Cancer Metastasis Rev (2009) 28:327-333
DOI 10.1007/s10555-009-9197-4

Pathways of metastasis suppression in bladder cancer

Neveen Said - Dan Theodorescu

Published online: 16 December 2009
© Springer Science+Business Media, LLC 2009

Abstract Despite the recent advances in the diagnosis of
bladder cancer, recurrence after surgical intervention for
muscle invasive disease is still problematic as nearly half of
the patients harbor occult distant metastases and this, in
turn, is associated with poor 5-year survival rate. We have
recently identified Rho family GDP dissociation inhibitor 2
(RhoGDI2) protein as functional metastasis suppressor and
a prognostic marker in patients after cystectomy. In
identifying the mechanisms underlying metastasis suppres-
sion by RhoGDI2, we found this protein to be associated
with the c-Src kinase in human tumors, where the
expression of both is diminished as a function of stage.
Interestingly, c-Src bound to and phosphorylated RhoGDI2
resulting in enhanced metastasis suppressive potency. In
this review, we will discuss the established roles of c-Src
and RhoGDI2 in bladder cancer and speculate on their
therapeutic relevance.
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1 Introduction

Bladder cancer is a common malignancy affecting the
genitourinary system. In the United States, 70,980 estimat-
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ed new cases, and approximately 14,330 deaths are
expected in 2009 [1]. Most cases are of urothelial (formerly
named “transitional”) histology and, of these, 75% of
patients present with non-muscle invasive and 20-30%
present with muscle invasive disease [2]. Despite good
prognosis for patients with non-muscle invasive disease,
recurrence is common and associated with development of
muscle invasive disease in up to 30% [2]. Nearly half of the
patients presenting with muscle invasive disease or pro-
gressing to this state from non-muscle invasive cancer
already harbor occult distant metastases and a poor 5-year
survival rate [3]. Numerous factors, including chromosomal
markers, genetic polymorphisms, and genetic and epigenet-
ic alterations are involved in tumorigenesis, progression,
and metastasis of bladder cancer [4].

Our laboratory has identified the Rho family GDP
dissociation inhibitor 2 (RhoGDI2) protein as functional
metastasis suppressor in human bladder cancer models and
a prognostic marker in patients after cystectomy where
diminished tumor expression is associated with decreased
patient survival [4-8]. Further examination of these find-
ings revealed that a subset of patients with tumors having
RhoGDI2 expression levels similar to those found in non-
muscle invasive disease still developed metastasis. This led
us to investigate whether mechanisms, other than the
expression level, regulate RhoGDI2 function. We have
recently identified the c-Src kinase as a novel binding
partner of RhoGDI2, phosphorylating it at a specific
tyrosine residue and thus mediating its metastasis suppres-
sor function. Surprisingly, decreased c-Src and RhoGDI2
expression levels appeared mutually exclusive in individual
tumors, indicating shared signaling pathways leading to
metastasis suppression [9]. These findings broaden the
possible roles of c-Src in cancer and raise the possibility
that some of these are mediated in a tissue specific manner.
In this review, we will focus on the roles of c-Src and
RhoGDI2 in bladder carcinogenesis and metastasis.
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1.1 The Src tyrosine kinase

Src belongs to a family of proto-oncogenic non-receptor
tyrosine kinases, called Src family kinases (SFK) [10-12].
Although Rous sarcoma virus (RSV) was first discovered in
1911 by Francis Peyton Rous [13] as a virus causing chicken
sarcoma, Bishop, Varmus, and colleagues highlighted the
significance of this transforming virus decades later. They
demonstrated that the v-Src chicken oncogene (a member of
RSV) originated from a cellular proto-oncogene, c-Src [10—
12], which is implicated in physiological processes including
cell proliferation, apoptosis, cell cycle control, angiogenesis,
and cell-cell adhesion and communication [14 and the
references cited therein]. Consistent with its role as a proto-
oncogene, c-Src has a poor transforming ability, that when
activated, becomes highly oncogenic [15-18].

In humans, nine members of the SFKs have been
recognized; all share four conserved peptide domains, Src
homology (SH) domains that not only allow SFK partici-
pation in a myriad of signaling complexes, but also regulate
SFK kinase activity through intermolecular and intramo-
lecular interactions [19-23]. Src homology domain-1 (SH-
1) is the enzymatic domain that possesses intrinsic tyrosine
kinase activity. SH-2 domain facilitates intermolecular
interactions between Src and its own C-terminal tyrosine
residues resulting in autophosphorylation at more than one
tyrosine residues. Autophosphorylation of Tyr527 nega-
tively regulates SFKs, and is catalyzed by C-terminal Src
kinase (Csk), resulting in an enzymatically inactive,
clamped conformation with SH-1 [24, 25]. Phosphatases
are capable of removing the Tyr 527 phosphate group from

the C-terminal tyrosine, releasing the clamp [22]. Point
mutations or deletions in the C-terminus that alter Tyr527,
as occur in v-Src, result in a transforming protein with
constitutive enzymatic activity [26, 27]. On the other hand,
autophosphorylation at Tyr416 on the SHI1 increases the
specific activity of c-Src [27]. The SH-3 domain recognizes
a pro-x-x-pro motif on many signaling and structural
molecules [19, 28], whereas the SH-4 or the NH2-
terminal domain is myristoylated and is responsible for
membrane association of SFKs [29] (Fig. 1)

The expression of individual SFKs (or their splice variants)
is both tissue and cell specific with c-Src, Fyn, and Yes
ubiquitously expressed (reviewed in [14, 23, 24, 27]). SFKs
vary in their subcellular locations, such as in caveolae, focal
adhesions, endosomes, perinuclear membranes, and the
cytoplasmic face of the plasma membrane [14, 23, 24, 27].
Activity of SFKs is regulated by tyrosine kinase receptors
(such as epidermal growth factor receptor (EGFR), platelet-
derived growth factors (PDGFR), and fibroblast growth
factor receptors (FGFRs)), integrins, G-protein coupled
receptors, antigen- and Fc-coupled receptors, cytokine
receptors, and steroid hormone receptors [27]. SFKs work
in concert with a large number of substrates, and upon
activation, they signal to a variety of downstream effectors
and transcription factors (reviewed in [27]).

1.2 The role of Src in cancer
c-Src is the SFK member most implicated either by

overexpression or activation in a wide variety of cancers
including colorectal, hepatocellular, pancreatic, gastric,

Y419 Y530 B

Human c¢-Src

Chicken c-Src

Chicken v-Src |

Fig. 1 Structure and activation of Src Proteins. a Both avian and
human c-Src protein are composed of a C-terminal tail containing a
negative regulatory tyrosine residue (Tyr527, chicken; Tyr530,
human), four Src homology (SH) domains, and a unique amino-
terminal domain. The SHI is the kinase domain and contains the
autophosphorylation site (Tyr416, chicken; Tyr419, human); the SH2
domain, interacts with the negative regulatory; the SH3 domain
promotes intramolecular contact with the kinase domain in the
inactive form of the protein; and the SH4 domain contains a
myristoylation site that is important for membrane localization.
Chicken v-Src lacks the carboxy-terminal negative-regulatory domain
and contains 12 substituted carboxy-terminal amino acids, as well as
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numerous point mutations throughout the molecule, explaining the
high level of activity of this protein. b Inactivation of human c-SRC
occurs when its C-terminal Tyr530 is phosphorylated and it binds back
to the SH2 domain. This interaction and an interaction between the
SH3 domain and the kinase domain result in a closed molecular
structure with diminished access of substrates to the kinase domain.
Conversely, c-Src activation occurs with removal of the C-terminal
phosphotyrosine, displacement of inhibitory intramolecular interac-
tions, and opening of the c-SRC molecular structure. Full activation
involves phosphorylation at Tyr419. M myristoylation, P phosphory-
lation (adapted from [28])
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esophageal, breast, prostate, head and neck, ovarian, lung,
neuronal cancers, and melanoma as well as leukemia and
lymphoma [28, 30, 31]. Being that c-Src is the oldest and
best-studied proto-oncogene, its role in human cancer
development and progression is multi-faceted. When acti-
vated through various mechanisms, from stimulation by
growth factors to activating mutations, c-Src results in
transformed phenotype with increased cellular proliferation,
invasion, and motility, as well as decreased intercellular and
cell-matrix adhesion and angiogenesis [28]. Correlative and
experimental evidences demonstrated that the expression
and activity of c-Src was positively correlated with tumor
grade and stage in several cancers [28, 30, 31]. In
hepatocellular and colon carcinomas, the overexpression of
c-Src is concurrent with underexpression of its negative-
regulatory c-Src tyrosine kinase (Csk) protein, leading to
higher levels of c-Src activation even in the presence of
relatively normal levels of c-Src protein expression [28].
Discrepancies between the levels of c-Src protein expression
and activity and the grade and stages of the tumor cells have
been found in some colorectal tumors and have been
explained by the presence of overexpressed receptor tyrosine
kinases such as EGFR in poorly differentiated tumors, which
can activate c-Src compensating for the low levels of c-Src
[28, 32-35]. Additionally, experimental evidence supported
the use of SFK-selective small molecule inhibitors in early
phase clinical trials for advanced tumors and other patho-
logic conditions such as osteoporosis and inflammatory
conditions with promising outcomes [34, 36-39].

1.3 Src in bladder cancer

The expression and kinase activity of phosphorylated c-Src
in urothelial tumors and cell lines have not received much
attention. The earliest study by Rosen and colleagues [40]
reported low Src level and activity in T24, TCCSUP, and
5637 human bladder cancer cell lines. The tyrosine kinase
activity of pp60c-Src is elevated in human bladder
carcinomas over normal bladder mucosa [40]. The in-
creased level and kinase activity were mainly in low-grade
bladder cancer cell lines and tumors compared to high-
grade counterparts [41]. Novel phosphotyrosyl substrates
were identified in human bladder cancer cell lines and
tumors displaying elevated pp60c-Src kinase activity,
suggesting an inverse association for the Src protooncogene
in urothelial cancer differentiation and progression [40, 41].
Furthermore, gene expression profiling and immunohisto-
chemistry of human tumors revealed that Src levels
diminish as a function of bladder cancer stage [9].

In addition, c-Src has been shown to be specifically and
transiently activated in low-density rat bladder cancer NBT-
IT cells in response to growth factor (EGF, FGF-1, and
cMet) and chemokine stimulation and the dominant-

negative c-Src expressed in these cells inhibited scattering
activity. In growth-arrested confluent cultures stimulated by
the same growth factors, c-Src activation was associated with
cell cycle entry and mitogenic pathway activation that were
not inhibited by expressing the dominant negative mutant. In
either situation, growth factor stimulation and phosphoryla-
tion of the cognate receptors on NBT-II cells resulted in
activation of the Ras pathway [42, 43] indicating that the
two pathways act independently, with c-Src being necessary
only in scattering or epithelial mesenchymal transition
(EMT) [44]. These observations also suggested that c-Src
activation might correspond to an early event in the growth
factor-triggered signaling, diverging the signaling cascade
into EMT but not to mitogenesis [42, 43]. Consistently,
although c-Src activity was not required for growth of
tumors derived from NBT-II cells injected into nude mice,
the presence of micrometastases was strictly dependent on
c-Src as evidenced by the dramatic reduction of metastases
by the expression of a dominant-negative mutant of Src
(SrcK-) or of Csk, the natural inhibitor of Src [42].

Taken together, these observations suggest that in
bladder cancer, the low level and activity of c-Src may be
compensated by overexpressed receptor tyrosine kinases as
EGFR or FGFRs, or more unusually, c-Src may either
activate tumor or metastasis suppressors or inactivate other
oncogenes or metastasis promoters.

1.4 The relationship of EGFR and Src

The importance of Src and EGFR interaction in bladder
cancer highlighted in a study by Simeonova and colleagues
[45] who were first to report that c-Src activity was induced
by arsenic in UROtsa cells in vitro, and was found to be a
prerequisite for the EGFR and ERK activation. In vivo
exposure of mice to arsenic in drinking water was
associated with epithelial proliferation, EGFR, and ERK
activation in the urinary bladder concomitant with an
increase in c-Src levels interacting with EGFR. Src activity
was also involved in arsenic-induced, EGFR-independent
ERK phosphorylation [45]. Pharmacological or mutational
inhibition of Src prevented arsenic-induced but not EGF-
induced EGFR or ERK phosphorylation in the uroepithelial
cell line. Therefore, it was concluded that Src can activate
the ERK pathway either by phosphorylating EGFR or by
phosphorylating molecules, such as Shc or FAK, creating
binding sites for Grb2, both of which link to the MAPK
pathway. In another study, using pharmacological inhibitors
and UROtsa cells acutely or chronically exposed to arsenic,
Src was shown to mediator of arsenic-induced Cox2
expression and activity, anchorage-independent growth,
cell proliferation as well as inhibition of apoptosis [46].
Both studies support the contribution of Src in bladder
carcinogenesis. Furthermore, EGFR and SFKs (Src and
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Yes) were found to be activated in response to serum-
starvation in human 5637 bladder cancer cells [47].
Abrogation of EGFR-SFK activation by PP2 or the tyrosine
phosphorylation of p145™" promoted cell death concurrent
with activation of caspase-like proteases. This study
concluded that SFK activity is specifically required for
serum-independent growth of 5637 cells, as a downstream
target of EGFR, but independent of dephosphorylation of
the C-terminal tyrosine residue (Y529) [47]. Together with
prior observations on the level of Src in normal-, low-, and
high-grade bladder cancer [41], these data suggests that Src
may be involved in carcinogenesis and/or maintenance of
the low grade non-invasive lesion while its role may be
unnecessary or different in high-grade invasive lesions [47].
The interactions of Src with the RhoGDI2 metastasis
suppressor provide support to the latter possibility. This
will be discussed further below.

1.5 The Rho family GDP dissociation inhibitors (RhoGDIs)
in human cancer

RhoGDI2 also known as D4-GDI, Ly-GDI, and ARHGDIB
belongs to a family of related proteins that also includes
RhoGDI1 and RhoGDI3 (Fig. 2). RhoGDIs bind to Rho

GTPases, sequester them in the cytosol keeping Rho
proteins in the GDP-bound inactive state and preventing
their interactions with effectors or other regulatory proteins,
namely GTPase activating proteins (GAPs) and guanine
nucleotide exchange factors (GEFs; Fig. 3). RhoGDI2 is
ubiquitously expressed [7], shares a 78% amino acid
identity with RhoGDI1, and has been shown to interact in
similar ways with RhoA, Racl, and Rac2, [48]. The
flexible N-terminal domain (1-69) is implicated in the
binding of RhoGDI1 to Racl and Cdc42, and the binding
of RhoGDI2 to Rac2 [49-51]. In some cells, the N-terminal
domain of RhoGDI2 is cleaved by caspases with nuclear
translocation of the cleaved protein during apoptosis [52—
54]. Overexpression of truncated C-terminus of RhoGDI2
in SW480 colorectal cancer cells induced membrane
localization of the truncated protein and was associated
with induction of metastasis [55].

RhoGDI2 has been shown to be a metastasis suppressor
in different cancers, as its expression was decreased or even
lost in metastatic cancers, including bladder cancer and
Hodgkin’s lymphoma [7, 56]. It has also been shown to
promote metastasis in other cancers [57-62]. These
functional differences may be due to cell type specificity,
variations in the experimental approaches, patient popula-
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Fig. 2 Structure, function, and phosphorylation of RhoGDIs. a
RhoDGI proteins exhibit a high degree of primary sequence
conservation as indicated by the percent identity to the right. The
three GDIs share two major conserved domains: an immunoglobulin-
like domain at the C-terminus and a regulatory arm at the N-terminus
(residue 74 marks the beginning of the first 3 strand in the
immunoglobulin like domain of RhoGDI). In addition, RhoGDI3
has a unique helical region at the N-terminus. b Alignment of human
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RhoGDI1 and RhoGDI2 protein sequences was performed using
CLUSTAL FORMAT for T-COFFEE Version 7.71 (http://www.
tcoffee.org). c-Src tyrosine phosphorylation sites (red letters) were
predicted by KinasePhos (http:/kinasephos.mbc.nctu.edu.tw). Note
that the predicted tyrosine phosphorylation residues (red) were
identical in RhoGI1 and RhoGDI2, including Tyr 153 of RhoGDI2
and Tyr 156 in RhoGDI1 (dark red arrow) a suggesting conserved
sites
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Fig. 3 Mammalian GTPase
cycle. Cycle between active
(GTP-bound) and an inactive
(GDP-bound) GTPase confor-
mation. In the active state,
GTPases interact with target
proteins (effector). Cycle is
regulated by three classes of
proteins: nucleotide exchange
factors (GEFs) catalyze
nucleotide exchange and
mediate activation; GTPase-
activating proteins (GAPs)
stimulate GTP hydrolysis
leading to inactivation; and
guanine nucleotide exchange
inhibitors (GDIs) extract the
inactive GTPase

from membranes
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tions, and statistical analyses. Clearly, more work is needed
to identify the signaling pathways that RhoGDI2 regulates
and their relevance across various tumor types.

1.6 RhoGD]I2 in bladder cancer

RhoGDI2 was originally identified as a metastasis suppres-
sor in bladder cancer during studies of the differential
invasive and metastatic properties of isogenic human
bladder carcinoma cell lines, T24 (non-metastatic), and
T24T (highly invasive and metastatic) using experimental
metastasis models and comparative genomic studies [5, 6,
8]. Reduced expression of RhoGDI2 correlated with
increasing invasive and metastatic activity in T24T cells.
In human bladder tumors, the RhoGDI2 level inversely
correlated with development of metastatic disease, and
multivariate analysis identified RhoGDI2 as an independent
prognostic marker of tumor recurrence following radical
cystectomy [4, 7]. However, approximately 35% of patients
with moderate or high levels of RhoGDI2 protein-
developed metastatic disease suggesting that not only the
expression level, but other mechanisms might regulate the
metastasis suppressor effect of RhoGDI2. Phosphorylation,
binding to specific partners, truncations, proteolytic cleav-
age, or change in subcellular localization was considered
given the existing data on the other members of the
RhoGDI family [52, 53, 63, 64].

Moissoglu and colleagues [65] recently reported the
distinct functional mechanisms of GDI1 and GDI2 in bladder
cancer cell lines independent of their affinity and inhibition
of GTPase activity. Rho GDI2 was found to have a low
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affinity and a weak effect on RhoGTPase function, however,
GDI2 bound with highest affinity to Racl [65] which can
also act as a metastasis suppressor [66]. Mutations that
altered the affinity of GDI2 for Racl abolished metastasis
[65], suggesting that the metastasis suppressor mechanism of
RhoGDI2 might be due its association with Racl promoting
its interaction with a specific unidentified GEF.

A role of RhoGDI2 in Src mediated tumor progression was
first observed in studies of Ota and colleagues [55] who
showed that deletion of the N-terminus of RhoGDI2 sup-
pressed metastasis of 1-1src cells derived from BALB/c 3T3
A31-1-1 cells, not 1-1ras1000 despite suppression of tumor-
igenicity in the latter [55]. RhoGDIl and RhoGDI2 were
found to be tyrosine-phosphorylated by Src in genetically
modified murine cancer cells [64]. Moreover, within individ-
ual tumors, the concurrent diminution of Src levels and
RhoGDI2 levels were rarely observed suggesting their
involvement in common pathways suppressing metastasis [9].

Src phosphorylation has been shown to modulate
RhoGDI1- and RhoGDI2-RhoGTPase complex formation,
and the Src-phosphorylation sites appeared to be conserved
between RhoGDI1 and RhoGDI2 [64]. Computational,
proteomic, and experimental approaches identified the
association of Src with RhoGDI2 in human bladder cancer
cell lines with four potential Src phosphorylation sites, Tyr-
24, Tyr-125, Tyr-153, and Tyr-172 in RhoGDI2 [9].
Mutation studies revealed that Tyr-153 is the major site of
phosphorylation in UMUC3 and 293T cell lines; a site
which is comparable to Tyr-156 phorphorylated by Src in
RhoGDI1 overexpressing cells [64]. Phosphomimetic
mutants of RhoGDI2 at Tyr153 enhanced the metastasis-
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suppressor ability of this protein in experimental lung
metastasis models of human bladder cancer [9]. RhoGDI2
phosphorylation by Src decreased its association with Racl
as confirmed by exogenous expression of wild-type
RhoGDI2 or mutated substrate tyrosine residues (Y 153F,
constitutively active or Y153E, inactive). WT RhoGDI2
moderately decreased Racl membrane targeting and inhi-
bition, Y153F had a more profound inhibitory effect on
Racl, whereas Y153E released Racl inhibition and was
associated with a nearly absent lung tumor burden
compared with that of GFP-GDI2 [9]. Using computational
studies, Tyr-153 of RhoGDI2 was also predicted to
phosphorylate and/or bind receptor tyrosine kinases as
EGFR and PDGFR [9]. These studies provided the first
evidence that Src phosphorylates RhoGDI2 at Tyrl53 and
this may affect its metastasis-suppressor function possibly
via alternations of membrane-bound Racl.

2 Conclusion

Although c-Src is the oldest and best-studied proto-
oncogene, its role in bladder cancer carcinogenesis, progres-
sion, and metastasis appears different than that in other
cancers. The pathways that impact Src levels and activity, as
well as the net outcome of its interactions with substrates and
regulators are still being unraveled in this tumor type. Given
the observed Src expression and activation in human bladder
tumors as a function of stage and its effect on the metastasis
suppressive potency of RhoGDI2, one begins to wonder
whether Src may be a metastasis-suppressor protein that can
also act via RhoGDI2-independent pathways.
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