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1. ABSTRACT

The signaling machinery in cells is a complex,
multi-factorial network of cross-talking proteins that
enables dynamic communication between upstream causal
factors and downstream effectors.  Non-receptor tyrosine
kinases, including Src, are the intermediates of information
transfer, controlling pathways as diverse as cell growth,
migration, death, and genome maintenance.  When
expressed as viral genes these proteins are potent
carcinogens, yet analogous genetic alterations are rarely
observed in human tumors. In seeking to characterize the
role of the non-receptor tyrosine kinase Src in neoplasia,
arguments can be made that the consequences of mutation,
or perturbations in the activity or expression of this protein
is a determinative factor in clinical prognosis and
pathogenicity.  In a variety of tumor types including those
derived from the colon and breast, the Src non-receptor
tyrosine kinase is either overexpressed or constitutively
active in a large percentage of the tumors.  Increased
expression or activity of Src correlates with the stage and
metastatic potential of some neoplasia.

2. INTRODUCTION

Found in 1976 to be the normal homologue of the
transforming agent in an avian sarcoma virus, years of
study have elucidated the signaling pathways regulated by
Src.  Moreover, the mechanism by which it is activated has
been solved to the level of individual amino acid residues
and evidence continues to accumulate for a role in human
cancer (reviewed in 1,2).  v-Src is the constitutively active
tyrosine kinase encoded in the Rous Sarcoma virus (RSV),
a chicken tumor virus first identified in the early 1900’s
(3).  Observations that the carboxy-terminal region of v-Src
differed from that of the non-transforming Src revealed the
importance of this region in regulation of Src kinase
activity (4,5).  Phosphorylation of Src at the negative
regulatory tyrosine 527 causes an intramolecular
association of this region with an amino-terminal SH2

domain (6-8).  This interaction induces a second
intramolecular association between the Src SH3 domain
and a linker region lying between the SH2 and kinase
domains that is responsible for enzyme inhibition.
Displacement of these SH2- and SH3-mediated
associations by various ligands has been implicated in Src
kinase activation (9,10) whereby the molecule is permissive
for both ATP binding and Tyr-416 autophosphorylation ,
rendering the protein in a fully active conformation and
accessible to substrate interactions (11,12)

3. SRC MUTATIONS IN HUMAN CANCER

Because of the oncogenic behavior of mutated oncogenic
Src and the role of Src in regulating cell growth and
adhesion, a number of studies have attempted to implicate
Src mutations in human cancer.  The contribution of Src
truncation mutants to a subset of advanced human colon
cancers has been described by Irby et al. (13).  A point
mutation introduces a stop codon corresponding to amino
acid 531, terminating translation of the mRNA immediately
after the carboxy-terminal regulatory tyrosine 530
(corresponding to tyrosine 527 in  chicken-derived v-Src)
The resultant truncated protein is termed Src 531.  DNA
samples from normal surrounding tissue and from matched
controls were negative for the mutation, demonstrating its
tumor-specificity.  Protein isolates from tumors harboring
the mutation contain enhanced Src kinase activity and in-
vitro data supports the finding that truncation of Src at
codon 531 activates the kinase.  Interestingly, the negative
regulatory tyrosine 530 is phosphorylated but this
phosphorylation does not inhibit enzymatic activity in in-
vitro kinase assays, due likely to the absence of sequences
downstream from tyrosine 530.  Further, Src 531 can
induce biologic transformation, though not as aggressively
as v-Src.  Stable transfected fibroblasts expressing Src 531
display anchorage independent growth, form foci in
transformation assays, and exhibit metastatic behavior in
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vivo.  Stable expression of Src 531 but not normal Src in
fibroblasts increases migration through matrigel and
confers metastatic behavior following intravenous injection
(13).

Although this evidence has made it tempting to
speculate that genetic mutation of Src plays a role in the
pathogenesis of colon cancer, additional analysis of colon
and other neoplastic specimens have failed to identify
changes in Src at codon 531 (14-16) or other activating
mutations (17).  Indeed, genetic abnormalities in non-
receptor tyrosine kinases of tumor samples are rarely
observed.  A much larger body of evidence implicates
changes in protein expression and/or kinase activity as
more likely to contribute to human carcinogenesis than
mutations (reviewed in 18). A convincing correlation exists
between changes in the protein levels/kinase activity of Src
and neoplastic transformation of a variety of human cell
lines derived from colon, breast, brain, bladder, and
pancreatic cancers (see below).

4. SURVEY OF SRC EXPRESSION IN SOLID
HUMAN TUMORS

4.1. Colon cancer
Colon cancer progresses through a series of

genetic and physiologic changes occurring to the normal
mucosal cells resulting in polyp growth, and if untreated,
eventually metastasis (19).  Increases in the transcription of
Src mRNA has been shown in a number of human colon
cancer cell lines, though the vast majority of changes occur
post-transcription (20).  Moreover, changes in the levels of
Src protein and/or kinase activity appear to correlate with
the grade of malignancy.  Stepwise increases in Src activity
have been observed during pre-malignant ulcerative colitis,
polyp formation, invasive tumors, and ultimately in
metastatic lesions (21-32).  In a 2-cm tubulovillous sigmoid
adenoma, a 16-fold increase in Src autophosphorylation
over adjacent normal mucosa was measured.  A 21-fold
increase in Src autophosphorylation was noted in a larger
polyp containing invasive carcinoma cells (25).  A study by
Talamonti, et al. (27) corroborates these findings, noting
that in small polyps, no enhancement in Src kinase or
protein levels was found but in large benign villous
adenomas, the specific activity of Src is elevated.  Further,
in a study of primary lesions, Src specific activity is
increased an average of 7-fold over normal mucosa.  In
samples of metastasis to the liver, these increases are more
pronounced (17.9-fold average increase in specific
activity).  Work with synchronous lesions resected from
both primary and metastatic sites support these
observations as both contain increases in Src protein levels
and specific enzymatic activity (27).  These data implicate
progressive changes in Src protein levels and kinase
activity throughout the pathogenesis of colon cancer.
Whether changes in Src aid in the progression of the
disease or are a consequence of changes in cellular
physiology associated with neoplastic transformation is
currently under investigation (32, 33).  Answers to this
question will have important clinical implications
concerning the efficacy of Src kinase inhibitors for treating
colon cancer.

4.2.  Breast cancer
A connection between Src and breast cancer was

first revealed by several animal model systems.  Increased
Src kinase activity is found in murine breast carcinomas
induced by transgenic expression of polyoma T antigen and
P185 HER2/ Neu (34,35).  However, MMTV-regulated
transgenic Src expression results in breast hyperplasia
while progression to carcinomas was rare (36). These
results support Src expression as a contributor to malignant
conversion rather than a causal oncogene. That is, it is
unlikely that Src activation is the direct causal event in
human mammary cellular transformation.  Instead, it is a
key contributor to the maintenance and progression of the
transformed phenotype.  Consistent with the observations
from colon cancer, Src protein levels and kinase activity is
increased in a large percentage of breast tumors and tumor-
derived cell lines.  Immunocomplex kinase assays
performed with extracts from both breast tumor cells and
biopsies obtained from varying stages of malignancy found
enhanced Src activity in the tumor-derived samples,
relative to surrounding normal tissue (21, 37-44).  In breast
cancer cell lines, this trend is further corroborated, certain
lines contain up to 30-fold increases in Src activity (44).
Experiments investigating the mechanism for this
activation have found that Src is preferentially
dephosphorylated at the negative regulatory tyrosine 530 in
breast carcinomas, suggesting that aberrant phosphatase
activity may contribute to the observed Src activation (41,
42).  Other possible mechanisms for activation of Src
kinase include changes in the C-terminal Src kinase, Csk, a
negative regulator of Src in vivo or the highly homologous
CHK (45).  Interestingly, reports of increases in both Csk
and Src activity suggest an in vivo insensitivity to the
normal regulatory activity (46).  Immunohistochemical
analysis of both normal and diseased tissue reveals the
localization of Src is unique in tumor specimens.  Whereas
normal breast tissue express low levels of Src in a fine
cytoplasmic pattern, tumor tissue contains increased levels
of Src protein localized in a granular fashion.  In metastatic
tumors, expression of Src becomes predominantly
perinuclear reflecting a possible change in the function of
Src, enhancing mitotic activity in these cells (40, 47, 48).

4.3. Additional solid tumors
Changes in Src expression and/or kinase activity

have also been shown to correlate with tumorigenicity in
the pancreas, liver, and brain, and bladder.  In an
immunohistochemical analysis of pancreatic tumor tissue
prepared from 13 carcinomas, each sample exhibited
increases in Src expression.  In 80% of pancreatic tumor
lines examined, increases in Src protein expression were noted
and kinase activity was limited to  cancer lines.  Importantly,
no changes in Csk protein levels were observed indicating that
increases in Src kinase are not due to reductions in Csk (49)
although a possibility for oxidative activation of Src by
tyrosine nitration has also been proposed (50).  Increased levels
of interferon-like growth factor receptors have been noted on
the surface of transformed pancreatic cells suggesting this may
be a downstream consequence of the increased Src activity
(51).  In hepatocellular carcinoma specimens, Src
autophosphorylation is 5 times higher than adjacent normal
tissue.  Src autophosphorylation levels are inversely
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correlated with extent of differentiation, as more robust Src
kinase is noted in poorly differentiated hepatocellular
carcinomas compared to moderately or well differentiated
samples (52,53).  Similarly, bladder transitional cell
carcinoma contain increases in Src kinase (54) as do
cancers of the upper digestive tract (55,56).  Human
neuroblastoma cell lines contain 20-40 fold increases in Src
kinase activity (21, 57-61) which also correlates with their
differentiation status (62).  Late stage ovarian cancers also
contain elevated levels of Src protein and kinase activity,
again supporting a role in malignant progression (63, 64).
Human melanoma display increased tyrosine
phosphorylation that has been linked to Src (65-70) as well
as other Src family members (69).  Activation of Src has
been shown to correlate with the hypophosphorylation of
Tyr 530 in transformed melanoma cells (66).

OTHER Src FAMILY MEMBERS
OVEREXPRESSED IN SOLID HUMAN TUMORS

While most studies have focused on the role of
the Src non-receptor tyrosine kinase in human cancer,
changes in other Src family member expression has also
been observed in tumor tissues.  Using an antibody
recognizing Src family kinases, 48% (25/52) of breast
tumor specimens analyzed contained elevated expression of
Src-related proteins including Fyn and Yes.  In 70% of the
samples analyzed, increases in the expression or kinase
activity relative to normal tissue samples were found (43).
In dysplastic colon lesions with high malignant potential
and in primary colon cancer, the Yes kinase is activated
when compared to normal tissue (70,71).  p56lck is a
lymphoid specific Src-related tyrosine kinase required for
the maturation and proper function of T cells (72-74).
Although generally restricted to tissues of the lymphoid
lineage, expression of p56lck mRNA has been observed in
colon and small lung carcinoma cell lines (75).  Higher
expression of p56lck mRNA was noted in lines derived from
tumor metastasis when compared to levels in lines derived
from primary tumors (73).  In colon carcinoma tumor
tissue, RT-PCR analysis revealed robust expression of
p56lck type I transcripts.  Corollary immunohistochemical
staining detected p56lck expression in primary colon
carcinoma but not in adjacent normal tissue.  Mechanistic
studies revel that aberrant expression of p56lck in colon
carcinoma may be due to transcriptional activation of the
Lck type I promoter as mediated by Ets and HMG-related
transcription factors (76,77).

6. SRC ACTIVATION

Src is activated by numerous extracellular stimuli
including the binding of ligand to receptor tyrosine kinases
(RTKs), through contacts with the extracellular matrix, and
by G-protein coupled receptors.  Src and numerous other
members of the Src family of non-receptor tyrosine kinases
including c-Fyn, and c-Yes, have been shown to associate
with receptors directly.  Following ligand binding and
receptor autophosphorylation, the RTK is activated and
SH2-mediated docking sites are formed at the
autophosphorylation of the cytoplasmic surface of the
RTK.  This allows transient signaling complexes to form

and Src or Src-related proteins to be recruited and activated
(reviewed in 78-81). Src can phosphorylate receptors
directly, sometimes at residues not normally
phosphorylated during RTK autophosphorylation, creating
recruitment sites for SH2 containing molecules.
Associations have been demonstrated between Src and
numerous RTKs including HER2/neu, EGFR, and the
estrogen receptor (80, 81).  Provocatively, synergistic
changes in the expression of Src and RTKs have been
correlated with tumorigenesis in cancers derived from the
pancreas, breast, lung, and brain and often correlate with
poor clinical prognosis (82, reviewed in 18).  Further, Src
associates with HER2/neu in breast tumors but not in
normal breast tissue and in highly metastatic cells of the
colon (18).  EGFR is upregulated in malignant tissue, the
activated receptor associates with Src, and co-expression of
both proteins causes synergistic mitogenicity and enhances
transformation of murine fibroblast cells.  Src exerts these
effects presumably through the enhanced phosphorylation
of substrates downstream from activated EGFR.  Changes
in Src signaling have also been noted in the context of
angiogenic signaling as inhibition of Src kinase decreases
hypoxic induction of VEGF, a ligand upregulated in
angiogenic tumor cells (83, 84). Src associates with
adhesion proteins, catenins, cadherins, and is activated by
integrin-mediated substrate adhesion (81, 85). In signaling
downstream from these structures at the cell membrane, Src
may aid in circumventing growth controls in tumor types
where Src and associated receptors are both overexpressed.

7.  CONCLUDING REMARKS

The biological significance of altered Src
signaling in human neoplasia that represents an intersection
between gross analysis and the molecular dissection of
signal transduction circuits.  Analysis of Src expression in
diverse solid human tumors has consistently revealed an
enhancement in Src kinase activity compared to normal
surrounding tissue.  The difficulty in identifying genetic
alterations responsible for this activation, analogous to the
activated v-Src genotype, has instead supported a role for
Src in the maintenance and progression of the transformed
phenotype.  Src signaling in numerous solid tumors
activating diverse signal transduction pathways identifies it
a credible target in cancer treatment.  Because of the
knowledge of its activation and the presence of domains
responsible for protein interactions and assembling signal
complexes, multiple targets are available for rational drug
design, including inhibition of ATP binding and blocking
peptides.  The precise downstream effectors of Src
signaling are still being defined, as are effects extending
well beyond the cell membrane now to the levels of
specific gene expression and regulation.
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