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The insulin-like growth factor receptor I (IGF-IR)
plays an essential role in transformation by promot-
ing cell growth and protecting cancer cells from ap-
optosis. Aberrant IGF-IR signaling is implicated in
several types of tumors, including carcinomas of the
lung, breast, prostate, pancreas, liver, and colon.
However, the contribution of the IGF-IR to the devel-
opment of the transformed phenotype in urothelial
cells has not been clearly established. In this study we
demonstrated that the IGF-IR is overexpressed in in-
vasive bladder cancer tissues compared with nonma-
lignant controls. We have investigated the role of the
IGF-IR in bladder cancer by using urothelial carcino-
ma-derived 5637 and T24 cells. Although activation of
the IGF-IR did not appreciably affect their growth, it
did promote migration and stimulate in vitro wound
closure and invasion. These effects required the acti-
vation of the Akt and Mitogen-activated protein kinase
(MAPK) pathways as well as IGF-I-induced Akt- and
MAPK-dependent phosphorylation of paxillin, which
relocated at dynamic focal adhesions and was neces-
sary for promoting motility in bladder cancer cells.
Our results provide the first evidence for a role of the
IGF-IR in motility and invasion of bladder cancer cells
and support the hypothesis that the IGF-IR may play a

critical role in the establishment of the invasive pheno-
type in urothelial neoplasia. Thus, the IGF-IR may also
serve as a novel biomarker for bladder cancer. (Am J

Pathol 2010, 176:2997–3006; DOI: 10.2353/ajpath.2010.090904)

Bladder cancer is a major epidemiological problem,
whose incidence continues to rise each year. The most
recent cancer statistic1 has estimated 68,810 new cases
with 14,100 estimated deaths in the United States.

Bladder tumors show widely differing histopathological
and clinical behavior,2 and this is a key problem in the
management of bladder tumors. The majority of bladder
tumors (�70%) are low-grade noninvasive papillary tu-
mors that do not penetrate the epithelial basement mem-
brane (Ta stage). The remainder comprises tumors that
have penetrated the basement membrane but not in-
vaded the muscle layer of the bladder wall (T1 stage) and
muscle-invasive tumors (T2, T3, and T4 stages).3

The insulin-like growth factor receptor I (IGF-IR) plays
a critical role in cell growth both in vitro4 and in vivo.5 Mice
with targeted ablation of the IGF-IR gene have severe
growth retardation, being only 45% the size of wild-type
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littermates, and die shortly after birth primarily due to
respiratory failure.6,7 These data suggest that the IGF-I/
IGF-IR axis is critical for normal growth.

The importance of the IGF-IR in transformation was
initially suggested by experiments performed with cells
derived from the IGF-IR-deficient mice. These cells were
refractory to transformation induced by several tumorigenic
agents (viral oncogenes, including Ras, SV40 large T Ag
and overexpressed platelet-derived growth factor receptor
and epidermal growth factor receptor, and various chemi-
cal agents) but were transformed when the IGF-IR was
re-expressed.8,9 In vitro experiments on tumor cell lines and
epidemiological studies have confirmed that activation of
the IGF-IR is involved in the development of many common
neoplastic diseases, including carcinomas of lung, pros-
tate, pancreas, liver, colon, and breast.8,10,11 The transform-
ing capability of the IGF-IR most likely depends on its ability
to protect cancer cells from apoptosis.12–15

The IGF-IR has now become a very attractive target for
cancer therapy, and in fact antibodies against the IGF-IR are
currently in phase I clinical trials.16,17 Whether the IGF-IR con-
tributes to the transforming phenotype of urothelial cells has
not been clearly established, but recent data suggest that
the IGF-IR is overexpressed in bladder cancer.18

In this study, using 5637 and T24 urothelial carcinoma-
derived cells, we established that activation of the IGF-IR
plays a critical role in bladder cancer by promoting mi-
gration, wound healing, and invasion of cancer urothelial
cells. We have also characterized the mechanism of ac-
tion of the IGF-IR in cancer urothelial cells and showed
that IGF-IR-dependent cell motility and invasion required
the activation of the Akt and MAPK pathway and Akt- and
Extracellular-signal-related kinase 1 (ERK)-dependent
activation of paxillin.

Collectively, these results provide novel information
toward a better understanding of the mechanisms that
regulate tumor formation in bladder cancer at the cellular
and biochemical level and suggest that the IGF-IR may
be critical for bladder cancer.

Materials and Methods

Immunohistochemical Detection of the IGF-IR in
Normal and Cancer Bladder Tissue Specimens

Immunohistochemical analysis of IGF-IR levels in bladder
tissues was performed as previously described.19 For-
malin-fixed paraffin-embedded sections from five inva-
sive (T3/T4) urothelial cell carcinomas and adjacent nor-
mal tissues were obtained from the Pathology Tissue
Bank of Thomas Jefferson University (Philadelphia, PA).
Informed consent to use excess pathological specimens
for research purposes was obtained from all five patients.
Slides were incubated with 1:500 dilution of an anti-hu-
man IGF-IR polyclonal antibody (C-20; Santa Cruz Bio-
technology, Santa Cruz, CA). The specificity of this anti-
body has been previously validated.18

Cells, Growth, and Migration Assays

Invasive urothelial carcinoma-derived human 5637 and
T24 cell lines were obtained from the American Type
Culture Collection (Manassas, VA). Cells were maintained
in RPMI medium supplemented with 10% fetal bovine se-
rum. Serum-free medium (SFM) is Dulbecco’s modified Ea-
gle’s medium supplemented with 0.1% bovine serum albu-
min and 50 �g/ml of transferrin (Sigma-Aldrich Corp., St.
Louis, MO). Cells were plated in duplicate at a density of
3 � 104 cells/35-mm plates in serum-supplemented me-
dium. After 24 hours, cells were transferred to SFM or SFM
supplemented with 50 ng/ml of IGF-I (Calbiochem, San
Diego, CA). Cells were counted after 48 and 72 hours with
a hemocytometer.

Migration experiments were performed by using HTS
FluoroBloks inserts (Becton Dickinson, Franklin Lakes,
NJ) as previously described.19 Membranes were
mounted on a slide, and migrated cells were counted and
photographed with a Zeiss Axiovert 200M cell live micro-
scope (Carl Zeiss SMT, Inc., Thornwood, NY) at the Kim-
mel Cancer Center Bioimaging Facility.

Inhibitors

Specific inhibitors for the Akt, LY294002, ERK1/2, or
U0126 pathways (Calbiochem) were used at a concen-
tration of 20 �mol/L and 10 �mol/L, respectively, as de-
scribed.20,21 For immunoblots, cells were pre-incubated
with the inhibitors for 1 hour and then stimulated with
IGF-I alone or IGF-I supplemented with the inhibitors.

Wound Healing and Invasion Assays

Cells were seeded onto 35-mm plates in serum-con-
taining medium until subconfluence and serum-starved
for 24 hours. The plates were then scratched with a thin
disposable tip to generate a wound in the cells mono-
layer20,21 and incubated in SFM or SFM supplemented
with IGF-I. Cells were analyzed and photographed after
24 hours with a Zeiss Axiovert 200M cell live microscope
by using the Metamorph Image Acquisition and Analysis
software (Universal Imaging, Sunnyvale, CA).

Cell invasion through a 3D-extracellular matrix was
assessed by a Matrigel invasion assay by using BD Ma-
trigel Invasion Chambers (BD Biocoat, San Jose, CA).19

After 24 hours (5637) or 8 hours (T24), filters were
washed, fixed, and stained with Coomassie Brilliant Blue
(Sigma-Aldrich Corp.). Cells that had invaded to the
lower surface of the filter were counted under the
microscope.

As recently described, 3D evasion assays of T24 cells
(5000/drop) in Matrigel drops (6 mg/ml; Becton Dickin-
son) were performed as recently described.19,22 Cell mo-
tility was analyzed by microscopy. Images were collected
by using a digital camera (Nikon, Melville, NY) and cells
outside each drop (five drops/cell line/experiment) were
counted.
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Detection of Activated Signaling Pathways

Serum-starved cells were stimulated with IGF-I (50 ng/ml)
for 10, 30, and 120 minutes. The activation of p90RSK, Akt,
ERK1/2, and S6 ribosomal protein was analyzed by West-
ern immunoblot by using the PathScan Multiplex Western
Cocktail I (Cell Signaling Technology, Beverly, MA). ElF4E
protein was used as control to monitor the loading of the
samples.

Paxillin phosphorylation was detected by immunoblot ei-
ther after immunoprecipitation with anti-paxillin monoclonal
antibodies (BD Biosciences, San Jose, CA) or in cell lysates
by using anti-phospho-paxillin antibodies. P-Y31 is from
Genetex (Irvine, CA). P-S126 is from Biosource International
(Camarillo, CA). P-S178 is from Calbiochem. Pan anti-phos-
pho-tyrosine-horseradish peroxidase-conjugated monoclonal
antibodies are from BD Transduction Laboratories (Lexington,
KY). Densitometric analysis was performed by using the Im-
ageJ program (NIH, rsbweb.nih.gov/ij/, last accessed Novem-
ber 20, 2009).

Small-Interfering RNA-Mediated Gene Silencing

To silence the IGF-IR, ERK1/2, Akt, and paxillin, we used
RNA interference by using small-interfering RNA (siRNA).
Cells were transfected with vehicle (Diethylpyrocarbonate-
treated water), control siRNA (scrambled), or siRNA spe-
cific oligos (200 to 400 pmol) by using the TransIT-siTKO
reagent (Mirus Corporation, Madison, WI).

Scramble and anti-IGF-IR siGenome Smartpool siRNA
oligos were from Thermo Scientific Dharmacon (Lafayette,
CO). Scramble and anti-ERK2 (MAPK1), paxillin, and Akt1
Silencer Select Validated siRNA oligos were from Ambion
(Austin, TX). The expression of the IGF-IR and ERK1/2 pro-
teins was detected by immunoblotting by using anti-IGF-IR
and anti-ERK1/2 polyclonal antibodies (Santa Cruz Biotech-
nology). Paxillin was detected by using anti-paxillin mono-
clonal antibodies (BD Pharmingen, San Diego, CA). Akt was
detected by using an anti-Akt polyclonal antibody (Cell
Signaling Technology).

Immunofluorescence Studies

Serum-starved 5637 and T24 cells on coverslip were
stimulated for 30 minutes with IGF-I (50 ng/ml). Cells were
fixed, permeabilized, and blocked as described.20 Pri-
mary antibodies were as follows: anti-paxillin (BD Trans-
duction Laboratories; 1:100) and anti-Focal Adhesion Ki-
nase (FAK; Invitrogen, Carlsbad, CA; 1:50) antibodies.
Secondary antibodies were as follows: Alexa Fluor 488
and 594 (Molecular Probes; Invitrogen). Coverslips
were mounted in Vectashield and counterstained with
4’,6-diamino-2-phenylindole (DAPI) (Vector Laborato-
ries, Burlingame, CA). Images were analyzed with a
LSM 510 Meta Confocal Microscope (objective, �63;
Universal Imaging).

Figure 1. The IGF-IR is overexpressed in invasive bladder cancer and promotes migration and in vitro closure of a wound in urothelial carcinoma-derived cells.
A: Formalin-fixed paraffin-embedded sections of nonmalignant human bladder and bladder cancer tissue were immunostained by using a polyclonal antibody
against human IGF-IR. Top: normal urothelium expressing the IGF-IR (original magnification, �200). Bottom: high levels of IGF-IR in invasive urothelial cancer
(original magnification, �200). At least ten independent fields per section were examined. Field is representative of 100% of fields examined. B and C: cell
proliferation and migration assays. Values represent the mean � SD of four independent experiments run in duplicate (C: *P � 0.01). D: For the wound healing
experiments, cells were analyzed with live-cell microscopy by using the Metamorph Image Acquisition and Analysis software (Universal Imaging; original
magnification, �100). Ten fields per plate were examined.
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Statistical Analysis

Experiments were performed in triplicate and repeated at
least three times. Results are expressed as mean � SD.
All statistical analyses were performed with SigmaStat for
Windows version 3.10 (Systat Software, Inc., Port Rich-
mond, CA). Results were compared by using the two-
sided Student’s t-test. Differences were considered sta-
tistically significant at P � 0.05.

Results

The IGF-IR Is Overexpressed in Invasive Bladder
Cancer

Recent work by Rochester et al18 has demonstrated by
quantitative RT-PCR that IGF-IR mRNA levels were sig-
nificantly increased in invasive bladder cancer tissues
compared with normal urothelium. We determined by
immunohistochemical analysis the level of IGF-IR expres-
sion in normal and invasive bladder cancer sections.
First, we established that the IGF-IR is present, although
at low levels, in normal urothelial tissue (Figure 1A, top).
Second, we discovered that the IGF-IR was expressed at
considerably higher levels in invasive bladder tumor tis-
sues analyzed (Figure 1A, bottom). These results confirm
and extend previous reports, which suggest that the
IGF-IR may play an important role and may contribute to
the invasive phenotype in bladder tumors.

IGF-IR Activation Promotes Migration of
Transformed Urothelial Cells Without
Affecting Proliferation

To discern the role of ligand-activated IGF-IR signaling
pathway in bladder cancer cells, we first determined the
effect of IGF-I on urothelial carcinoma-derived 5637 and
T24 cells on cell proliferation and migration. IGF-I did not
induce a statistically-significant increase over SFM in
mitogenic response in both cell types after either 48 or 72
hours of continuous exposure to the growth factor (Figure
1B). In contrast, IGF-I induced twofold to threefold in-
creases in migration (Figure 1C).

Next, we determined the ability of 5637 and T24 blad-
der cancer cells to migrate in response to IGF-I by using
an in vitro “wound healing” motility assay.19–21 In contrast
to control (Figure 1D, T0 or SFM), IGF-I evoked a sub-
stantial migration of both cells into the denuded area
(Figure 1D, IGF-I).

These results suggest that the ability of IGF-I to pro-
mote migration and lateral motility (wound healing) on
cancer urothelial cells can be separated from the capac-
ity to induce cell proliferation.

IGF-IR Activation Enhances Invasiveness

The acquisition of an invasive phenotype is a critical step
for tumor progression.23 To this end, we used Matrigel-
coated filters to examine invasive migration through a 3D

extracellular matrix.20,21 After exposure to IGF-I, there
was a marked increase in the ability of 5637 and T24 cells
to invade a 3D matrix (Figure 2A).

Next, we determined the ability of T24 cells to evade
from Matrigel drops.19,22 IGF-I stimulation significantly
increased the number of T24 cells able to evade the
3D-matrix (Figure 2B). Moreover, the migration distance
covered by IGF-I-stimulated T24 cells was markedly in-
creased (P � 0.05) as compared with T24 cells incu-
bated with SFM (data not shown).

To confirm that IGF-I-induced migration of 5637 and
T24 cells is indeed mediated by the IGF-IR, we depleted
endogenous IGF-IR by siRNA approaches. We achieved
considerable reduction in the level of endogenous IGF-IR
in both 5637 (Figure 2C) and T24 cells (Figure 2D) with a
consequent severe inhibition in the ability of these cells to
migrate in response to IGF-I stimulation.

Collectively, our results suggest that activation of the
IGF-IR by its ligand not only stimulates the migratory
ability of urothelial cancer cells, but also the cells’ ability
to migrate through and from a complex 3D matrix.

Signaling Pathways Stimulated by IGF-I in
Bladder Cancer Cells

To investigate the mechanisms by which the IGF-IR pro-
motes motility and invasion of bladder cancer cells, we
first examined the Akt and MAPK pathways, key compo-
nents for IGF-I-mediated biological responses in many
cellular systems.24–26 Furthermore, the activation of the
MAPK pathway plays a critical role in motility of epithelial
cells, as we have recently shown for proepithelin-induced
motility of bladder and prostate cancer cells.19–21 As
determined by immunoblot, IGF-I induced in 5637 cells a
sustained activation of Akt and ERK1/2 up to 120 minutes
with subsequent activation of downstream effectors S6
ribosomal protein and p90RSK (Figure 3A). Akt and
ERK1/2 activation in T24 cells was sustained up to 30
minutes and decreased after 120 minutes of IGF-I stim-
ulation, still remaining above the level of unstimulated
cells (Figure 3A). The level of Akt and ERK1/2 proteins
was instead not affected by IGF-I stimulation, as deter-
mined by immunoblot with anti-Akt and ERK1 antibodies
(not shown). Thus, IGF-I-stimulated activation of the Akt
and MAPK pathways may be critical for IGF-IR-depen-
dent biological responses in bladder cancer cells.

To corroborate the role of Akt and ERK1/2 activation in
IGF-I-mediated responses in urothelial cancer cells, we
performed IGF-I-evoked migration and invasion assays in
the presence of specific inhibitors of either the Akt
(LY294002) or MAPK (U0126) pathways. Notably, incu-
bation with LY294002 and U0126 reduced the ability of
5637 urothelial cells to migrate and invade in response to
IGF-I stimulation (Figure 3B), whereas T24 cells were
insensitive to MAPK inhibition in invasion (Figure 3C).
However, UO126 induced a statistically significant de-
crease in cell migration (Figure 3C). In T24 cells, the
combination of LY294002 and U0126 had stronger ef-
fects than the Akt inhibitor alone and significantly inhib-
ited migration and invasion (Figure 3C). We verified that
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the concentrations of LY294002 and U0126 used for
these experiments were effective in inhibiting the activa-
tion of Akt and ERK1/2. In 5637 cells, IGF-I-mediated ac-
tivation of Akt and ERK1/2 was severely reduced in the
presence of LY294002 (20 �mol/L) or UO126 (10 �mol/L),
respectively, establishing the effectiveness of both inhibi-
tors at the concentration used in migration and invasion
assays (data not shown).20,27

These results suggest that activation of MAPK and the
Akt pathways is necessary for IGF-IR-mediated migration
and invasion of urothelial carcinoma-derived cells.

Next, we investigated the role of MAPK and Akt signaling
in IGF-I-promoted biological responses in urothelial cancer
cells by targeting endogenous Akt and ERK1/2 proteins
using siRNA strategies. Depletion of endogenous ERK2
(Figure 4A) and Akt1 (Figure 4B) significantly reduced
the ability of 5637 cells to migrate and invade in response
to IGF-I, confirming that the Akt and MAPK pathways are
both required for fully sustained IGF-I-induced cell motil-
ity of bladder cancer cells.

To rule out the possibility of off target effects, we tested
different siRNA oligos for both ERK2 and Akt1 in 5637 cells,
and we confirmed that depletion of ERK2 and Akt1 in 5637
cells inhibits IGF-IR-mediated migration of these cells (Sup-
plemental Figure S1, A and B, see http://ajp.amjpathol.org).

Similar to the results obtained with the inhibitors, T24
cells are insensitive to ERK depletion, whereas endoge-

nous Akt1 knockdown significantly reduced both migra-
tion and invasion in these cells (Supplemental Figure S2,
A and B, see http://ajp.amjpathol.org).

IGF-IR-Evoked Paxillin Activation

Paxillin, with FAK, plays a critical role in cellular motility at
focal adhesions.28–30 In addition, our recent work has
pointed out a role of paxillin in cellular motility induced by
the growth factor proepithelin in urothelial cancer cells.20

To elucidate in more depth the mechanism(s) by which
the IGF-IR promotes motility and invasion of urothelial car-
cinoma-derived cells, we tested whether IGF-IR activation
of Akt and MAPK may promote phosphorylation of paxillin
and whether paxillin would be necessary to promote migra-
tion and invasion in these cells. We discovered that IGF-I
promoted a threefold increase of tyrosine-phosphorylation
of paxillin in 5637 cells as compared with unstimulated cells
(Figure 5A). Specifically, IGF-I promoted an increase in
phosphorylation of Tyrosine 31 compared with unstimulated
cells as we determined by using phospho-Tyr-specific an-
tibody and immunoblotting (Figure 5B). We also detected
paxillin phosphorylation on Tyrosine 118, but this residue
seemed to be constitutively phosphorylated and not mod-
ulated by IGF-I in 5637 cells. Significantly, prolonged IGF-I
stimulation promoted paxillin phosphorylation on Serine 126

Figure 2. IGF-IR activation promotes invasion and eva-
sion of urothelial carcinoma-derived cells. A: quantifica-
tion of invading 5637 and T24 cells plated on Matrigel-
coated transwells. For 5637 cells, invasion was analyzed at
24 hours, whereas T24 cells were analyzed after eight
hours. Data are expressed as fold increase over SFM (nor-
malized to 1). Values represent the mean � SD of three
independent experiments run in duplicate (*P � 0.01).
B: For Matrigel evasion assays, T24 cells were included in
a Matrigel drop and allowed to evade for 72 hours. The
dotted line indicates the edge of Matrigel drops. Values
represent the mean � SD of three independent experi-
ments run in quintuplicate (*P � 0.05). C and D: gene
knockdown for the IGF-IR in 5637 and T24 cells was
achieved by siRNA. Densitometric analysis is expressed as
arbitrary units. One representative blot of two indepen-
dent experiments is shown. Cells were processed and
analyzed for migration as described in Materials and
Methods. Values are expressed as fold change over SFM �
SD. *P � 0.05 compared with control oligo-treated cells
(second columns).
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and Serine 178 (Figure 5B), two possible target sites for Akt
and/or ERK-mediated phosphorylation on paxillin.31 The
same pattern of paxillin phosphorylation induced by IGF-I
was detectable in T24 cells (Supplemental Figure S2C, see
http://ajp.amjpathol.org).

In addition, IGF-I stimulation of 5637 cells induced the
formation of a complex that includes phosphorylated
paxillin and active ERK1/2, as determined by co-immu-
noprecipitation and immunoblot experiments (data not
shown).

Next, we confirmed that paxillin phosphorylation was
regulated by Akt and ERK1/2 by depleting 5637 cells of
endogenous ERK2 and Akt1 using siRNA strategies.

Figure 3. IGF-I regulates the activation of the Akt and MAPK pathway in 5637
and T24 cells. A: The activation of (top to bottom) p90RSK, Akt, ERK1/2, and
S6 ribosomal protein was analyzed by immunoblotting by using phospho-
specific antibodies. ElF4E protein is the control to monitor the loading of the
samples. Blot is representative of three independent experiments. B and C:
migration and invasion experiments in 5637 and T24 in the presence of IGF-I
supplemented or not with inhibitors. Values are expressed as fold change over
SFM � SD. B: inhibitors alone or in combination; *P� 0.05 compared with IGF-I
alone. C (migration): inhibitors alone or in combination; *P � 0.05 compared
with IGF-I alone. C (invasion): U0 *P � 0.05 compared with IGF-I alone. Data
are the average of three independent experiments � SD run in duplicate.

Figure 4. Depletion of endogenous ERK and
Akt impair IGF-I-mediated migration and inva-
sion of 5637 cells. A and B: gene knockdown for
ERK2 and Akt1 in 5637 cells was achieved by
siRNA. The level of endogenous ERK1/2 (A) and
Akt (B) proteins was detected by immunoblot by
using anti-ERK1/2 (Santa Cruz Biotechnology)
or anti-Akt polyclonal antibodies (Cell Signaling
Technology). One representative blot of three
independent experiments is shown. Migration
and invasion is expressed as fold change over
SFM � SD. *P � 0.05 compared with control
oligo-treated cells (second columns).

Figure 5. IGF-I induces paxillin phosphorylation. A: lysates (600 �g) from
5637 cells were immunoprecipitated with anti-paxillin monoclonal antibod-
ies (BD Pharmingen). Tyrosine-phosphorylated paxillin was detected by
immunoblot with anti-phospho-tyrosine-horseradish peroxidase-conjugated
monoclonal antibodies (BD Pharmingen). Total paxillin was detected by
using anti-paxillin polyclonal antibodies (Millipore, Billerica, MA). The level
of phospho-paxillin was normalized over total immunoprecipitated paxillin.
The blot is representative of two independent experiments. B: serum-starved
5637 cells were stimulated with IGF-I (50 ng/ml). Immunoblot was per-
formed by using phosphospecific-paxillin antibodies. Blots are representa-
tive of three independent experiments. C and D: paxillin phosphorylation
was assessed after 2 hours of IGF-I stimulation in ERK-depleted and Akt-
depleted 5637 cells as described above. Depletion and detection of endog-
enous ERK2 and Akt1 was performed as described in Figure 4.
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ERK2 depletion (Figure 5C) almost completely inhibited
paxillin phosphorylation of both Serine 126 and Serine
178, whereas Akt1 knockdown (Figure 5D) completely
abolished Serine 126 phosphorylation and reduced phos-
phorylation of Serine 178.

Collectively, these results indicate that on IGF-I stimu-
lation Akt and MAPK activation regulates paxillin phos-
phorylation in 5637 urothelial cancer cells. These results
also suggest that paxillin may play an important role in
mediating IGF-I-induced motility and invasion of bladder
cancer cells.

Paxillin Colocalizes with FAK

The formation and disassembly of focal adhesions (ad-
hesion turnover) at the cell front is a key process in the
regulation of cellular migration.32 Because paxillin and
FAK are key constituents of focal adhesions,32 we deter-
mined whether IGF-I stimulation could induce a redistri-
bution of paxillin at the cell edge of migrating cells. Thirty-
minute stimulation with IGF-I induced a clear change in
cellular morphology of 5637 cells and with a significant
redistribution of paxillin at the protrusive region in focal

Figure 6. IGF-I promotes paxillin and FAK colocalization in dynamic focal adhesions. A: 5637 and (B) T24 cells were plated onto coverslips, serum-starved for
24 hours, and stimulated for 30 minutes with IGF-I (50 ng/ml). Colocalization was analyzed by confocal microscopy as described in Materials and Methods. At
least 10 independent fields were examined. Images were analyzed at the Kimmel Cancer Center Bioimaging Core Facility with LSM 510 Meta Confocal Microscope
by using the Metamorph Image Acquisition and Analysis software (Universal Imaging) using a 63� objective. The images were merged by using Photoshop.
Pictures are representative of three independent experiments. Arrows indicate regions where paxillin colocalized with FAK.
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adhesions where paxillin colocalized with FAK (Figure
6A, arrows). The same redistribution of focal adhesions
and colocalization of paxillin with FAK in adhesions was
detectable by confocal microscopy in T24 cells but with a
slightly higher background in unstimulated cells (Figure
6B, arrows).

Collectively, these results suggest that paxillin may
play an important role in IGF-I-induced motility of cancer
urothelial cells by regulating adhesion turnover at the cell
front, a process critical to cellular migration.

Paxillin Requirement for IGF-IR-Mediated
Migration and Invasion

To confirm the role of paxillin in IGF-IR-induced motility of
cancer urothelial cells, we used siRNA to target endoge-
nous paxillin proteins in 5637 and T24 cells. Our approach
yielded a �70% depletion of endogenous paxillin proteins
in both 5637 and T24 cells as compared with cells treated
with either vehicle or scrambled siRNA (Figure 7A) and a
robust inhibition of IGF-I-mediated migration and invasion of
5637 (Figure 7B) and T24 (Figure 7C) cells.

Collectively, our findings reveal an essential role for pax-
illin in the IGF-IR functional regulation of tumor cell motility,
a key property of the aggressive cancer phenotype.

Discussion

Although bladder cancer is one of the most common
malignancies,1 the molecular mechanisms that deter-
mine malignant transformation in the urothelia lining the
bladder wall are still very poorly characterized. Most
bladder cancers are frequently recurring and often
progress into an invasive and metastatic phenotype, re-
gardless of treatment with surgery, chemotherapy, or
immunotherapy. The present study provides the first ev-
idence that the activation of the IGF-IR pathway might
play a significant role in bladder tumor formation and
progression by promoting migration and invasion of blad-
der cancer cells.

Because the IGF-IR is overexpressed in invasive blad-
der cancer, we used urothelial carcinoma-derived human
5637 and T24 cells to determine the role of the IGF-IR,
and we show the following: (1) activation of the IGF-IR by
its ligand IGF-I promotes migration and induces wound
healing in these cells without affecting cell proliferation;
(2) the IGF-IR stimulates the cells’ ability to migrate
through and from a complex 3D matrix such as Matrigel;
(3) IGF-I stimulation induces the activation of both the Akt
and MAPK pathways, which are required for migration
and invasion, as determined by pharmacological and
genetic approaches; (4) IGF-I stimulation induces Akt
and MAPK-dependent paxillin phosphorylation; (5) on
IGF-I stimulation, paxillin relocates at dynamic focal ad-
hesion at the cell’s edge where it colocalizes with FAK;
and (6) depletion of endogenous paxillin proteins by
siRNA strategies severely reduces motility and invasive
ability of these cells.

The IGF-IR plays a critical role in the regulation of cell
growth4,5 and it is essential for transformation for its ability
to protect cancer cells from apoptosis.12–15 The IGF-IR
has been implicated in promoting cellular motility of
breast cancer cells,33,34 and the enhancement of cell
migration mediated by the activation of the IGF-IR has
been directly linked to the progression toward a meta-
static phenotype.35,36 In addition, the expression of a
constitutively active IGF-IR causes transformation and
xenograft growth of immortalized mammary epithelial
cells and is accompanied by an epithelial-to-mesenchy-
mal transition.37

The IGF-IR is now accepted as a very attractive can-
didate for cancer therapy. There are currently approxi-
mately 12 anti-IGF-IR therapeutic agents undergoing
clinical evaluation, including blocking antibodies and ty-
rosine kinase inhibitors (small molecules). The complete
list of anti-IGF-IR therapeutics is summarized in a recent
review by Chitnis et al.16

A definite role for the IGF-IR in transformation of urothe-
lial cells is not clearly established, but Rochester et al18

recently reported that the IGF-IR is up-regulated in blad-
der cancer tissues compared with nonmalignant tissue
controls. They also showed by quantitative real-time poly-

Figure 7. Paxillin depletion inhibits IGF-I-induced migration and invasion of
5637 and T24 urothelial carcinoma-derived cells. A: gene knockdown for
paxillin was achieved by RNA interference by using siRNA. Paxillin expres-
sion levels were analyzed by immunoblot by using anti-paxillin polyclonal
antibodies (Santa Cruz Biotechnology). B: 5637 and T24 (C) cells were
processed and analyzed for IGF-I-induced migration and invasion as de-
scribed in Materials and Methods. Values are expressed as fold change over
SFM. *P � 0.05 compared with control-oligo-transfected cells. Data are the
average � SD of three independent experiments in duplicates.
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merase chain reaction (RT-PCR) that IGF-IR mRNA levels
were significantly increased in invasive cancers com-
pared with normal urothelium.18 We have confirmed the
results of the IGF-IR mRNA analysis by demonstrating
that the IGF-IR is indeed overexpressed in invasive blad-
der cancer tissues compared with normal counterpart.
Our results strongly support the hypothesis that the
IGF-IR might contribute to the transition to the invasive
phenotype in bladder cancer by providing the first evi-
dence that the activation of the IGF-IR strongly promotes
migration, lateral motility, and invasion through extracel-
lular matrix of urothelial cancer cells.

We have examined the signaling pathways activated
by IGF-I in urothelial carcinoma-derived cell lines and
have shown that Akt and ERK1/2 activation is required for
IGF-I-induced motility and invasion of 5637 and T24 hu-
man bladder cancer cells. Compared with 5637 cells,
T24 cells are quite insensitive to pharmacological and
genetic ablation of ERK1/2, but the combination of Akt
and MAPK pharmacological inhibitors had a stronger
effect than the Akt inhibitor alone in these cells. These
results suggest that in T24 cells the Akt pathway may play
a more critical role than ERK1/2 in promoting migration
and invasion in these cells. T24 cells express an acti-
vated Ras protein,38 which may sustain a signal that
would promote motility and invasion in ERK-independent
fashion.

Our study identified paxillin as an essential component
of IGF-I-stimulated signaling leading to motility and inva-
sion of T24 and 5637 cells. On IGF-I stimulation, paxillin is
phosphorylated in Akt and ERK-dependent fashion, co-
localizes with FAK at dynamic focal adhesion at the cells
edge of migrating cells, and it is necessary for motility
and invasion as paxillin knockdown severely reduced the
ability of 5637 and T24 cells to migrate and invade.

Our results do not demonstrate that paxillin is a direct
substrate of Akt and ERK1/2 phosphorylation but clearly
establish that Akt and ERK1/2 play a critical role in reg-
ulating IGF-I-mediated paxillin phosphorylation. As pre-
viously demonstrated in macrophages, paxillin phos-
phorylation by Glycogen-Synthase Kinase 3 (GSK-3) is
regulated via an ERK-dependent priming mechanism31;
our results would support a similar scenario in 5637 and
T24 cells.

We have identified Serine 126 and Serine 178 as phos-
phorylation sites induced by IGF-I in 5637 and T24 cells
suggesting that these residues may play an important role
in regulating IGF-I-dependent motility and invasion. How-
ever, our experiments do not demonstrate that these resi-
dues are absolutely required for paxillin activation, and we
do not rule out that additional residues may be phosphory-
lated on IGF-I stimulation and may contribute to paxillin
function in IGF-I-dependent motility and invasion.

IGF-I stimulation induced paxillin phosphorylation at
Tyrosine 31, which is mediated by FAK in other cellular
models39 suggesting that IGF-I stimulation may induce
FAK-dependent paxillin phosphorylation.

FAK activation links growth factors and integrin signal-
ing pathways and has an important function in promoting
growth factors and integrin-mediated cell migration and
survival.39 FAK is required for PI3K- and Ras-dependent

breast tumorigenesis,40 and integrins through FAK acti-
vate Ras signaling to MAPK.23,41 Thus, a plausible mech-
anism by which IGF-I promotes migration and invasion of
bladder cancer cells would be by activating the FAK/
integrins complex and the signaling cascade leading to
Akt and MAPK activation thereby promoting Akt and
MAPK-dependent paxillin phosphorylation.

In conclusion, the IGF-IR as a critical regulator of tumor
cell motility, and invasion of bladder cancer cells could
represent a novel molecular target in bladder cancer. The
IGF-IR could also serve as a novel tumor biomarker for
diagnosis and possibly prognosis of bladder tumors.
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