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Src, chemoresistance and epithelial to mesenchymal
transition: are they related?
Ami N. Shaha,b and Gary E. Gallickb

The Src family of nonreceptor tyrosine kinases regulates

numerous cellular processes, including proliferation,

differentiation, migration, survival and angiogenesis. In

solid tumors, Src is frequently aberrantly active, and

promotes tumor progression and metastasis. Although

multiple Src functions may contribute to metastasis,

recently Src has been shown to play a role in epithelial to

mesenchymal transition. Increased Src activity promotes

this process and inhibition of Src suppresses epithelial to

mesenchymal transition. Although the molecular events

causing epithelial to mesenchymal transition are becoming

well defined, the processes in tumor cells that trigger the

onset of this phenotype remain unclear. Recent studies

have associated epithelial to mesenchymal transition with

the development of chemoresistance. Src has also been

shown to be involved in chemoresistance of cancer cells.

The activation of Src in chemoresistant cells is related

to an increase in motility, invasiveness and detachment,

all phenotypes characteristic both of Src activation and

of epithelial to mesenchymal transition. This review

focuses on upregulation of Src in cancer as it relates

to chemoresistance and epithelial to mesenchymal

transition. Anti-Cancer Drugs 18:371–375 �c 2007

Lippincott Williams & Wilkins.
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Introduction
The Src family of nonreceptor tyrosine kinases has been

extensively studied for its key roles in regulating signal

transduction pathways that control basic cellular pro-

cesses, such as cell proliferation, motility, adhesion and

survival [1]. Aberrant expression and/or activity of Src is

observed in numerous human tumors [2], and the recent

development of Src-selective small-molecule inhibitors

has led to an increasing number of clinical trials that are

testing the efficacy of Src inhibitors as single agents and

in combination with chemotherapy and other signal

transduction inhibitors in solid and hematologic malig-

nancies. Although these studies are in their infancy,

recent advances in the field suggest that abnormal

expression or activation of Src may play critical roles in

affecting chemoresistance, a major problem in conven-

tional cancer therapy. This review will first provide a basic

overview on Src, describe the evidence that increased

expression and activity of Src leads to chemoresistance in

advanced tumors, and then delineate possible mechan-

isms by which Src affects resistance including activation

of survival pathways such as phosphatidylinositol-3-

kinase/Akt, Abl and epithelial to mesenchymal transition

(EMT). We will also review evidence of Src tyrosine

kinase inhibitors in reversing chemoresistance.

The Src family is comprised of nine nonreceptor tyrosine

kinases (Blk, Fgr, Fyn, Hck, Lck, Lyn, Src, Yes and Yrk) of

closely related structure, all of which are expressed in a

tissue-specific manner. Nearly a century ago, Peyton Rous

first described the Rous sarcoma virus, a viral transmis-

sible vector that caused sarcomas in chickens [3], and

now known to harbor the viral Src gene (v-Src). The

study of the Rous sarcoma virus led to many new

discoveries in the field of oncogenesis, including that

expression of v-Src in a number of types of normal cells

was sufficient for malignant transformation. In 1976,

Bishop and Varmus [4] demonstrated that the proto-

oncogene c-Src was the progenitor of v-Src, the first

member of the Src family of kinases and the first proto-

oncogene to be identified.

All Src family kinases have a common overall structure

and mode of regulation. Src family kinases are composed

of a N-terminal region that is always myristolated, a

C-terminal regulatory domain, a poorly conserved unique

domain and four Src homology domains. Src homology 4

(SH4) domain is present at the N-terminus as a

localization signal, the SH3 domain is involved in

intermolecular binding through conserved proline-rich

motifs, the SH2 domain binds phosphorylated tyrosines

embedded in conserved amino acid sequences and the

SH1 domain, the catalytic or kinase domain [2]. In the

closed, inactive state of human c-Src, the C-terminal

autoinhibitory tyrosine, Y530, is phosphorylated and binds

to the SH2 domain with SH3 bound to the kinase
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domain. Phosphorylation of Src on Y530 is catalyzed by

two known kinases, C-terminal Src kinase and the

C-terminal Src kinase homologue kinase [5]. In contrast,

oncogenic v-Src is constitutively active through a loss in

the C-terminal regulatory domain, thus the v-Src protein

cannot form a closed complex and is constitutively

activated.

Src and cancer
Deregulation of Src activity has been implicated in cancer

progression through increased proliferation, increased

motility and invasiveness, resistance to apoptosis, and

increased angiogenesis [2]. Increased Src kinase activity

has been found in many epithelial cancers including

breast, colon, ovarian, bladder, gastric, lung and pancreatic

cancer [6–11]. Src dysregulation is proposed to occur by

several different mechanisms, some of which occur

simultaneously in tumor cells.

First, several protein tyrosine phosphatases (PTPs),

including PTPa, PTP1B and Shp 2, have been implicated

in the activation of Src through the dephosphorylation of

Y530. Many of these phosphatases have been demon-

strated to be aberrantly activated in various human

cancers, leading to dephosphorylation of SrcY530

resulting in Src activation. Rare activating mutations

of c-Src have been identified in a small number of cases

of colon cancer and endometrial cancer that result in a

loss of the negative regulatory role of Y530 [12–14];

however, many additional studies have not found such

mutations. Rather, association of Src with aberrantly

expressed or mutated growth factor receptors, focal

adhesion kinases and other binding partners appears to

be the primary mechanisms by which Src is activated in

tumors.

A common mechanism of Src activation is through

constitutive activation of growth factor receptor path-

ways. Almost any growth factor can be shown to

upregulate Src tyrosine kinase activity leading to an

increase in Src-mediated activities of growth, migration

and invasion, especially in tumor cells. Many tumors have

been noted to have an increase in the protein levels of

receptor family tyrosine kinases that can activate Src and

lead to constitutive activation of Src within the tumor. In

pancreatic cancer, for instance, insulin-like growth factor-

1 is known to be overexpressed, leading to Src activation

that is required for cell invasion, proliferation and vascular

permeability factor/vascular endothelial growth factor

(VEGF) expression that can be experimentally demon-

strated [15]. Similar results have been shown in colon

cancer in which c-Src activation is activated by epidermal

growth factor receptor (EGFR) and by c-Met, the

receptor for hepatocyte growth factor in highly metastatic

cells lines [16]. Many new therapies have been targeted

toward this pathway with some success.

One of the types of tumors in which Src is most

frequently activated is colorectal adenocarcinoma [14].

Elevated Src kinase levels correlate with the more

metastatic phenotypes of colon cancer. Talamonti et al.
[17] demonstrated that c-Src activity is highest in hepatic

metastases of colon cancer and Termuhlen et al. [18]

extended these results that increased c-Src activity was

present in all extrahepatic colonic metastases. These

results indicate that c-Src activation contributes to the

malignant, more metastatic phenotype of colon cancer

and that the level of c-Src activation can play a role as an

independent indicator of prognosis [19]. Irby et al. [14]

showed that a constitutively active c-Src allele increased

the invasiveness of a fibroblast cell line dramatically

in vitro and in vivo. By using a Src kinase inhibitor and a

Src dominant-negative mutant they further demonstrated

a reversible decrease of cell–cell interactions [14,20].

Moreover, in colon cancer E-cadherin has been shown to

be downregulated at the cell membrane when Src Y527F

was overexpressed [21] and PP2, a Src kinase inhibitor,

reverses the disruption of E-cadherin signaling [22]. In

pancreatic cancer, Src has been shown to be upregulated

by several mechanisms including tyrosine nitration and an

upregulation of insulin-like growth factor-1 receptor,

upregulating Akt and Src [11,23]. In pancreatic cancer

cell lines, overexpression of activated c-Src has been

reported to stimulate proliferation and migration and

downregulate E-cadherin [24]. In the same study,

E-cadherin downregulation in response to collagen could

be suppressed by treatment with inhibitors that have

some Src family kinase (SFK) selectivity, including PP1

and herbimycin A, inhibiting the effect of Src activation

on pancreatic cancer cells. In addition, inhibition of Src

by small interfering RNA (siRNA) or the pharmacologic

agent of dasatinib, halts the development of metastases

[25]. Src kinases have also been implicated in the control

of VEGF critical in promoting angiogenesis. Src kinases

may control the VEGF production by tumor cells [26] and

control of VEGF receptor-regulated survival of endothe-

lial cells. Gray et al. [27] demonstrated a mechanism for

c-Src induction of VEGF by which hypoxia-induced

VEGF expression requires the activation of c-Src. c-Src

activation leads to the downstream activation of signal

transducers and activators of transcription 3, which binds

to the VEGF promoter hypoxia-inducible factor-1a
[27]. Moreover, pharmacological inhibition of SFKs with

AP23846 led to decreased production of VEGF and

interleukin-8 [28]. In vivo, the SFK PP2 also showed

a decrease in vessel infiltration in a Gelfoam assay using

conditioned media from pancreatic tumor cells [29].

Several studies have demonstrated that inhibition of

Src by various tyrosine kinase inhibitors in pancreatic

cancer has led to decreased carcinoma cell invasion,

proliferation, metastasis and angiogenesis [30,31]. Similar

evidence of Src activation playing roles in other solid

tumors besides colon and pancreas have also been

reported in the literature.
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Src and chemoresistance
An increasing number of reports in the literature are

linking Src activation to chemoresistance. Expression of

v-Src has been shown to induce cisplatin chemoresistance

in gallbladder adenocarcinoma, though this was not a

global chemoresistance mechanism [32]. Treatment with

the SFK-selective inhibitors herbimycin A and radicicol

treatment reversed chemoresistance to cisplatin. In a

separate study, gallbladder adenocarcinoma cells trans-

fected with v-Src cell lines showed a 200-fold increase in

chemoresistance to gefitinib that was partially reversed

with herbimycin A [33]. The downstream effects of

activated v-Src on these gallbladder carcinoma cell lines

were also examined. The v-Src-transformed cells demon-

strated activation of EGFR through Erk and Akt pathways

that were inhibited in non-v-Src-transformed cell lines

when treated with gefitinib (through EGFR blockade)

alone, though not in v-Src-transformed cells. Herbimycin

A, however, worked in conjunction with gefitinib to block

the activation of the Akt and Erk pathways. Duxbury et al.
[34] developed a gemcitabine-resistant human pancreatic

cancer cell line that when inhibited by PP2 in vitro,

demonstrated an attenuation of gemcitabine chemoresis-

tance. Furthermore, this group showed that increasing

gemcitabine resistance in a panel of cell lines was

associated with higher Src phosphorylation levels (imply-

ing Src activation) with the highest levels observed in the

gemcitabine-resistant pancreatic cancer cell line. That

Src activation was associated with this phenotype was

suggested by lack of increased Src expression in these

cells. This group further validated their results by

creating a siRNA against c-Src that increased sensitivity

to gemcitabine several different pancreatic cancer cell

lines [35]. This mechanism of chemoresistance, however,

was not shown to be a global mechanism. Duxbury et al.
[35] reported that modulating c-Src activity did

not change pancreatic adenocarcinoma sensitivity to

5-fluorouracil. In our laboratory, we have also created

two pancreatic cancer cell lines resistant to gemcitabine

that does not show global chemoresistance to 5-fluorour-

acil and oxaliplatin (A.N.S. and G.E.G., in preparation).

Src also plays a role in the aggressiveness of human

tumors. Hiscox et al. [36] demonstrated that as breast

cancer cells became resistant to tamoxifen they behaved

more aggressively with increased motility and invasion.

Along with tamoxifen resistance, an increase in Src kinase

activity was observed. Pharmacological inhibition of Src

with AZD0530, a Src/Abl selective inhibitor, resulted in

lower Src activity and inhibition of the motile and

invasive nature of the cells [36]. Ovarian tumor cells are

known to become quickly resistant to standard chemo-

therapy [37] and Src is overexpressed in a high proportion

of these tumors [38]. Chen et al. [39] demonstrated that

inhibition of ovarian cancer cells in culture by Src by PP2

or siRNA knockdown enhanced the cytotoxicity of

paclitaxel and that perhaps more importantly Src inhibi-

tion resensitized chemoresistant ovarian cancer cells to

paclitaxel and cisplatin. In colon cancer, similar results

were found demonstrating that attenuation of c-Src

signaling sensitizes metastatic colon cancer cells to

apoptosis induced by oxaliplatin and activation of the

Fas death receptor [40]. In some chronic myelogenous

leukemia and acute lymphoblastic leukemia patients with

tumors resistant to STI571. Donato et al. [41] found

greatly increased expression and activity of the Src family

kinase Lyn and demonstrated that PP2 could induce

apoptosis in these cells. This group further demonstrated

that Lyn and Hck are upregulated in expression and

hyperactive blasts from patients that had relapsed on

STI571 therapy [41], demonstrating direct relevance of

Src activation and drug resistance in the human disease.

Src family kinases have also been shown to play a role in

bladder carcinoma invasiveness. Increased Src kinase

activity has been shown to be present in low-grade

bladder lesions as compared with normal tissues [8], and

the overexpression of c-Src has been shown to cause a

subpopulation of bladder cancer cells to undergo

spontaneous EMT and sensitizes the rest of the

population to the scattering activity of other growth

factors including hepatocyte growth factor. Overexpres-

sion of dominant-negative Src inhibits growth factor-

induced cell scattering that occurs with EMT [42] and

that SFK inhibition was demonstrated to block EMT

[43], thus implicating Src in another mechanism of

increasing tumor cell invasiveness.

Taken together, these studies present a strong argument

that activation of SFKs plays a role in chemoresistance in

multiple tumor types, and further, that inhibition of Src

may reverse chemoresistance, thus giving a chemothera-

peutic agent a second opportunity for efficacy.

Src and epithelial to mesenchymal transition
As discussed above, Src has long been known to promote

the aggressive nature of tumor cells and it plays a major

role in the motility, invasion and survival of tumor cells.

Recently, Src has been implicated as one of the key

regulators of EMT. EMT is described as a transformation

in which epithelial cells assume a fibroblastic phenotype.

Although phenotypic changes associated with the pheno-

menon have been described since the early 1900s EMT

was not recognized as a distinct process until 1982 by

Greenburg and Hay [44]. Although the existence of ‘true’

EMT remains controversial, generically several signaling

pathways are common to EMT that normally occur during

development and that are also associated with tumor

progression [45]. One of the most important changes

involved in EMT is the loss of the cadherin-mediated

cell–cell contact, the hallmark of epithelial cells. In cells

that undergo morphologic and molecular properties of

EMT, the loss of E-cadherin decreases the development

of stable cell–cell contacts and the formation of adherens

junctions, allowing the cells to become more migratory
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and less adhesive. Loss of E-cadherin or its translocation

is a characteristic of EMT. E-cadherin is also down-

regulated in colon cancer when Src is overexpressed and

PP2 and another SFK inhibitor, now in clinical trial, SKI-

606, reverses this loss [21,46]. Similarly in pancreatic

cancer, E-cadherin-negative patients have been noted to

have larger tumors, distant metastases and increased

stage [47]. When E-cadherin is restored to pancreatic

cancer cell lines, apoptosis and decreased cell growth

result [48]. The downregulation of E-cadherin has been

demonstrated in almost every cancer as a negative

prognostic indicator and is linked to metastatic disease.

b-Catenin is another factor important in EMT-like

changes that occur in tumor progression. As reviewed in

Thiery’s [49] recent comprehensive article on EMT,

when E-cadherin is downregulated from the plasma

membrane, it is no longer able to bind to the cytoplasmic

b-catenin, allowing b-catenin to be translocated to the

nucleus and act as a transcriptional activator, inducing the

transcription factors T cell factor-4 and/or lymphoid

enhancer factor. In a study by Karni et al. [50], it was

shown that active Src elevates the expression of b-catenin

and enhances the nuclear accumulation of b-catenin

contributing the oncogenic phenotype. To support this

result, SKI-606 was shown to relocalize b-catenin to

E-cadherin and prevent its nuclear translocation, decreas-

ing cell growth and motility. An siRNA knockdown of

b-catenin removed the effect of SKI-606 on cell–cell

adhesion, showing that c-Src controls b-catenin function

as either a cell adhesive promoter or transcriptional

activator [46]. Finally, upregulation of vimentin, a

mesenchymal cell marker is a hallmark of EMT that is

Src regulated [51]. Thus, a strong foundation is emerging

that Src activation promotes phenotypes characteristic of

both EMT and chemoresistance.

Chemoresistance and epithelial to
mesenchymal transition
Although several mechanisms have been proposed for the

activation of Src leading to chemoresistance, no single

global theory has been identified, and mechanisms of

resistance vary from tumor type to tumor type and cell

line to cell line as well as among different chemother-

apeutic agents. The data above suggest that, in multiple

tumor types and in resistance to multiple agents, Src

activation may lead to chemoresistance by promoting

EMT. As tumors progress, dedifferentiate and metasta-

size, an increase in Src activation is frequently observed

and the more metastatic (more invasive, more migratory)

phenotype is often linked to EMT. Associated with the

dedifferentiated, metastatic phenotype is chemoresis-

tance. In addition, in some invasive breast cancers,

vimentin, a marker of EMT, becomes expressed and

these cell lines are more resistant to chemotherapy [51].

In our laboratory, we have noted that a pancreatic cancer

cell line made resistant to gemcitabine has undergone an

EMT-like process in which the cells have lost E-cadherin

expression, show b-catenin nuclear translocation, express

vimentin, and are more invasive and migratory. These

results mirror a recent study published by Yang et al. [52],

in which human colon cancer cells exposed chronically to

oxaliplatin show EMT changes though Src activation was

not examined. Undoubtedly, not all chemoresistant cells

will have activated Src, nor will all chemoresistant cells be

shown to be undergoing EMT. Understanding how the

EMT process can be reversed, however, may lead to

development of novel chemotherapeutic strategies for

chemoresistant late-stage tumors. Thus, the emerging

link between these phenotypes should spawn consider-

able work in the future, and has profound therapeutic

implications.
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