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R E V I E W S

expression of the integrins that exert the opposite effect
(BOX 2). Although integrin signalling contributes to pri-
mary tumour growth, this review will focus on the
molecular basis of integrin function during tumour
invasion and metastasis. We propose that dysregulated
integrin–RTK signalling is crucial to tumour invasion
and metastasis.

The metastatic cascade
Cancer cells spread throughout the body by metastasis.
Both genetic and epigenetic changes contribute to the
emergence of cells with metastatic capability within a
primary tumour. Recent gene-expression analyses indi-
cate that metastatic subclones probably arise from
primary tumours that have already progressed to the
invasive stage9. Several sequential, obligatory steps must
then be completed for metastasis to occur (FIG. 1). First,
cancer cells need to detach from neighbouring cells,
degrade the basement membrane and penetrate into the
interstitial stroma. This is an important transition, as
tumours that are removed before they complete this
process do not generally recur10. Second, tumour cells
penetrate into blood vessels and lymphatic vessels in a
process that is known as intravasation, which thereby
gains them access to the circulatory system. To enter into
blood vessels, tumour cells must traverse the endothelial
basement membrane and disrupt the cell–cell junctions
that seal their lumina. Blood vessels in tumours are
characterized by a series of abnormalities, including dis-
continuities of the basement membrane and ‘frayed’
cell–cell junctions, which facilitate the intravasation of
cancer cells11. Lymphatic vessels, on the other hand, lack
a continuous basement membrane and TIGHT JUNCTIONS,
and so provide an accessible route for cancer cells to
spread to regional lymph nodes12. After reaching the
bloodstream, either directly or through the lymphatic
system, tumour cells often adhere to PLATELETS and leuko-
cytes, forming emboli that stop in the microcirculation
of target organs more easily than isolated tumour
cells13,14. Finally, metastatic cells exit the bloodstream —
by a process that is known as extravasation — and
undergo expansive growth within the parenchyma of
the target organ. The expansion of metastases follows
requirements that are similar to those that have been
identified for primary tumours, including the need for a
supportive stroma and an adequate blood supply6.

A set of acquired capabilities contributes to the
deadly behaviour of metastatic cells. First and most pre-
eminent is the ability to move through, and thereby
invade, other tissues. To break away from their tissue of
origin, metastatic cells have to loosen their adhesions to
neighbouring cells and the basement membrane,
acquire a migratory phenotype, and degrade or remodel
all the ECMs that impose barriers to their dissemina-
tion. As discussed below, changes in adhesion signalling
are key to the acquisition of the capacity for tissue inva-
sion. Second, metastatic cells have to induce angiogenesis
to escape the limits that passive diffusion of nutrients
and oxygen impose on tumour growth. In fact, it is esti-
mated that tumours and their metastases cannot grow
beyond a relatively limited size unless they elicit an

Box 1 | Integrin signalling

Autonomous integrin signalling 
Integrins signal predominantly through the recruitment and activation of Src-family kinases
(SFKs).Most integrins recruit focal adhesion kinase (FAK) through their βsubunits.As well
as activating signalling from phosphatidylinositol 3-kinase (PI3K) to AKT/protein kinase B
(PKB) through phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P

3
),FAK functions

as a phosphorylation-regulated scaffold to recruit Src to focal adhesions.Here,Src
phosphorylates p130CAS and paxillin,which recruits the Crk–DOCK180 complex,and
thereby results in the activation of Rac.Rac then leads to the activation of p21-activated
kinase (PAK), Jun amino-terminal kinase (JNK),and nuclear factor κB (NF-κB)121–123.FAK
also activates extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase
(MAPK) by recruiting the RAP1 guanine nucleotide-exchange factor (GEF) C3G through
Crk.RAP1 then activates ERK/MAPK through B-Raf.Alternatively,FAK can activate
ERK/MAPK by recruiting the growth-factor-receptor-bound-2 (GRB2) and son-of-sevenless
(SOS) complex.Certain integrins, including α
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palmitoylated SFKs,such as Fyn and Yes, through their α subunits. In this pathway,caveolin-
1 functions as a transmembrane adaptor to facilitate the recruitment of Fyn and Yes.The
palmitoylated SFKs recruit and phosphorylate the adaptor SHC,which combines with
GRB2–SOS to activate ERK/MAPK signalling from Ras91,124.Some integrins can also directly
interact with SFKs through the cytoplasmic domain of their βsubunits125.One integrin,
α
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β

4
, is palmitoylated,and it combines with SFKs that are similarly palmitoylated in LIPID

RAFTS126.The SFKs phosphorylate several tyrosine residues in the cytoplasmic domain of β
4
,

which causes the recruitment of SHC and activation of Ras–ERK/MAPK and PI3K
signalling81,83,127,128.The pathways that integrins activate through SFKs are sufficient to
induce cell migration and to confer some protection from apoptosis on cells.

Joint integrin–RTK signalling.
The integrins impart positional control to the action of receptor tyrosine kinases (RTKs).
Several mechanisms,which function at the membrane-proximal level as well as further
downstream,ensure proper integration of integrin- and RTK-dependent signals3,4.Examples
of these mechanisms are discussed in the main text. Joint integrin–RTK signalling is required
for cell proliferation and for optimal cell survival and cell migration/invasion.MEK,MAPK
and ERK kinase.
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