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The actin-nucleation-promoting  factor
cortactin has emerged not only as a crucial
regulator of actin cytoskeletal dynamics,
but also as a key player in aggressive
cancers (Buday and Downward, 2007;
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Weaver, 2008). Cortactin was first
identified as a prominent substrate of the
Src nonreceptor tyrosine kinase. Its name
was derived from the observation that
cortactin localizes to cortical actin
structures (Wu et al., 1991). Since then,
cortactin has been recognized for its

association with cancer progression.
Amplification of the gene that encodes
cortactin (CTTN) and the resulting

overexpression of cortactin protein have
been observed in 15% of primary metastatic
breast carcinomas and in nearly 30% of
head and neck squamous cell carcinomas
(Akervall et al, 1995, Buday and
Downward, 2007). Overexpression of
cortactin has also been linked to invasive
cancers, including melanoma, colorectal
cancer and glioblastoma, making cortactin
an important biomarker for invasive cancers
(Hirakawa et al., 2009; Kirkbride et al.,
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2011; Rothschild et al., 2006; Weaver,
2008; Xu et al., 2010).

Much research on cortactin in the past
decade has focused on mechanistically
dissecting its role in cellular migration and
invasion. Early on, cortactin was shown
to bind filamentous (F)-actin (Wu and
Parsons, 1993). This was followed by the
discovery that cortactin is a nucleation-
promoting factor (NPF) that binds and
activates the Arp2/3 complex — a seven-
subunit complex that is responsible for the
formation of branched F-actin — revealing
a direct mechanism for regulating
the polymerization of actin during cell
motility (Goley and Welch, 2006; Higgs
and Pollard, 2001; Uruno et al.,, 2001;
Weaver et al., 2001; Weed et al., 2000).
The ability of cortactin to bind several
cytoskeletal proteins through its C-terminal
SH3 domain links this protein to numerous
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processes, including endocytosis, lamellipodial
protrusion and directed cell migration
(Ammer and Weed, 2008). More recent
studies have focused on the role of
post-translational modifications (PTMs) of
cortactin, including phosphorylation and
acetylation, as a means to regulate binding
to actin, activation of the Arp2/3 complex
and recruitment of cortactin-binding partners
through interactions with Src homology
2 (SH2) domains. Importantly, cortactin
has a central role in the development and
maturation of invadopodia, which are actin-
driven protrusive structures in invasive
cancer cells that degrade the extracellular
matrix (Weaver, 2008; Yamaguchi and
Condeelis, 2007). This Cell Science at a
Glance article focuses on how cortactin
functions in cell migration and cancer-cell
metastasis, and how it is regulated during
these processes.

Cortactin the actin cytoskeleton
Cortactin structure

Cortactin was initially shown to colocalize
with cortical F-actin at the cell periphery
(hence the name cortactin), suggestive of
interactions with the actin cytoskeleton (Wu
et al.,, 1991). Early sequence analysis and
binding studies identified six central
‘cortactin repeats’ and demonstrated that
the fourth repeat is required for direct
binding to F-actin (Weed et al., 2000; Wu
and Parsons, 1993). Structure prediction,
circular dichroism and crosslinking studies
suggest that the cortactin repeats are
unstructured in solution and transition to a
more stable conformation upon F-actin
binding, which is in agreement with
electron-microscopy models, but not
necessarily with other molecular dynamics
modeling (Pant et al., 2006; Shvetsov et al.,
2009; Zhang et al., 2007). Regulation of
F-actin binding might occur through
alternative splicing within this region, as
some splice variants show decreased affinity
for F-actin (van Rossum et al., 2003).
Structural analysis of cortactin so far has
yielded diverse information. Single-particle
electron microscopy images depict cortactin
as having an elongated conformation,
whereas small-angle X-ray scattering
analysis suggests a more globular shape
(Cowieson et al., 2008; Weaver et al., 2002).
Sequence and functional analysis have
elucidated the basic domain structure of
cortactin, including an N-terminal acidic
(NTA) region, which binds and activates
the Arp2/3 complex, actin-binding repeats,
multiple phosphorylation sites and a

C-terminal SH3 domain (Ammer and
Weed, 2008; Buday and Downward, 2007).

SH3-domain-binding partners regulate
cellular processes

The identification of cortactin SH3-domain-
binding partners has provided important
insights into how cortactin regulates distinct
cellular processes. The cortactin SH3
domain interacts with the adhesion-
complex protein zona occludens protein 1
(ZO-1) (Hirakawa et al., 2009; Katsube
et al., 1998). Cortactin has also been shown
to act downstream of E-cadherin activated
by Src kinase and is required for actin
polymerization at these cell-cell adhesions
(Helwani et al., 2004; Ren et al., 2009).
Although not shown to be a direct
interaction, cortactin colocalizes with Syk
kinase at sites of cell-cell contact, where
Syk can phosphorylate cortactin (Zhang
et al., 2009a). Cortactin-stimulated actin
polymerization might increase the strength
of cell—cell contacts at sites of adhesion
(Weed et al., 2000).

The cortactin SH3 domain also binds
proteins that promote actin polymerization
mediated by the Arp2/3 complex, including
the NPFs neural Wiskott-Aldrich syndrome
protein (N-WASP) and WASp-interacting
protein (WIP) (Kinley et al, 2003;
Kowalski et al., 2005; Tehrani et al.,
2007). The cortactin SH3 domain activates
N-WASP in cells and enhances cell
migration (Kowalski et al, 2005).
Importantly, in addition to regulating actin
polymerization through its SH3 domain,
cortactin also binds and activates the Arp2/3
complex directly through its N-terminal
acidic domain, as discussed below (Uruno
etal.,2001; Weaveretal.,2001; Weedetal.,
2000).

Cortactin activates the Arp2/3 complex

and stabilizes branched actin networks

The NTA domain of cortactin was first
shown to be important for targeting the
actin machinery to the cell periphery,
leading to the discovery that cortactin
also weakly activates the Arp2/3 complex
(Uruno et al., 2001; Weaver et al., 2001;
Weed et al., 2000). Several cortactin SH3-
domain-binding proteins regulate its ability
to activate the Arp2/3 complex, including
myosin light-chain kinase (MLCK), a
protein involved in faciogenital dysplasia
(FGD1), and missing in metastasis (MIM,
also known as MTSS1) (Bershteyn et al.,
2010; Dudek et al., 2002; Hou et al., 2003;
Kim et al.,, 2004; Lin et al., 2005). The
cortactin NTA domain binds the Arp3

subunit of the Arp2/3 complex and can
synergize with the N-WASP verprolin-
cofilin-acidic (VCA) domain in vitro to
promote actin polymerization, but the
activation of Arp2/3 complex by cortactin
and N-WASP might be more complex than
originally thought (Uruno et al., 2003;
Weaver et al., 2002; Weaver et al., 2001).
Unlike VCA, cortactin binds most tightly to
the Arp2/3 complex after its incorporation
into actin branches, which is likely to be
due to interactions between cortactin and
F-actin rather than conformational changes
within the Arp2/3 complex (Uruno et al.,
2003; Weaver et al, 2001). This is
consistent with structural data showing
that cortactin, but not WASP family
members, can associate with the Arp2/3
complex after branch formation (Egile
et al., 2005). A recent study by Xu et al.
showed that, although cortactin and WASP
family proteins bind the Arp2/3 complex at
different sites, the conformations of Arp2/3
in complex with different NPFs are similar
(Xu et al., 2011). This supports the model
that interactions with F-actin stabilize the
binding of cortactin to the Arp2/3 complex,
rather than conformational changes of the
Arp2/3 complex that occur following
the release of N-WASP. Cortactin also
stabilizes F-actin networks and inhibits de-
branching, most probably by strengthening
the interactions between the Arp2/3
complex and F-actin (Weaver et al., 2001).
The ability of cortactin to promote cell
migration requires its NTA domain,
which facilitates migration by increasing
lamellipodial persistence and promotes
adhesion assembly through the binding
and activation of the Arp2/3 complex, and
through interactions with F-actin (Bryce
et al., 2005).

Post-translational modification of
cortactin regulates cell migration
Tyrosine phosphorylation of cortactin in
cell migration

In addition to interactions with its
numerous binding partners, cortactin
activity is also regulated by several post-
translational modifications. Cortactin is
phosphorylated at tyrosine residues in
response to signaling downstream of
different upstream receptors, which
include integrin- and cadherin-adhesion
receptors and growth factor receptors
(Helwani et al., 2004; Lapetina et al.,
2009; Ren et al.,, 2009; Vuori and
Ruoslahti, 1995). Several nonreceptor
tyrosine kinases have been implicated in
the phosphorylation of cortactin, including
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Src family kinases, ABL family kinases,
FER, and Syk (Boyle et al., 2007; Fan et al.,
2004; Maruyama et al., 1996; Sangrar et al.,
2007; Zhang et al., 2009a). Activation of the
hepatocyte growth factor receptor (HGFR,
also known as MET) and human epidermal
growth factor receptor 2 (HER2, also
known as ERBB2) tyrosine kinases also
stimulates cortactin phosphorylation in
cancer cells (Crostella et al., 2001; Garcia-
Castillo et al., 2009).

Tyrosine phosphorylation occurs primarily
on Y421 and Y466, which are located within
the proline-rich domain, although mapping
of post-translational modifications by mass
spectrometry has identified additional
targets, such as Y482 (Huang et al., 1998;
Martin et al., 2006). Interestingly, Y466
appears to be selectively phosphorylated
downstream of fibroblast growth factor
receptor 1 (FGFR1), suggesting the presence
of different upstream kinases for each site,
although this requires further investigation
(Hinsby et al., 2003). Phosphorylation of the
tyrosine residues stimulates the cleavage of
cortactin by calpain, and this cleavage appears
to mediate cortactin-regulated protrusion
of the cell edge (Perrin et al, 2006).
Phosphorylation of cortactin is also required
for the endocytosis of several receptors (Luo
etal., 2006; Lynch et al., 2003; Smith-Pearson
et al, 2010; Zhu et al, 2007). At a
mechanistic level, tyrosine phosphorylation
triggers recruitment of SH2-domain proteins,
including several kinases and NCK1, which
links cortactin with N-WASP and WIP, and
leads to enhanced activation of the Arp2/3
complex (Lapetina et al., 2009; Okamura and
Resh, 1995; Oser et al., 2010; Tehrani et al.,
2007). These findings are consistent with the
observation that tyrosine phosphorylation of
cortactin induces lamellipodial protrusion and
cell migration (Huang et al., 1998; Kowalski
et al., 2005; Kruchten et al., 2008). Although
less is known about the phosphatases
that regulate cortactin, protein-tyrosine
phosphatase 1B (PTP1B, also known as
PTPNI1) has been shown to dephosphorylate
Y466 on cortactin during hyperosmotic stress
(Stuible et al., 2008).

Serine phosphorylation of cortactin in
cell migration

Cortactin is also phosphorylated by

several serine/threonine kinases. The
serine/threonine-protein ~ kinase =~ PAK3
phosphorylates cortactin  on S113 in

response to growth factor receptor
stimulation (Webb et al., 2006). PAKI
phosphorylates cortactin on S405 and
S418 downstream of RAC1 and CDC42,

which are members of the Rho family of
small GTPases that are required for
localization of cortactin to the cell edge
and increased association of cortactin with
N-WASP (Grassart et al., 2010; Vidal et al.,
2002; Weed et al., 1998). Mitogen-activated
protein kinase kinases (MEKs, also known
as MAP2Ks) and extracellular signal-
regulated kinases (ERKs, also known as
MAPKs) have also been shown to
phosphorylate cortactin on residues S405
and S418 (Campbell et al. 1999). ERK-
mediated phosphorylation enhances
cortactin  association with N-WASP,
leading to increased actin polymerization
mediated by the Arp2/3 complex (Martinez-
Quiles et al., 2004). Protein kinase D (PKD)
phosphorylates cortactin on S298, which
appears to increase cell migration owing to
activation of the Arp2/3 complex (Eiseler
et al., 2010). In addition to S298, PKD also
phosphorylates S348 in invadopodia of
breast cancer cells, but the role of this
second phosphorylation site is unclear (De
Kimpe et al., 2009). Interestingly, it appears
that tyrosine and serine phosphorylation can
occur simultaneously, suggesting that
cortactin integrates signals from diverse
upstream signaling cascades (Kelley et al.,
2010b; Kelley et al., 2011).

Acetylation of cortactin regulates binding
of F-actin

In addition to phosphorylation, cortactin is
also regulated through acetylation by
histone  acetyltransferase  p300, and
deacetylation by histone deacetylase 6
(HDACG6) and sirtuin-1 (SIRT1) (Zhang
et al., 2009b). Acetylation neutralizes
charged lysine residues within the F-
actin-binding repeats, which abrogates
binding of cortactin to F-actin and
decreases cell motility (Zhang et al.,
2007). Like many regulatory mechanisms
of cortactin, acetylation also appears to be
important in cancer progression because
HDACG6 expression is required for the
formation and degradation of invadopodia
in breast cancer cells (Rey et al., 2011).

Cortactin in cancer cell invasion
Cortactin is overexpressed in many
cancers

In humans, amplification of segment 11q13
on chromosome 11 — a region that includes
the CTTN gene — and the associated
overexpression of cortactin has been linked
to many cancers, including head and neck
squamous cell carcinoma (HNSCC), oral
squamous cell carcinoma, lung squamous
cell carcinoma, gliosarcoma, breast cancer,

colorectal cancer and melanoma (Akervall
etal., 1995; Cai et al., 2010; Campbell et al.,
1996; Chen et al., 2010; Faoro et al., 2010;
Schuuring et al., 1993; Schuuring et al.,
1992; van Damme et al., 1997; Xu et al.,
2010; Yamada et al.,, 2010). In some
cancers, overexpression of cortactin might
also result from upregulation of transcription
factors that activate transcription of CTTN
(Du et al., 2009; Hill et al., 2006).
Additionally, there are instances where
cortactin is  hyperphosphorylated by
overexpressed kinases, such as Src and
HER?2 in cancer cells, leading to increased
cell migration (Garcia-Castillo et al., 2009;
Wu et al., 1991).

As cortactin is a marker for aggressive

cancers, it is assumed that cortactin
overexpression alters cell migration.
Although this is, indeed, the case,

overexpression of cortactin also promotes
cell cycle progression through a RhoA-
dependent pathway in cancer cells
(Croucher et al, 2010). Cortactin
overexpression also inhibits the degradation
of epidermal growth factor (EGF) receptor,
leading to increased pro-mitotic receptor
signaling (Patel et al., 1998; Timpson et al.,
2005). More recently, cortactin expression
has been identified as a key factor in the
secretion of extracellular matrix (ECM),
which dictates cell migration and might
explain diverging theories regarding the
importance of cortactin in cell motility
(Sung et al., 2011). For example, some
studies show that loss of cortactin does not
affect cell migration when cells are plated on
ECM (Tanaka et al., 2009). However, cells
plated in the absence of ECM show a
pronounced defect in cell migration,
suggesting that cortactin is important for
cell migration in experiments in which ECM
is not provided exogenously (Sung et al.,
2011).

Cortactin is essential for the formation
and function of invadopodia

Invadopodia are actin-driven protrusions
found in invasive cancer cells and are
thought to drive cancer cell migration
(Weaver, 2006; Yamaguchi and Condeelis,
2007). The formation of actin-rich puncta,
called invadopodial precursors, requires the
recruitment of cortactin, possibly through
scaffolding proteins such as tyrosine kinase
substrate with five SH3 domains (TKS5)
(Artym et al., 2006; Ayala et al., 2008;
Crimaldi et al., 2009; Oser et al., 2009;
Webb et al., 2007). Cortactin also regulates
the trafficking and secretion of matrix
metalloproteinases (MMPs) to the tips of



[}
&}
c

2
o

w

©

)

—
o

‘©
c
S
5
o

=

1624 Journal of Cell Science 125 (7)

degrading invadopodia, which is crucial for
the formation and function of invadopodia
(Clark et al., 2007).

Cortactin phosphorylation by Src and
Arg kinases in breast cancer cells leads to
extensive polymerization of actin through
binding of the adaptor protein NCK1 and
N-WASP (Desmarais et al., 2009; Mader
et al.,, 2011; Oser et al., 2010; Smith-
Pearson et al., 2010). Cortactin binds and
inhibits the actin-severing protein cofilin;
phosphorylation of cortactin releases
cofilin, leading to its activation and the
subsequent increase in polymerizing actin
barbed ends (Oser et al., 2009). The extent
of cortactin tyrosine phosphorylation
correlates strongly with the level of ECM
degradation by invasive cancer cells.
Interestingly, phosphorylation of Y421
and Y466, but not Y482, is required
to promote actin polymerization, which
facilitates the stabilization and function of
invadopodia by driving membrane
protrusion (Kelley et al., 2010a; Oser
et al., 2010). The importance of cortactin
in the formation and function of
invadopodia is emphasized by a reduction
in matrix degradation in cells that have
been injected with inhibitory cortactin
antibodies, as well as cells in which
cortactin has been knocked down by
small interfering RNAs  (siRNAs)
(Bowden et al., 1999; Clark et al., 2007;
Oser et al., 2009; Weaver, 2008).

Cortactin is crucial for cancer cell invasion
and metastasis

Elevated levels of cortactin expression are
associated with increased aggressiveness
of HNSCC cells, even under harsh growth
conditions (Clark et al., 2009; van Rossum
et al., 2006). In particular, tyrosine
phosphorylation of cortactin correlates
strongly with aggressiveness of cancer
cells and is required for metastasis in a
mouse model, whereas inhibition of
phosphorylation decreases cancer cell
metastasis (Li et al., 2001). Increased
phosphorylation of cortactin and cellular
invasion is also observed in cells, in which
activation of the ephrin type-A receptor 2
(EPHAZ2) is increased through activation of
Src (Faoro et al., 2010). Recently, cortactin
has also been shown to bind the AMY1-
binding protein 1 (AMAPI, also known as
MYCBP), an ADP-ribosylation factor 1
(ARF1) GTPase-activating protein (GAP)
involved in cytoskeletal rearrangement,
which acts downstream of the vascular
endothelial  growth  factor (VEGF)
receptor. Furthermore, if binding of

AMAP]1 to cortactin is inhibited,
invasion, metastasis and tumor cell
angiogenesis are blocked (Hashimoto
et al., 2011; Hashimoto et al., 2006).
Together, these studies highlight the
importance of cortactin in both normal
cell motility, and cancer cell invasion and
metastasis.

Perspectives

Great progress has been made in
understanding how cortactin regulates cell
migration, invadopodia formation and
function, and cancer cell invasion and
metastasis. However, studies on the
importance of cortactin in cell migration
have been inconsistent, with some pointing
to a role in different stages of migration,
whereas others find no role at all (Ammer
and Weed, 2008; Lai et al., 2009; Tanaka
et al., 2009). The recent results discussed
above might shed some light on how
cortactin affects migration — depending
on the in vitro conditions used — by
regulating ECM secretion (Sung et al.,
2011). There is evidence that also suggests
a role for cortactin in trafficking and
secretion of MMPs in cancer cells,
although the underlying mechanism for
this is unclear (Clark et al., 2007).
Although this might prove to be a new
function of cortactin, it might also be an
example of secondary processes that are
affected by stabilization of the actin
network by cortactin.

The exact functions of cortactin
phosphorylation remain unclear. For
example, disruption of the tyrosine

phosphorylation sites of cortactin prevents
cell edge protrusion, cancer cell invasion
and actin polymerization in invadopodia
(Kelley et al., 2011; Lapetina et al., 2009;
Mader et al., 2011). However, other in
vitro studies show that, if phosphorylation
is disrupted, interactions between cortactin
and N-WASP are promoted and activation
of the Arp2/3 complex is increased
(Martinez-Quiles et al., 2004). It is
important to note that many of these
studies were performed using different
cell types and cortactin expression
constructs, and it is possible that certain
modes of regulation are dependent on the
stimulation conditions and environmental
context.  Additionally, cortactin  has
numerous binding partners, many of
which bind its SH3 domain. It is
impossible for all of them to bind
cortactin  simultaneously, particularly
when many of these proteins localize to
different areas of the cell or are found in

different cell types. Thus, it is probable
that these interactions are influenced
greatly by cell type, by the specific
protein composition of the subcellular
niche, and also by specific PTMs.
Although the context of these protein—
protein interactions and PTMs requires
further study, they also provide viable
targets for cancer treatment through
inhibition of binding or disruption of
upstream  signaling  pathways.  For
example, inhibition of kinases that act
upstream of cortactin but downstream of
Src kinase might provide the required
specificity to selectively target highly
invasive cancer cells, while minimizing
off-target effects. Furthermore, exploration
of the use of small molecules that disrupt
protein interactions with the cortactin SH3
domain is underway (Hashimoto et al.,
2006).
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