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Cortactin signalling and dynamic actin networks
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Cortactin was first identified over a decade ago, and its initial
characterization as both an F-actin binding protein and v-Src sub-
strate suggested that it was likely to be a key regulator of actin
rearrangements in response to tyrosine kinase signalling. The
recent discovery that cortactin binds and activates the actin related
protein (Arp)2/3 complex, and thus regulates the formation of
branched actin networks, together with the identification of mul-
tiple protein targets of the cortactin SH3 domain, have revealed

diverse cellular roles for this protein. This article reviews current
knowledge regarding the role of cortactin in signalling to the actin
cytoskeleton in the context of these developments.
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INTRODUCTION

Dynamic actin networks perform a critical role in a variety of
cellular processes requiring plasma membrane remodelling or
intracellular movement of vesicles or particles [ 1-4]. For example,
lamellipodia are thin, sheet-like protrusive structures formed at
the leading edge of migrating cells, and consist of a lattice-like
meshwork of actin filaments. Membrane ruffles are closely related
structures which form on the dorsal surface of cells or if non-
adherent lamellipodia fold back over the dorsal surface. Filopodia
are thin, cylindrical projections consisting of bundled, crosslinked
actin filaments. Formation of these structures at the leading edge
of cells, together with coordinated retraction of the tail-end,
are fundamental to cell motility [1,2]. The underlying cytoskeletal
reorganization is regulated by Rho family GTPases, with the Rac
subfamily promoting membrane ruffling and the formation of la-
mellipodia, Cdc42-like GTPases stimulating the extension of filo-
podia, and Rho proteins regulating actomyosin contractility [2,5].
In addition, the actin cytoskeleton is implicated in the membrane
remodelling and vesicle movement involved in endocytosis [3],
and specific pathogens utilize branched actin networks to form
‘comet tails’ which drive intracellular motility [4].

Actin polymerization can be initiated by the uncapping of
actin filaments to expose their barbed ends, severing of filaments
to create new barbed ends or de novo nucleation by the actin re-
lated protein (Arp)2/3 complex [6]. The latter plays a major role
in the rapid induction of cortical actin polymerization involved in
plasma membrane remodelling, as well as the formation of actin
structures that regulate vesicle and pathogen motility. The activ-
ity of the Arp2/3 complex can be stimulated by actin nucleation
promoting factors (NPFs). Two important classes of NPFs are
WASP (Wiskott—Aldrich syndrome protein) and SCAR/WAVE

(suppressor of cAMP receptor/WASP family verprolin homo-
logous) proteins, which provide a link between Cdc42 and Rac
activation respectively, and stimulation of actin nucleation [7]. As
described in this review, cortactin also possesses NPF activity and
serves to link a variety of cellular proteins to the Arp2/3 complex,
and hence dynamic actin networks.

CORTACTIN CHARACTERISTICS: AN OVERVIEW
Structure

Human, rodent and avian cortactins exhibit a conserved molecular
architecture and high sequence similarity [8—11]. The N-terminal
region of approx. 90 amino acids lacks clear structural determin-
ants, but harbours a stretch of 21-22 amino acids rich in acidic
residues, and is designated the N-terminal acidic domain (NTA)
(Figure 1) [12]. As described in more detail later, the NTA contains
a conserved tryptophan-containing motif (DDW in cortactin),
which is characteristic of NPFs such as WASP, N-WASP (neural
WASP), SCAR/WAVE proteins, yeast myosin-I homologues and
Listeria ActA that interact with the Arp2/3 complex [7,12]. This
is followed by 6.5 tandem copies of a 37 amino acid repeat.
Secondary structure predictions suggest that these tandem repeats
exhibit a helix—turn—helix structure. In the rat, two additional iso-
forms of cortactin exist, cortactin B (lacking the sixth repeat) and
cortactin C (lacking the fifth and sixth repeats) [11]. Correspond-
ing human isoforms (SV1-cortactin and SV2-cortactin respect-
ively) have recently been characterized; these are derived by
alternative mRNA splicing of exons 10 and 11 of the human gene
encoding cortactin, designated EMS/ [13]. Although the cor-
tactin-type repeats are conserved in invertebrate cortactins, Droso-
phila cortactin only contains 4 tandem copies [14,15]. The repeats
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Figure 1 Structure of cortactin and other nucleation promoting factors

Schematic representation of the domain structure of mammalian cortactin, HS1, WASP, N-WASP
and SCAR/WAVET, yeast Abp1p and Myo1p and Listeria Act A, drawn approximately to scale.
A gap is inserted into the catalytic motor domain of Myo1p (white box). A, acidic domain;
B, basic region; C, central region; GB, GTPase binding domain; H, helical domain; P, proline-rich
domain; SHD, SCAR homology domain; W, WASP homology 2 region.

are followed by an «-helical domain of approx. 50 amino acids,
a less well-conserved region which is rich in proline, serine and
threonine residues, and a C-terminal Src homology (SH3) domain.

Hydrodynamic and electron microscopy studies have deter-
mined that cortactin is a monomeric, asymmetric, elongated mol-
ecule with a length of 220-290 A (1 A=0.1nm) [16]. However,
both vertebrate and invertebrate cortactins migrate as a doublet
separated by 5 kDa upon SDS/PAGE, and exhibit a marked re-
tardation in electrophoretic mobility relative to the molecular
masses predicted from their primary sequence, which is likely
to be due to the presence of the proline-rich domain. For example,
vertebrate cortactins, which have predicted relative molecular
masses of 61-63 kDa, migrate as 80 and 85 kDa bands, often
designated as p80 and p85 [8,10]. The two bands are likely to
represent different conformational states, as a single band is ob-
served when SDS/PAGE is performed in the presence of 5 M urea
[17]. Deletion of the «-helical and proline-rich domains, but not
the SH3 domain, results in migration as a single band, indicating
that the structural determinants contributing to these two states
reside in the former two regions [18].

Two other proteins exhibit related domain arrangements to
cortactin (Figure 1). HS1 (haematopoietic lineage cell-specific
protein 1) is composed of the same types of protein modules, but
contains only 3.5 cortactin-type repeats [19]. HS1 also exhibits
close sequence similarity in the NTA, repeat and SH3 regions
(68 %, 69 % and 77 % amino acid similarity respectively, for the
murine proteins). In contrast, murine actin-binding protein 1
(mAbp)1/SH3P7 lacks cortactin-type repeats, possessing an
ADF-H (actin depolymerizing factor homology) domain at its
N-terminus, but contains the C-terminal succession of «-helical,
proline-rich and SH3 domains [20]. Notably, the SH3 domains
of murine cortactin and mAbpl are closely related (68 % amino
acid similarity).
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Tissue expression profile

In the mouse, cortactin mRNA transcripts are detected in a wide
range of tissues, but not in the whole spleen, splenic B cells or
plasma cells [21]; however, murine megakaryocytes and platelets
contain high levels of cortactin protein [22], and cortactin ex-
pression is also increased upon differentiation of chicken mono-
cytes into osteoclasts [23]. Immunohistochemical studies of
human tissues suggest a role for cortactin in the formation and
regulation of actin-based structures. Strong cortactin staining is
detected in the apical surfaces of polarized epithelium, such as the
terminal web of small bowel epithelium, in other cell types with
actin-rich microvilli, and in cells with actin-based contractile
activity, such as the smooth muscle of the blood vessels and vis-
ceral walls [24]. In contrast with cortactin, HS1 is expressed only
in haematopoietic lineages [19].

Importantly, increased expression of cortactin occurs in several
types of human cancer and in tumour-derived cell lines. The
human gene encoding cortactin, EMS1, localizes to chromosome
11q13, a region commonly amplified in squamous carcinomas
of the head and neck, lung and oesophagus, and carcinomas of
the liver, bladder and breast [25,26]. In primary breast, and head
and neck cancers, and in cell lines derived from these malign-
ancies, overexpression of EMSI is generally linked to gene
amplification [27-30]. However, increased expression of EMS1/
cortactin mRNA in the absence of corresponding gene ampli-
fication has been reported in bladder tumours [31] and murine
plasmacytoma cells [21]. Interestingly, 15% of breast cancer
patients exhibit a humoral immune response against cortactin [32],
which is consistent with the frequency of EMS/ amplification, and
hence cortactin overexpression, in this cancer type [33].

Protein isoforms generated by alternative mRNA splicing often
display different tissue expression profiles, and this is also the case
for the human cortactin variants [13]. Cortactin SV2 is only ex-
pressed at significant levels in frontal cerebrum, but SV 1 cortactin
transcripts are detectable in a range of carcinoma cell lines and
normal tissues. In testis, for example, SV1 transcripts predominate
over those encoding full-length cortactin.

Molecular interactions

The NTA region is sufficient to directly bind the Arp2/3 complex
[12], and mutation of both acidic residues, or the tryptophan, in
the DDW motif abolishes Arp2/3 binding [34]. Chemical cross-
linking studies have demonstrated that the NTA region binds
the Arp3 subunit of the complex [16]. Binding studies using a
recombinant NTA region and purified Arp2/3, determined a K4 of
approx. 1 uM, indicating an affinity 5-fold lower than the Arp2/
3-interacting region [WASP homology (WH)2-central-acidic
region (WCA); Figure 1] from the well-characterized NPF
N-WASP [12,34].

Early studies revealed subcellular co-localization of cortactin
with F-actin in cortical structures, and treatment of cells with the
microfilament-disrupting agent cytochalasin D led to co-aggre-
gation of these molecules [8,35]. Co-sedimentation assays con-
firmed that cortactin was indeed an F-actin-binding protein, with a
K, 0f 0.4 uM, and localized this activity to the repeat region [35].
Importantly, unlike certain other NPFs (e.g. N-WASP), cortactin
does not bind G-actin [35]. Removal of repeat 4 from full-length
cortactin eliminates F-actin binding, identifying a requirement
for this sub-domain, but the presence of a single adjacent repeat
in N-terminal or C-terminal deletion mutants (i.e. repeat 3 or
repeat 5) is required for efficient binding [12]. Supporting a role
for flanking repeats in this interaction, rat cortactins B and C, and
human cortactin SV2, bind F-actin with a lower affinity [11,13].
Cortactin binds along the sides of F-actin filaments [11].
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Table 1 Characteristics of cortactin SH3 domain-binding proteins

The ‘Evidence’ column lists the experimental approaches used to confirm the interaction. Amino acids in the binding site that match the cortactin SH3 binding consensus are underlined. Two binding
sites were identified on Dynamin 2 and CD2AP. In the case of the latter, the second site at amino acid 392 is a lower affinity site. The binding motifs on CortBP1 and CBP90 are predicted based
upon deletion analysis and similarity to the consensus sequence. CBP90, cortactin-binding protein of 90 kDa; Co-IP, co-immunoprecipitation; DZ0-1, Drosophila zonnula occludens 1; N.D., not

determined; Y2H, yeast two hybrid analysis.

Protein Class Evidence Cellular role Binding site (consensus + PPWPXKP) Reference
CortBP1/Shank2 Scaffold Y2H Organization of transmembrane protein 946 KPPVPPKP 80
GST pull-down complexes, particularly at PSD
Co-IP
Co-localization
CBP90 Unknown GST overlay and pull-down Unknown 539 PPPIPPKKP 1
Dz0-1 Scaffold Y2H Organization of transmembrane protein 1194 KPVPPPKP* 14
Co-IP complexes at cellular tight junctions
Co-localization
Dynamin 2 Mechano-chemical GST overlay and pull-down Vesicle fission in receptor- 826 PPQIPSRP{ 86
GTPase Co-IP mediated endocytosis 849 APAAPSRP+
Co-localization Cortical actin rearrangement
CD2AP Adaptor/scaffold GST pull-down and overlay Endocytosis and downregulation of growth 381 KPAAPQVP* 79
Co-IP factor receptors 392 KPTAPTKA*
Co-localization Organization of transmembrane receptor complexes
Fgd1 Cdc42 GEF Y2H Cortical actin organization 158 KPQVPPKP* 40
GST overlay Mutated in faciogenital dysplasia
Co-localization
Co-IP
N-WASP NPF GST pull-down and overlay Effector in Cdc42-regulated actin nucleation N.D. 85
Co-IP Filopodia formation
Co-localization
WIP Adaptor Y2H Regulates N-WASP NPF activity N.D. 73
GST pull-down Yeast homologue Vrp1p regulates
Co-IP actin dynamics

Co-localization

* Binding site confirmed by site-directed mutagenesis.
1 Binding site determined by phosphopeptide competition.

The ability of cortactin to crosslink actin is controversial.
Huang et al. [17] reported that incubation of recombinant cortactin
with F-actin markedly enhanced sedimentation of the latter upon
centrifugation, and resulted in the formation of bundle-like
structures, as determined by electron microscopy. Determination
of the crosslinking activity of human cortactin variants revealed
that SV1 has relatively low activity, while SV2 has none [13].
In contrast, while rat cortactin can crosslink F-actin, both the B
and C isoforms lack this activity [11]. However, the mechanism
whereby cortactin might perform this function is unclear, as it is
a monomeric protein [16], and only contains one F-actin binding
site [12]. Furthermore, other workers have failed to detect F-actin
crosslinking or bundling activity for cortactin [15,36].

The fourth repeat of cortactin also contains a cluster of basic
amino acid residues which represent a putative binding site for
PIP2 (phosphatidylinositol 4,5 bisphosphate) [37]. Pre-incubation
of cortactin with PIP2 inhibited the ability of cortactin to crosslink
actin filaments, which may be related to competition for F-actin
binding. Interestingly, HS1 contains a putative PIP2-binding site
in each of its 3 repeats, and binds PIP2 with a higher affinity [37].

Considering the C-terminal half of the molecule, the role of the
cortactin helical domain is unknown, whereas, as described in
the next section, one function of the proline-rich region is to me-
diate interaction with specific tyrosine kinases. As with the NTA
region, our understanding of the role of the most C-terminal pro-
tein module found in cortactin, the SH3 domain, has progressed

greatly in recent years. Screening of a peptide phage display
library identified the consensus binding motif for the cortactin
SH3 domain as +PPYPXKPXWL (where + and W denote basic
and aliphatic residues respectively) [38]. Multiple naturally oc-
curring cortactin SH3 domain targets have now been identified,
and are summarized, along with their molecular characterist-
ics and functional roles, in Table 1. Reflecting the close simi-
larity of the cortactin and Abp1 SH3 regions, several cortactin SH3
targets [dynamin 2, faciogenital dysplasia 1 (Fgd1) and cortactin
binding protein 1 (CortBP1)/Shank 2] also bind the mAbpl SH3
domain [39—41]. The cellular functions of particular cortactin-
containing protein complexes are discussed in more detail later in
this review.

Tyrosine phosphorylation of cortactin

Cortactin was first identified by virtue of its tyrosine phosphoryl-
ation in v-Src-transformed cells [8], and a large body of sub-
sequent work implicated c-Src in tyrosine phosphorylation of this
protein in response to a variety of physiological or pathogenic
stimuli, including FGF-1 stimulation [9,42], integrin-mediated
cell adhesion and spreading [43], and invasion of epithelial cells
by the bacterium Shigella flexneri [44]. This area has been re-
viewed in detail previously [15]. An elegant demonstration of
the role of c-Src in cortactin tyrosine phosphorylation was pro-
vided by studies on fibroblasts deficient for Csk, a negative
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regulator of Src family kinases. Cortactin is hyperphosphorylated
on tyrosine residues in Csk™/~ cells, but normal phosphorylation
is restored in cells deficient for both Csk and Src [45]. In support
of Src phosphorylating cortactin directly, the two proteins co-
immunoprecipitate in a variety of cellular systems [42,46,47],
and Src phosphorylates murine cortactin in vitro on three sites
(Tyr*?!, Tyr*® and Tyr*?), which are also the major sites of phos-
phorylation in v-Src transformed cells [48]. In a recent study, use
of phosphospecific antibodies has demonstrated that mutation of
Tyr*?! to phenylalanine prevents the phosphorylation of Tyr*®
[49]. This suggests a processive phosphorylation model in which
phosphorylation of Tyr*?' by Src creates a binding site for the
Src SH2 domain. Binding of Src to cortactin is then followed by
phosphorylation of Tyr* and possibly other sites.

Three other kinases strongly implicated in cortactin tyrosine
phosphorylation also belong to the non-receptor-type subgroup.
These are Fyn (during melanoma cell migration) [50], Syk (in
platelet shape change) [51] and Fer (in PDGF-stimulated fibro-
blasts) [52]. Furthermore, a signalling pathway involving Fer
activation downstream of Fyn results in cortactin phosphorylation
in response to osmotic shock [53], and this pathway is also activ-
ated by F-actin depolymerization in response to treatment of
cells with latrunculin B [54]. Activation of Fer in response to
hypertonicity or actin depolymerization leads to phosphorylation
of the same cortactin tyrosine residues regulated by Src [53,54].
Finally, tyrosine phosphorylation of cortactin in response to
hepatocyte growth factor (HGF) stimulation of A431 cells may
be directly mediated by the HGF/MET receptor [55].

Cortactin tyrosine phosphorylation may serve a variety of func-
tions. One role is to provide binding sites for specific signalling
proteins with SH2 domains, e.g. Src family kinases and Nck [46],
which may regulate the cellular functions performed by cortactin,
or act as effectors in this regard. Also, tyrosine phosphorylation
may alter the conformational state of the protein, since the major
Src phosphorylation sites reside within the proline-rich region,
which may act as a ‘hinge’ separating the repeat region and SH3
domain. This may then modify interactions with other proteins.
This is supported by two observations. First, digestion of cortactin
by calpain in vitro is markedly enhanced by prior phosphory-
lation by Src, suggesting that Src-mediated phosphorylation
induces conformational changes that increase the efficiency of
proteolytic cleavage [56]. Second, interaction of cortactin with EC
MLCK (endothelial cell myosin light-chain kinase) is enhanced
by prior incubation of cortactin with Src [57]. A further role for
cortactin phosphorylation is provided by the observation of
Zhan and co-workers that this modification modestly inhibits
the F-actin binding activity of cortactin and strongly reduces its
F-actin crosslinking activity [17]. A similar effect of Src on the
latter parameter was also reported by Bourguignon et al. [58].
This suggests a negative regulatory role which may regulate the
flexibility and/or turnover of actin networks. However, the ability
of cortactin to crosslink actin filaments has been disputed [15,36].

Serine/threonine phosphorylation of cortactin

Cortactin isolated from a variety of cell types exhibits phosphoryl-
ation on serine and threonine residues, and this can be enhanced by
EGF (epidermal growth factor) or vanadate treatment [8,18,47].
Increases in phosphorylation on these residues accompanies a
mobility shift of cortactin upon SDS/PAGE, from p80 to p85
[18,47]. In HEK293 cells, conversion of p80 into p85 upon EGF
treatment or cell detachment is blocked by the MEK (M AP kinase/
ERK kinase) inhibitor PD98059, and expression of constitutively
active MEK is sufficient to stimulate the conversion, indicating
that kinases downstream of MEK regulate this process [18].
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However, the basal levels of p85 in serum-starved cells are
insensitive to MEK inhibition, indicating that MEK-independent
pathways also contribute to cortactin phosphorylation. Deletion
of the combined helical and proline-rich (HP) regions prevented
the mobility shift and cortactin phosphorylation, and tryptic phos-
phopeptide mapping highlighted the ERKs as potential HP region
kinases, with two consensus ERK phosphorylation sites (Ser*”
and Ser*®) as likely targets [18]. Phosphorylation of the latter
residue in cortactin has been confirmed by mass spectrometry (D.
K. Lynch, S. Cordwell and R. J. Daly, unpublished results).
Studies on thrombin-induced lamellipodial spreading in plate-
lets have implicated a second serine/threonine kinase in cortactin
regulation, the Rac/Cdc42 effector PAK (p21-activated kinase)
[59]. Thrombin stimulation of platelets leads to activation of Rac/
Cdc42 and PAK, and co-localization of Rac and cortactin in
cortical regions. Interestingly, cortactin and PAK co-immuno-
precipitate from resting platelets but dissociate upon thrombin
stimulation, which may contribute to the observed redistribution
of cortactin. PAK can also phosphorylate recombinant cortactin
invitro, although the regulated sites are not known. Finally,
although cortactin binds directly to EC MLCK, it has not been
reported whether it acts as a substrate for this enzyme [57].

THE ROLE OF CORTACTIN IN DENDRITIC ACTIN NUCLEATION
BY THE Arp2/3 COMPLEX

Regulation of actin polymerization by the Arp2/3 complex

Since the formation of new actin filaments from pure actin mono-
mers is unfavourable, cells require a molecular apparatus to drive
de novo actin nucleation. This function is provided by the Arp2/3
complex, an evolutionarily-conserved assembly of seven sub-
units: two actin-related proteins, Arp2 and Arp3, and five other
polypeptides, designated ARPC1-5 [7]. In isolation, the Arp2/3
complex has a low actin-nucleating activity, but, as described in
the next section, this can be enhanced by binding to specific NPFs.
Importantly, the activity of an NPF-Arp2/3 assembly can be
stimulated further by binding to the side of an existing or ‘mother’
actin filament, so that nucleation is coupled to branching. This
results in the formation of actin networks exhibiting characteristic
‘Y-branches’ at an angle of 70°; a process termed dendritic actin
nucleation [7,60].

Regulation of the Arp2/3 complex by NPFs

The structure of a selection of Arp2/3 activators is shown
schematically in Figure 1. All of these proteins contain an acidic
(A) region which contributes to binding and activating the Arp2/3
complex and harbours a conserved tryptophan-containing motif
with the consensus sequence DDW [7,61]. In the WASP/SCAR
family, the A region is preceded by one or two WH2 motifs
which bind monomeric actin, and a central (C) region. The latter
also contributes to Arp2/3 complex interaction and activation.
A WASP/SCAR fragment, consisting of the WCA regions, is
sufficient to activate the Arp2/3 complex, with maximal activation
occurring when both the Arp2/3 complex and an actin monomer
are bound. Actin filaments enhance binding of WCA to Arp2/3
complex and actin nucleation, thus favouring the formation of
branched actin networks [7]. Although related in certain structural
characteristics, the mode of regulation of WASP/N-WASP and
SCAR proteins differs, being based upon auto-inhibition and the
presence of associated proteins (trans-inhibition) respectively.
The observation that N-WASP requires both GTP—Cdc42 and
PIP2 for full activation [7] has led to a model in which auto-
inhibition is mediated by binding of the C and A regions to
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Figure 2 Comparison of N-WASP and cortactin regulation in response to growth factor receptor activation

Upon receptor activation (gold jagged arrows), the auto-inhibited conformation of N-WASP is released by binding of Cdc42—GTP and PIP2 to the GTPase binding and basic regions respectively,
allowing Arp2/3 complex activation. Binding of specific SH3 domain-containing adaptors (e.g. Grb2) can further stimulate NPF activity. In contrast, cortactin is not auto-inhibited in the basal state,
and is translocated in a Rac-dependent manner to the cell periphery upon growth factor stimulation, where it functions to either co-activate Arp2/3 with other NPFs or to stabilize actin branchpoints
formed following the transient association of NPFs with the Arp2/3 complex. The activity of cortactin towards the Arp2/3 complex can be modulated by binding of specific proteins to its SH3 domain.
For example, dynamin 2 and WIP enhance NPF activity by inducing dimerization, or by providing actin monomers respectively. Recruitment of Fgd1 provides a potential mechanism for crosstalk
with Cdc42/N-WASP. Phosphorylation of cortactin on tyrosine and/or serine/threonine residues may induce a conformational change and regulate intermolecular interactions. In the case of tyrosine
phosphorylation, this may inhibit F-actin binding or crosslinking, and hence the rigidity or turnover of actin networks.

the GBD and basic domain respectively. Binding of GTP—Cdc42
to the GBD and PIP2 to the basic region then induces release from
the inactive conformation (Figure 2) [7,62]. Tyrosine phosphoryl-
ation within the GBD and serine phosphorylation at the C/A region
border also regulate WASP NPF activity [63,64]. In contrast with
WASP/N-WASP, SCAR/WAVE proteins are not auto-inhibited,
and although they are activated downstream of Rac, they do not
appear to interact directly with this G-protein, as predicted by the
absence of a GBD (GTPase binding domain) [7]. Evidence for
a trans-inhibition model for SCAR/WAVE regulation is that
WAVEI can be purified in an inactive complex with four other
proteins, PIR121/Sral, Nck-associated protein (NAP)125,
HSPC300 and Abl-interactor 2 (Abi2) [65]. Incubation of the
complex with either GTP-Rac or Nck results in disassembly
and release of active WAVE1/HSPC300. However, an alternative
mode of activation has been proposed whereby the adaptor
IRSp53 directly links activated Rac to WAVE proteins [66].
Interestingly, WASP/SCAR proteins can directly recruit regul-
ators of specific Rho family GTPases. For example, WAVE-1
recruits WRP, a Rac GTPase-activating protein [67], and binding
of N-WASP to the endocytic protein intersectin-1 enhances the
GEF (guanine nucleotide exchange factor) activity of the latter
protein towards Cdc42 [68]. Consequently, this scaffolding
function of WASP/SCAR proteins is used to generate multiprotein
complexes with built-in capacity for enhancement or termination
of NPF activity. As described later in this review, an interesting
parallel is the recruitment of the Cdc42 GEF Fgdl by cortactin
[40]. Since Cdc42 does not regulate cortactin directly, this sug-
gests that crosstalk may exist between different classes of NPFs.

Regulation of actin nucleation and branching by cortactin

Initial attempts to detect effects of cortactin on actin polymeriz-
ation failed, as these assays were performed with a relatively low
concentration of Arp2/3 complex (10 nM) [12]. However, when
a 10-fold higher concentration of Arp2/3 complex was used,
cortactin decreased the half-time to reach a steady state of actin
polymerization and also enhanced the rate of actin polymerization
[34,36]. Although these effects were relatively weak when com-
pared with a WCA fragment from N-WASP, cortactin could fur-
ther enhance WCA-stimulated actin polymerization. Weaver et al.
[36] reported a synergistic effect on the formation of new actin
barbed ends. Also, cortactin increased actin filament branching
in the presence of Arp2/3 complex, and cortactin and WCA
enhanced this process in a synergistic manner. Importantly, stimul-
ation of actin polymerization by cortactin required the presence
of both the NTA and repeat regions required for binding Arp2/3
complex and F-actin respectively. Consistent with this, cortactin
SV2, which binds F-actin more weakly than SV1, exhibits lower
activity towards the Arp2/3 complex in actin polymerization
assays [13]. Uruno et al. [34] further demonstrated that mutation
of either the acidic residues or the tryptophan in the DDW motif,
both required for Arp2/3 complex binding, abrogated cortactin
NPF activity. This indicated a novel mode for activation of
actin polymerization; in contrast with WASP/SCAR proteins,
cortactin binds F-actin rather than G-actin, and the affinity of this
interaction is approx. 20-fold higher than that for Arp2/3-F-actin
binding [34]. Since association with F-actin is required for optimal
activation of Arp2/3 complex [7], a key aspect of the mechanism
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Figure 3 Different models for Arp2/3 complex activation by N-WASP and cortactin

Association with N-WASP and the side of an actin filament activates the Arp2/3 complex. For simplicity, WCA is shown binding to Arp2 and Arp3, although it also contacts ARPC1. Further stimulation
of actin nucleation has been proposed to occur in one of two modes. (1) Co-activation by N-WASP and cortactin. WCA remains in contact with Arp2 (and ARPC1), but the cortactin NTA displaces
WCA and binds Arp3. (2) A sequential model. N-WASP is displaced by cortactin which has acquired a higher affinity for the activated Arp2/3 complex at the branch site. This results in the formation

of a stable complex for dendritic nucleation.

whereby cortactin acts as an NPF is its ability to promote the
association of Arp2/3 complex with actin filaments. A similar
mechanism has been proposed for Abplp, which binds to actin
filaments via its ADF-H domain [69]. However, an additional
aspect of cortactin function towards actin networks is that it
stabilizes filament branch points and hence inhibits debranching
and disassembly [36].

How could additive or synergistic enhancement of Arp2/3 ac-
tivation be observed with a combination of cortactin and N-WASP
WCA, if both activators bind the Arp2/3 complex, and a single
acidic region in both cortactin and WCA is implicated in bind-
ing? One group have addressed this question by a chemical
crosslinking approach [16]. This revealed that the cortactin NTA
interacts with the Arp3 subunit of the Arp2/3 complex, while
WCA associates with Arp3, Arp2 and ARPC1, and that a ternary
complex of Arp2/3-WCA-NTA could form. Furthermore, saturat-
ing amounts of NTA (which in the absence of the repeat region
binds, but does not activate Arp2/3) did not inhibit Arp2/3 activ-
ation by WCA. These studies suggest that cortactin and N-WASP
can act in concert to regulate the Arp2/3 complex, with cortactin
bridging Arp3 and F-actin, and N-WASP interacting with Arp2
and ARPC1 (Figure 3). However, it has recently been reported
that full-length cortactin can stimulate actin nucleation in the
presence of a saturating concentration of glutathione S-transferase
(GST)-WCA, with a half maximal stimulation observed at 20 nM
cortactin [70]. Similar concentrations of cortactin were also able to
displace recombinant N-WASP WCA from the Arp2/3 complex,
but only when the assay was performed in the presence of actin
polymerization. These results have led to a model in which
cortactin acquires a higher affinity for Arp2/3 by virtue of an inter-
action with both Arp2/3 and F-actin at the branching site [70],
and sequential binding of N-WASP and cortactin to the Arp2/3
complex occurs (Figure 3). This model is more consistent with the
distinct localization of N-WASP and cortactin in the actin comet
tail induced by intracellular pathogens. Here, N-WASP is situated
at the junction of the pathogen and the tail, where actin assembly
is initiated, while cortactin is distributed throughout the comet
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tail and hence the established actin network [70,71]. A similar
differential distribution of the two proteins is also observed in
actin tails associated with intracellular vesicle-like particles [72].

Unlike WASP/SCAR proteins, the NPF activity of cortactin
does not appear to be inhibited by intra- or inter-molecular inter-
actions, and although phosphorylation represents a likely modul-
atory mechanism, this has yet to be demonstrated. However,
cortactin NPF activity can be regulated by the recruitment of SH3
domain-binding partners (Figure 2). The addition of WIP (WASP-
interacting protein) to pyrene actin polymerization assays in-
creases actin nucleation in the presence of cortactin and Arp2/3
complex, while it has no effect on the ability of cortactin to inhibit
debranching [73]. Since WIP contains a G-actin binding WH2
module [74], while cortactin does not bind actin monomers [35],
WIP could enhance actin polymerization by cortactin—Arp2/3
complex by provision of G-actin for incorporation into new
filaments. Additionally, WIP could stabilize filaments against
depolymerization [74]. Furthermore, dynamin 2 regulates actin
polymerization by cortactin-Arp 2/3 complex in a biphasic man-
ner, with a modest enhancement of actin nucleation occurring
at molar ratios of dynamin:cortactin of <1:1, and inhibition at
higher molar ratios [75]. The recent finding that dimerization of
cortactin markedly enhances its NPF activity [76] may provide an
explanation for these observations. Since dynamin multimerizes
at low concentrations [77], this is likely to promote cortactin
dimerization. However, the formation of higher-order oligomers
with increasing dynamin 2 concentrations may ultimately inhibit
cortactin activity towards the Arp2/3 complex. In support of this
model, the addition of dynamin 2 to actin polymerization assays
containing cortactin and Arp2/3 complex, induces bundling of
actin filaments [75]. This mechanism for regulation of cortactin
activity may be relevant to other binding proteins that dimerize
or oligomerize e.g. CD2-associated protein (CD2AP) [78,79] and
CortBP1/Shank 2 [80,81]. Finally, the cortactin-interacting pro-
tein EC MLCK markedly inhibits the ability of cortactin to
promote Arp2/3-stimulated actin polymerization, although the
underlying mechanism is unclear [57].
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CELLULAR ROLES OF CORTACTIN IN NORMAL
AND DISEASE STATES

Cortical actin organization

Strong immunostaining for cortactin is observed in membrane
ruffles and lamellipodia in a variety of adherent cell types, includ-
ing fibroblasts, aortic smooth muscle cells, endothelial cells
and human carcinoma cells of different origins [10,35,79,82].
Cortactin is also implicated in cortical actin arrangements in
neuronal cells, since it localizes to the growth cones of developing
hippocampal neurons [80] and is required for the formation of
dendritic spines [83]. In addition to these protrusive structures,
certain cell types also form podosomes, which are specialized
cell-substratum adhesion sites consisting of tubular invaginations
of the plasma membrane surrounded by a columnar sheath of actin
cytoskeleton [84]. Cortactin co-localizes with F-actin at these
structures in Src-transformed cells [8,84,85] and in carcinoma
cells with EMSI gene amplification [10]. Microinjection of the
cortactin SH3 domain inhibits podosome formation in Src-trans-
formed cells [85], which may reflect its interaction with N-WASP
[85] or dynamin 2 [84,86].

In Swiss 3T3 fibroblasts, activation of Rac is required for
platelet-derived growth factor (PDGF)- or PMA-induced trans-
location of cortactin from the cytoplasm to the cell cortex, and
is also sufficient to drive this process [82]. Importantly, both the
NTA region and the fourth cortactin repeat, and hence the ability
to bind to both the Arp2/3 complex and F-actin, are required for
Rac-induced cortical localization of this protein [12]. Similar
findings were reported for Rac-dependent translocation of
cortactin to the cell periphery in response to osmotic stress [87],
and Rac also stimulates cortical accumulation of the related pro-
tein mAbp1 [20]. Interestingly, tyrosine phosphorylation of the
major Src phosphorylation sites in cortactin requires cortical
targeting, and is also dependent on Rac activation [49]. Since
activation of Rac directs Src to membrane ruffles and lamellipodia
[88], this GTPase regulates the coordinated movement of both
cortactin and a tyrosine kinase intimately involved in its regulation
to specific sites of dynamic cortical actin reorganization.

Cortactin, and its associated proteins, perform several functions
at the cell cortex relating to remodelling of the plasma membrane
and the underlying actin cytoskeleton. As described previously,
one role of cortactin within lamellipodia/ruffles is presumably to
enhance the formation of branched actin networks (via interaction
with Arp2/3 complex) and/or stabilize those formed by the activity
of the Rac-stimulated NPF SCAR. However, cortactin also re-
cruits specific binding proteins to cortical regions of the cell via its
SH3 domain. For example, cortactin mediates PDGF-stimulated
translocation of dynamin 2 to membrane ruffles [§6] and these pro-
teins also co-localize in transient ‘waves’ on the dorsal surface of
growth-factor-stimulated cells, which, via disassembly of F-actin
networks, provide more pliable regions of the cell cortex which
facilitate lamellipodial protrusion [89]. However, although dyn-
amin 2 binding regulates the NPF activity of cortactin, and the
dynamin 2-cortactin complex alters the organization of actin
filaments at a lipid interface [75], the exact role(s) of this assembly
in wave formation and membrane protrusion is unclear [90]. Also,
binding to the cortactin SH3 domain may contribute to the locali-
zation of both Fgd1 [40] and WIP [73] to the cell cortex. Both of
these proteins play a positive role in Cdc42-dependent filopodia
formation, the former by virtue of its GEF activity towards
Cdc42 [91], the latter due to its interaction with N-WASP [74].
Consequently, these proteins may function together with cortactin
to regulate cortical actin rearrangements, which is supported by
the observation that co-expression of cortactin and WIP in cells
enhances the formation of membrane protrusions [73].

Importantly, the formation of Rac-induced lamellipodia is
required for cell motility [2]. Consistent with this, cortactin over-
expression enhances migration of both fibroblasts [92] and
endothelial cells [48] in vitro, and the first genetic analysis of
cortactin function, performed in Drosophila, has identified a
role for this protein in border cell migration during oogenesis
[93]. Importantly, the ability of cortactin to promote migration of
human endothelial cells requires the presence of the major sites
of Src-mediated tyrosine phosphorylation [48], and a cortactin
phosphorylation-deficient mutant can function in a dominant-
negative manner to inhibit motility [48,55]. Therefore, Src family
kinases may contribute to cell migration by phosphorylating
cortactin. In support of this model, enhanced cell motility cor-
relates with activation of this signalling pathway in a variety
of cell culture systems, including FGF-1-stimulated fibroblasts
[94], hyaluronic acid-treated ovarian cancer cells [58], and murine
melanoma cell lines with different metastatic potential [50]. Src-
cortactin signalling is also implicated in N-syndecan-regulated
neurite formation in N18 neuroblastoma cells [95] and in the
formation of actin-rich structures termed ring canals in Drosophila
[93].

Association with transmembrane protein complexes

Cortactin also provides an indirect link between specific trans-
membrane receptors and the underlying actin cytoskeleton. This
often occurs via ligation of the cortactin SH3 domain to sub-
membranous scaffolding proteins (Figure 4). The first cortactin
SH3 target identified, CortBP1 [80], was subsequently character-
ized as a splice variant of Shank 2, a member of a protein family
which also contains Shank 1 and Shank 3 [81]. The cortactin SH3
module binds to a region of Shank 2 harbouring a proline-rich
motif which bears close similarity to the consensus-binding motif
for this SH3 domain [80] (Table 1). This motif is also present in
Shank 3 but not Shank 1 [81]. Shank 2 is predominantly expressed
in brain, while Shank 3 is widely expressed [81].

The best-characterized role for Shank proteins is in the
assembly of receptor clusters at the postsynaptic density (PSD)
of excitatory synapses [81,96]. Shank PDZ (PSD-95/Dlg/Z0O-1)
domains bind to specific C-terminal sequence motifs in guanylate
kinase associated proteins (GKAPs), which in turn bind the GK
domain of PSD-95 (Figure 4). The latter tethers the complex
to specific transmembrane proteins. For example, the first two
PDZ domains can bind the C-termini of the NMDA (N-methyl-D-
aspartate) receptor. In addition, the Shank PDZ domains can also
bind directly to particular receptors e.g. the type 2 somatostatin
receptor, and the group 1 metabotropic receptors mGluR1a and
mGluRS5. An additional Shank-binding partner is Homer, which
can bind via its EVH1 (Ena VASP homology 1) domain to one
of the proline-rich regions of Shank proteins. Since the Homer
EVH1 domain also binds to mGluR1a and 5, as well as inositol
triphosphate receptors, and Homer proteins can dimerize via
a C-terminal coiled-coil domain, a Homer dimer can link
specific receptors to Shanks. Furthermore, the latter can crosslink
other Shank-binding partners (e.g. PSD-95-NMDA receptors) to
Homer-associated receptors [81,96] (Figure 4).

The theme of cortactin recruitment to scaffolding protein com-
plexes is further developed by its binding to ZO-1 (zonnula
occludens 1), a protein with similar molecular architecture to
PSD-95, which localizes to adherens junctions in Drosophila and
to epithelial tight junctions in mammals [14,97,98]. The latter
are intercellular junctions formed at the apical end of the lateral
membrane which restrict the diffusion of molecules between the
apical and basolateral membrane compartments and which also
regulate epithelial paracellular permeability [98]. A direct
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Figure 4 Cellular roles for cortactin

mGluR

SAM

Dynamin 2

Several roles are consistent with a model in which cortactin binds specific protein complexes via its SH3 domain and links them to the Arp2/3 complex and hence dynamic actin networks.
(A) Organization of transmembrane receptor complexes at the postsynaptic density (PSD), via binding to Shank 2. CC, coiled-coil domain; Pro, proline-rich region; SAM, sterile c-motif domain.
(B) Receptor-mediated endocytosis via binding to dynamin 2 and CD2AP. PH, pleckstrin homology domain; RF, ring finger domain; U, ubiquitin.

interaction between the cortactin SH3 domain and ZO-1 was first
demonstrated using the Drosophila proteins [14], and the binding
site in Drosophila ZO-1 exhibits similarity to the consensus
sequence (Table 1). However, GST pull-down and co-immuno-

© 2004 Biochemical Society

precipitation experiments indicate that mammalian cortactin
and ZO-1 also interact [14] (D. K. Lynch, S. C. Winata and
R. J. Daly, unpublished results). The association of human cor-
tactin and ZO-1 at tight junctions is also consistent with the
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immunohistochemical localization of cortactin to the terminal
web in human small bowel epithelium [24]. As with Shank
proteins, ZO-1 can interact directly with transmembrane recep-
tors. Thus, the GK and acidic regions of ZO-1 bind to occludin
[99] while the first PDZ domain binds the C-termini of
claudins [100]. Occludin and claudins both contain four trans-
membrane regions and assemble into heteropolymers, acting as
critical determinants of tight junction structure and as regulators
of paracellular diffusion [98]. The role of the ZO-1—cortactin
interaction in structural organization of tight junctions is unclear.

Interestingly, cortactin contributes to the formation of another
type of cell—cell junction, the adherens junction, formed upon
homophilic binding of E-cadherin molecules on juxtaposed cells.
This type of cell-cell contact is critical for tissue organization
in developing and adult organisms [101]. Nascent E-cadherin
contacts are converted into stable zones of adhesion through co-
operation between the cadherins and the underlying actin cyto-
skeleton [102]. In MDCK cell monolayers, cortactin localizes
to E-cadherin-based cell—cell contacts, and cortactin is recruited
along with the Arp2/3 complex to the extending outer margins
of cadherin-based lamellipodia [103]. Importantly, inhibition of
cortactin function reduced cadherin-based lamellipodia form-
ation, altered cell morphology and prevented accumulation of
E-cadherin and S-catenin at cell—cell contacts. Together, these
data indicate that cortactin plays a role in the actin re-organiz-
ation required for the formation of stable cadherin-based contact
zones. Although cortactin and E-cadherin co-immunoprecipitate
from cells exhibiting homophilic E-cadherin ligation, the underly-
ing mechanism is not clear. However, given the role of Rac in
regulating cortactin localization [82], and in signalling down-
stream of E-cadherin [104], this GTPase may play a role in
regulating complex formation.

Roles in endocytosis and vesicle trafficking

Genetic studies in yeast have demonstrated a functional link
between endocytosis and the actin cytoskeleton, and in higher or-
ganisms cell biological and biochemical evidence supports a role
for actin polymerization in most endocytic pathways [3].
Actin polymerization could regulate a variety of steps during
endocytosis, including membrane invagination and fission and the
movement of endocytic vesicles via the formation of actin ‘comet’
tails [105].

One link between cortactin and endocytosis is its SH3 domain-
mediated binding to dynamin 2, a mechanochemical GTPase with
a well-characterized role in membrane severing during endocytic
vesicle formation (Figure 4) [86,106]. Electron microscopy has
revealed that cortactin distributes in a ring around the base of
the clathrin coat in invaginating coated pits, in a similar manner
to dynamin 2. Furthermore, microinjection of anti-cortactin anti-
bodies, or expression of the cortactin SH3 domain in cells, demon-
strated that cortactin is required for efficient receptor-mediated,
but not fluid-phase, endocytosis [107]. Interestingly, addition of
dynamin 2 to a mixture of cortactin, Arp2/3 complex and PIP2
vesicles led to vesicle aggregation and the association of these
aggregates with loose bundles of actin filaments, and addition of
GTP altered the organization of actin filaments associated with
the lipid aggregates [75]. Thus a cortactin—-dynamin 2 complex
can regulate the organization of actin filaments associated with
membranes. It should be noted that Abpl, which is structurally
similar to cortactin, also binds to dynamin, and co-localizes with
dynamin and endocytic coat components in punctate spots at the
cortex of growth factor-stimulated fibroblasts [39]. Furthermore,
overexpression of the Abpl SH3 domain blocks transferrin

uptake, indicating similar roles for Abpl and cortactin in re-
gulating receptor-mediated endocytosis.

A second mechanism whereby cortactin is recruited to the
endocytic machinery is via binding to the scaffolding protein
CD2AP (Figure 4) [79]. Upon EGF stimulation of cells, cortactin
is transiently recruited into a molecular complex containing the
EGFR, c-Cbl, CD2AP and endophilin, and co-localization of
the EGFR, CD2AP and cortactin can be demonstrated in mem-
brane ruffles. In a similar complex formed around the CD2AP-
related protein CIN85 (Cbl-interacting protein of 85 kDa), endo-
philin is thought to promote membrane invagination, while c-Cbl
ubiquitylates the receptor, providing a signal for lysosomal
sorting and receptor degradation [108]. Whether cortactin binds
CD2AP in other cellular contexts, for example in T-cells,
where CD2AP associates with the CD2 adhesion molecule [109],
or in podocytes, where it binds nephrin and podocin [110,111], is
currently unknown.

Recently, studies on the role of Hip1R (Huntingtin-interacting
protein 1-related), which links clathrin cages to actin filaments
[112], have revealed an unsuspected interplay between Hip1R and
cortactin during clathrin-mediated endocytosis. In cells in which
HipIR expression was suppressed by RNAi (RNA interference),
unusual actin structures, such as tails and rings, accumulated at
the cell cortex, and these structures were enriched for components
of both the actin polymerization and endocytic machineries [113].
Electron microscopy studies revealed that these structures were
tethered to the cell membrane. Thus HipIR depletion results in
the accumulation of actin filaments at coated pits that do not allow
vesicle release. Importantly, concomitant suppression of cortactin
inhibited the formation of these cortical structures. This provides
further evidence for a functional role for cortactin-stimulated actin
polymerization in receptor-mediated endocytosis, but indicates
that HiplR may somehow negatively regulate this process to
ensure a transient and productive interaction between coated pits
and actin during vesicle internalization.

In addition to playing a role during vesicle internalization,
cortactin has also been localized to actin tails associated with
both endosomes [114] and with vesicle-like structures, possibly
fluid-phase pinosomes, induced by expression of activated ADP-
ribosylation factor, ARF6 [72]. These actin structures presumably
contribute to vesicle propulsion in a similar manner to the
actin comet tails associated with certain intracellular patho-
gens. Cortactin is localized throughout the tail, whereas N-WASP
is situated at the junction of the tail and vesicle, and cortactin does
not appear to be tyrosine phosphorylated within these structures
[72,115].

Roles in cellular entry and cytoplasmic movement of pathogens

Cortactin contributes to two mechanisms underlying cellular in-
fection by specific pathogens. First, the reorganization of the
cortical actin cytoskeleton that occurs upon pathogen attachment
and entry. For example, cortactin is recruited to the F-actin-rich
‘pedestals’ formed upon attachment of enteropathogenic and
enterohaemorrhagic Escherichia coli (EPEC and EHEC respect-
ively), and upon EPEC infection, co-immunoprecipitates with the
intimin receptor (Tir), a virulence factor translocated into the host
cell by the bacteria [116,117]. A functional role for cortactin
in the formation of these structures was demonstrated by the
inhibition of F-actin accumulation at the bacterial adherence
site in cells expressing a truncated cortactin lacking the NTA
and repeat regions [117]. Cortactin also localizes to the cellular
protrusions which form the ‘entry structure’ responsible for
Shigella flexneri uptake by cells [44] and to the interaction site
between Cryptosporidium parvum and host cells [118]. The
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requirement for cortactin tyrosine phosphorylation varies depend-
ing on the pathogen, probably reflecting the different modes of
cellular infection and hence types of actin reorganization involved.
Tyrosine phosphorylation of cortactin occurs upon infection of
cells with Shigella [44,119], vaccinia virus [120] and Crypto-
sporidium [118]. Inhibition of Src activity, and hence cortactin
tyrosine phosphorylation, decreases Shigella and Cryptospor-
idium invasion, implicating a Src-cortactin pathway in this in-
fectious process [118,119]. In the case of Cryptosporidium
infection, this was confirmed by expressing a tyrosine phosphoryl-
ation-defective cortactin mutant in host cells, which reduced
parasite invasion [118]. In contrast, cortactin tyrosine phosphoryl-
ation does not occur upon EPEC or EHEC infection, and accum-
ulation of cortactin at the bacterial adherence sites is unaffected
by the Src family kinase inhibitor PP1 [116]. Also, although
cortactin localizes to the bacterial vacuole formed upon infection
of epithelial cells with Chlamydia trachomatis, enhanced tyrosine
phosphorylation of cortactin in infected cells is not detected [121].

The second mechanism whereby cortactin contributes to infec-
tion is in the formation of actin tails which are used by pathogens
for movement within and between cells. Thus cortactin has been
localized to the ‘rocketing’ or ‘comet’ tails produced by intra-
cellular Listeria monocytogenes [15], Shigella [70] and vaccinia
virus particles [71]. Actin networks in these tails have a similar
dendritic organization to those in lamellipodia, with the Arp2/3
complex localized to Y-junctions [122]. Cortactin localizes with
the Arp2/3 complex throughout the tail, whereas N-WASP is
restricted to the pathogen-tail interface [70,71,123]. Interestingly,
vaccinia-induced tails do not stain with anti-phosphotyrosine
antibodies, suggesting that cortactin is not tyrosine phosphoryl-
ated in this setting [124].

Roles in tumour progression

As described earlier in this review, cortactin is overexpressed in
several human cancers, usually due to gene amplification; how-
ever, it is important to note that the 11q13 amplicon, where the
cortactin-encoding EMS! gene localizes, is large and contains
several known or potential oncogenes [26]. Consequently, EMS!
is not the only target of 11ql13 amplifications. In particular,
CCND1, encoding the cell cycle regulatory protein cyclin D1,
is situated within this chromosomal region. The contribution of
particular 11q13 subregions has been investigated in several large
studies on breast cancer patients which indicate that there are four
‘cores’ of gene amplification within the 11q13 locus, and that
CCNDI and EMS] are the best candidates to ‘drive” amplification
of their respective cores [26]. In support of independent roles for
EMS1 and CCNDI in breast cancer, a study of 961 breast cancer
patients revealed that approx. 7% of patients exhibited EMSI
amplification in the absence of increases in CCND1 copy number,
and that EMS1 and CCND1 amplification were not correlated [33].
Furthermore, in contrast with CCND1, which appeared to play a
role in oestrogen receptor-positive disease, EMSI amplification
was associated with an increased risk of relapse and death in
patients with oestrogen receptor-negative tumours. More recently,
EMS]I amplification, unlike that of CCND1, was determined to be
an independent predictor of death from head and neck cancer
[125], suggesting that cortactin overexpression also contributes
to disease progression in this cancer type.

How might cortactin promote tumour progression? The role
of cortactin in regulating the formation of actin-based structures
intimately associated with cell motility [35,82], its localization to
podosome-like structures in transformed cells [8,10,84,85], and
the enhancement of cell migration upon cortactin overexpression
[48,92] are all consistent with a role in cancer cell invasion and
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metastasis. Two studies on the breast cancer cell line MDA-
MB-231, which exhibits a motile, invasive phenotype in vitro,
support this hypothesis. In these cells, cortactin localizes to in-
vadopodia, filopodia-like protrusions into the extracellular matrix
which are associated with matrix-degrading proteolytic activity
[126]. A role for cortactin in the formation of these structures is
supported by the inhibition of matrix degradation at cell-sub-
stratum contact sites by microinjection of an anti-cortactin
antibody. Moreover, overexpression of cortactin in these cells
increases transendothelial invasion in vitro and the formation of
bone metastases following intracardiac injection into nude mice,
in a manner dependent upon cortactin tyrosine phosphorylation
[127]. Consequently, there is strong evidence that cortactin
functions in the relatively late stages of disease progression to
promote tumour cell dissemination. However, the presence of
EMS1 gene amplification in primary tumours may indicate that
cortactin overexpression provides a proliferative advantage in the
early stages of tumour development [ 128]. Although such an effect
was not observed in studies on cultured NIH3T3 fibroblasts [92] or
on MDA-MB-231 breast cancer cells grown in vitro or as tumours
in nude mice [127], this possibility should not be discounted, given
cortactin’s multiple cellular roles.

SUMMARY AND PERSPECTIVES

It is now clear that the modular nature of cortactin enables coupl-
ing of two key biochemical properties, the ability to nucleate
and stabilize Arp2/3-generated dendritic actin networks and SH3
domain-mediated targeting to specific protein complexes. This has
been exploited by the cell to link a variety of proteins with diverse
functions to dynamic actin assemblies. However, more insight is
required into how cortactin functions in combination with other
NPFs to regulate the Arp2/3 complex in vivo, and how this leads
to the generation of different cytoskeletal structures. Also, despite
the marked tyrosine phosphorylation of cortactin in response
to specific stimuli, the role of this modification is still unclear,
while from both a mechanistic and functional standpoint, cortactin
serine/threonine phosphorylation is even more poorly understood.
Finally, the roles of cortactin during tumour progression, and how
these are affected by other signalling pathways upregulated in
particular cancers (e.g. those initiated by specific receptor tyrosine
kinases) are likely to prove fruitful avenues of research.
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