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Abstract

Integrins mediate cell adhesion and transmit mechanical and chemical signals to the cell interior. 

Various mechanisms deregulate integrin signaling in cancer, empowering tumor cells with the 

ability to proliferate without restraint, to invade through tissue boundaries, and to survive in 

foreign microenvironments. Recent studies have revealed that integrin signaling drives multiple 

stem cell functions, including tumor initiation, epithelial plasticity, metastatic reactivation, and 

resistance to oncogene- and immune-targeted therapies. Here, we discuss the mechanisms leading 

to the deregulation of integrin signaling in cancer and its various consequences. We place 

emphasis on novel functions, determinants of context dependency, and mechanism-based 

therapeutic opportunities.

Introduction

Since their discovery in the late 1980s, the integrins have taken center-stage among receptors 

involved in cell adhesion and signaling, and extensive studies have documented their 

multifarious functions in tumorigenesis. Upon binding to the extracellular matrix (ECM), the 

integrins organize the cytoskeleton and activate intracellular signaling, regulating complex 

cellular behaviors, including survival, proliferation, migration, and various cell fate 

transitions (Giancotti and Ruoslahti, 1999; Hynes, 1992). A paramount function of integrins 

is to impart positional control on the action of cytokine and growth factor receptors so as to 

coordinate development, regeneration, and various repair processes (Danen and Yamada, 

2001; Giancotti and Tarone, 2003). Exemplifying this control, integrins and receptor 

tyrosine kinases (RTKs) need to be jointly engaged to ensure optimal activation of pro-

mitogenic and pro-survival signaling through the Ras-extracellular signal-regulated kinase 

(ERK) and phosphatidylinositol 3-kinase (PI3K)-AKT signaling pathways.

Because many prevalent oncogenic mutations deregulate intracellular signaling downstream 

of both integrins and RTKs (e.g., Ras), it has been initially argued that neoplastic cells are no 

longer dependent on integrin signaling (Schwartz, 1997). However, genetic and biochemical 

studies have indicated that the integrins function not merely by buttressing mitogenic and 
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survival signaling but also more directly control diverse aspects of cancer development, 

ranging from tumor initiation and initial invasion to metastatic reactivation of dormant 

disseminated tumor cells (Desgrosellier and Cheresh, 2010; Giancotti, 2013; Guo and 

Giancotti, 2004). We here discuss the origins and consequences of deregulated integrin 

signaling in cancer with an emphasis on new functions—such as mechanotransduction, 

stemness, epithelial plasticity, and therapeutic resistance—and we illustrate emergent 

therapeutic opportunities.

Overview of Integrin Signaling

The integrins comprise a family of 24 heterodimeric receptors, which mediate adhesion to a 

variety of extracellular matrix components and, in some cases, to counter-receptors on other 

cells (Figure 1A; see Humphries et al., 2006 for ligand binding-specificity of integrins). 

Large allosteric changes couple ligand binding to the ectodomain of the integrin with the 

recruitment of the cytoskeletal protein talin to the intracellular portion of the integrin β 
subunit. Hence, ligand binding triggers integrin association with the actin cytoskeleton via 

talin and, conversely, intracellular signaling pathways impinge on MRL proteins (RIAM and 

lamellipodin) to promote talin binding to the cytoplasmic domain of the integrin β subunit 

and thus integrin activation (Figure 1B). Because of these properties, the integrins behave as 

allosteric bidirectional signaling machineries (Hynes, 2002). Ligand-bound integrins engage 

the actin network via talin and additional cytoskeletal linker proteins, leading to integrin 

clustering and the ensuing activation of focal adhesion kinase (FAK) and SRC family 

kinases (SFKs). Organization of the actin cytoskeleton and kinase signaling pathways 

impinge on prominent pro-mitogenic/pro-survival signaling pathways and their 

transcriptional outputs, including the Ras-ERK, PI3K/AKT, and YAP/TAZ pathways (Box 

1).

The signaling pathways activated by integrins and RTKs are extensively interconnected at 

various levels to support anchorage-dependent cell survival and proliferation (Figure 2). 

Notably, many growth factors bind to the ECM, and the geometric arrangement of integrin 

and growth factor binding sites in the ECM enables simultaneous engagement of their 

cognate receptors on the plasma membrane (Hynes, 2009). In addition, galectins and 

specialized plasma membrane domains, such as caveolin microdomains, regulate the 

nucleation of integrin and RTK signaling complexes and the activation of palmitoylated 

SFKs, such as Fyn and YES, and hence the activation of the signaling adaptor Shc (Giancotti 

and Tarone, 2003; Lajoie et al., 2009). Figure 2A depicts some of the integrin-RTK 

interactions that have been characterized and emphasizes the role of integrins in activating 

SFKs, and thus inducing phosphorylation of the P loop and activation of RTKs. Reciprocal 

effects have also been described, such as the epidermal growth factor receptor (EGFR)- or 

ErbB2-mediated phosphorylation of FAK or integrin β4 (Giancotti and Tarone, 2003).

Additional mechanisms contribute to integrate integrin and RTK signaling. For example, the 

inositol phosphatase SHIP2 acts as a scaffold to enable recruitment of the fibroblast growth 

factor receptor (FGFR) to focal adhesions, promoting activation of SFKs and 

hyperphosphorylation of FRS2. This mechanism contributes to prolong ERK activation in 

response to FGF (Fafilek et al., 2018). Furthermore, and perhaps of equal importance, 

Cooper and Giancotti Page 2

Cancer Cell. Author manuscript; available in PMC 2019 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



integrins and growth factor receptors jointly activate key downstream signaling components, 

such as Shc, PI3K, Rac, and MEK, in an additive, co-dependent, or synergistic manner 

(Figure 2B). As a result, optimal activation of many downstream targets, such as AP-1 (c-

Jun/c-Fos) and target of rapamycin (TOR), require simultaneous ligation of integrins and 

RTKs, although to differing degrees depending on the effector. For example, YAP and 

FOXO seem to be activated predominantly by integrins and RTKs, respectively. Through 

these mechanisms, integrins and RTKs cooperate to regulate stemness, migration/invasion, 

proliferation, biosynthesis, metabolism, and survival (Figure 2C). In normal cells, flux 

through the major signaling pathways jointly activated by integrins and RTKs is limited by 

strong negative feedback mechanisms, which adjust the amplitude and frequency of 

signaling to the physiological needs of tissue development and repair, and act as a barrier to 

tumor development (Avraham and Yarden, 2011; Chandarlapaty, 2012).

Adding complexity to the integrin signaling system, several integrin-specific signaling 

connections have emerged. These include integrin associations with one or another RTK, 

with specific tetraspanins, syndecans, uPAR, CD44, and direct integrin recruitment of 

signaling components (Cantor et al., 2008; Danen and Yamada, 2001; Hemler, 2003; Kugler 

et al., 2003; Morgan et al., 2007). In a particularly striking example of specialization, the 

αvβ6 and αvβ8 integrins directly bind to the RGD sequence in latency-associated peptide 

(LAP) (transforming growth factor β [TGF-β] pro-peptide) and, by pulling on it, provoke 

the release of active TGF-β from the matrix-bound large latent complex (Munger and 

Sheppard, 2011). Since these integrins participate in the activation of TGF-β, they may, 

through this mechanism, inhibit the proliferation of cells sensitive to the growth inhibitory 

role of TGF-β. Because several integrins can bind to the same matrix ligand, these forms of 

specialization may provide a mechanism for differential cellular responses to the same 

integrin ligand (Giancotti, 2000).

Mechanisms Driving Deregulation of Integrin Signaling in Cancer

Changes in Matrix Composition/Structure and Integrin Expression

Changes in the ECM and the repertoire of integrins on tumor cells contribute to deregulate 

integrin signaling in cancer. At the onset of frank malignancy, carcinoma cells dissociate 

from one another and from adjacent normal cells, and dissolve the underlying basement 

membrane through decreased production and increased proteolysis of many of its 

components. Cancer cells subsequently recruit various host cells within the tumor 

microenvironment (TME), including fibroblasts, angiogenic endothelial cells, and immune 

cells, to aid their invasive growth (Egeblad et al., 2010a). The ECM, which is jointly 

produced and deposited in the extracellular space by tumor cells and host cells, undergoes 

profound changes in composition, structure, and mechanical properties during tumor 

progression (Lu et al., 2012). In breast cancers, collagen I becomes highly linearized, as if it 

were under tension, and oriented either tangentially or perpendicular to the tumor-stroma 

interface (Provenzano et al., 2008). Moreover, hypoxia-inducible factor 1 induces production 

of lysyl oxidase (LOX), which crosslinks type I collagen and other fibrillar collagens, 

increasing the stiffness of the tumor matrix and enhancing integrin signaling and 

proliferation (Erler et al., 2006; Levental et al., 2009) (Figure 3).
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Although fibrotic changes may pose a barrier to invasion, tumor cells create pathways 

through rigid matrices by producing matrix metalloproteases and other matrix remodeling 

enzymes. Matrix proteolysis also results in the release of growth factors and cytokines, such 

as vascular endothelial growth factor (VEGF) and active TGF-β, that collectively provoke 

neo-angiogenesis and facilitate tumor cell intravasation (Egeblad et al., 2010b). The 

upstream mechanisms that control remodeling of the ECM during tumor progression are not 

well defined. However, since the genes encoding matrix proteins and remodeling enzymes 

are not commonly deleted or amplified in primary cancers, it is likely that oncogene-induced 

changes in transcription, epigenetic reprogramming to a less-differentiated state, and the 

epithelial-mesenchymal transition (EMT) jointly contribute to the altered composition of 

tumor matrix (Figure 3).

Acting at the onset of tumorigenesis and prior to invasion, neoplastic conversion profoundly 

alters the level of expression of individual integrins, modifying the integrin repertoire on 

cancer cells and provoking changes in integrin signaling that sustain neoplastic 

transformation (Giancotti and Ruoslahti, 1990; Plantefaber and Hynes, 1989). Oncogenic 

signaling is a major driver of these changes (Figure 3). Consistently, activated KRas and 

BRAF induce the expression of the pro-tumorigenic α6 and β3 integrin subunits through 

activation of ERK in pancreatic cancer and melanoma (Woods et al., 2001), whereas loss of 

the tumor suppressive microRNA miR-25 produces the same effect by reversing silencing of 

the corresponding mRNAs in prostate cancer (Zoni et al., 2015). Providing a particularly 

relevant case in point, “gain-of-function” TP53 mutations, which are found in many tumor 

types, disrupt integrin-mediated adhesion to the basement membrane and induce invasion 

through dominant negative inhibition of p63 (Muller et al., 2009). One of the major effects 

of inhibition of p63 is the upregulation of the Rab-coupling protein, which increases 

recycling of the α5β1 integrin and the EGFR to invasive protrusions, promoting joint 

integrin/RTK signaling (Jacquemet et al., 2013; Muller et al., 2009). In addition, at least in 

ovarian cancer, mutant p53 acts through the same integrin to induce expression of the EMT 

transcription factor TWIST1 and to promote the formation of tumor cell clusters, which 

intercalate in the mesothelium and outgrow into peritoneal tumors (Iwanicki et al., 2016). 

Finally, oncogenic signaling can lead to changes in integrin expression by inducing 

dedifferentiation and EMT, as first demonstrated by early studies on TGF-β signaling 

(Ignotz and Massague, 1987) (Figure 3). However, not all of the effects of oncogenic 

mutations on integrins facilitate tumor progression. For example, it has been suggested that 

MYC inhibits invasion and metastasis in breast cancer by downregulating αvβ3 (Liu et al., 

2012). These examples illustrate the striking effect of oncogenic context on integrin 

expression and signaling.

The effects of remodeled tumor matrices and deregulated integrin signaling may be far 

reaching. Transcriptomic analysis of a transplantation model of skin cancer identified a 

tumor progression signature enriched in matrix proteins, integrins, and AP-1 transcription 

factors. Provocatively, antibody-mediated blockade of β1 integrins inhibited tumor 

progression in this model, suggesting that tumor matrices exert their effect through integrin 

signaling and AP-1 (Reuter et al., 2009). Moreover, comparison of metastatic and non-

metastatic variants of human breast cancer cells implanted in mice revealed both stromal and 

tumor cell-derived protein signatures, and the latter were found to comprise matrix proteins 
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implicated in distinct steps of metastasis (Naba et al., 2014). In particular, tenascin-C (TNC) 

was shown to be an integral component of the metastatic niche molded by breast cancer cells 

during lung colonization (Oskarsson et al., 2011), and later studies using a proteomic 

approach expanded the role of this matrix protein to lung cancer metastasis (Gocheva et al., 

2017). These results suggest that ECM proteins produced by both tumor cells and stromal 

cells contribute to alter integrin signaling to promote invasive growth and metastasis.

Rewiring of the Integrin Signaling Network in Cancer

Building on the notion of integrin-specific signaling, we made the hypothesis that certain 

integrins promote tumorigenesis, while others do not exert this effect or they may even 

suppress tumorigenesis (Guo and Giancotti, 2004). In agreement with this hypothesis, 

several studies have implicated αvβ3 and α6β4 integrins as positive regulators of 

tumorigenesis (Desgrosellier and Cheresh, 2010; Guo and Giancotti, 2004). This function 

likely arises from the ability of both integrins to cooperate with oncogenic RTKs. For 

example, the α6β4 integrin combines with the EGFR, ErbB2 (also known as HER2 for 

human EGFR2, encoded by ERBB2) and c-Met RTKs to amplify oncogenic signaling in 

several carcinomas (Guo et al., 2006; Mariotti et al., 2001; Trusolino et al., 2001). Similarly, 

the αvβ3 integrin combines with the platelet-derived growth factor β (PDGF-β) receptor 

and enhances its signaling capacity in PDGF-overproducing glioblastomas (GBMs) 

(Schneller et al., 1997; Sturm et al., 2014). One shared mechanism of action originates from 

the ability of these integrins to induce SFKs to phosphorylate the P loop in RTKs, sustaining 

their activation. Conversely, activated RTKs coopt the cytoplasmic domain of β4 or 

signaling adaptors downstream of αvβ3 to amplify their signaling output (Giancotti, 2007; 

Giancotti and Tarone, 2003) (Figure 2A). In fact, genetic studies have demonstrated that 

ErbB2 coopts the β4 integrin to disrupt epithelial adhesion and polarity and to promote 

invasion and hyperproliferation during mammary tumorigenesis (Guo et al., 2006). These 

findings suggest that extensive bidirectional crosstalk between certain integrins and their 

companion RTKs sustains oncogenesis in certain contexts.

Other integrins may support or oppose tumorigenesis independently of RTKs. For example, 

a recent study has identified a dependency of myxofibrosarcoma on the collagen-binding 

integrin α10β1. Interestingly, this integrin activates Rac-PAK through the adaptor TRIO and 

mammalian TOR through the substrate adaptor RICTOR—notably TRIO and RICTOR are 

coamplified in a fraction of these cancers (Okada et al., 2016). Moreover, given their roles in 

activation of TGF-β, the αvβ5, αvβ6, and αvβ8 integrins may inhibit cell proliferation in 

tumor cells that retain an intact cytostatic response to TGF-β and induce invasion and 

metastasis in other oncogenic contexts. In fact, it is well established that mutations of the 

TGF-β target genes CDKN2B and CDKN1A debilitate TGF-β’s cytostatic program and 

empower TGF-β signaling to implement its pro-invasive program, often through an EMT 

(David and Massague, 2018). Intriguingly, at least αvβ6 can switch from activation of TGF-

β to promotion of invasion and metastasis in tumor cells expressing Eps8, an activator of 

Rac (Tod et al., 2017).

Integrin-specific signals play a role even in cancers initiated by common genetic alterations, 

such as mutations of KRAS, BRAF, PTEN, and PIK3CA, which should in principle 
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alleviate the requirement for joint integrin-RTK signaling. In fact, genes encoding integrin-

specific signaling components are often mutated in cancer types that harbor these common 

mutations. The prototype is PTK2, encoding FAK, that is amplified or overexpressed in 

about 40% of ovarian cancers (Cancer Genome Atlas Research Network, 2011) and 25% of 

invasive breast cancers (Cancer Genome Atlas Network, 2012b; Pylayeva et al., 2009), and 

in metastatic castration-resistant prostate cancers (Cancer Genome Atlas Research Network, 

2011; Kumar et al., 2016; Robinson et al., 2015). SRC, encoding the FAK’s partner kinase 

SRC, is amplified or overexpressed in about 10% of colorectal cancer (Cancer Genome 

Atlas Network, 2012a). Moreover, DLC1, encoding a RhoGAP, is frequently deleted in 

hepatocellular carcinoma (Xue et al., 2008), and activating mutations in RAC1 and RAC2 
have been identified in several cancer types (Kawazu et al., 2013). Finally, integrins 

negatively regulate Merlin, encoded by the tumor suppressor NF2, via PAK-mediated 

phosphorylation (Okada et al., 2005). Once phosphorylated, this FERM domain protein no 

longer accumulates in the nucleus to inhibit the E3 ubiquitin ligase CRL4DCAF1 (Li et al., 

2010). CRL4DCAF1 can in turn induce the ubiquitylation and degradation of LATS, leading 

to activation of YAP (Li et al., 2014). In addition, SRC can directly phosphorylate and 

inhibit LATS, also contributing to the activation of YAP (Si et al., 2017) (Figure 4). 

Intriguingly, FAK is a FERM domain protein and, similarly to Merlin, accumulates in the 

nucleus to regulate gene expression in a kinase-independent fashion (Lim et al., 2008; 

Serrels et al., 2015). In many of the above scenarios, deregulation of integrin signaling 

provides a competitive advantage to tumor cells without directly impinging on joint integrin-

RTK signaling.

Finally, several oncogenic mutations may function upstream of integrin signaling. For 

example, although the tumor suppressor PTEN inhibits cell proliferation by 

dephosphorylating PIP3 and suppressing PI3K signaling, its ability to restrain cell migration 

and invasion depends on tail domain-mediated suppression of the Rac GEF PREX2 (Mense 

et al., 2015) and on dephosphorylation and inhibition of FAK (Tamura et al., 1998). In 

support of the pathological relevance of the latter mechanism, recent studies have shown that 

FAK is overactivated and promotes survival signaling in PTEN null T cell acute 

lymphoblastic leukemias (T-ALL); notably, protein-phosphorylation but not lipid 

phosphorylation-defective mutants of PTEN reverse FAK activation and induce apoptosis in 

these leukemias (You et al., 2015). Another case in point is LKB1, which is inactivated in 

the inherited cancer disorder, Peutz-Jeghers syndrome, and in about 25% of non-small-cell 

lung cancers (NSCLC). LKB1 controls apico-basal polarity and metabolism by 

phosphorylating a wide spectrum of substrates (Hardie, 2013). Phosphorylation and 

activation of AMP-activated protein kinase leads to suppression of mTORC1 and growth 

inhibition, while phosphorylation of MARK1 (Par1) governs apico-basal polarity and 

activates the Hippo tumor suppressor pathway (Martin-Belmonte and Perez-Moreno, 2011; 

Mohseni et al., 2014). Intriguingly, MARK-mediated phosphorylation of the scaffolding 

protein DIXDC1 stabilizes focal adhesions and thus prevents SFK-mediated activation of 

ERK and induction of the EMT-inducing transcription factor Snail (Goodwin et al., 2014). 

These observations suggest that inactivation of PTEN or LKB1 promotes invasion and 

metastasis by activating integrin signaling (Figure 4).

Cooper and Giancotti Page 6

Cancer Cell. Author manuscript; available in PMC 2019 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Genetic Studies Demonstrate a Pro-oncogenic Role for Integrin Signaling

Genetic studies have demonstrated that integrin activation and signaling promotes and, in 

some cases, is required for tumor initiation and progression. Expression of a constitutively 

active β1 integrin subunit in the basal layer of the mouse epidermis promotes neoplastic 

conversion of papillomas to squamous cell carcinomas in a chemical carcinogenesis model 

(Ferreira et al., 2009). Conversely, mutation of integrin cytoplasmic NPXY motifs, which 

mediate talin and kindlin binding and integrin activation, interferes with this process, 

suggesting that integrin activation is required for invasive growth (Meves et al., 2011) 

(Figure 5A). Additional genetic studies have indicated that integrins contribute to 

tumorigenesis through their signaling capacity. This concept is most vividly illustrated by 

classical studies, demonstrating that FAK and the β4 integrin are necessary for tumor 

initiation and progression in mouse models of mammary and skin tumorigenesis, albeit 

through distinct signaling mechanisms and in the context of distinct cooperating oncogenic 

mutations.

Deletion of Fak blocks skin papilloma formation in a chemical carcinogenesis model and, 

when the deletion is induced after the formation of papillomas, it blocks their conversion to 

squamous cell carcinomas. These effects were ascribed to both reduced migration/invasion 

and reduced survival (McLean et al., 2004) (Figure 5A). Notably, expression of v-Ha-ras 
(viral ras G12V mutant) in anogenital epithelium blocks apoptosis and accelerates the 

formation of squamous cell carcinomas initiated by inactivation of the TGF-β receptor gene 

Tgfbr2. This enables FAK-SRC signaling to block differentiation and prompt invasion 

(Guasch et al., 2007; Schober and Fuchs, 2011). In transplantation experiments, human 

keratinocytes lacking the β4 integrin resist transformation induced by v-Ha-ras and 

inhibition of nuclear factor κB (NF-κB) (Dajee et al., 2003). Interestingly, whereas linkage 

of the β4 integrin to the keratin cytoskeleton prevents p53 and Smad4 loss-mediated 

expansion of benign skin tumors, β4 signaling is necessary for the outgrowth of squamous 

cell carcinomas initiated by the subsequent introduction of v-Ha-ras (Raymond et al., 2007) 

(Figure 5A). These results suggest that β4, which signals independently of FAK, can have a 

tumor suppressive or an oncogenic role in skin epithelium depending on the genetic 

background.

Genetic deletion experiments in mouse models of breast cancer have documented a 

requirement for both FAK and integrin signaling during tumor initiation and progression. 

Deletion of Itgb1 encoding the β1 integrin or Fak inhibits tumor initiation and delays tumor 

progression in the mammary epithelium of mice expressing the polyomavirus middle T-

antigen (PyMT), which activates SRC and PI3K (Lahlou et al., 2007; White et al., 2004). 

Deletion of Fak using a more efficient MMTV-Cre line causes instead a complete blockage 

of PyMT-initiated mammary tumor formation: the few tumors that arise in this model 

originate from cells that have escaped Cre-mediated recombination, providing strong 

evidence that Fak is necessary for mammary tumorigenesis in this system (Pylayeva et al., 

2009) (Figure 5B). Mechanistic experiments have linked these effects to the ability of FAK 

to recruit SFKs—thereby inducing phosphorylation of p130CAS and recruitment of Crk 

(Pylayeva et al., 2009)—and to sustain the self-renewal capability of cancer stem cells (Luo 

et al., 2009). Intriguingly, deletion of Fak inhibits tumor initiation or progression only to a 
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small extent in MMTV-Neu mice, which express an activated form of ErbB2 (Lahlou et al., 

2012). In contrast, targeted deletion of the signaling domain of the β4 integrin impairs the 

expansion of mammary intraepithelial neoplasia lesions and their progression to invasive 

adenocarcinomas to a large extent in these mice (Guo et al., 2006) (Figure 5B). Mechanistic 

studies revealed that the mutation uncouples β4 from ErbB2, blocking phosphorylation of c-

Jun and activation of STAT3. Whereas c-Jun promotes tumor cell hyperproliferation, STAT3 

is required for disruption of epithelial adhesion and polarity in this model (Guo et al., 2006). 

These studies indicate that FAK and the β4 integrin contribute to tumor initiation and 

progression through distinct signaling mechanisms and their effect depends on the 

oncogenic background.

Additional studies have documented a role for integrin signaling in mouse models of other 

tumor types. Targeted inactivation of the β4 signaling domain suppresses prostate tumor 

growth and progression in Pb-TAg mice, which lack functional p53 and Rb in their prostatic 

epithelium. In addition, this mutation suppresses Pten loss-driven prostate tumorigenesis in 

tissue recombination experiments. Mechanistic studies traced these defects to an inability of 

signaling defective β4 to transactivate ErbB2 and c-Met in prostate tumor progenitors and 

promote their self-renewal capability (Yoshioka et al., 2013). Instead, deletion of Fak 
specifically inhibits progression to castrationresistance and metastasis in Pb-TAg mice 

(Slack-Davis et al., 2009) (Figure 5C). In intestinal epithelium, inactivation of Apc and 

hence induction of Wnt signaling drives the formation of adenomas, in part through 

expression of Myc (Figure 5D). Genetic analysis revealed that Myc exerts this effect by 

activating FAK and AKT-mTOR signaling (Ashton et al., 2010). In a mouse model of 

NSCLC driven by activated Kras and loss of Cdkn2a, activation of ERK disrupts negative 

regulation of Rho by p190-RhoGAP. FAK is the primary target of Rho in this model, as 

silencing or pharmacological inhibition of either Rho or FAK induces growth arrest and 

apoptosis and hence tumor regression (Konstantinidou et al., 2013). Moreover, consistent 

with the identification of FAK as a target of PTEN, FAK is overactivated in mouse models 

of Pten mutant T-ALL and contributes to its development through activation of NF-κB (You 

et al., 2015). Finally, an in vivo RNA interference screen has identified a requirement for the 

αvβ3 integrin during myeloid leukemia stem cell engraftment of the bone marrow. 

Depletion of β3 impaired homing and induced differentiation in this model (Miller et al., 

2013). These findings document a requirement for specific integrin signals during neoplastic 

conversion and subsequent invasive growth in carcinomas and during engraftment in 

leukemias.

New Functions: Stemness, Epithelial Plasticity, and Metastasis

Integrin Signaling Promotes Self-Renewal and Expansion of Cancer Stem Cells

Specialized ECM niches and integrin signals support the function of normal adult stem cells 

and their neoplastic derivatives (Plaks et al., 2015). In skin epithelium, β1 integrins mediate 

adhesion of basal keratinocytes to the underlying basement membrane and govern stem cell 

renewal by regulating cell-cycle progression and by determining the axis of polarity for 

asymmetric cell division (Lechler and Fuchs, 2005; Taddei et al., 2008). In contrast, 

activation of TGF-β by the αvβ6 integrin induces basal keratinocytes to reduce their 
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proliferative rates, restricting the size of the progenitor compartment and reducing skin 

tumor susceptibility (Rognoni et al., 2014). Prospective identification studies have indicated 

that additional integrins, such as α6β1, α6β4, and αvβ3, are highly expressed in normal and 

cancer stem cells. In fact, the α6 (CD49f) and β3 (CD61) subunits are commonly used as 

markers to identify luminal progenitors in the mouse mammary gland and in their ErbB2-

transformed derivatives (Lo et al., 2012; Visvader and Stingl, 2014); the α6 and β4 (CD104) 

subunits can be used to sort bipotential progenitors in the normal mouse prostate and in 

mouse models of prostate cancer (Lawson and Witte, 2007; Yoshioka et al., 2013); and the 

β4 subunit (CD104) is enriched in alveolar progenitors in the mouse lung and tumor-

initiating cells in a KRas-driven model of NSCLC (Chapman et al., 2011; Zheng et al., 

2013). These observations potentially implicate the α6 integrins (α6β1 and α6β4) and the 

αvβ3 integrin in positive regulation of stemness.

Emerging evidence indicates that cancer stem cells coopt niche-integrin signals to fuel their 

expansion (Figure 6). In both GBMs and skin tumors, production of the pro-angiogenic 

cytokine VEGF induces the formation of a perivascular niche for cancer stem cell (CSC) 

expansion. In addition to inducing neoangiogenesis, VEGF also binds to VEGF receptor 2 

(VEGFR2) and its co-receptor neuropilin 1 on CSCs, stimulating their self-renewal in an 

autocrine fashion (Beck et al., 2011; Calabrese et al., 2007; Hamerlik et al., 2012). 

Intriguingly, the CSCs in both types of tumors express high levels of the laminin-binding 

α6β1 integrin, which not only facilitates adhesion to the abluminal surface of the endothelial 

basement membrane but also transmits self-renewal signals through FAK (Lathia et al., 

2010; Schober and Fuchs, 2011). Seemingly more immature subpopulations of GBM and 

esophageal carcinoma stem cells depend instead on the laminin-binding integrin α7β1 for 

activation of FAK and invasive outgrowth (Haas et al., 2017; Ming et al., 2016) (Figure 6A).

In triple-negative breast cancer (TNBC), the α6β1 integrin associates with the VEGFR2-

neuropilin 2 complex to promote activation of FAK and ERK and hence transcription of 

Hedgehog pathway components (Goel et al., 2012, 2013) (Figure 6A). Mesenchymal-like 

breast CSCs express elevated levels of an α6 cytoplasmic domain splice variant. When 

paired with β1, this splice variant promotes activation of TAZ, inducing a self-renewal and 

tumor-initiation program that includes overproduction of its ligand laminin 511 (laminin-10) 

(Chang et al., 2015; Goel et al., 2014). Providing further support for a specific role of FAK 

in stemness, genetic or pharmacological inhibition of FAK suppresses the self-renewal 

capacity of luminal breast CSCs (Luo et al., 2013). In contrast, inhibition of the αvβ3 

integrin impairs expression of Slug and hence tumor-initiation capacity independently of 

FAK in basal breast CSCs (Desgrosellier et al., 2014). Mechanistic studies in carcinoma 

stem cells resistant to EGFR inhibitors have linked the ability of αvβ3 to promote stemness 

to activation of KRas and signaling to NF-κB (Seguin et al., 2014) (Figure 6B). Finally, 

targeted deletion of the signaling domain of β4, which also pairs with α6, reduces the self-

renewal capacity of prostate tumor progenitors and the expansion of their transit-amplifying 

derivatives by impairing ErbB2 and c-Met signaling (Yoshioka et al., 2013) (Figure 6C). 

These findings suggest that multiple integrin signaling mechanisms contribute to the self-

renewal and expansion capacity of CSCs in a context-dependent manner.
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Even leukemia stem cells, which are usually considered to be anchorage-independent, 

depend on integrin signaling. Genetic deletion of CD98, which amplifies integrin activation, 

interferes with the establishment of acute myelogenous leukemia (AML) stem cells in their 

niche and suppresses their propagation (Bajaj et al., 2016). In addition, the leukemia stem 

cells in MLL-AF9 AML depend on αvβ3, which binds to osteopontin produced by niche 

cells in the remodeled hematopoietic compartment (Miller et al., 2013).

In conclusion, it appears that, depending on tumor type and possibly cell-of-origin and 

genetic background, the α6 subunit-containing integrins, α6β1 and α6β4, and the αvβ3 

integrin, respond to niche signals to sustain self-renewal and tumor initiation. It remains to 

be established whether CSCs are more dependent on integrin signaling compared with 

normal stem cells or they are dependent on specific integrin signaling pathways/mechanisms 

that can be safely targeted therapeutically.

Roles of Integrins in Disruption of Epithelial Adhesion, EMT, and Invasion

The transition from ductal carcinoma in situ or adenoma to invasive carcinoma is driven by a 

discrete series of adhesive changes. At the onset of this process, individual cancer cells or 

groups of cancer cells detach from adjacent normal cells and the underlying basement 

membrane by remodeling or dissolving E-cadherin-dependent junctions and integrin-

mediated adhesions, including, if present, α6β4-nucleated hemidesmosomes. Upon losing 

apico-basal polarity, tumor cells acquire a motile phenotype and, in response to oncogenic 

signaling, produce elevated levels of MMPs and plasmin. Focal degradation of the basement 

membrane finally enables tumor cells to penetrate into the underlying interstitial stroma of 

the tissue (Bonnans et al., 2014; Guo and Giancotti, 2004) (Figure 3). Cancer cells may 

implement these changes through a partial EMT (pEMT), independently of transcriptional 

changes, or through a canonical EMT, which involves complex changes in gene expression 

and is linked to cancer stemness (Box 2) (Figure 7).

Integrin signals participate in both canonical and pEMT. During the latter process, integrin 

signaling through FAK and SFKs remodels E-cadherin-dependent junctions through direct 

phosphorylation of components of the E-cadherin-β-catenin complex. Furthermore, changes 

in integrin expression and usage facilitate cancer cell migration and invasion through 

molecular mechanisms similar to those operating in normal cells (Guo and Giancotti, 2004; 

Murphy and Courtneidge, 2011). Cancer cells that have undergone a pEMT, and thus retain 

plastic E-cadherin adhesions, are more likely to undergo collective cell migration, in which 

proteolysis is activated only in the immediate surroundings of the leader cells (Friedl et al., 

2012). Solitary migrating cancer cells exhibit instead either an ameboid or a mesenchymal-

like mode of migration and invasion, depending on the strength of integrin-mediated 

adhesion at the leading edge, the specific Rho GTPase deployed to derive traction, and the 

3D architecture of the matrix (Sanz-Moreno and Marshall, 2010). The ameboid migration of 

isolated cancer cells through interstitial matrices may proceed independently of β1 integrins 

as demonstrated for leukocytes (Lammermann et al., 2008).

Integrin signaling exerts its most evident effect during a canonical EMT. The αv integrins, in 

particular αvβ6 and αvβ8, activate TGF-β, which in turn promotes expression of 

mesenchymal matrix proteins and their cognate integrin receptors, including also αv 
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integrins. Furthermore, integrins and TGF-β receptors sustain each other’s expression and 

jointly modulate gene expression, providing additional mechanisms for positive 

reinforcement (Margadant and Sonnenberg, 2010). Transcriptional repression of E-cadherin 

during an EMT is sufficient to induce expression of the neuronal cell adhesion molecule, 

which interacts with Fyn in lipid rafts, leading to activation of FAK, assembly of focal 

adhesions, and cell migration (Lehembre et al., 2008). Illustrating the complexity and 

interdependence of migratory and invasion mechanisms, inactivation of β1 integrins leads to 

compensatory upregulation of the αvβ3 integrin and activation of TGF-β signaling in E-

cadherin-positive TNBC cells. Increased TGF-β signaling in turn disrupts the feedback loop 

that represses Zeb2, inducing an EMT and disrupting collective cell migration (Parvani et 

al., 2013; Truong et al., 2014).

Progression through a canonical EMT requires complex epigenetic and transcriptional 

changes, proceeding through intermediary metastable stages (Tam and Weinberg, 2013). 

Emerging evidence suggests that these intermediary stages are more reversible and more 

conducive to metastatic colonization compared with a full mesenchymal state (Lambert et 

al., 2017; Nieto et al., 2016). It seems likely that the metastasis-initiating cells reside in one 

such intermediary stage, facilitating their dissemination but also their reversion to an 

epithelial state upon outgrowth and differentiation in the target organ (Giancotti, 2013; 

Lambert et al., 2017). Intriguingly, a recent study has identified the β4 integrin and CD44 as 

markers of breast CSCs residing in a hybrid epithelial/mesenchymal (E/M) state (Bierie et 

al., 2017). This finding suggests that other β4-positive CSCs, such as those of the prostate 

and lung (Chapman et al., 2011; Yoshioka et al., 2013; Zheng et al., 2013), also possess 

hybrid E/M traits and metastatic capacity. Further studies will be required to determine if the 

abundance of hybrid E/M carcinoma cells in primary carcinomas and among circulating 

cancer cells (CTCs) correlates with early metastatic relapse in patients.

Integrin-Mediated Mechanotransduction

Endowed with mesenchymal traits, many invasive tumor cells cooperate with cancer-

associated fibroblasts (CAFs) to produce a rigid tumor matrix. Both types of cells deposit 

fibrillar collagens and other matrix proteins in their vicinity and reorient and crosslink 

individual collagen fibers in characteristic manners (Bonnans et al., 2014; Schedin and 

Keely, 2011). The consequences of a rigid matrix in tumors are far reaching. Many integrin 

complexes are able to sense the rigidity of the matrix and reinforce the strength of the 

adhesive bonds that they form with it through vinculin-dependent reinforcement of the 

adhesion clutch and formation of catch bonds with their ligands. Parallel clustering of the 

above force-transducing bonds reinforces mechanotransduction, enhancing activation of 

FAK (Sun et al., 2016). Moreover, invasive cancer cells often bear bulky glycoproteins on 

their surface, which create an incompressible ring around integrins and hence increase the 

tensile force applied to integrin ligand bonds, facilitating integrin clustering and signaling 

(Paszek et al., 2014).

When breast cancer cells are placed in a rigid 3D matrix, Rho signaling and integrin-

mediated mechanotransduction, acting in a feedforward positive reinforcement cycle, drive 

disruption of epithelial adhesion and polarity and induce invasion (Paszek et al., 2005). 
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Consistently, embedding fibrosarcoma cells or mesenchymal-like carcinoma cells in high-

density fibrillar collagen induces the formation of MT1-MMP-containing invadopodia and 

invasion through a signaling pathway requiring the collagen-binding integrin α2β1 and 

kindlin 2 (Artym et al., 2015). In addition to promoting invasion, FAK-Rho signaling 

controls CSC self-renewal and overproliferation through AP-1 and YAP/TAZ (Assoian and 

Klein, 2008; Cordenonsi et al., 2011; Zanconato et al., 2015). Supporting a functional role of 

mechanotransduction in cancer, LOX-mediated crosslinking of collagen fibers and the 

ensuing formation of focal adhesions and activation of PI3K promote mammary tumor 

progression in MMTV-Neu mice (Levental et al., 2009). In luminal breast cancers, part of 

these effects may be due to the induction of miR-18a, which targets the homeobox protein 

A9, leading to inactivation of PTEN (Mouw et al., 2014). In a particularly striking example 

of integrins functioning at the nexus of mechanotransduction and malignancy, integrin-FAK 

mechanosignaling was shown to promote GBM mesenchymal- and stem-like phenotypes 

and increased invasion and therapeutic resistance in a feedforward mechanism linked to a 

bulky glycocalyx and rigid matrix (Barnes et al., 2018).

The role of integrin-mediated mechanotransduction in cancer may not be limited to 

activation of FAK/SFK signaling. As mentioned earlier, the αvβ5, αvβ6, and αvβ8 integrins 

activate TGF-β by pulling on LAP. Intriguingly, the type I and II TGF-β receptors 

accumulate at the periphery of focal adhesions, where tensile forces are diminished, 

suggesting that intermediate levels of tension facilitate TGF-β receptor signaling (Rys et al., 

2015). As suggested earlier, the outcome of this process—cytostasis versus invasion and 

metastasis—may depend on whether cancer cells possesses mutations that disable TGF-β-

mediated growth inhibition (David and Massague, 2018). Moreover, mechanical forces 

transmitted by the cytoskeleton and acting on the nucleus during integrin-mediated adhesion 

and spreading, or during cyclical stretching of the matrix, can activate the myocardin-related 

transcription factor (MRTF)-serum response factor (SRF) complex and even modify the 

organization of the chromatin to facilitate epigenetic silencing by the polycomb repressive 

complex 2 (Baarlink et al., 2013; Le et al., 2016). Future studies will be required to address 

the importance of these long-range mechanosensitive connections in cancer. To target 

integrin-dependent mechanotransduction in cancer, it will be important to further delineate 

the core mechanisms through which this process promotes tumorigenesis.

Multiple Integrin Signals Foster Development of the Tumor Microenvironment

From initial disruption of the basement membrane at the primary site to metastatic 

colonization of target organs, heterotypic interactions of tumor cells with elements of the 

TME dominate various steps of the metastatic cascade. These interactions drive 

neoangiogenesis, intravasation, dissemination, and homing and outgrowth in target organs 

(Egeblad et al., 2010a). Not surprisingly, signals transmitted by integrins and growth factor 

and cytokine receptors regulate the development of the various cellular systems of the tumor 

microenvironment during these transitions.

Several studies have addressed the role of integrins in angiogenesis, particularly αv 

integrins. Although the interpretation of the results of genetic and pharmacological 

inactivation has not been straightforward, the preponderance of the evidence suggests that 
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the αv integrins promote tumor angiogenesis in a context-dependent manner (Robinson and 

Hodivala-Dilke, 2011). The α6β4 integrin may exert a similar context-dependent pro-

angiogenic effect (Guo et al., 2006; Nikolopoulos et al., 2004). In contrast, signaling by the 

endothelial α3β1 integrin negatively regulates tumor angiogenesis by decreasing endothelial 

cell expression of VEGFR2 (da Silva et al., 2010). Further highlighting the complexity of 

the system, endothelial cell-specific inactivation of FAK blocks tumor angiogenesis, but 

deletion of a single allele of Fak promotes this process, suggesting that the effect of FAK on 

tumor angiogenesis may be non-linear and dose dependent (Kostourou et al., 2013; Tavora et 

al., 2010). Finally, the α4β1 integrin, which binds to fibronectin and to the counter-receptor 

VCAM1, has been linked to lymphangiogenesis and tumor cell colonization of loco-regional 

lymph nodes (Garmy-Susini et al., 2010). In addition to promoting the development of 

tumor lymphatics by binding to subendothelial fibronectin, α4β1 captures VCAM1-

expressing metastatic cells in lymph nodes, prompting subsequent dissemination to distant 

organs (Garmy-Susini et al., 2013).

Signals from integrins also affect the behavior of other elements of the tumor 

microenvironment. Integrin-mediated tyrosine phosphorylation of caveolin induces 

activation of Rho and enables CAFs to acquire a contractile phenotype and activate 

mechanotransduction. The ensuing remodeling of the tumor stroma favors directional 

migration, invasion, and metastasis (Goetz et al., 2011). In fact, squamous carcinoma cells 

often move in collectives but follow the extracellular matrix tracks created by CAFs 

(Gaggioli et al., 2007). Inflammatory stimuli converge on PI3Kγ to activate the α4β1 

integrin in myeloid-derived suppressor cells, promoting the recruitment and extravasation of 

these pro-inflammatory and immune suppressive cells into tumors (Schmid et al., 2011). In 

contrast, M2-like tumor-associated macrophages use the αvβ3 integrin to bind to periostin 

(POSTN) and home to the GBM stem cell niche (Zhou et al., 2015). In breast cancer, these 

immune cells secrete CCL18, which activates FAK and the FAK-related kinase PYK2 by 

binding to the G protein-coupled receptor PITPNM3 on cancer cells (Chen et al., 2011a). 

Given the complexity of the heterotypic cellular interactions involved, it is likely that future 

studies will reveal additional integrin signaling mechanisms involved in shaping the tumor 

microenvironment during tumor progression.

Integrin Functions during Hematogenous Dissemination and Initial Seeding of Target 
Organs

Hematogenous dissemination is likely to be the major mechanism that enables cancer cells 

to seed metastatic outgrowths in distant organs. Often aided by the invasive ability conferred 

upon them by the EMT, cancer cells traverse the stromal matrix and gain access to the blood 

circulation by exploiting discontinuities of the tumor vasculature induced by macrophage-

derived VEGF (Harney et al., 2015). Sequential adhesive interactions and paracrine 

signaling between CTCs, platelets, leukocytes, and endothelial cells have emerged as critical 

determinants of hematogenous dissemination and initial seeding of target organs (Labelle 

and Hynes, 2012). Cooperating with other classes of adhesion receptors, the integrins play a 

crucial role in these processes.
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Primary tumors shed individual cancer cells and cancer cell clusters into the circulation, the 

latter presumably originating from collective intravasation and possessing high metastatic 

capacity. Surprisingly, both isolated CTCs and CTC clusters can exhibit epithelial or 

mesenchymal markers (Aceto et al., 2014). In pancreatic cancer, single-cell RNA 

sequencing has revealed that CTCs harbor a distinctive extracellular matrix gene expression 

pattern, including high levels of SPARC, and functional studies have linked SPARC to 

invasion and metastasis (Ting et al., 2014). In estrogen receptor-negative breast cancer, 

aggressive subpopulations within primary tumors depend on a FOXQ1-instigated autocrine 

loop, involving α4 chain-containing laminins (laminins 411 and 421) and β1 integrins, for 

their proliferation and ability to seed metastatic lesions in multiple organs (Ross et al., 

2015). These results suggest that the most aggressive CTCs may express extracellular matrix 

proteins that favor their subsequent homing and outgrowth in the microenvironment of target 

organs (Figure 8A).

Upon release from CTCs, tissue factor produces thrombin and, hence, induces platelet 

activation and coagulation. Platelet- and fibrin-rich thrombi adhere to the αvβ3 integrin on 

CTCs, effectively shielding them from shear stress and from immune recognition by NK 

cells (Degen and Palumbo, 2012; Gay and Felding-Habermann, 2011). Cytokines produced 

by tumor cells, such as interleukin-8, attract neutrophils and induce their adhesion to tumor 

cell emboli via activation of β2 integrins (Huh et al., 2010). Whereas tumor cell emboli 

finally become arrested in the capillaries of target organs because of their size, small clusters 

of tumor cells and individual tumor cells adhere to the endothelial lining of the vessels 

through specific interactions mediated by integrins and other adhesion receptors, such as 

selectins and metadherin (Brown and Ruoslahti, 2004; Kim et al., 1999; Wang et al., 2004, 

2005).

Systemic or local inflammatory cues contribute to the arrest of tumor cell emboli in target 

organs by inducing expression of the integrin ligands ICAM1 and VCAM1, and of selectins, 

in activated endothelial cells. Monocytes and macrophages become incorporated in vessel-

occluding emboli because they are attracted by CCL2 and CCL5 produced by activated 

tumor cells and endothelial cells, respectively (Labelle and Hynes, 2012). Moreover, 

cytokines produced by primary tumors promote activation of FAK and expression of E-

selectin in discrete vascular foci in the lung, prompting the arrest and eventual extravasation 

of both inflammatory cells and metastasis-initiating cells (Hiratsuka et al., 2011). Platelet-

derived TGF-β and direct platelet-tumor cell contact synergistically activate the TGF-β/

Smad and NF-κB pathways in cancer cells, increasing their invasive ability and thus 

favoring extravasation (Labelle et al., 2011). This latter process involves local degradation 

and integrin-mediated traversal of the endothelial basement membrane (Reymond et al., 

2012).

Metastatic dissemination to the CNS may occur through distinct mechanisms because the 

blood-brain barrier naturally opposes this process. Recent evidence indicates that ALL cells 

use α6 integrins to bind to laminins on the abluminal surface of blood vessels, allowing 

these cancer cells to migrate on the external surface of blood vessels spanning vertebral or 

skullcap bone marrow into the subarachnoid space and cerebrospinal fluid. This mechanism 

enables ALL cells to circumvent the blood-brain barrier and colonize the CNS (Yao et al., 
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2018). Once established, brain metastases pose a formidable threat because many 

therapeutics cannot traverse an intact blood-brain barrier.

ECM Niches and Metastatic Colonization

Adaptation to the often-inhospitable microenvironment of the target organ is a major barrier 

to metastatic colonization and, arguably, a major determinant of metastatic dormancy 

(Giancotti, 2013). Experiments in mouse models support the notion that systemic signals 

produced by primary cancers, such as LOX secreted by hypoxic tumor cells, can instruct 

bone marrow-derived hematopoietic progenitor cells to initiate events leading to the 

formation of pre-metastatic perivascular niches in target organs (Erler et al., 2009; Kaplan et 

al., 2005). The formation of these niches is facilitated by the dedifferentiation of local 

pericytes and vascular smooth muscle cells, which resume proliferation and produce a 

fibronectin-rich matrix (Murgai et al., 2017). In pancreatic cancer and melanoma, tumor 

cell-derived exosomes contribute to these processes by a variety of mechanisms (Costa-Silva 

et al., 2015; Peinado et al., 2012). Moreover, it has been suggested that the integrin 

repertoire on tumor exosomes may contribute to the organotropism of metastasis: α6β4- and 

α6β1-bearing exosomes would home to the pericellular matrix of lung-resident epithelial 

cells and fibroblasts, whereas αvβ5-bearing exosomes would home to the pericellular matrix 

of Kupffer cells in the liver, both facilitating the delivery of pro-inflammatory and pro-

migratory cues to their target cells in the pre-metastatic niche (Hoshino et al., 2015). The 

molecular basis of this exquisite specificity remains to be examined.

Increasing evidence indicates that the metastasis-initiating cells are similar to CSCs and they 

enter into dormancy and undergo reactivation in response to the same intracellular signaling 

pathways and transcriptional programs that regulate normal adult stem cells (Giancotti, 

2013) (Figure 8B). Intriguingly, breast cancer cells need to adhere to the lung matrix through 

β1 integrins, form filopodium-like protrusions, and activate FAK in order to undergo 

reactivation from dormancy at metastatic sites (Shibue et al., 2012, 2013; Shibue and 

Weinberg, 2009). Similarly, whereas hepatocellular carcinoma cells enter into a quiescent 

state in a soft matrix, they resume proliferation upon interacting with a stiff matrix, which 

enables integrin β1-dependent activation of FAK (Schrader et al., 2011). Among matrix 

components, fibronectin may play an important role as a component of the pre-metastatic 

niche and facilitator of metastatic reactivation. In addition to binding to integrins and 

activating FAK, fibronectin engages the Syndecan-4/Frizzled-7 complex, facilitating Wnt 

signaling and stem cell expansion (Bentzinger et al., 2013). In contrast, TNC and POSTN 

promote metastatic reactivation by activating Wnt and Notch signaling (O’Connell et al., 

2011; Oskarsson et al., 2011; Malanchi et al., 2011). This effect does not appear to require 

integrin signaling because, although both matrix proteins co-assemble with fibronectin and 

collagen fibrils, they interfere with integrin-mediated adhesion and signaling (Midwood and 

Schwarzbauer, 2002; Soikkeli et al., 2010). One possibility is that these anti-adhesive matrix 

proteins facilitate the presentation of Wnt and Notch ligands, as has been suggested for 

POSTN (Malanchi et al., 2011) (Figure 8B).

The signals that induce dormancy or eventually reactivation often emanate from perivascular 

niches. Upon infiltrating the brain and possibly other organs, TNBC cells associate with the 
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abluminal surface of blood vessels and outgrow by vascular cooption (Valiente et al., 2014). 

L1-CAM-positive metastatic cells displace pericytes to adhere to and spread onto the 

vascular basement membrane; this process requires L1-CAM-mediated activation of β1 

integrins and integrin-linked kinase. Subsequent activation of PAK induces activation of 

YAP and MRTF, which contribute to metastatic outgrowth (Er et al., 2018). Similarly 

converging on YAP, neutrophil extracellular traps promote cleavage of laminin and 

activation of the α3β1 integrin, potentially explaining the ability of inflammation to trigger 

metastatic reactivation (Albrengues et al., 2018) (Figure 8B). Intriguingly, the signals that 

induce dormancy and reactivation appear to be physically segregated along blood vessels: 

even if fully competent for metastatic reactivation, TNBC cells receive either inhibitory 

(TSP1, which inhibits TGF-β) or stimulatory (TGF-β and TGF-β-induced matrix proteins—

such as TNC, fibronectin, POSTN, and versican) signals depending on whether they are in 

contact with a resting or a sprouting segment of the blood vessel, respectively (Ghajar et al., 

2013). Additional integrin-mediated interactions and signals enable incipient 

micrometastases to recruit and coopt distinct supportive elements of the tumor 

microenvironment depending on the target organ. In the lung, macrophages expressing the 

α4β1 integrin engage the counter-receptor VCAM1, and hence activate survival signaling in 

newly infiltrated breast cancer cells (Chen et al., 2011b). In the bone, breast cancer cells 

exploit the same receptor-ligand pair to recruit osteoclast progenitors and instigate the 

vicious cycle of osteolytic bone metastasis (Lu et al., 2011). These findings suggest that 

complex adhesive and signaling interactions between metastasis-initiating cells and 

perivascular niches govern metastatic dormancy and reactivation.

A Double-Edged Sword: Therapeutic Barriers and Opportunities

Integrin Signaling Promotes Resistance to Therapy

Integrin signaling enhances the capacity of cancer cells to resist the deleterious effects of 

chemotherapy and radiotherapy. In various carcinomas, primary radiotherapy resistance 

arises from the ability of matrix-engaged β1 integrins to activate DNA repair and pro-

survival signaling (Ahmed et al., 2018; Dickreuter et al., 2016; Eke et al., 2012). In GBM, 

resistance to temozolomide has been linked to the α5β1 integrin, which inhibits p53 

signaling (Janouskova et al., 2012). In contrast, in T-ALL, resistance to doxorubicin has 

been reported to be mediated by α2β1 through activation of ERK (Naci et al., 2012). In 

chronic lymphocytic leukemia (CLL), engagement of the α4β1 integrin by stromal VCAM1 

and activation of CXCR4 jointly activate survival signaling through the Syk tyrosine kinase. 

Accordingly, inhibition of Syk sensitizes CLL cells to fludarabine in vitro, pointing to the 

potential utility of combining Syk inhibitors with chemotherapy in CLL (Buchner et al., 

2010).

Similar mechanisms also promote adaptive resistance to chemotherapy. Ovarian cancer cells 

that have been selected for their ability to grow in the presence of cisplatin produce elevated 

levels of collagen VI, and plating of naive cancer cells on collagen VI—but not collagen I—

enhances their ability to survive in vitro when treated with the drug (Sherman-Baust et al., 

2003). In contrast, ovarian cancer cells that have acquired resistance to taxanes during tumor 

growth in mice exhibit increased expression of the matrix proteins TGFBI, FN, and TSP2. 
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Intriguingly, adhesion to TGFBI is sufficient to stabilize the microtubule cytoskeleton via 

FAK-Rho signaling and hence reduces the sensitivity of these cancer cells to taxanes 

(Ahmed et al., 2007). The mechanisms underlying integrin-mediated primary and adaptive 

resistance to chemotherapy are variegated, possibly reflecting the individual integrins 

involved in a particular tumor type and the mechanism of action of the drug.

More recent studies have indicated that integrin signaling also promotes resistance to 

molecularly targeted agents. Under standard culture conditions, inhibition of the laminin-

binding integrins α6β4 and α3β1 sensitizes ErbB2-positive breast cancer cells to lapatinib 

and trastuzumab (Yang et al., 2010). In addition, breast cancer cells that have been selected 

for their resistance to both drugs exhibit activated FAK and SRC, and depletion of β1 or 

pharmacological inhibition of FAK inhibits the ability of these drug-resistant cells to grow in 

3D Matrigel (Huang et al., 2011). These findings suggest that FAK kinase inhibitors or SRC 

kinase inhibitors may increase the clinical efficacy of drugs targeting ErbB2. Studies on 

ovarian cancer organoids harboring PIK3CA mutations suggest that cancer cells adhering to 

the basement membrane elicit complex adaptive strategies to counter targeted agents. 

FOXO-dependent transcription and CAP-independent translation upregulate the expression 

of IGF1R, EGFR, and ErbB2 in matrix-attached cancer cells, enabling their resistance to 

PI3K and TOR inhibitors (Muranen et al., 2012). Recent studies have linked resistance of 

breast, lung, and pancreatic cancer to the EGFR inhibitor erlotinib to αvβ3 integrin-

mediated stemness. Notably, this effect depends on the ability of unliganded αvβ3 to 

complex with KRas and RalB to activate NF-κB, independently of FAK (Seguin et al., 

2014). These findings suggest the possibility that distinct integrin signaling mechanisms 

drive resistance to targeted therapies in CSCs or other cancer cells.

Recent studies have revealed some of the complex signaling interactions that promote drug 

resistance in the tumor microenvironment. Endothelial cell-specific deletion of FAK and 

consequent inactivation of NF-κB impairs the secretion of pro-inflammatory cytokines that 

promote resistance to doxorubicin and radiotherapy in mouse xenograft models (Tavora et 

al., 2014). In addition, deletion or inhibition of FAK restores anti-tumor immunity in 

squamous cell carcinoma models by blocking secretion of CCL5 and recruitment of 

regulatory T cells (Serrels et al., 2015) or by decreasing the deposition of a desmoplastic 

stroma in pancreatic cancer models (Jiang et al., 2016). Interestingly, FAK inhibition 

restores sensitivity to double immune checkpoint therapy in the KPC mouse model of 

pancreatic cancer (Jiang et al., 2016). In melanoma models, treatment with the mutant 

BRAF inhibitor PLX4720 results in paradoxical activation of wild-type BRAF in melanoma-

associated fibroblasts, leading to matrix remodeling and activation of β1/FAK/SRC 

signaling in melanoma cells (Hirata et al., 2015). In addition to implicating intercellular 

interactions mediated by integrins in drug resistance, these findings point to additional 

mechanisms through which inhibition of FAK can alleviate drug resistance in specific 

clinical settings.

Therapeutic Opportunities

Monoclonal antibodies and small molecules blocking ligand binding to the platelet αIIbβ3 

integrin or the leukocyte α4 and β2 integrins have demonstrated remarkable clinical efficacy 

Cooper and Giancotti Page 17

Cancer Cell. Author manuscript; available in PMC 2019 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for the prevention of thrombosis or the treatment of inflammation, respectively (Ley et al., 

2016). However, a number of factors have complicated the development of integrin-based 

therapeutics for cancer. First, the integrins play multifarious and not always positive roles in 

cancer, and it is difficult to tease out these roles in human cancer and develop appropriate 

biomarkers of sensitivity. Second, in contrast to the platelet and leukocyte integrins, most 

other integrins play redundant roles in both adhesion and signaling, making it difficult to 

block these processes with a single agent or without enabling compensatory upregulation of 

a non-targeted integrin with similar specificity and function. Finally, targeting 

simultaneously integrin-mediated adhesion and signaling may not be achievable without 

unacceptable toxicity, especially if one wants to target the common β1 subunit or even 

α6β4, which has a much more restricted tissue distribution but is critically involved in 

maintaining the integrity of the skin and upper gastrointestinal tracts (Dowling et al., 1996; 

Murgia et al., 1998). Indirect blockade of integrin function may be achievable in specific 

contexts to avoid toxicity, for example PI3K inhibitors reduce the expression of α6 integrin 

in ALL, thereby limiting CNS metastasis (Yao et al., 2018).

Since the αv integrins play non-essential roles in development but are involved in tumor 

growth and angiogenesis, considerable effort has been placed upon developing agents 

targeting these integrins. The agent that has most advanced through preclinical and clinical 

testing is the RGD-based peptide cilengitide. This compound was recently tested for clinical 

efficacy in combination with temozolomide radiochemotherapy in a phase III clinical study 

of GBM patients. Patients were enrolled based on MGMT methylation status, a biomarker 

predictive of positive response to temozolomide (Hegi et al., 2005). Despite encouraging 

results from initial phase I and II trials, the phase II CORE and phase III CENTRIC trials 

failed to meet overall survival endpoints (Stupp et al., 2014). The reasons contributing to the 

failure of cilengitide in GBM are not known. However, it has been shown that the αv and α5 

integrins and their matrix binding partner fibronectin are all dispensable for tumor 

angiogenesis, raising questions about the ability of cilengitide to curb tumor angiogenesis 

(Murphy et al., 2015). Moreover, given the extensive biological heterogeneity of GBM and 

the potential for compensation and redundancy in the integrin system, it is likely that the αv 

integrins sustain disease progression only in a subset of these malignancies. In agreement 

with the latter hypothesis, a recent study has shown that αvβ3 specifically sustains the 

viability of patient-derived GBM stem cells of the proneural/classic subtype and linked this 

effect to the activation of YAP/TAZ and the expression of the glucose transporter Glut3 

(Cosset et al., 2017).

Going forward, it may be useful to use temporally regulated genetic ablation in faithful 

mouse genetic models and in genotyped patient-derived xenografts to anticipate the possible 

effect of an integrin-based therapeutic on established tumors. On the basis of a positive 

outcome in a specific subset of cancer models, it may then be possible to develop and test 

integrin-targeted therapeutics in biomarker-driven clinical trials. However, we would argue 

that there is a need for more basic science in this area. For example, a better definition of the 

mechanisms enabling association of specific integrins with RTKs may lead to the 

development of monoclonal antibodies that block such association and the ensuing signaling 

without perturbing adhesion. It is possible that these agents will improve the efficacy of 

oncogene-targeted therapies in specific contexts. Targeting the tumor stroma and vasculature 
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remains also a promising approach, given emerging evidence implicating additional 

integrins in these processes. For example, recent preclinical studies have uncovered the 

utility of targeting tumor-associated fibroblasts via inhibition of integrin α11 in NSCLC 

(Zhu et al., 2007) and bevacizumab-resistant vasculature in GBM via inhibition of β1 

integrins (Carbonell et al., 2013). Furthermore, it has been shown that low doses of 

cilengitide can increase VEGFR recycling to the plasma membrane and promote, not inhibit, 

vascular growth (Reynolds et al., 2009; Wong et al., 2015). When used in combination with 

verapamil, low doses of cilengitide improve the delivery of chemotherapeutics into tumors, 

thus inhibiting tumor growth and metastasis (Reynolds et al., 2009; Wong et al., 2015). 

Finally, since chronic inflammation promotes tumorigenesis in some settings, it is possible 

that drugs targeting the α4 and β2 integrins may also find an indication in some cancer 

types.

Given the central role of the FAK/SFK complex in promoting invasive growth, considerable 

effort has been dedicated to developing FAK inhibitors. In vitro screening of a panel of 

cancer cell lines has suggested that NF2 mutant CSCs are selectively sensitive to the dual 

FAK and PYKγ inhibitor VS-4718 (formerly PND-1186). Consistently, this compound 

suppresses the growth of NF2 mutant mesothelioma xenografts when it is used after 

pemetrexed chemotherapy (Shapiro et al., 2014). However, a phase II trial of the selective 

FAK inhibitor defactinib in combination with standard-of-care pemetrexed in malignant 

pleural mesothelioma was halted due to poor performance irrespective of NF2 mutation 

status (NCT01870609). It must be noted that the mechanism through which loss of NF2 
would lead to activation of FAK has not been defined, and so there may be better clinical 

settings than mesothelioma in which to test FAK inhibitors. Given the amplification of the 

gene encoding FAK in a substantial fraction of breast and ovarian cancers, it may make 

sense to test the efficacy of FAK inhibitors in these cancers, especially in combination with 

established oncogene-targeted agents. In addition, considering the ability of FAK to suppress 

anti-tumor immunity in squamous cell carcinoma and pancreatic cancer models (Jiang et al., 

2016), it will be important to examine the ability of FAK inhibitors to increase sensitivity to 

immune checkpoint inhibition in patients affected by these cancer types. Finally, as 

suggested by studies in mouse models, inhibition of FAK may increase the efficacy of 

BRAF inhibitors in melanoma (Hirata et al., 2015). The mechanisms governing the immune 

and nonimmune microenvironment in cancer are being quickly elucidated, and we anticipate 

that the role of integrins and their downstream effectors will become increasingly 

appreciated in emerging therapeutic strategies embracing tumors as complex tissues.

Integrin overexpression in tumor cells and their vasculature have opened the door to 

integrin-targeted probes for non-invasive medical imaging and development of biomarkers. 

RGD-based 18F- and 68Ga-PET (positron emission tomography) was developed to exploit 

tumor-selective αv expression, where 18F-fluciclatide detects an array of solid cancers and is 

being explored clinically (Sharma et al., 2015). 68Ga-linked bombesin-RGD is in early 

development for co-targeting αv integrins and gastrin-releasing peptide receptor, with 

promising clinical efficacy in probing prostate tumors and metastases (Zhang et al., 2017). 

In the vein of theranostics, 124I-labelled RGD-coated nanoparticles bearing fluorescent dyes 

are efficacious multimodal PET/optical probes in preclinical models, conceptually 

broadening the possibilities for diagnostic and therapeutic payloads targeted to integrin-
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expressing tumors (Benezra et al., 2011). In addition, radiolabeled A20FMDV2 peptide, 

which is derived from the VP1 coat protein of foot-and-mouth-disease virus and targets 

αvβ6, was shown preclinically to target breast cancer cells, and preliminary clinical testing 

indicated a promising safety profile (Keat et al., 2018; Saha et al., 2010). RNAi and 

nanoparticle formulations are adding to the repertoire of integrin-targeting oncology 

therapeutics. siRNA-loaded nanoparticles targeting β3 integrins guided by RGD peptides 

elicit efficacy in xenograft models of TNBC (Parvani et al., 2015), and lipidoid-based 

nanoparticles containing αv- and β1-targeting small interfering RNAs (siRNAs) suppress 

hepatocellular carcinomas in vivo (Bogorad et al., 2014). Excitingly, the latter finding used 

the same underlying technology underpinning the recent approval of the first RNAi-based 

therapy (Adams et al., 2018).

Enormous progress has been made toward elucidating the role of integrin signaling in 

cancer. Given the number of integrins involved and the complexity of the signals that they 

deliver, it is not surprising that therapeutic development has somewhat lagged behind. We 

propose that going back to the drawing board to understand integrin dependency in various 

cancer types and develop appropriate biomarkers in genetically engineered and patient-

derived xenograft mouse models will be necessary to develop truly effective agents blocking 

integrin signaling in cancer. Nascent and developing therapeutic and diagnostic technologies 

ranging from antibody-drug conjugates to nanoparticle-based delivery and RNA interference 

technology will support these mechanistically guided efforts.
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Box 1.

Integrin Signaling Redux

Biophysical studies have illustrated the large allosteric changes that enable ligand binding 

and the initial connection of integrins to the actin cytoskeleton (Luo et al., 2007). But the 

ensuing events, which presumably occur at nascent focal adhesions, are less well 

understood. Cytoskeletal linker proteins, such as talin, vinculin, and kindlin, and the 

scaffold/adaptor integrin-linked kinase (ILK) connect integrins, either directly or 

indirectly, to actin filaments (Qin and Wu, 2012; Wolfenson et al., 2013). In particular, 

activated talin is key to the formation of the molecular clutch that enables the 

transmission of mechanical forces across integrin adhesion sites and it collaborates with 

kindlin to mediate integrin clustering (Sun et al., 2016; Ye et al., 2014) (Figure 1C). Both 

events are critical for the activation of FAK and the recruitment and activation of SFKs. 

As a consequence of these events and the recruitment of ILK, the Rho family GTPases 

Cdc42, Rac, and Rho undergo local activation, coordinating the assembly of filopodia, 

lamellipodia, and focal adhesions, respectively (Wolfenson et al., 2013). Ultimately, the 

organization of the actin cytoskeleton promotes transcription through myocardin-related 

transcription factors (MRTFs), which are co-activators for the serum response factor 

(SRF) (Miralles et al., 2003) (Figure 1C). In growth factor-stimulated cells, SRF 

cooperates with the ternary complex factor subfamily of ETS transcription factors to 

drive the expression of immediate-early genes, such as FOS, illustrating a major 

mechanism for integration of integrin and growth factor signals.

Upon activation of FAK and in response to tension exerted across integrin adhesion sites, 

p130CAS undergoes substantial conformational changes and its substrate domain unfolds, 

making several tyrosine residues available for phosphorylation by SFKs and for binding 

of Crk (Mitra and Schlaepfer, 2006; Roca-Cusachs et al., 2012). This oncoprotein in turn 

promotes activation of JNK and, again in conjunction with growth factor stimulation, 

AP-1-dependent transcription, driving proliferation and migration (Lopez-Bergami et al., 

2010) (Figure 1C). With and without the assistance of FAK, SFKs phosphorylate 

additional substrates, impinging on multiple pathways, including the Ras-ERK and PI3K-

AKT pathways. These pathways exert their pro-survival and pro-mitogenic roles by 

inducing the phosphorylation of cytoplasmic targets as well as by inducing AP-1 and 

repressing FOXO-mediated transcription in the nucleus. Furthermore, integrin signaling 

through FAK/SFK activates YAP (Kim and Gumbiner, 2015; Si et al., 2017), and FAK 

continues to convey antiapoptotic signals as it is internalized in endosomes and can enter 

the nucleus to promote degradation of p53 and to induce transcription of cytokine genes 

(Alanko and Ivaska, 2016; Kleinschmidt and Schlaepfer, 2017). Both mechanisms 

contribute to expand the repertoire of transcriptional events controlled by integrins 

(Figure 1C).
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Box 2.

The Epithelial-Mesenchymal Transition and Stemness

In many cases, cancer cells undergo local invasion by highjacking the transcriptional 

developmental program referred to as epithelial-mesenchymal transition (EMT) (Nieto et 

al., 2016). In addition to promoting invasion, passage through the EMT enables cancer 

cells to avoid apoptosis when deprived of matrix adhesion and shields them from immune 

recognition. Most intriguingly, tumor cells that have acquired mesenchymal traits exhibit 

enhanced stemness, suggesting that EMT and stemness are molecularly linked in support 

of metastatic dissemination and outgrowth (Lambert et al., 2017). The origin of this link 

is currently unclear. However, it is possible that in some cases the cancer cell-of-origin is 

a mesenchymal-like stem cell and thus its transformed derivative retains mesenchymal 

traits (Figure 7, left), whereas in other cases the cell-of-origin is a more differentiated cell 

that dedifferentiates to produce a mesenchymal-like cancer stem cell (Figure 7, right). 

Often, however, carcinoma cells can acquire motile and invasive properties without 

undergoing the complex epigenetic and transcriptional changes necessary for the 

acquisition of a mesenchymal cell fate, most notably the transcriptional repression of the 

E-cadherin gene (Grunert et al., 2003). For example, oncogenic RTKs, such as ErbB2 and 

c-Met, induce phosphorylation of components of E-cadherin adhesive junctions leading 

to reduced epithelial adhesion and polarity and increased migration (Guo et al., 2006). 

Since epithelial cells with such plastic junctions exhibit a mesenchymal morphology, this 

process has been referred to as a partial EMT (pEMT) (O’Brien et al., 2004). As 

discussed in the main text, tumor cells that have progressed only partially through a 

canonical EMT and thus possess hybrid epithelial/mesenchymal (E/M) traits arise 

through a different process and possess a distinct phenotype.
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Figure 1. Integrin-Mediated Signal Transduction
(A) Domain organization and structure of a generic integrin. The α and β subunits have 

large extracellular domains and short cytoplasmic domains. Exceptions to this generic 

domain structure include the a subunits of leukocyte integrins (αL, αM, and αX) and those 

of collagen-binding β1 integrins, which have an I domain inserted between β propeller 

domains 2 and 3. When present, the I domain participates in ligand binding together with the 

I-like domain in the extracellular portion of the β subunit. In addition, the β4 integrin is also 

structurally variant as it possesses a large and unique cytoplasmic domain with two pairs of 

type III fibronectin-like repeats and connects with the keratin, not the actin, cytoskeleton at 

hemidesmosomes.

(B) Allostery-driven bidirectional signaling. The β propeller in the N-terminal portion of the 

α subunit combines with the I-like and hybrid domain in the corresponding portion of the β 
subunit to form the ligand binding pocket and the head piece of the integrin. Inactive 

integrins exhibit a closed conformation (“are bent at their knees”): the ligand binding pocket 

possesses low affinity for ligand and faces toward the plasma membrane and the “legs” (α 
subunits Calf-1 and −2; β subunit I-EGF3, I-EGF4 and the membrane-proximal tail domain 

βTD), transmembrane and cytoplasmic domains are adjoined (left). Talin binding to the β 
subunit cytoplasmic domain triggers large conformational changes that include an extension 

of the legs and a separation of the heterodimeric subunits at the level of the transmembrane 

and cytoplasmic domains. Ligand binding to partially active integrins can induce the same 

conformational changes, reinforcing integrin activation. Active integrins are extended and 

possess a ligand binding-competent headpiece exposed toward the extracellular space and a 
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β cytotail bound to talin (right). These mechanisms ensure that talin binding induces integrin 

activation and, conversely, ligand binding induces talin binding and hence association with 

the actin cytoskeleton.

(C) Integrin activation, clustering, and autonomous signaling. Current models suggest that 

GTP-Rap1 induces MRL proteins, such as RIAM and lamellipodin, to activate talin, which 

in turn binds to the integrin β subunit cytoplasmic domain, separating it from the 

corresponding portion of the α subunit. Talin binding thus triggers the large conformational 

changes that lead to integrin activation. Both talin and kindlin can connect to the actin 

cytoskeleton and promote integrin clustering, initiating robust intracellular signaling. In 

addition to organizing the cytoskeleton and thereby impinging on myocardin-related 

transcription factor (MRTF)/serum response factor (SRF), integrin signaling contributes to 

the activation of AP-1, inhibition of FOXO, and activation of YAP/TEAD. While the 

integrins impinge on these transcription factors predominantly through activation of MRTF, 

c-Jun, and YAP, receptor tyrosine kinases potently activate c-Fos and inhibit FOXO through 

the Ras-ERK and PI3K-AKT pathways (see Figure 2). Oncogenes are shown in red, tumor 

suppressors in blue, and mediators of integrin signaling in yellow.
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Figure 2. Joint Integrin-Receptor Tyrosine Kinase Signaling and Mechanotransduction
(A) Membrane-proximal mechanisms underlying joint integrin-RTK signaling. Integrins 

buttress mitogenic signaling by RTKs at multiple levels. At or near the plasma membrane, 

integrin-activated SRC family kinases (SFKs) induce the phosphorylation of the P loop of 

RTKs, priming them for ligand-induced activation. The RTKs in turn induce 

phosphorylation of focal adhesion kinase (FAK) or the signaling domain of the β4 integrin. 

These elements recruit distinct subsets of signaling enzymes and adaptors, refining the 

specificity of individual partner RTKs.

(B) Major membrane-distal interconnections between integrin and RTK signaling pathways. 

Integrins and RTKs cooperate to activate FAK, SFKs, and PI3K. The FAK-SFK complex 

phosphorylates and activates p130CAS and paxillin, thereby mediating activation of JNK 

and––in cells expressing Rap1––of BRAF. Several mechanisms ensure joint regulation of 

Ras and PI3K by integrins and RTKs.

(C) Integrins and RTKs regulate multiple cellular functions of normal and transformed cells 

through additive, co-dependent, or synergistic mechanisms.
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Figure 3. Origin and Consequences of Integrin-Mediated Mechanotransduction in Cancer
Oncogenic signaling and changes in cell fate contribute to deregulate integrin expression and 

function in cancer. Changes in matrix composition and structure enable integrins to transmit 

integrated biochemical and mechanical signals to the interior of cancer cells.
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Figure 4. Rewiring of the Integrin Signaling Network in Cancer
Alterations in oncogenes and tumor suppressors deregulate integrin signaling in cancer. 

Oncogenic receptor tyrosine kinases and protumorigenic integrins collaborate to activate 

FAK-SFK signaling. Mutations in LKB1, MARK1, and DIXDC1 remove an inhibitory 

constraint. Mutations in PTEN exert the same effect by activating FAK as well as Rac. In 

addition to reinforcing activation of Rho and hence FAK, Rac activates PAK and 

functionally suppresses NF2. DLC1 opposes activation of Rho. Additional mechanisms 

enable specific integrins to promote or suppress tumorigenesis, often in a context-dependent 

manner.
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Figure 5. Genetics Underlying Integral Roles of Integrins and FAK in Cancer Development and 
Progression
Genetic studies in mice revealed integrins, in particular β4, and FAK are necessary for tumor 

initiation and progression in models of skin (A), breast (B), prostate (C), and intestinal (D) 

cancers, yet the mechanisms underlying these dependencies vary between the models. DCIS, 

ductal carcinoma in situ; MIN, mammary intraepithelial neoplasia; PIN, prostatic 

intraepithelial neoplasia.
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Figure 6. Specific Integrin Signaling Mechanisms Contribute to the Self-Renewal of Cancer Stem 
Cells in Different Tumor Types
(A) The cancer stem cells in several cancer types adhere to the endothelial basement 

membrane (BM) at perivascular niches via α6β1 or α7β1 integrins and undergo self-renewal 

in response to activation of FAK.

(B and C) Shown are major integrin signaling mechanisms that enable epithelial BMs to 

support breast (B) and prostate (C) cancer stem cells.
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Figure 7. EMT and Stemness
Models for the role of the EMT in stemness and metastatic colonization of carcinomas. 

Cancer stem cells may possess mesenchymal traits because they originate from the 

transformation of mesenchymal-like stem cells or the de-differentiation of neoplastic 

epithelial progenitors. Cancer stem cells with mesenchymal traits produce aberrantly 

differentiated epithelial progeny at the primary site and, because of their elevated invasive 

capacity, disseminate through the bloodstream and seed target organs (left). In a non-

mutually exclusive model, the cancer stem cells possess epithelial traits but undergo a 

“partial” EMT in response to micro-environmental cues and thereby acquire the capacity to 

invade and disseminate (right). It is currently unresolved whether cancer stem cells with 

mesenchymal traits have to re-acquire epithelial traits (mesenchymal-epithelial transition 

[MET]) in order to outgrow into macroscopic metastases (bottom).
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Figure 8. Integrin Signaling in Tumor Initiation and Re-initiation at Metastatic Sites
(A) Secretion of specific laminin (LAM) isoforms facilitates carcinoma initiation and re-

initiation at metastatic sites by activating β1 integrin signaling. Tenascin-C (TNC) and 

periostin (POSTN) are also key stromal elements promoting metastatic reactivation.

(B) Stromal elements and cancer cells cooperate to deposit the extracellular matrix of 

metastatic niches through several mechanisms including neutrophil extracellular trap (NET) 

remodeling. LAM, fibronectin (FN), POSTN, and TNC––acting through integrins, 

Syndecan-4 (SDC4), and the Wnt receptor Frizzled (FZD)––activate signaling pathways 

involved in metastatic outgrowth.
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