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Targeting Src and Epidermal Growth Factor Receptor in Colorectal
Cancer: Rationale and Progress Into the Clinic
Scott Kopetz

ABSTRACT

Src is a non-receptor protein tyrosine kinase that affects proliferation,
angiogenesis, differentiation, migration, invasion, and regulation of
apoptosis in colorectal cancer cells. Src activation is a frequent early
epigenetic event in colorectal cancer, and is progressively increased in
metastatic tumors as compared with primary tumors. Src has also been
implicated as a component of epidermal growth factor receptor (EGFR)
signal transduction. In particular, Src, as a mediator of receptor transac-
tivation, can uniquely activate EGFR in the absence of EGFR ligand, and
a Src inhibitor is synergistic with an EGFR monoclonal antibody in vitro
in eliciting growth inhibition. Src inhibition is also synergistic in vivo with
platinum chemotherapeutics, further increasing the potential of combi-
nation regimens with Src inhibitors. The current Src inhibitors in clinical
trials are reviewed.
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Despite recent advances in the treat-
ment of metastatic colorectal cancer,

this disease remains incurable for the vast
majority of patients and improved therapies
are needed. Targeted therapies including
vascular endothelial growth factor (VEGF)
receptor and epidermal growth factor
receptor (EGFR) antibodies have been
used with increasing clinical success. How-
ever, the mechanisms of activity and resist-
ance to these agents are areas of active
research, and these agents do not greatly
prolong survival. One candidate molecule
that may modulate the activity of such tar-
geted therapy is the tyrosine kinase Src.
Src has been demonstrated to be a relevant
signaling kinase in metastatic colorectal
cancer, and is involved in the EGFR signaling
cascade. This article will review the struc-
ture and function of Src and EGFR in col-
orectal cancer and discuss the rationale for
Src inhibition in combination with EGFR
targeted therapies.

Src STRUCTURE AND
EXPRESSION
Src, a non-receptor protein tyrosine kinase,
affects cellular proliferation, angiogenesis,
differentiation, migration, invasion, and
regulation of apoptosis. In addition, activa-

tion of Src may mediate resistance to chemo-
therapy in colorectal cancer. The structure
of Src is defined by conserved Src homo-
logy domains (including SH2, SH3), and a
protein tyrosine kinase (SH1) domain
(Figure 1). Src is regulated, in part, by
phosphorylation of the C-terminal tyrosine
by C-terminal Src kinase (CSK), which results
in an inactive conformation. CSK has been
shown to be a critical regulator of Src activity
and to be downregulated early in carcino-
genesis.1 In contrast, phosphorylation in
the loop of the kinase domain increases
Src activity. Src is myristoylated at the N
terminus, which is a necessary step for
localization to the cellular membrane. In
this location, Src has been shown to interact
with a number of structural and signaling
proteins through its SH2 and SH3 domains.

The extended Src family of non-receptor
protein tyrosine kinases includes Src, Fyn,
Lyn, Yes, Lck, Hck, and Blk. These Src
family members have varying degrees of
expression in epithelial malignancies.2 The
Src oncogene is the archetypal member of
the family and was initially discovered early
in the 20th century through research on
the Rous sarcoma virus. Because of this
early identification and subsequent work,
Src has been considered the prototypical

oncogene and hence has received consid-
erable study for its ability to provide
insights into malignant transformation.

Src expression has been shown to be
increased in approximately 80% of colo-
rectal cancer specimens compared with
normal colonic epithelium.3 Colorectal
metastases to lymph nodes and liver
demonstrate increased Src activity levels
compared to primary colon tumors.4,5

Independent of the stage of disease,
increased Src activity levels have also been
associated with poor prognosis.6,7 Src activ-
ity is increased through association with a
variety of upstream components but is not
mutated in epithelial cancers.8 Instead, its
activation predominantly results from
increased transcription, genetic alter-
ations, and activated receptor tyrosine
kinases.9

Src FUNCTION
Src is a non-receptor tyrosine kinase that
acts as a recruiter of intracellular signaling
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complexes which bind through the SH2
and SH3 domains. Src is a key element in
growth factor receptor signaling trans-
duction and cytoskeleton arrangement,
although its effects extend to many tumori-
genesis-related processes including metas-
tasis, invasion, adhesion, migration, sur-
vival, angiogenesis, and differentiation.10,11

An overview of signaling cascades
demonstrates that Src affects survival
through the phosphatidylinositol 3-kinase
(PI3K)/Akt pathway, angiogenesis by VEGF
and interleukin 8 (IL-8), and migration and
invasion through a variety of pathways
involving focal adhesion kinase (FAK), pax-
illin, and JUN N-terminal kinase (JNK)
(Figure 2). Src has also been shown to play
a role in mitogen-activated protein kinase
(MAPK) signaling.

Signaling through the PI3K/Atk path-
way has been demonstrated, as Src family
members can directly bind to PI3K through
the SH3 domain of Src, leading to PI3K
activation.12 This Src-mediated PI3K acti-
vation results in both increased cyclin D1
expression, which promotes mitogenesis,
and increased Bcl-xL expression, which
inhibits apoptosis.13,14 In addition, anti-
apoptotic effects have been attributed to
Src through increased Stat 3 activation,
upregulation of the antiapoptotic molecule
Bcl-xL, and inhibition of caspase 8.15–17

Inhibition of the MAPK pathway by Src has
been demonstrated in multiple models.

Treatment with small interfering (si)RNA to
Src resulted in decreased phosphorylation
of MAPK in vitro and in pancreatic murine
models, with reduction in tumor growth.18

In summary, Src has prosurvival effects
through several pathways relevant to the
malignant phenotype.

Angiogenesis is also affected by Src
activity. Establishment of colon cancer cell
lines with siRNA to Src demonstrated a
decrease in VEGF mRNA expression pro-
portional to the decrease in Src kinase
activity.19 Cells treated with Src siRNA had
a less than 2-fold increase in VEGF expres-
sion under hypoxic conditions compared
with a greater than 50-fold increase in
VEGF expression in the parental cell line.
This effect was also seen in xenograft mod-
els with a decrease in tumor-associated
vascularity.20 In addition to VEGF, the
angiogenic factor IL-8 has been shown to
be significantly decreased by inhibition of
Src expression, with corresponding inhibi-
tion of angiogenesis in in vivo models.21

In addition, Src has been shown to play
a role in migration and adhesion. FAK,
which is closely associated with Src, has
been associated with invasion in several
studies.8,22 Src has been shown to be a
requirement for the adhesion turnover
required for cell migration. VEGF has also
been shown to activate Src, resulting in
enhanced cellular migration independent
of its effect on endothelial cell growth.9

EGFR SIGNAL TRANSDUCTION
EGFR is a member of the ErbB family of
receptor tyrosine kinases. The receptor is
kept in the inactive form by steric changes
in the carboxy terminus. Ligand binding
causes a conformational change in EGFR,
which induces receptor homodimerization
or heterodimerization with other ErbB fam-
ily members. With dimerization, the recep-
tors can transphosphorylate tyrosine and
change to an active conformation of the
kinase domain, allowing subsequent down-
stream phosphorylation of substrates.
EGFR is recognized as a relevant pathway
in colon cancer. EGFR inhibitors downreg-
ulate survival mechanisms by inhibiting
both the Ras/MAPK mitogenic pathway and
antiapoptotic pathways such as Bcl-2 and
NF-kappa B (NF-κB).23

EGFR TRANSACTIVATION BY Src
Importantly, EGFR tyrosine kinase can be
activated without the requirement for li-
gand— a mechanism termed transactiva-
tion.24,25 Several additional receptors have
been shown to play a role in EGFR trans-
activation, although the common effector
appears to be Src.

One EGFR transactivation pathway
involves integrin. Integrin, by interacting
with receptor tyrosine kinases such as EGFR,
leads to a clustering and phosphorylation
of EGFR. Src is at least one non-receptor
tyrosine kinase that seems to be required

Figure 2. Src pathways. Reprinted with permission from Summy et al and the American
Association for Cancer Research.11 Abbreviations: FAK = focal adhesion kinase; JNK =
JUN N-terminal kinase; MAPK = mitogen-activated protein kinase; RTK = receptor
tyrosine kinase (including epidermal growth factor receptor); VEGF = vascular endo-
thelial growth factor.

Figure 1. Structure of Src in its active conformation with ATP-analog ligand
(rendered in Cn3D based on structure of Xu et al40).
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for this integrin-dependent EGFR phos-
phorylation.26 G-protein–coupled receptors
(GPCR) have also been associated with
EGFR transactivation. It has been shown
that Src is coupled to nearly all G-protein
receptors that lead to EGFR phosphoryla-
tion.27 The result is activation of various
downstream pathways, including MAPK
signaling, in an EGFR-dependent manner.28

Ligands of these GPCRs include acetyl-
choline, adrenergic, thrombin, and endo-
thelin, which have all been demonstrated
to increase EGFR phosphorylation.24 G-pro-
tein receptors have been shown to require
an intact EGFR to transduce a mitogenic
response. Src has clearly been implicated
as a signal transduction element between
this GPCR and EGFR phosphorylation. The
result is a series of signaling pathways that
link multiple receptors to EGFR-dependent
signaling using Src as an intermediary in
EGFR phosphorylation (Figure 3).

In colorectal cancer cell lines, EGFR over-
expression is correlated with Src activation.29

Through transactivation, as described
above, it appears that the effect of EGFR
on tumorigenesis extends beyond ligand-
mediated effects. Data suggest that transac-
tivation leads to phosphorylation at unique
sites of the EGFR, subsequently leading to
signal transduction through alternate path-
ways such as STAT5b pathway.30 Mutation
of these Src-specific tyrosine residues on EGFR
diminishes EGF-induced mitogenesis.

In summary, these findings imply that
Src, as a mediator of other receptor signaling
and through constitutive activation, can
uniquely activate EGFR in the absence of
EGFR ligand. This result therefore implies
that activation of the EGFR pathway by Src
can occur despite the use of EGFR anti-
bodies such as cetuximab.

EGFR REGULATION AND Src
Degradation of EGFR may also be affected
by Src activity. Src inactivates Cbl, a kinase
responsible for the ubiquitination and de-
gradation of ligand-activated receptors
including EGFR. By promoting destruction

of Cbl, Src enables EGFR to evade degra-
dation.31 In addition, EGFR receptor inter-
nalization and endosomal signaling is
increased by Src phosphorylation of
clathrin.32 These changes in EGFR degra-
dation and recycling leads to increased
EGFR signaling in the presence of activat-
ed Src.

COMBINED EGFR AND Src
INHIBITION
Overexpression of Src has been shown to
increase DNA synthesis in response to
EGF.33 Conversely, EGF-induced DNA syn-
thesis can be inhibited by the overex-
pression of an inactivated form of Src.34,35

Overexpression of Src and EGFR led to in-
creased EGF-dependent tumor formation
in nude mice.36 In summary, EGFR and Src
may potentiate receptor-mediated tumor-
igenesis, suggesting a role for individual or
combined inhibition of these targets.

In a series of in vitro experiments, we
have shown that a monoclonal antibody to
EGFR combined with a Src tyrosine kinase
inhibitor results in synergistic effects in cell
growth and colony formation assays. This
synergistic effect appears to be mediated
through an increase in apoptosis. This is
associated with an additive inhibition of the
Akt pathways with the combination.37

Src IN COMBINATION WITH
CHEMOTHERAPY
Src inhibition may play a therapeutic role
in combination with chemotherapy. Silencing
RNA to Src reduced total Src levels in vitro

Figure 3. Src transactivation. Abbreviations: β-arr = beta-arrestin; EGFR = epidermal growth factor receptor;
MAPK = mitogen-activated protein kinase. Adapted from Edwin et al,25 and Luttrell et al.41
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Table 1. Selected trials of Src inhibitors in gastrointestinal malignancies.

Agents Phase and Setting Location

Dasatinib Phase I, M. D. Anderson Cancer Center,
advanced solid tumors Houston, TX, USA

Dasatinib, gemcitabine Phase I, M. D Anderson Cancer Center,
advanced solid tumors Houston, TX, USA

Dasatinib, cetuximab Phase I, University of Pittsburgh,
advanced solid tumors Pittsburgh, PA, USA

Dasatinib, cetuximab, Phase IB, M. D. Anderson Cancer Center,
5-fluorouracil, oxaliplatin refractory colorectal cancer Houston, TX, USA

Dasatinib Phase II, University of Chicago,
refractory colorectal cancer Chicago, IL, USA

AZD0530 Phase II, M. D. Anderson Cancer Center,
refractory colorectal cancer Houston, TX, USA

AZD0530, gemcitabine Phase II, locally advanced or Princess Margaret Hospital,
metastatic pancreatic cancer Toronto, ON, Canada

Targeting Src and EGFR in CRC

S39July/August 2007 www.myGCRonline.org



and resulted in increased sensitivity to

oxaliplatin. In a murine colon cancer model,

treatment with oxaliplatin and a Src in-

hibitor reduced tumor volume and weight

more than that achieved with either agent

alone. Oxaliplatin treatment also led to a

more than 3-fold increase in activated Src

levels in these murine tumors. Treatment

with a Src inhibitor decreased activated

Src, and this low level of Src activation was

maintained even after oxaliplatin treat-

ment.9 This effect appears to be specific for

oxaliplatin as there was no apparent inter-

action between Src inhibition and treatment

with SN-38, the active form of irinotecan.38

Src has also been shown to mediate

effects of cisplatin. In cells that had high

Src activity levels, a Src inhibitor sensitized

cells to cisplatin-induced apoptosis. The

result was a lower level of antiapoptotic

Bcl-xL and increased cisplatin sensitivity.15

ONGOING CLINICAL TRIALS
Recognition of the importance of Src in

colorectal cancer has led to several trials

with Src tyrosine kinase inhibitors. Src tyro-

sine kinase inhibitors in clinical develop-

ment or approved for other indications

include AZD0530, dasatinib, and SKI-606

(for review, see Ref. 39). Phase I studies

have reported the unique toxicities of pleural

effusions, and less commonly, pericardial

effusions, and rare atypical pulmonary

infiltrates. Nevertheless, these therapies

are well tolerated in most patients. Table 1

summarizes selected trials of Src inhibitors

in gastrointestinal malignances. A phase II

trial of AZD0530 as a single agent for sec-

ond-line therapy in patients with metastatic

colorectal cancer is ongoing at M. D.

Anderson Cancer Center. A trial of combi-

nation therapy using dasatinib, cetuximab

(a monoclonal antibody to EGFR), fluo-

rouracil, and oxaliplatin has been initiated

at M. D. Anderson Cancer Center in patients

with metastatic colorectal cancer. This trial

was developed based on the demonstrated

in vitro synergy between an EGFR antibody

and a Src inhibitor, and additional in vivo

data of oxaliplatin combined with a Src

inhibitor. The study will include correlative

end points in an attempt to optimize the

Src inhibitor dose in the regimen.

CONCLUSION
In summary, data indicate that Src and its
downstream signaling effects are important
in colorectal cancer. In addition, the com-
plicated interactions between EGFR and
Src contribute to the tumorigenic pheno-
type. Finally, Src has a role as a cytotoxic
chemotherapy sensitizer. Based on pre-
clinical data and early clinical trial results,
ongoing studies are evaluating combined
Src and EGFR inhibitors in conjunction with
systemic chemotherapy in colorectal cancer.
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