tension, dictated by the tumour genotype, was found to promote
matrix remodelling in response to elevated b1-integrin mechan-
otransduction and loss of TGF-b signalling (Laklai et al, 2016).
These data highlight an interesting concept whereby tumour cells
harbour an intrinsic ability, encoded within their genome, to
differentially tune their matrix mechanics towards prometastasis
and potentiation of disease state. Furthermore, it appears that
biomechanical signalling downstream of integrins has an impor-
tant role in translating tumour cell-specific signals in this process.

Integrins have also been implicated in tumour-mediated
modification of the microenvironment in breast cancer. Direct
interaction between the prometastatic isoform of the actin
regulatory protein Mena (MenaINV) and a5b1-integrin enhanced
three-dimensional haptotaxis of tumour cells towards a fibronectin
gradient in vitro and in vivo and contributed to collagen network
remodelling into thin capsules perpendicular to the tumour edge
(Oudin et al, 2016). However, the similarity of these collagen
capsules to the TACS identified in previous studies and the
mechanism whereby a5b1-integrin, a fibronectin-specific receptor,
may affect collagen fibrillogenesis was not investigated. Of note, in
non-small-cell lung carcinoma, expression of a11b1-integrin
(a stromal cell-specific collagen receptor) in cancer-associated
fibroblasts was found to correlate with collagen crosslinking
and tumour stiffness and to promote tumour metastasis
(Navab et al, 2016).
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In breast myoepithelial cells, differences in the bond dynamics
of fibronectin receptors a5b1- and avb6-integrins have been
implicated in sensing matrix rigidities associated with healthy and
malignant tissues, respectively (Elosegui-Artola et al, 2014).
Interestingly, the b6-integrin subunit is selectively expressed in
development and wound healing, suggesting an important role for
the avb6 receptor during tissue remodelling. In addition, avb6-
integrin is upregulated in a variety of carcinomas and strongly
associated with cell migration, invasion and survival, particularly in
breast cancer and primarily through the activation of TGF-b.
As TGF-b activation is a key instigator of fibrosis and matrix
remodelling, perhaps differential binding of avb6- over a5b1-
integrin to stiffer matrices serves to positively reinforce tumour-
specific TGF-b activation by promoting cell-surface localisation of
the main TGF-b activator. Notably, blocking avb6 function alone
or together with trastuzumab has been proposed as an alternative
approach to treat high-risk and trastuzumab-resistant breast cancer
patients (Moore et al, 2014).

INTEGRINS AND GF SYNERGY IN CANCER PROGRESSION
AND ACQUISITION OF DRUG RESISTANCE

Integrin signalling is closely coupled to the function and activity of
many different GFRs, whether by direct activation of GFs such as
TGF-b or by feeding into the same signalling axes as GFRs such as
phosphoinositide 3-kinase/AKT and mitogen-activated protein
kinase pathways (Ivaska and Heino, 2011). Thus, integrin function
can also determine how cells respond to GFs and as such has been
implicated in the acquisition of resistance to anti-GFR therapies.
In these cases, providing an effective combinatorial treatment that
tackles integrin-GFR cross-talk will require in-depth knowledge of
the specific integrin subunits involved. For example, although both
b1- and b4-integrins have been implicated in the signalling of the
same GFRs and in the development of therapeutic resistance, these
receptors are structurally distinct and are unlikely to regulate GFRs
through similar mechanisms.

For example, b1-integrin has been linked to anti-ErbB2 therapy
(trastuzumab and lapatinib) resistance in breast cancer (Lesniak
et al, 2009; Huang et al, 2011) and the a3b1-integrin heterodimer,
in complex with the tetraspanin CD151, has been demonstrated to
promote ErbB2 homodimerization and ErbB2-driven proliferation
in laminin-rich ECMs (Novitskaya et al, 2014). On the other hand,
integrin b4, a unique b-subunit with a large cytoplasmic domain
harbouring kinase activity and lacking the typical binding motifs
and actin linkage of other b-integrins, has been shown to form a
complex with ErbB2 and in this way enhance STAT3/c-Jun
signalling and facilitate ErbB2-driven tumorigenesis in breast
cancer (Guo et al, 2006). Here, the deletion of the b4-integrin
cytoplasmic domain increased the efficacy of ErbB2-targeted
therapy.

Although b1-integrin in a complex with tensin-4 and Met
maintains the stability of Met (Muharram et al, 2014), another
clinically relevant oncogenic GFR, a6b4-integrin is important for
HGF-mediated activation of c-Met to drive tumorigenesis and
cancer cell invasion (Trusolino et al, 2001). A b1-integrin–Met
complex has also been recently described in endomembranes
where it facilitates sustained HGF-induced extracellular signal-
regulated kinase activation via ‘inside-in signalling’ (Barrow-
McGee et al, 2016).

Interestingly, from a therapeutic point of view, b4-mediated
regulation of both Met and ErbB2 appears to occur independently
of integrin–ligand binding (Trusolino et al, 2001; Guo et al, 2006).
This is also the case for b1-integrin–Met endosomal cosignalling,
which is adhesion independent (Barrow-McGee et al, 2016).
Accordingly, traditional integrin-targeting therapeutic antibodies
or adhesion-blocking peptides will not be effective in these cases.

On the contrary, b1-mediated activation of ErbB2 was mediated
mainly by the canonical integrin pathway feeding into ErbB2
signalling and this was prevented by targeting b1 with therapeutic
antibodies. These few examples highlight the complexity of
integrin-mediated regulation of GFR function and in choosing
an appropriate therapeutic approach. In one case targeting the
ligand binding extracellular domain of integrins may be sufficient
to disrupt integrin-GFR cross-talk; however, in other cases,
interfering with integrin downstream signalling may be more
effective. In the latter approach, detailed understanding of the
adaptors and/or signalling proteins recruited to the distinct
b1- and b4-integrin subunits will be essential.

INTEGRINS AND REGULATION OF CANCER STEM CELL
PROPERTIES DURING METASTASIS

Cancer stem cells (CSCs), also known as tumour-initiating cells,
are a small therapeutically resistant, self-renewing sub-population
of tumour cells responsible for long-term tumour propagation and
metastasis (Medema, 2013). Not surprisingly, specific integrins
have an important role in the maintenance of stem cell properties
in normal tissue and in the context of cancer (Medema, 2013).
CSCs are dependent on integrin signalling triggered by specific
ECM proteins such as periostin and tenascin C, which are enriched
in the so-called stem cell niche. Several integrin subunits including
b3, a6 and b1 are important for the self-renewal and maintenance
of the CSC phenotype at the primary tumour and additionally
serve as CSC markers (Seguin et al, 2015). The role of integrins in
CSCs has recently been extensively covered (Seguin et al, 2015) and
we will only highlight a few examples here. Integrin b3 has been
suggested to be important for stemness and in facilitating
resistance to tyrosine kinase inhibitors (Seguin et al, 2015).
Integrin a6/b1 is essential for maintenance of CSC sub-populations
(Lathia et al, 2010; Goel et al, 2013); it activates BMI-1 (B-cell-
specific Moloney murine leukaemia virus integration site 1, a stem
cell factor, and a polycomb group family member), via FAK,
to support tumour initiation and self-renewal of breast CSCs
(Goel et al, 2013). In glioblastoma CSCs, a6 was found to be
coexpressed only with b1 (not with b4) and with proximal
extracellular laminin. Furthermore, depletion of a6-integrin
reduces CSC numbers, indicating a role for this integrin in CSC
maintenance in the primary tumour and that targeting a6 could be
a promising therapeutic option (Lathia et al, 2010).

Following tumour cell dissemination to a secondary site,
metastatic cells need to re-establish a new growth-supportive
niche as the new tissue microenvironment is fundamentally
distinct from the primary tumour site. The requirement for
microenvironment remodelling is most likely linked to the notion
that disseminated tumour cells can remain dormant for many years
or even decades. Single-cell sequencing of metastatic breast cancer
cells has revealed that the first cells to disseminate and form early-
stage ‘low-burden’ metastases are enriched for genes characteristic
of CSCs, whereas later stage bigger ‘high-burden’ metastases are
more similar to the primary tumour (Lawson et al, 2015).
Somewhat surprisingly expression of the b1-integrin subunit was
suppressed in low-burden CSCs, whereas a6-integrin was upregu-
lated. However, b1-integrin expression may have an important
function in the extravasation of metastatic cells (Chen et al, 2016).
These data suggest that CSCs may use different integrins to
maintain their stem cell properties between the primary and
distant metastatic sites, as b1-integrin normally linked to CSCs in
the primary tumour is downregulated in low-burden metastatic
CSCs. Adhesion to supportive ECM may be essential in the early
steps of metastatic colonization as disseminating CSCs remain in
contact with endothelial cells for a long period of time after
extravasation (Malladi et al, 2016). Previously, endothelial cell
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periostin and thrombospondin-1 secretion has been shown to
regulate the dormancy and proliferation of metastatic breast cancer
cells (Ghajar et al, 2013). Accordingly, the interaction between
ECM proteins secreted by endothelial cells and the integrin
receptors expressed by CSCs may be important for the main-
tenance of CSC properties at distant sites during the early steps of
colonization. However, once metastases start to grow, tumour cells
can reform the CSC niche at secondary sites by secreting b1- and
b3-integrin ligands, such as tenascin C, which promote self-
renewal of CSCs, as has been shown during colonization of breast
cancer cells (Oskarsson et al, 2011).

CONCLUSION

Deregulation of integrin-mediated cell adhesion to the ECM is
implicated at every step of tumorigenesis from initial hyperpro-
liferation to local invasion, metastatic dissemination and colonisa-
tion of distant organs. The complex cross-talk between the tumour
and its microenvironment is increasingly recognised as a key
contributor to cancer progression. Initial attempts to target
integrins or their downstream signalling in cancer have not been
clinically beneficial. However, growing appreciation of the diverse
biological roles of integrins in cancer are likely to facilitate design
of better targeting agents and to improve stratification of patients
most likely to respond to such therapeutics. Here, we have
particularly highlighted recent advances in our understanding of
unconventional integrin signalling. Integrin-linked signalling away
from the plasma membrane in the endosomes, in the nucleus and
in mechanosensitive responses to cancer therapy are likely to pave
the way for new translational approaches to successfully target
integrins in cancer.
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