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This review explored the mechanism of breast carcinoma pro-
gression by focusing on integrins and receptor tyrosine kinases 
(or growth factor receptors). While the primary role of integrins 
was previously thought to be solely as mediators of adhesive 
interactions between cells and extracellular matrices, it is now 
believed that integrins also regulate signaling pathways that 
control cancer cell growth, survival, and invasion. A large 
body of evidence suggests that the cooperation between in-
tegrin and receptor tyrosine kinase signaling regulates certain 
signaling functions that are important for cancer progression. 
Recent developments on the crosstalk between integrins and 
receptor tyrosine kinases, and its implication in mammary tu-
mor progression, are discussed. [BMB reports 2010; 43(5): 
311-318]

INTRODUCTION

Cancer progression is a multi-step process that enables tumor 
cells to invade through extracellular tissues and metastasize to 
distal organs (1). Compelling recent evidence demonstrates 
that cooperation between signals from the extracellular matrix 
(ECM) and growth factors enhances malignant behaviors of ag-
gressive cancer cells, such as proliferation, migration, survival, 
and invasion (2). Intracellular signals generated by growth fac-
tors and their receptor tyrosine kinases (RTKs) are generated in-
dependently from those produced by interaction between the 
ECM and integrin, and the synergy between these signals plays 
an important role in tumor growth and metastasis (3). There-
fore, defining the mechanism by which these two signaling 
pathways cooperate is essential for understanding cancer pro-
gression. 

This review focuses on the evidence for crosstalk between 
integrin and RTKs in breast carcinoma progression. Breast can-
cer is the most common form of cancer among women and is 
the second leading cause of cancer-related death (4). Breast 

cancer originates from breast epithelial cells that are trans-
formed into metastatic carcinomas. Metastatic potential and re-
sponsiveness to treatment vary depending on the expression of 
hormone receptors such as estrogen receptor and progesterone 
receptor (5), RTKs such as ErbB-2, epidermal growth factor re-
ceptor (EGFR), and hepatocyte growth factor receptor, c-Met 
(6), and integrins (7). Major integrins expressed on breast epi-
thelial cells include α2β1, α3β1, αvβ3, αvβ5, αvβ6, α5β1, 
α6β1, and α6β4 (7). Among these, this review focuses on 
αvβ3, α5β1, and α6β4, all of which are upregulated in in-
vasive breast carcinoma and have well established relation-
ships with RTKs (8). These integrins serve as receptors for vi-
tronectin, fibronectin, and laminin, respectively (9), and con-
tribute to the survival and invasion of mammary tumors. 
Model systems describing the mechanisms and relevance of 
these integrin-RTK interactions will be discussed.

Integrin interaction with ECM 

Integrins represent a major family of receptors that mediate 
cell adhesion to the ECM. To date, at least 18 α and 8 β in-
tegrin subunits have been discovered (10). These non-homolo-
gous, transmembrane α and β subunits dimerize to form 24 
different integrins, each with distinct and sometimes over-
lapping specificities for various ECM proteins. While the pri-
mary role of integrins was thought to be as mediators of adhe-
sive function, integrins also regulate cellular biological proc-
esses related to cell morphology, proliferation, survival, migra-
tion, and invasion (11). In other words, integrins relay cues 
from the ECM to intracellular signaling machinery upon ligand 
binding, a process called "Outside-in Signaling" (9). On the 
other hand, intracellular signaling activated by other receptors 
could induce conformational changes in integrins, thus alter-
ing their functional activity, a process called "Inside-out Signa-
ling" (12). Therefore, integrins and RTKs can exchange or am-
plify their signaling pathways via both "Outside-in" and 
"Inside-out" signaling. 

Downstream signaling events induced by integrin-ECM in-
teractions include Ras, Phosphop-inositol-3-kinase (PI3 Kinase), 
MAP kinase, focal adhesion kinase (FAK), Src, Akt, integrin- 
linked kinase (ILK), Abl and Rac, Rho, and cdc42 small 
GTPases (13-16). In addition, integrin-ECM interactions induce 
the phosphorylation of key tyrosine residues of integrin sub-
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Fig. 1. Signaling pathways mediated by α6β4 integrin-RTKs crosstalk. α6β4 integrin in Hemidesmosomes (HDs) has no signaling function 
but does provide structural support to the epithelia. The tumor microenvironment induces PKC-α-dependent phosphorylation of key Ser res-
idues in the β4 integrin cytoplasmic tail, resulting in HD disassembly. Mobilization of α6β4 from HDs allows association of α6β4 with 
actin filament-rich sub domains of membrane structures in which functional interactions with RTKs occur, such as lipid rafts. Several exam-
ples in which α6β4 associates with RTKs are shown. (A) α6β4 is physically and functionally associated with ErbB2 and EGFR. The associ-
ation of EGFR with α6β4 is mediated by SFKs (Fyn) activation. (B) MSP induces association of α6β4 with Ron through 14-3-3, which acts 
as a linker molecule. (C) Cooperative signaling between α6β4 and c-Met is responsible for various aspects of breast cancer progression, al-
though the constitutive and physical interaction between c-Met and α6β4 remains controversial. PI-3K/Ras are major downstream signaling 
pathways mediated by α6β4-RTK crosstalk.

units such as β3 and β4, which results in recruitment of signal-
ing adaptor molecules such as Shc, Shp-2, and Crk (17-19). 
These adaptor molecules not only transmit integrin-dependent 
signals, but also contribute to crosstalk with other signaling re-
ceptors including RTKs (20-22). It is interesting to note that in-
tracellular signaling events activated by integrin ligation are al-
so influenced by growth factor stimulation. Indeed, integrin- 
ECM interactions significantly amplify growth factor-mediated 
signaling events (23), which suggests that synergy between in-
tegrin and RTK signaling could maximize biochemical res-
ponses. 

Evidence for integrin and RTK crosstalk

Considering that neither α nor β integrin subunits possess cata-
lytic activity, it is possible that multiple mechanisms may regu-
late crosstalk between integrins and RTKs. The most compel-
ling evidence comes from direct, physical association between 
integrins and RTKs. Co-immunoprecipitation assays have been 
used to identify biochemical interactions between these recep-

tors. For example, αvβ3 integrin associates with insulin-like 
growth factor receptor (IGFR-1), platelet-derived growth factor 
receptor (PDGFR) (24, 25), and vascular endothelial growth 
factor receptor-2 (VEGFR2) (26). Additionally, α6β4 integrin 
has been shown to associate with ErbB2 (27), c-Met (28), EGFR 
(20), and Ron (29). These associations suggest that signaling 
cooperation between integrins and RTKs may be the result of 
receptor co-clustering upon cell adhesion or growth factor 
stimulation. Growth factor stimulation of RTKs or ECM-integrin 
interactions induces an increase in the local concentration of 
integrins and RTKs at focal adhesions and at leading edges of 
carcinoma cells, such that crosstalk could occur even without 
direction physical association by alteration of the intracellular 
localization of integrins (30).

The mode of signaling cooperation between integrins and 
RTKs could be reciprocal as well as uni-directional. Bi-direc-
tional cooperation between the two signaling systems was 
demonstrated for the αvβ3-IGF receptor (31) and αvβ3-PDGF-α 
complex (32), whereupon signaling pathways activated by 
both integrin engagement and growth factors converge down-
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stream at common signaling effectors. Uni-directional, in-
tegrin-dependent RTK activation was demonstrated for β1 in-
tegrin-dependent EGFR activation (21). β1 integrin ligation by 
adhesion leads to the c-Src dependent recruitment of EGFR 
and p130Cas, and subsequently to phosphorylation and activa-
tion of EGFR in an EGF-independent manner (21). Finally, 
α6β4 integrin is an example of uni-directional, growth fac-
tor-dependent integrin activation. Growth factor-dependent ac-
tivation of EGFR and c-Met increases the phosphorylation of 
key serine and tyrosine residues of the β4 integrin cytoplasmic 
tail (20, 33-35). Phosphorylated α6β4 amplifies EGFR and 
c-Met signaling in a ligand-independent manner, since an ex-
tracellular domain deletion mutant of β4 integrin could still 
mediate crosstalk (36).

α6β4 integrin and RTK association 

α6β4 integrin is a receptor of the laminin family of extra-
cellular matrix proteins, although increasing evidence suggests 
that it can signal independently of laminin binding  (30, 37, 
38). Due to its ubiquitous expression in most epithelial cells, 
α6β4 was originally thought to maintain the integrity of epi-
thelia based on its ability to mediate the formation of hemi-
desmosomes (HDs), which are responsible for linking inter-
mediate filaments with laminins in the basement membrane 
(38, 39).  However, recent evidence has established that this 
integrin is associated with reduced survival and poor prognosis 
in a number of human cancers (39-41). Our studies and others 
also confirmed that α6β4 has functions associated with carci-
noma progression (28, 42, 43). The remaining question, there-
fore, is how α6β4 integrin could exert two different functions 
in normal epithelia vs. aggressive carcinoma cells. The current 
model states that α6β4 in epithelial cells simply contributes to 
tissue integrity and structural support via association with 
HDs, whereas in carcinoma cells the tumor microenvironment 
leads to EGFR/PKC-α- dependent phosphorylation of the β4 in-
tegrin cytoplasmic tail at specific Ser residues, which then in-
duces disassembly of HDs (Fig. 1) (33, 34). Subsequent mobi-
lization of α6β4 from HDs is essential for signaling and is 
characteristic of invasive carcinoma cells (30). Once released 
from HDs, Cys residues of the membrane proximal region of 
β4 integrin are palmitoylated, which allows α6β4 to be in-
corporated into lipid rafts (33, 34). Lipid rafts are sphingolipid, 
cholesterol-rich microdomains of the plasma membrane that 
contain many signaling receptors all of which are in close 
proximity (44, 45). Once α6β4 localizes to lipid rafts, its sig-
naling function is supposedly enhanced through crosstalk with 
signaling receptors such as RTKs, since lipid rafts are rich in 
RTKs. The signaling competent form of α6β4 has the potential 
to form complexes with specific RTKs that mediate key signal-
ing pathways essential to breast carcinoma behavior (Fig. 1).

The first evidence for the association of α6β4 with RTKs 
came from studies involving EGFR family members. Falcioni et 
al demonstrated that α6β4 integrin may associate with ErbB2, 

an orphan receptor of the EGFR family, in several breast carci-
noma cells (27, 46). This association is required for the PI3K/ 
AKT pathway to stimulate α6β4-dependent breast carcinoma 
cell motility and invasion (47). α6β4 also enhances ErbB3 ex-
pression in breast cancer cells, and cooperation between these 
two receptors is required for PI3K activation (48). EGFR con-
tributes to α6β4-dependent invasion via disruption of hemi-
desmosomes (HD) as well as subsequent activation of Fyn, a 
Src family kinase (20, 33). A more recent report demonstrated 
that crosslinking of α6β4 results in the clustering of EGFR on 
the plasma membrane of breast carcinoma cells, which pro-
motes Rho activation for the enhancement of cell motility and 
invasion (49). 

Another example of the α6β4-RTK interaction was demon-
strated by its relationship with the Hepatocyte growth factor 
(HGF) receptor, c-Met. Trusolino et al demonstrated that α6β4 
physically associates with c-Met, functioning as an adaptor 
molecule for the amplification of c-Met signaling in invasive 
breast carcinoma cells (28). Additional studies showed that 
HGF stimulation mediates tyrosine phosphorylation of the β4 
integrin subunit and enhances anchorage-independent growth 
of breast cancer cells through Gab1 and Src (17). While the 
constitutive and physical interaction between α6β4 and c-Met 
remains controversial (50), it appears that their functional inter-
actions play a key role in breast carcinoma progression. The 
first study to explain the mechanism of α6β4-RTK complex for-
mation was conducted by Santoro et al. (29). Macrophage 
stimulating protein (MSP) receptor, Ron (a c-Met related kin-
ase), stimulates PKC-dependent auto-phosphorylation as well 
as phosphorylation of β4 integrin upon MSP activation in kera-
tinocytes. Phosphorylated Ron and α6β4 are able to recruit 
14-3-3, which acts as a linker molecule in the formation of a 
Ron-α6β4 complex (29). These data suggest that formation of 
the integrin-RTK complex can be triggered by oncogenic sti-
muli. Altogether, it is apparent that the α6β4-RTK interaction 
contributes to various aspects of carcinoma behavior, although 
the precise nature of their interaction remains to be deter-
mined.

αvβ3 integrin and RTK association 

The αvβ3 integrin is a vitronectin binding receptor whose ex-
pression is upregulated in metastatic breast carcinoma cells 
(51, 52). Due to its high expression in both breast tumor and 
angiogenic epithelial cells, αvβ3 is an attractive therapeutic tar-
get. The αvβ3 blocking antibodies LM609 and etaracizumab, a 
humanized version of LM609, are currently being tested in 
clinical trials and have been shown to effectively block both 
angiogenic activity (53) and bone metastsis (54). 

Multiple RTKs has been shown to associate with αvβ3 (55), 
and the blocking ligand occupancy of αvβ3 reduces RTK sig-
naling (Fig. 2). For example, αvβ3-mediated adhesion enhan-
ces IGFR-1 signaling, since inhibition of αvβ3 ligand occu-
pancy by the disintegrin echistatin reduces phosphorylation of 
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Fig. 2. Signaling pathways mediated by αvβ3 integrin-RTKs crosstalk. (A) IGFR-1 requires vitronectin binding of αvβ3 for maximal IGF-1 
response, such as MAPK activation and carcinoma cell motility. Blockage of ligand binding to αvβ3 recruits the tyrosine phosphatase Shp2 
and reduces IGFR1 phosphorylation. (B) Crosstalk between αvβ3 and c-Met is involved in OPN-induced carcinoma migration, leading to 
bone metastasis of breast carcinoma. (C) VEGF stimulates c-Src-dependent phosporylation of the β3 cytoplasmic domain, leading to com-
plex formation between αvβ3 and VEGFR. αvβ3 and c-Met complex are involved in PI-3K activation and the angiogenic response. (D) 
PDGF stimulation induces Shc-dependent αvβ3-PDGF complex formation that contributes to carcinoma proliferation.

IGFR-1 by recruiting the tyrosine phosphatase Shp2 (Malie 2002). 
αvβ3 also cooperates with c-Met to enhance OPN (osteopontin)- 
induced mammary epithelial cell migration (56, 57). This evi-
dence suggests a potential role for the αvβ3-RTK complex in 
bone metastasis of breast cancer. Association between PDGFR 
and αvβ3 was demonstrated in oligodendrocytes (32, 58), and 
PDGF-dependent mitogenic activity requires association be-
tween αvβ3 and PDGFR. PKC mediates PDGF-induced activa-
tion of αvβ3, which leads to an increase in matrix binding of 
αvβ3 and αvβ3-dependent oligodendrocyte proliferation. 

In addition to its role in vitronectin-dependent migration 
and proliferation, αvβ3 contributes to angiogenesis through 
physical and functional interactions with vascular endothelial 
growth factor receptor-2 (VEGFR2) (26, 59). Treatment with a 
ligand blocking antibody against αvβ3 integrin inhibits VEGF- 
stimulated VEGFR-2 phosphorylation (26). VEGF stimulation 
leads to c-Src dependent phosphorylation of the β3 cytoplas-
mic domain (Y747, Y759), which contributes to physical asso-
ciation of αvβ3 with VEGFR2 (22, 60). Finally, a novel para-
digm for integrin-RTK crosstalk was recently reported that 
showed Fibroblast growth factor-1 (FGF1) directly binds to 
αvβ3, which regulates FGF1-dependent angiogenesis via ex-
tracellular signal-regulated kinase (Erk) and Akt (61). All these 
data suggest that the αvβ3-RTK complex has multiple roles in 
carcinoma progression, including migration, invasion, bone 
metastasis, and angiogenesis (Fig. 2). Therefore, targeting path-

ways that induce αvβ3-RTK interaction are attractive strategies 
for developing novel anti-cancer therapeutics.

α5β1 integrin and RTK association 

α5β1 Integrin is the major receptor for fibronectin (62) and 
contributes to breast cancer survival and metastasis. Both ele-
vated levels and activity of α5β1 have been implicated in 
drug-resistant breast carcinoma cells (63). The mechanism by 
which α5β1 promotes invasion of breast carcinoma cells in-
volves the recruitment or activation of matrix metalloproteinase 
2 (MMP-2) collagenase on the cell surface (64). The α5β1- 
fibronectin interaction also causes constitutive invasiveness of 
prostate cancer cells via MMP-1 activation, indicating its major 
role in matrix metalloproteinase regulation (65). Further, α5β1- 
RTK interactions were reported to contribute to the invasive 
phenotype of cancer cells (Fig. 3). While the major ligand of 
α5β1 is fibronectin, fibrinogen and urokinase type plasmi-
nogen activator receptor (uPAR) can also interact with α5β1 as 
ligands. For example, activated EGFR and uPAR form a ternary 
complex with α5β1 that promotes cancer cell migration, in-
vasion, proliferation, and survival by activation of the ERK 
pathway (66). The results suggest that, in aggressive carcinoma 
cells, α5β1 can interact with EGFR through overexpression of 
uPAR.

In addition to its role in carcinoma cell invasion, α5β1 is 
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Fig. 3. Signaling mediated by α5β1 integrin-RTKs crosstalk. (A) uPAR and fibronectin form a ternary complex that contains uPAR, EGFR, 
and α5β1 resulting in activation of the Erk pathway. (B) Ang-1 stimulation induces α5β1-Tie2 association, which recruits the p85 subunit 
of PI-3K along with FAK to the α5 cytoplasmic domain. This interaction is implicated in PI3K-mediated angiogenesis. (C) α5β1 forms a 
complex with EGFR via recruitment of p85 to α5β1 through ErbB3 phosphorylation, resulting in PI3K activation. (D) HGF forms het-
ero-complexes with the matrix ligands (vitronectin and fivronectin) of αvβ3 and α5β1 These hetero-complexes promote interaction of c-Met 
with αvβ3 and α5β1.

implicated in the regulation of endothelial cell function and 
angiogenesis through the Tie-2 receptor, which binds to An-
giopoetin-1 (Ang-1) and Angiopoetin-2 (Ang-2) (67). In endo-
thelial cells, the physical interaction of α5β1 and Tie2 with 
Ang1 results in the phosphorlyation of the p85 subunit of PI3K 
as well as FAK and the efficient transmission of PI3K/AKT sig-
nals (67). Consistent with this evidence, a study demonstrated 
that functional association of α5β1 with VEGFR3 plays a role 
in the proliferation of lymphatic endothelial cells and angio-
genesis through activation of the PI3k/AKT pathway (68). In 
another example, α5β1 complexes with EGFR and ErbB3 in in-
testinal epithelial cells, which leads to recruitment of p85 to 
the EGFR-α5β1 complex through ErbB3 phosphorylation fol-
lowed by enhanced PI3K signaling. However, the nature of 
this ternary complex remains to be determined (69). 

Finally, the HGF receptor c-Met, which associates with 
α6β4 and αvβ3, also interacts with α5β1 (70). It is interesting 
to note that the c-Met ligand HGF forms hetero-complexes 
with vitronectin and fibronectin, allowing simultaneous associ-
ation of c-Met with αvβ3 and α5β1 (70). Indeed, the activity 
and phosphorylation level of c-Met in the presence of vi-
tronectin and fibronectin were significantly enhanced by for-
mation of this heterocomplex (71). Overall, these studies dem-
onstrate the importance of the α5β1-RTK complex in regulat-
ing carcinoma invasion as well as in vascular stabilization that 
is essential for angiogenesis (Fig. 3).

Summary 

Collaborative activity between integrins and RTKs provide a 
mechanism for signaling systems important to carcinoma 
progression. This review summarized multiple examples in 
which breast carcinoma cells respond to environmental cues 
related to growth factors and extracellular matrix molecules by 
focusing on integin-RTK interactions. Further study will con-
tinue to generate insights into the molecular mechanisms un-
derlying the physical and functional partnerships between 
these receptors. Eventually, such data will provide the basis for 
developing novel therapeutic interventions that target the inter-
action between integrins and RTKs. 
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