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Abstract: The non-receptor tyrosine kinases of the SRC family (SFK) play important roles in signal transduction in-
duced by a large variety of extracellular stimuli, including growth factors and Integrins. When deregulated, SFKs show
oncogenic activity, as originally reported for v-Src, the transforming product of the avian retrovirus RSV, and then, in
many human cancers, particularly colorectal cancer (CRC). In CRC, SFK deregulation largely occurs in the absence of
mutations of the corresponding genes, but the underlying molecular mechanisms involved are still unclear. In addi-
tion to a role in early tumor progression, SFK deregulation may also be important in advanced CRC, as suggested by
the association between increased SFK activity and poor clinical outcome. However, SFK contribution to CRC metas-
tasis formation is still poorly documented. Here, we will review recent findings that broaden our understanding of the
mechanisms underlying SFK deregulation and signaling in advanced CRC. We will also discuss the implication of
these observations for SFK-based therapy in metastatic CRC.
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Introduction

The Src family kinases (SFK) are non-receptor
(cytoplasmic) tyrosine kinases (TK) and com-
prise 8 members, of which three, SRC, FYN and
YES, are widely expressed. SFK members share
a common modular structure that includes a
myristilation site at the N-terminus for mem-
brane targeting, a unique sequence of unclear
function, followed by a SH3 and SH2 domain
involved in protein-protein interaction and a
kinase domain, called SH1. This catalytic se-
quence is also bordered by two short regulatory
sequences, named the SH2-CD-linker and the C-
terminal tail [1]. SFKs are activated by a large
number of extracellular stimuli, including growth
factors and components of the extracellular
matrix and they transmit intracellular signals
that promote cell proliferation, survival, migra-
tion and angiogenesis [1]. When deregulated,
SFKs show oncogenic activity as was originally
reported for v-Src, the transforming product of
the avian retrovirus RSV [2] and then confirmed
by analyzing other viral oncoproteins, such as v-
Yes, the transforming product of the Yamaguchi

avian sarcoma virus [3]. Accordingly, deregu-
lated SFKs induce malignant transformation of
rodent cells, probably due to their capacity to
induce mitogenic and survival signaling cas-
cades even in the absence of extracellular stim-
uli [3]. In contrast to viral oncoproteins, activat-
ing mutations of cellular SFKs are rarely ob-
served in human cancers [2]. Nevertheless, a
significant level of SFK deregulation has been
reported in many human cancers, including leu-
kemia and solid tumors of epithelial origin [4].
Remarkably, SFK deregulation is found in 80%
of colorectal cancers (CRC) and the extent of
the increase in SFK activity (5-10 fold) is consis-
tent with oncogenic activity [5]. In addition, the
level SRC and YES activity has been associated
with poor clinical prognosis [6, 7], suggesting
that SKFs have a crucial role in late tumorigene-
sis. Indeed, SRC is thought to regulate growth,
survival and invasion of CRC cells [5]. YES func-
tion in CRC is less clear, although a specific role
in metastasis formation has been recently pro-
posed for this protein [8, 9]. Based on these
observations, SFKs are now considered to be
attractive therapeutic targets for the treatment
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of advanced CRC and several small inhibitors
are currently evaluated in clinical trials [10, 11].

SFK deregulation
SRC activating mutation(s)

How SFKs are deregulated in colon cancer is an
important issue that has been only partially ad-
dressed. While RAS is mutated in 30% of hu-
man cancers, initial studies could not detect
any SRC oncogenic mutation and thus SRC was
not considered to play a major role in human
cancer [2]. Yet, Irby et al reported that the C-
terminally deleted SRC530 mutant, which
shows significant oncogenic activity when ex-
pressed in rodent fibroblasts, was expressed in
12% of the tested late-stage CRC [12]. This
work was the first to show that SRC is an onco-
gene in human cancers. While other laborato-
ries did not confirm this finding at that time [13-
15], sequencing of the whole kinome in a large
set of tumor biopsies confirmed the expression
of this oncogenic SRC mutant in about 1% of
the CRC analyzed [16] (http://
www.sanger.ac.uk/genetics/CGP/cosmic). Rare
somatic mutations have been detected in the
transcripts of the SFK members FYN, LCK and
LYN in CRC [17] and some of them might affect
their catalytic activity; however the contribution
of these somatic mutations to CRC is currently
unknown. The fact that these genetic altera-
tions are very rare indicates that the frequently
observed SFK deregulation in CRC is induced by
other mechanisms.

SRC over-expression

SFK deregulation in CRC may primarily involve
protein over-expression [5]. This idea is largely
supported by a significant correlation between
kinase activation and increased SFK protein
expression in tumor biopsies [2]. How SFK are
over-expressed in CRC is still unclear. SRC tran-
scriptional activation might be an important
determinant of c-Src over-expression in CRC
cells, but the signaling pathway(s) involved in
this process is currently unknown [18]. Interest-
ingly, elevated SRC and YES protein levels have
been observed in human polyps [19-21] and Src
levels are increased in cells from intestinal ade-
nomas in Apc-mutated transgenic mice [22],
suggesting that the WNT/beta-Catenin pathway
might contribute to SFK induction during early
tumorigenesis. Intriguingly, a recent report
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showed an increase in SRC gene copy number
(3-5) in several CRC cells lines and CRC ex-
plants [23], suggesting that gene amplification
may also play a role in this process. Epigenetic
mechanisms have also been involved in the
induction of several oncogenes. However, in the
case of SRC, experimental evidence is missing,
although Dham et al [24] proposed the involve-
ment of an HDAC in the increase of SRC tran-
scription in some cancers. Conversely, YES,
which is over-expressed in CRC [25], is a direct
target of the microRNA-145 in CRC cells [26]. As
this microRNA has a tumor suppressor function
in CRC [27], miRNA-145 down-regulation during
CRC tumor progression may also contribute to
YES up-regulation.

CSK inactivation

SFK over-expression alone in a normal cellular
context is not sufficient to induce cell transfor-
mation, because SFKs are strictly regulated [3];
therefore SFK oncogenic activity relies on addi-
tional post-translational modifications. SRC and
probably all the other family members are regu-
lated by intramolecular interactions that keep
them in a closed conformation. Precisely, the
interaction of the SH2 domain with phosphory-
lated Tyr530 (pTyr530) in the tail and of the
SH3 domain with the SH2-CD linker constraint
the catalytic domain in its inactive form [28].
Phosphorylation of Tyr530 is therefore crucial
and is mediated by members of the CSK family
of cytoplasmic TKs [29]. The importance of this
mechanism is illustrated by the finding that Csk
inactivation in mice leads to aberrant SFK activ-
ity and embryonic lethality [30, 31]. Similarly,
loss of dCsk in Drosophila induces over-
proliferation and disorganization of the tissue
architecture [32, 33]. Opening the conformation
by disrupting these interactions de-represses
SRC catalytic activity; furthermore, any mutation
that affects these intramolecular interactions
will stabilize the kinase in an open conformation
and will cause aberrant catalytic activity consis-
tent with its oncogenic properties [28]. Indeed,
all retroviral and cellular oncoproteins have an
altered C-terminal sequence with reduced affin-
ity for the SH2 domain [3]. However, as SFK
mutations are very rare in CRC, oncogenic acti-
vation might instead involve the alteration of
key SFK regulators [2]. Several candidates have
been suggested to disrupt the SH2-pTyr530
intramolecular interaction. These include CSK,
tyrosine phosphatases that dephosphorylate
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pTyr530 [34, 35] and growth factor receptors
via their association with the SFK SH2 domain
[36].

As CSK is the major negative SFK regulator in
vivo, it could act as a tumor suppressor in hu-
man cancers. However, the role of CSK in CRC
is still debated. While originally reported down-
regulated in some CRC cell lines [37], its level
was increased along with SFK activity both in
primary tumors and in other CRC cell lines [38,
39]. These findings are in contradiction with a
potential tumor suppressor function, as sug-
gested also by the detection of anti-CSK auto-
antibodies in some patients with CRC, indicating
that this tyrosine kinase is a novel tumor anti-
gen in CRC [38]. Moreover, purified CSK from
CRC cells still retains the full capacity to phos-
phorylate SFK in vitro [40] and no inactivating
mutation has been detected in the primary tu-
mors tested so far [16] (http://
www.sanger.ac.uk/genetics/CGP/cosmic). Col-
lectively, these data indicate that CSK catalytic
inactivation on its own does not play a major
role in SFK induction in CRC. Moreover, while
SFKs are very good CSK substrates in vitro, they
do not interact efficiently with CSK in vivo [2]
due to the fact that inactive CSK is strictly cyto-
solic, while SFKs accumulate at the membrane.
Therefore, in vivo SFK inhibition by CSK requires
CSK recruitment to the sub-cellular compart-
ments where SFKs reside via interactions with
membrane-associated CSK binding proteins
[41, 42]. Interestingly, this additional step is
largely impaired in CRC cells and CSK mis-
localization plays an important role in SFK de-
regulation in CRC [40]. Therefore, CSK cytoplas-
mic retention together with SFK over-expression
may be sufficient to fully induce SFK oncogenic
activity in CRC. This mechanism may be particu-
larly important in advanced CRC in which tumor
cells are characterized by elevated CSK mem-
brane delocalization and strong SFK activity.
Remarkably, although moderately expressed,
wild type SRC is very active in advanced CRC
cells [43] (unpublished data).

Cbp/PAG down-regulation

Several CSK binding proteins that regulate SFK
activity have been identified. These include the
cytoskeletal-associated protein Paxillin [44], the
signaling protein DOK-1 [45], the caveolar struc-
tural protein Caveolin-1 [46], the junctional pro-
teins VE-cadherin [47] and ZO-1 [48] and finally
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some members of the Transmembrane adaptor
protein family (TRAP) [49]. They all define a SFK
negative regulatory loop in which SFK phos-
phorylation triggers their binding to CSK via a
SH2-pTyr dependent mechanism. Among these
CSK binding proteins, inhibition of Cbp/PAG, a
member of the TRAP family [49], appears to
largely contribute to CSK inactivation in CRC
[40]. Cbp/PAG was originally identified as a CSK
binding protein (Cbp) following phosphorylation
of Tyr317 [41] and as a novel Phosphoprotein
Associated with Glycopshingolipids (PAG), which
is controlled by two palmitoylation sites in the
juxtamembrane sequence [42]. By recruiting
CSK to lipid rafts, Cbp/PAG regulates the activ-
ity of SFKs that are localized in these microdo-
mains, including SRC [40] and YES
(unpublished data). Interestingly, Cbp/PAG is
the only CSK binding protein of the TRAP family
expressed in colon and its expression is fre-
quently down-regulated in CRC biopsies, consis-
tent with a tumor suppressor function in this
cancer. In agreement with this hypothesis, intro-
duction of Cbp/PAG in metastatic CRC cells that
have lost PAG, increased CSK membrane local-
ization and reduced SFK invasive properties,
while depletion of residual Cbp/PAG in cells
derived from early CRC induced a remarkable
increase in SFK activity, promoting cell invasion
[40]. This finding makes of Cbp/PAG a central
player in CSK regulation and its inhibition con-
tributes to SFK deregulation in CRC.

Cbp/PAG down-regulation in transformed cells
has been reported to be mediated by histone
modifications through the PI3K/MAPK pathway
[50]. Whether this epigenetic mechanism oper-
ates in CRC is not known, but as this signaling
pathway is frequently deregulated in this can-
cer, Cbp/PAG-CSK-SFK uncoupling might culmi-
nate in CRC harboring oncogenic KRAS or
PISKIA mutations. While a CSK-dependent tu-
mor suppressor function of Cbp/PAG has been
clearly established in CRC cells [40], Cbp/PAG
also interacts with other signaling proteins, in-
cluding the E3 ligase SOCS1 [51], the negative
Ras regulator RasGAP [52] and also SFKs [53-
55]. Therefore Cbp/PAG function in CRC could
also affect CSK-independent signaling cas-
cades. For example, Cbp/PAG over-expression
inhibits Src transforming activity in mouse fibro-
blasts in a Csk-independent manner [55]. By
sequestering v-Src in lipid rafts through direct
association, Cbp/PAG prevents SFK oncogenic
signaling outside cell microdomains, such as
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focal adhesion, that is also required for full cell
transformation [55]. This effect has not been
observed in CRC cells [40], probably due the low
endogenous Cbp/PAG level that may not be
sufficient to segregate SRC in rafts. Besides,
Cbp/PAG N-terminus can also stimulate the
activity of Neu-3 sialidase [56] that controls
lipid raft properties [57] and subsequently SFK
signaling. Clearly, additional roles for Cbp/PAG
in CRC can be expected; however, it may not be
the only Cbp involved in SFK deregulation in this
cancer. Indeed, we found that Cbp/PAG can
control at most half of the whole SFK activity
detected in CRC cells; moreover, it specifically
regulates SFK invasive activity without affecting
SFK-regulated cell growth in vitro [40]. This
raises the hypothesis that the SRC-dependent
growth promoting response is attained through
an additional, yet unknown mechanism. Spatial
regulation of SFKs is also important for cellular
signaling both in normal and transformed cells
[58-61]. For instance, cell survival involves SRC
signaling initiated at focal adhesions outside
lipid rafts [55]. We thus hypothesize that there
are pools of deregulated SFKs which are local-
ized outside lipid rafts and which contribute to
the transforming properties of CRC cells. This
additional pool of SFKs may not be targeted by
Cbp/PAG, but by another CSK binding protein to
be identified.

Activation of tyrosine phosphatases

Dephosphorylation of pTyr530 SRC may also
contribute to SFK deregulation in CRC. While
only the CSK family can phosphorylate SRC at
Tyr530, a large number of tyrosine phosphata-
ses have been implicated in its dephosphoryla-
tion. These include the receptor tyrosine phos-
phatases CD45, RPTP alpha and RPTP epsilon
as well as the non-receptor tyrosine phosphata-
ses PTP1B, SHP1 and SHP2 [62]. Although their
role in SFK deregulation in CRC is poorly docu-
mented, they might target specific pools of
SFKs, similarly to what described for CSK bind-
ing proteins. PTP1B was originally reported to
be activated in CRC cells and is considered the
main tyrosine phosphatase involved in SRC acti-
vation [34]. Conversely, SHP2 activates SRC
through an indirect mechanism that involves
the disruption of the CSK-Cbp/PAG interaction
at the membrane via dephosphorylation of
pTyr317 Cbp/PAG [63]. Experimental evidence
suggests that this mechanism may operate in
early-stage CRC cells that still express Cbp/PAG,
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thus promoting SFK invasive activity
(unpublished data). Therefore, SHP2 may repre-
sent another way to uncouple SRC and CSK
during the early steps of CRC development.
RPTP alpha also has been implicated in SFK
deregulation, promoting CRC cell survival [35].
RPTP alpha activation involves the expression of
RPTP alpha splice mutants. Although catalyti-
cally inactive, these mutants bind to full length
RPTP alpha and increase its capacity to dephos-
phorylate SRC [64]. Finally, inhibition of tyrosine
phosphatases may also favor aberrant SRC in-
duction in CRC. Indeed, SRC activation is associ-
ated with autophosphorylation of the conserved
Tyr418 in the activation loop and its dephos-
phorylation by PTPL1 inactivates it [65]. Accord-
ingly, PTPL1 inactivation in CRC cells also par-
ticipates in SRC deregulated activity, leading to
anchorage-independent cell growth. Mechanisti-
cally, epigenetic silencing of LIM, an adaptor
protein that bridges PTPL1 to SRC, prevents
PTPL1-dependent SRC inactivation [66]. Overall,
SRC can be deregulated by several tyrosine
phosphatases, but their exact role in CRC tumor
progression is largely unknown.

Association with receptor tyrosine kinases

A complex interplay between deregulated SRC
and Receptor Tyrosine Kinases (RTKs) may also
participate in the aberrant kinase activity ob-
served in CRC. SFKs can interact directly with
activated growth factor receptors in normal cells
[67]. This association is regulated by a SH2-pTyr
-dependent mechanism that disrupts the SH2-
pTyr530 intermolecular interaction, promoting
SRC de-repression. For example, active PDGFR
stimulates SRC activation and mitogenic activity
by direct interaction of the SFK-SH2 domain
with pTyr579 PDGFR. SRC activation by RTKs
may also be regulated by indirect mechanisms,
as suggested by the fact that EGFR does not
contain any binding site for the SH2 domain of
SRC. Interestingly, several RTKs, such as MET,
EGFR and EPHA2 [68-70], are frequently de-
regulated and/or over-expressed in CRC and in
some cases (for instance MET) SRC-like activity
might participates in their oncogenic effect [71].
Additionally, SFKs can phosphorylate RTKs, in-
cluding EGFR, PDGFR and IGFR, at specific Tyr
residues, thus modifying their activity and sig-
naling [67]. This suggests that aberrant SRC
activation in CRC cells may in turn fully activate
these RTKs even in the absence of their ligands.
This hypothesis has been recently validated by a
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Figure 1. Mechanism of SRC deregulation in CRC cells. Regulation of SRC in normal (A) and CRC cells (B).

quantitative phosphoproteomic analysis in ad-
vanced CRC cells [43]. In these cells, deregu-
lated SRC initiates a RTK signaling network that
regulates SRC oncogenic activity. Specifically,
SRC interacts with and phosphorylates a cluster
of RTKs, including MET and EPHA2, promoting
CRC cell invasiveness. Activated RTKs appear to
be required for maintaining maximal SRC activ-
ity [43]. These observations suggest that SRC
deregulation may initiate a vicious circle, in
which SRC initiates a reverse signaling by inter-
acting with these RTKs, which, in turn, further
increase SRC activity, leading to maximal kinase
deregulation. How this loop is activated is un-
clear. We speculate that the modification of
lipid raft constituents observed in CRC cells
might change RTK membrane partitioning and
favor the formation of SFK-RTK complexes. In
addition, an increase in growth factor secretion
through an autocrine/paracrine loop could par-
ticipate in the maintenance of maximal RTK
activity.

Overall, these observations indicate that SFK
oncogenic activation in CRC is promoted by sev-
eral mechanisms of non-genetic origin (Figure
1). It primarily involves protein over-expression,
but also requires catalytic deregulation. Kinase
activation might be induced through several
mechanisms. Each of them may target a spe-
cific pool of SFKs, thus contributing to various
aspects of tumor progression. Moreover, Cbp/
PAG down-regulation, which is frequently ob-
served in CRC, may play a major role in SFK
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deregulation during late CRC tumorigenesis.
This indicates that SRC deregulation in CRC
largely relies on down-regulation of its negative
regulators. Nevertheless, quantitative phospho-
proteomic studies uncovered an additional im-
portant mechanism that operates in advanced
stage of CRC and is based on the interplay be-
tween SRC and deregulated RTKs. All these
mechanisms may explain at least in part why
SRC oncogenic mutations are a rare event in
CRC.

SFK signaling in CRC

SFKs regulate intracellular signaling induced by
growth factors and Integrins in untransformed
cells [1]. SFK role in human cancer cells may be
more complex as they are not always needed
for cell transformation; however, due to their
frequent and strong deregulation consistent
with oncogenic properties, SFKs might support
the tumor properties of most CRC cells. For ex-
ample, SFKs have a significant impact on RTK/
Ras/PI3K and beta-Catenin oncogenic signaling
in these cells, although the underlying mecha-
nism is only partially elucidated (Figure 2). In-
deed, SFKs control mitogenic and survival sig-
naling cascades that are induced by RTKs and
culminate in STAT3 and AKT activation [67]. By
phosphorylating adaptors of the Gab/IRS family,
SFKs can promote PI3K membrane recruitment
[72, 73], a process required for AKT activation.
Additional mechanisms may, however, be at
play because SFKs control AKT activity also in
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Figure 2. SRC oncogenic signaling cascade in CRC cells. The Ty
highlighted in red.

CRC cells harboring oncogenic PI3KCA
(unpublished data). SFKs regulate STAT3 signal-
ing by directly inducing its phosphorylation on
Tyr705 [74] and by initiating a positive feed-
back loop driven by the inflammatory cytokine
Interleukin-6 that maintains high STAT3 activity
[75]. Under hypoxic conditions, SFKs induce
VEGF and probably other cytokines that pro-
mote angiogenesis [5]. These data indicate that
SFKs are important mediators of the angiogenic
and inflammatory processes required for tu-
morigenesis.

Besides the interaction with RTKs, SFK onco-
genic functions rely also on their capacity to
modify adhesive receptor signaling cascades
that control cell migration and invasion (Figure
2). By targeting p120 Catenin [76], TIAM1 [77]
or Integrin signaling [78], SRC affects E-
cadherin localization at adherent junctions, trig-
gering cell dissociation and scattering. SRC also
interacts with Integrins and other components
of focal adhesions, such as FAK, thus promoting
cell motility [76]. While all these properties are
known to play important roles in carcinogenesis,
the correlation between SRC and YES deregu-
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rosine Kinase network initiated by deregulated SRC is

lated activity in CRC and poor clinical prognosis
[6, 7] suggests additional roles for SFKs during
the metastatic process. This hypothesis is sup-
ported by the remarkable capacity of SFKs to
promote liver metastasis in mouse xenograft
models (unpublished data). The exact roles of
SFKs during metastasis formation are still
poorly documented. Here, we will focus on some
of our recent knowledge on SFK involvement in
tumor progression, leading to metastasis forma-
tion and that may also apply to CRC.

Epithelial to mesenchyme transition

To disseminate, cells must modify their adhe-
sive properties, motility and invasive capacities.
A change in the adhesive properties of cells is
often governed by Epithelial to Mesenchyme
Transition (EMT) during which E-cadherin is si-
lenced and mesenchymal markers, such as
Vimentin and Fibronectin, are induced. This ge-
netic program is regulated by transcription fac-
tors of the Snail, Slug, ZEB and Twist families
[79]. SKFs have an important role in EMT induc-
tion in several carcinoma cells [80, 81] and this
function largely relies on a RAS-independent
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signaling cascade [82]. In some CRC cell lines,
SKF inhibition restores their adhesive properties
and prevents liver metastasis formation when
they are injected in nude mice, in accordance
with a possible role for SKFs in this process [9,
83]. However, no direct causal link between
aberrant SFK activity and EMT inducers has
been reported in CRC so far. CRC tumorigenesis
is primarily induced by the WNT/beta-Catenin
pathway [84] that also governs EMT [79]. Aber-
rant WNT/beta-Catenin signaling is the result of
the alteration of various components of this
pathway, including oncogenic mutations of beta-
Catenin and inactivating mutations of the tumor
suppressor and negative regulator APC. All
these alterations lead to beta-Catenin stabiliza-
tion in the cytoplasm and to its translocation to
the nucleus, thus promoting its transcriptional
activity. SFKs appear to modulate this onco-
genic process as illustrated in vivo by the capac-
ity of a SFK inhibitor to reduce intestinal tumor
development in the Apc(Min*/-) mouse model
[85]. The exact role of SFKs has not been fur-
ther characterized and the generation of appro-
priate mouse transgenic models will be very
informative, as recently reported in the case of
pancreatic cancer [86]. Nevertheless, in cellulo
studies have revealed several molecular mecha-
nisms through which SFKs might influence beta-
Catenin signaling. Beta-Catenin concentrates at
adherent junctions; however, by phosphorylat-
ing components of the junctional complex, SFKs
diminish cell-cell contacts and promotes beta-
Catenin cytoplasmic accumulation [76]. SFKs
may also regulate beta-Catenin protein stabiliza-
tion induced by scattering factors, such as
PDGF, EGF and TGF-beta. Upon receptor activa-
tion, SFKs might contribute to ABL activation
that triggers the formation of p68 RNA helicase-
beta-Catenin complexes. This complex excludes
APC from the beta-Catenin complex and pre-
vents its proteasomal destruction [87]. Finally, a
recent report shows that direct phosphorylation
of beta-Catenin by SRC may also increase its
transcriptional  activity. In  EGF-stimulated
glioblastoma cells, SRC phosphorylation of beta-
Catenin on Tyr333 creates a binding site for the
non-metabolic isoform of the pyruvate kinase
MPK2. The interaction of MPK2 with beta-
Catenin unmasks its nuclear transcriptional
activity, leading to cell proliferation [88]. While
not addressed, this signaling cascade could
also operate in some CRC in which high level of
EGFR expression is associated with aberrant
SFK activity.
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Deregulated SRC promotes cell migration by
phosphorylation of important focal adhesion
(FA) components, such as CAS, Paxillin or FAK
[76]. Recently, two additional SRC substrates
(Tensin-3 [89] and SgK269/PEAK1 [90]) that
link the Actin cytoskeleton with Integrins have
been shown to play important roles in SRC-
regulated cell migration. Tensin-3 is an SH2-
containing protein localized at FA. Surprisingly,
phosphorylation by SRC of specific Tyr in the
Tensin-3 SH2 domain favors FA complex forma-
tion in an SH2-dependent manner, thus control-
ling tumor growth and metastasis formation in
nude mice [89]. This represents a novel mecha-
nism by which SRC regulates pTyr-SH2 complex
formation. PEAK1 is a recently identified atypi-
cal cytoplasmic TK that localizes to Actin fila-
ments and FA. PEAK1 belong to the NFK3 family
of pseudo-kinases that should be catalytically
inactive due to the absence of conserved resi-
dues important for enzymatic reaction. How-
ever, PEAK1 seems to have TK activity in vitro
[90]. In addition, PEAK1 undergoes SRC-
induced tyrosine phosphorylation, regulates the
p130Cas-CRK-Paxillin and ERK signaling path-
ways and operates downstream of Integrin to
control CRC cell migration [90]. However, it has
not been established whether PEAK1 catalytic
activity contributes to these oncogenic proper-
ties. In addition, we reported a similar function
for SgK223, the other member of the NFK3
family, in SRC-induced cell invasion, suggesting
that these atypical kinases define a novel class
of important SRC oncogenic substrates [43].
Indeed, quantitative phosphoproteomic analysis
of mouse tumor xenografts identified Tensin-3
and PEAK1 as two of the main SRC substrates
in vivo, further supporting an important role for
these molecules in SRC oncogenic signaling in
CRC (unpublished data).

Local invasion and dissemination

Cancer cell dissemination requires degradation
of the basement membrane. A similar mecha-
nism may operate during extravasation which
depends on proteolysis of the endothelial base-
ment membrane [91]. This invasive activity is
controlled by specialized, Actin-based mem-
brane protrusions in the ventral part of cancer
cells (invadosomes) that degrade the extracellu-
lar matrix (ECM) via proteases. The underlying
mechanism is currently the focus of much inves-
tigation and several components of this signal-
ing cascade have been characterized. By phos-
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phorylating important cytoskeletal components
of invadosomes, such as Cortactin or members
of the TKS family, SRC plays a pivotal role in this
process [91]. SRC also promotes protease se-
cretion by invadosomes for basal membrane
degradation. Most of our knowledge on inva-
dosomes has been obtained by using breast
cancer cells or SRC-transformed 3T3 fibro-
blasts. Nevertheless, a role for invadosomes
has been recently reported in CRC cell invasion
as well [92, 93]. In addition to structural compo-
nents of invadosomes, the RTK PDGFR alpha
has been identified as an important SRC media-
tor in this process [94], further supporting the
notion of RTK as mediators of SRC oncogenic
signaling. In breast cancer cells, the EMT-
inducer Twist 1 has also the capacity to induce
invadopodia formation through induction of
PDGFR alpha expression and activation and
consequently SRC activation [94]. Whether a
similar mechanism operates in CRC has not
been addressed, but the fact that Twist 1 is over
-expressed in some CRC suggests the existence
of a similar mechanism [95]. Alternatively, MET
and EPHA2 are important SRC substrates in
CRC cell invasion as well [43] and they could
play similar functions as PDGFR alpha in the
regulation of SRC activity.

In addition to invadosomes, SRC also induces
Tubulin-based protusions (microtentacles) [96]
that might participate in the capillarity retention
of cancer cells in the circulation. Surprisingly,
microtentacle formation was strongly enhanced
by expression of a catalytically inactive form of
SRC [96]. This observation suggests the coun-
terintuitive hypothesis that SRC inhibitors could
enhance tumor cell reattachment during the
early step of metastasis formation. Whether this
cellular process also operates in CRC cells de-
serves further investigation. Finally, aberrant
SFK activity also promotes survival of CRC cells
during anoikis, a process that occurs during
tumor cell dissemination in blood and lymphatic
vessels. SFKs initiate an AKT-dependent sur-
vival signaling cascade [97] and impair FAS-
induced apoptosis by direct phosphorylation
and inhibition of Caspase 8 activity [98]. This
important SFK activity might promote CRC cell
dissemination in the blood and favor coloniza-
tion to secondary organs.

Metastasis

While suggested by clinical data, experimental
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evidence for a role of SFKs in later steps of CRC
metastasis formation is incomplete. The first
indication has been provided by the inhibitory
effect of the SFK inhibitor PP2 on the number of
liver metastasis in nude mice following inocula-
tion of human CRC cells in the spleen [83]. As
this assay allows the direct contact of CRC cells
with the portal veins, these findings suggest an
additional SFK role in metastasis formation that
is distinct from their function in local cancer cell
dissemination. Similar results were then ob-
tained also by silencing YES (or SRC, but to a
less extent) in CRC cells [9]. Further evidence
has been provided by the strong capacity of
ectopic SRC expression to increase the number
and the size of metastatic nodules generated by
CRC cells in which SFK activity was weakly de-
regulated (unpublished data). While all these
data strongly support an important function for
SRC and YES in CRC liver metastasis formation,
they give no clue about their exact role. Our un-
derstanding of the biological mechanisms pro-
moting the later steps of the metastatic process
remains elusive. Disseminated cells must ac-
quire the ability to survive and colonize a spe-
cific tissue/organ, called the niche. Two molecu-
lar inducers of this biological process have been
recently uncovered. Production of Tenascin C
[99] and Periostin [100] by tumor stromal cells
plays crucial roles in breast cancer metastatic
colonization of bone and lung, respectively. By
intersecting a NOTCH or WNT pathway, they
promote cancer cell survival and proliferation in
the niche. Interestingly, Periostin has a similar
function in CRC liver metastasis [101]. These
peptidic components of the stromal environ-
ment are not the only players in this process.
Indeed, the RTK DDR1, a receptor for Collagen,
which is one of the most abundant components
of extracellular matrix, has been also involved in
bone homing of metastatic lung cancer cells,
suggesting that Collagen could control the inter-
action of cancer cells with the niche [102]. The
exact role of this receptor during niche coloniza-
tion has not been characterized yet.

While there is no clear role for SFKs in the hom-
ing process, they have a pivotal role in the sur-
vival of dormant, disseminated cancer cells in
the niche. Specifically, analysis of the gene ex-
pression profile of breast cancers highlighted
the strong association of a SRC responsive sig-
nature with late-onset bone metastasis. SRC
controls the survival and outgrowth of these
cancer cells in the bone marrow by regulating
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Primary tumor

Metastatic nodule

tatic CRC cells [109]. In
conclusion, while still
poorly documented,
recent findings on the
role of SFKs in other
cancers suggest that
these TKs might modu-
late several important
steps in CRC metastasis
formation as well
(Figure 3).

SFK-based therapies for
metastatic CRC

The described important
roles for SFKs in CRC
tumorigenesis indicate
that they may be valu-
able therapeutic targets

Figure 3. The role of SRC in metastatic CRC. Proposed functions of SRC in the me-

tastatic process.

AKT activation in response to the chemokine
CXCL12 and to TRAIL in the microenvironment
[103]. Whether SFKs have a similar function in
CRC has not been addressed. SFKs may also
play a role in macro-metastasis formation. In-
deed, Collagen | induces a beta-Integrin1-SRC
signaling cascade that triggers proliferation of
disseminated, dormant breast tumor cells
[104]. Interestingly, experimental data obtained
from nude mice suggests that a similar mecha-
nism operates during liver colonization by hu-
man CRC, but the molecular mechanisms in-
volved in this process are poorly defined [105,
106]. Finally, SFKs might play important roles
also in metastatic growth as suggested by the
effects of SFK inhibitors on metastatic CRC cell
proliferation both in vitro and in liver metastatic
models [40, 107]. Accordingly, recent data also
suggest a role for SFKs in the ability of some
cells to initiate a tumor. These cells are called
cancer stem cells and are thought to be impor-
tant determinant in tumor recurrence and me-
tastasis. For example, the hyaluronic receptor
CD44 induces sphere formation in culture and
CRC cell-induced metastasis in nude mice
through a SRC-beta-Integrinl axis that in-
creases resistance to anoikis [108]. Likewise,
SFK  pharmacological inhibition abrogates
sphere formation and tumorigenicity of metas-
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for the treatment of this
cancer. Several ATP-
competitive  inhibitors
that target SFKs have
been developed and
three of them are cur-
rently evaluated in clinical trials [11]. These are
the SFK inhibitor saracatinib, the SRC/ABL in-
hibitor bosutinib and the multi-kinase inhibitor
dasatinib that also target SFKs [10]. In accor-
dance with a role for SFKs in cell proliferation,
these inhibitors reduce the growth rate of CRC
cell lines; however, their biological activity
seems to be highly dependent on the type of
cell line or primary tumor grafted in nude mice.
For example, dasatinib and saracatinib inhibited
cell proliferation in less than 20% of the CRC
cell lines under study [23, 110]. In accordance
with a specific biological effect of these mole-
cules, growth inhibition correlated with the level
of SKF deregulation [23]. This preclinical data,
thus, suggests that these drugs will have a
therapeutic activity only on a small fraction of
CRC, probably those with highly deregulated
SFK activity. Conversely, SFK inhibition by other
means has a wider effect on cell proliferation
[40, 111]. For example, YES silencing by using a
specific shRNA strategy reduced proliferation
and induced apoptosis of CRC cells, an effect
that has not been reported with the available
clinical SFK inhibitors [9]. This difference could
simply be explained by the conditions used to
test cell proliferation (standard versus anchor-
age-independent growth). Moreover, the incom-
plete inhibition of the different SFK family mem-
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bers by these inhibitors may leave a residual
activity that is sufficient to maintain a trans-
formed phenotype. Therefore, a better pharma-
cological response is required, possibly by using
inhibitors that target efficiently all SFKs within
the cell, including those present in lipid rafts, by
exploiting the affinity of some compounds for
the lipophilic micro-environment. Nevertheless,
this strategy may not inhibit SKF kinase-
independent signaling which has also been re-
ported in CRC cells [9, 112]. In this case, a com-
bined therapeutic approach in which both SFKs
and their downstream substrates are targeted
might inhibit SFK oncogenic signaling more effi-
ciently. This strategy has been recently vali-
dated by using dasatinib in nilotinib-resistant
chronic myeloid leukemia [113, 114].

In contrast to their weak effect on primary tu-
mor growth, SFK inhibitors have a strong impact
on CRC cell migration and invasion [40, 83,
110, 115]. We thus anticipate that these agents
might be particularly useful for the treatment of
metastatic CRC, specifically to reduce cell dis-
semination during tumor progression and/or
surgery. Moreover, these inhibitors could also
hinder CRC metastatic growth and angiogene-
sis, as observed in the case of liver metastases
in nude mice treated with dasatinib [107].
Therefore, these molecules could improve the
standard therapy for patients with metastatic
CRC. Indeed, dasatinib in combination with ox-
aliplatin had a remarkable synergistic effect in a
murine model of liver metastases from colorec-
tal cancer [107]. The shrinkage of the metas-
tatic nodules was due to reduction of angio-
genesis and induction of apoptosis. This re-
markable effect was probably mediated by the
oxidative stress induced by oxaliplatin, leading
to a very robust SFK activation. Such SFK acti-
vation could be due to inhibition of regulatory
tyrosine phosphatases and/or, possibly, to di-
rect SFK activation by ROS. This idea is sup-
ported by the finding that ROS can trigger oxida-
tion of cysteine residues within the SRC se-
quence, leading to stabilization of the protein in
its open and active conformation [116]. Clearly,
the combination of SFK inhibitors with ox-
aliplatin deserves further investigation.

Finally, SFK inhibitors could also improve exist-
ing targeted therapies. For example, anti-EGFR
antibodies, such as cetuximab, can significantly
improve survival in patients with CRC. However,
clinical investigations have demonstrated a
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strong correlation between the therapeutic re-
sponse to anti-EGFR antibodies and the status
of KRAS as no response was observed in tu-
mors with mutated KRAS. Therefore, cetuximab
is currently proposed only to patients with tu-
mors harboring wild type KRAS [11]. The under-
lying mechanism of tumor resistance is still un-
clear, but it has been proposed that oncogenic
KRAS induces constitutive MAPK and probably
PI3K signaling pathways that are no longer de-
pendent on EGFR activity. Therefore, in these
cancers, EGFR inhibition will not inhibit MAPK
effect on cancer cell growth. Interestingly,
dasatinib can sensitize CRC cells with mutant
KRAS to cetuximab in preclinical models, lead-
ing to anti-proliferative effects on tumor growth
[117]. Whether this combination reduces me-
tastatic growth as well has not been addressed.
This synergistic effect has been attributed to
SFK inhibitory effects on the AKT/mTOR, beta-
Catenin and STAT oncogenic pathways. These
data indicate that mutated KRAS alone is not
sufficient to ensure tumor growth and that RTKs
and SFKs play additional important roles in this
process. A similar mechanism may also be at
play in CRC with oncogenic PI3K [118].

Although not demonstrated, the synergistic ac-
tivity of these drugs may be explained by a more
efficient inhibition of the oncogenic signaling
pathways that operate in CRC cells. This hy-
pothesis implies that oncogenic signaling must
be inhibited to a sufficient level in order to trig-
ger a cell response. Due to the pleiotropic activ-
ity of SFKs on the major oncogenic signaling
pathways that drive CRC tumor progression, a
combination of SFK inhibitors should improve
RTK-based targeted therapy. Similarly, the ob-
served interplay between SFKs and RTKs in
regulating the invasiveness of metastatic CRC
cells suggests that SFK-based therapies might
also be improved by the use of a combination of
inhibitors that target these downstream TKs in
advanced CRC. Therefore, the characterization
of the TK signaling network that operates during
metastasis formation will have important impli-
cations in the design of novel SFK-based thera-
peutic strategies for metastatic CRC. It can thus
be easily anticipated that a combination of ap-
propriate therapeutic agents that target TK on-
cogenic signaling pathways, including SFKs,
may be of therapeutic value in this deadly dis-
ease.
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