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Mammalian target of rapamycin (mTOR) signaling
has been associated with aggressive tumor growth in
many cancer models, although its role in urothelial
carcinoma (UCC) has not been extensively explored.
Expression of phosphorylated mTOR (P-mTOR) and a
downstream target, ribosomal S6 protein (P-S6), was
identified in 74% (90/121) and 55% (66/121) of mus-
cle-invasive UCCs, respectively. P-mTOR intensity and
%positive cells were associated with reduced disease-
specific survival (P � 0.04, P � 0.08, respectively).
Moreover, P-mTOR intensity corresponded to in-
creased pathological stage (P < 0.01), and mTOR ac-
tivity was associated with cell migration in vitro. In
addition, mTOR inhibition via rapamycin administra-
tion reduced cell proliferation in UCC cell lines RT4,
T24, J82, and UMUC3 in a dose-dependent manner to
6% of control levels and was significant at 1 nmol/L in
J82, T24, and RT4 cells (P < 0.01, P < 0.01, P � 0.03,
respectively) and at 10 nmol/L in UMUC3 cells (P �
0.03). Reduced proliferation corresponded with re-
duced P-S6 levels by Western blot, and effects were
ablated by pretreatment of cells with mTOR-specific
siRNA. No effects of rapamycin on apoptosis were
identified by TUNEL labeling or PARP cleavage. Ad-
ministration of rapamycin to T24-xenografted mice

resulted in a 55% reduction in tumor volume (P �
0.03) and a 40% reduction in proliferation (P < 0.01)
compared with vehicle-injected mice. These findings
indicate that mTOR pathway activation frequently oc-
curs in UCC and that mTOR inhibition may be a po-
tential means to reduce UCC growth. (Am J Pathol

2010, 176:3062–3072; DOI: 10.2353/ajpath.2010.090872)

Bladder cancer occurs in multiple forms, the most com-
mon of which is urothelial carcinoma (UCC), which rep-
resents �90% of all bladder cancers.1 Approximately 30
to 50% of patients with invasive bladder cancer into the
muscular wall of the bladder will develop metastatic dis-
ease and die within 2 years of diagnosis.2 In addition,
virtually all patients diagnosed with distant UCC metas-
tases will succumb to disease.3 Currently, the standard
treatment modality for muscle-invasive bladder cancer is
radical cystectomy; systemic chemotherapy is generally
reserved for patients with metastatic disease, although
these treatment regimens provide only a limited long-
term benefit with only rare reports of complete remis-
sion.4,5 In light of these clinical outcomes, identification of
new therapeutic targets is needed to define potential
additional treatment avenues for these patients.

Activation of the mammalian target of rapamycin (mTOR)
signaling pathway occurs in many cancers and has recently
been shown to correlate with more aggressive disease be-
havior,6–9 although it has not been examined in great detail
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in UCC. Activation of mTOR occurs via a multistep process
that includes upstream phosphoinositide-3 kinase (PI3K)
and AKT activation, leading to phosphorylation and inacti-
vation of the tuberous sclerosis complex 1 and 2 (TSC1/
TSC2) heterodimer.10,11 Inactivation of this heterodimer re-
sults in release of Rheb inhibition and subsequent mTOR
activation by means of Rheb GTPase activity. Once acti-
vated, mTOR can induce increased mRNA translation or
regulate the actin cytoskeleton via differential association
Rictor and Raptor proteins.10,11 Ultimately, mTOR activity
regulates the effects of a number of downstream molecules
important in cellular growth, including p70 S6 kinase-1
(S6K) and elongation-initiation factor 4E binding protein-1
(4E-BP1). Selective inhibition of the mTOR pathway can be
achieved using rapamycin or rapamycin analogs temsiroli-
mus (CCI-779, Wyeth Pharmaceuticals) and everolimus
(RAD001, Novartis), which are currently in use in numerous
clinical trials for solid tumors, with promising results in pa-
tients with advanced renal cell carcinoma.12,13

To further investigate the potential role of mTOR sig-
naling and inhibition in UCC of the bladder, we used
human cancer specimens, xenograft models, and in vitro
analysis to determine the effects of mTOR on cellular
proliferation, apoptosis, tumor growth, and clinical out-
comes in this cancer population.

Materials and Methods

Patient Specimens

Permission for this study was obtained from The Cleveland
Clinic Institutional Review Board. Specimens included ar-
chived paraffin blocks from patients who underwent radical
cystectomy or cystoprostatectomy for muscle-invasive UCC
(pathological stage pT2 or greater) between the years 1998
to 2007. All specimens were received in the surgical pathol-
ogy suite on ice within 10 minutes postcystectomy, and
tissue was immediately placed into 10% buffered formalin
for routine processing. Primary bladder tumors that were
either nonmetastatic (n � 52) or metastatic to regional
lymph nodes (n � 69) were used for analysis. Paired lymph
node metastases from the latter group were available in 59

cases for analysis. Patient demographics, clinicopathologic
features, and outcomes are presented in Table 1. In addi-
tion, noninvasive low- (n � 20) and high-grade (n � 20)
papillary UCCs identified on biopsy were used for compar-
ison for P-mTOR and P-S6 expression.

Immunohistochemistry

Tissue microarrays were prepared from both nonmeta-
static and metastatic UCCs. Each specimen was repre-
sented by four 1.0-mm cores on tissue microarray to
obtain adequate representation of different regions of
neoplastic cells to assess for intratumoral heterogeneity
and which has been demonstrated to adequately repre-
sent tissue variation within UCC.14 Slides were deparaf-
finized in fresh xylenes and rehydrated through sequen-
tial-graded ethanol steps. For P-S6, antigen retrieval was
performed by citrate buffer incubation [18 mmol/L sodium
citrate (pH 6.0)] using a household vegetable steamer for
60 minutes. Slides were incubated for 5 minutes with 3%
hydrogen peroxide, washed in TBS/T [20 mmol/L Tris, 140
mmol/L NaCl, 0.1% Tween 20 (pH 7.6)], and incubated in
appropriate antibody dilution for P-S6 (Thr389, 1:50, Cell
Signaling Technologies) overnight at 4°C. P-S6 immuno-
staining was validated by a secondary analysis with Ser240/
244 antibody (1:50, Cell Signaling Technologies) with no
significant differences in pathway activation identified. Nor-
mal saline was substituted for the primary antibody in con-
trol sections. The avidin-biotin-peroxidase complex method
from DAKO (Glostrup, Denmark) was used, and slides were
subsequently counterstained with hematoxylin. P-mTOR im-
munohistochemistry was performed using an automated
stainer (Ventana Medical Systems, Tucson, AZ) with mono-
clonal antibody against P-mTOR (clone 49F9; Cell Signaling
Technologies). Assessment of immunohistochemical label-
ing of the tissue microarrays was performed by one of the
authors (D.E.H.). Immunostaining was scored semiquanti-
tatively including both intensity of stain (0, no staining; 1,
weak staining; 2, moderate staining; 3, intense staining) and
percentage of immunoreactive cells within the lesion. Com-
parison of immunolabeling between populations was per-
formed using the Fisher exact test.

Table 1. Patient Demographics and Clinical Outcomes

Total primary carcinomas Nonmetastatic subset Metastatic subset

Patient number, n 121 52 69
Patient age, y

Mean 67 68 66
Median 68 71 65
Range 33–89 33–89 43–84

Male:female ratio 98:23 45:7 53:16
Pathologic stage, pT

pT1 3 (2%) 2 (4%) 1 (2%)
pT2 29 (24%) 16 (31%) 13 (19%)
pT3 84 (69%) 34 (65%) 50 (72%)
pT4 5 (4%) 0 (0%) 5 (7%)

Positive margin 32 (27%) 12 (23%) 20 (29%)
Clinical follow-up available 118 (98%) 50 (96%) 68 (99%)

Mean follow-up, mo 28 33 24
Median follow-up, mo 22 27 17

Subsequent metastases 38 (32%) 15 (30%) 23 (33%)
Dead of disease 74 (63%) 25 (50%) 49 (71%)
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Statistical Analysis of P-mTOR and P-S6 to
Clinical Parameters

Statistical analysis was performed using SPSS version
17.0 (SPSS Inc., Chicago, IL) and Statistica (Statsoft Inc.,
Tulsa, OK). All tests were two-tailed, analyzed at a sig-
nificance level of P � 0.05, with a statistical trend defined
as P � 0.1. The Mann–Whitney test was used to compare
the probability distributions from two independent groups,
one-way analysis of variance was used to compare
means between independent groups. Pearson correla-
tion was used to determine the linear dependence be-
tween two variables. Regression (Logistic, Ordinal) was
used for predicting probability for data, and survival anal-
ysis was performed using the Cox Proportional Hazards
model. The end point in survival analysis was disease-
related death, measured in time as a function of months
from surgery until death. The groups mTOR and S6 in-
tensity were both dichotomized along their median (0–1)
into 0, and (2–3) into 2.

Cell Culture and Cell Culture Assays

UCC cell lines T24, RT4, UMUC3, and J82 were pur-
chased from the American Type Culture Collection cell
line bank (ATCC, Manassas, VA). Cells were grown on
60-mm Falcon dishes (Becton Dickinson Labware, Frank-
lin Lakes, NJ) in RPMI-1640 (GIBCO, Invitrogen Corp.,
Grand Island, NY) supplemented with 10% fetal bovine
serum (GIBCO) and, for labeling analysis, subsequently
plated onto LAB-TEK II 4-well chambered slides (Fisher
Scientific, Pittsburgh, PA). Cells were maintained at 50%
confluence. Twenty-four hours before rapamycin addition
(Santa Cruz Biotechnology, Inc, Santa Cruz, CA), the cell
culture medium was replaced with RPMI/0.5% fetal bo-
vine serum. After serum starvation, graded doses of
rapamycin (1 picomolar to 1 micromolar concentration for
48 hours) were applied to cells. For proliferation assays,
cells were subsequently labeled for 6 hours using the
BrdU Labeling Kit I (Roche Diagnostics, Indianapolis, IN)
and stained per protocol. Experiments were performed in
triplicate, and cell counts per treatment condition in-
cluded, on average, 1291 (J82), 1015 (T24), 1738 (RT4),
and 588 (UMUC3) cells. For apoptosis analysis, cells
were analyzed using the in Situ Cell Death Detection Kit
(Roche Applied Science, Indianapolis, IN) following the
same treatment protocol described for proliferation as-
says. Cell migration assays were performed using the
Boyden Chamber motility assay (Costar transwell per-
meable support, 8 �mol/L) using 60,000 cells per well.
Cells were treated with DMSO or varying concentrations
of rapamycin in DMSO for 36 hours, followed by fixation
with absolute methanol for 10 minutes and visualization
by crystal violent stain (Mallinckrodt Baker, Phillipsburg,
NJ). Comparison between treatment populations was
performed by two-tailed Student t test analysis. For im-
munohistochemical analysis, cells were trypsinized, re-
suspended in RPMI-1640, and spun to collect the cell
pellet, which was fixed with 10% cold neutral buffered
saline overnight at 4°C. The following day, cells were

centrifuged, washed twice in PBS, and incubated with
plasma and thrombin to form a cell clot, which was em-
bedded in paraffin using a standard tissue-processing
cassette and processor, and 5 �mol/L sections were
obtained on charged slides (Cardinal Health, Dublin,
OH). Immunohistochemical analysis was performed as
described for paraffin-embedded tissue specimens.
Scrambled control and mTOR siRNA were obtained from
Cell Signaling Technologies and cells were transfected
with OPTI-MEMI (Gibco).

Cell Extracts and Western Blotting

Confluent cells were extracted into lysis buffer consisting
of 25 mmol/L Tris-HCl (pH 7.6), 150 mmol/L NaCl, 1%
Triton-X-100, 1 EDTA, 0.1% SDS, protease inhibitor cock-
tail (Sigma, St. Louis, MO), and phosphatase inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN), centri-
fuged at 10,000g for 30 minutes at 4°C, and the super-
natant containing soluble proteins was collected. Protein
concentration was measured using the Bio-Rad protein
assay reagent (Bio-Rad Laboratories, Hercules, CA).
Twenty-five �g of total protein per sample was fraction-
ated on a standard SDS-polyacrylamide gel containing
10% acrylamide/0.8% bis-acrylamide and transferred via
semidry transfer cell (Trans-blot SD, Bio-Rad) to nitrocel-
lulose membranes (Millipore, Bedford, MA) in 48 mmol/L
Tris, 39 mmol/L glycine, 0.0375% SDS, and 20% metha-
nol. Prestained molecular weight standards were run
concurrently with protein samples (Lonza, Rockland,
ME). Blots were blocked with 1% bovine serum albumin
diluted in 10 mmol/L Tris-HCl (pH 7.5) and 150 mmol/L
NaCl containing 0.05% Tween 20 (TBS/T; phosphory-
lated p70S6kinase-1 antibody) or in 5% Carnation instant
milk in TBS/T (for remaining antibodies) for 1 hour at room
temperature. Antibodies included P-mTOR (1:1000), total
mTOR (1:1000), P-p70S6kinase-1 (P-S6K; 1:1000), total
S6K (1:1000), P-S6 (1:1000), total S6 (1:1000), P-AKT
(Ser473; 1:500), P-AKT (Thr308; 1:500); total AKT (1:
1000), Rictor (1:1000), Raptor (1:1000), TSC1 (1:1000),
TSC2 (1:1000), and PARP (1:2000), all from Cell Signal-
ing Technologies. Antibodies for PTEN (clone 6H2.1)
were obtained from Cascade Bioscience (Winchester,
MA) and used at a dilution of 1:500. Blots were incubated
with antibody overnight at 4°C in blocking solution and
rinsed, followed by incubation for 2 hours at room tem-
perature with alkaline phosphatase conjugated anti-rab-
bit IgG antibody (1:30,000; Amersham Corp.) and visu-
alized using the Enhanced Chemiluminescence Kit
(Amersham Corp.). Proteins were visualized using chemi-
fluorescence scanning Storm 860 Molecular Imager
(GMI, Ramsey, MN). After primary antibody incubation,
blots were stripped in 62.5 mmol/L Tris, pH 6.8, contain-
ing 100 mmol/L [�]-mercaptoethanol and 2% SDS for 30
minutes at 50°C. Western blots were reprobed using a
1:1000 dilution of either total mTOR or total S6K (Cell
Signaling Technologies) and reprobed with a 1:1000 di-
lution of rabbit polyclonal anti-actin antibody (Sigma
Chemical Company, St. Louis, MO) for 1 hour.
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PTEN Gene Analysis

Genomic DNA was extracted from T24 and UMUC3 cells
and the PTEN gene was analyzed via standard PCR,
using GC-clamped intronic primers that encompass each
of the 9 PTEN exons and flanking intronic sequences,
followed by denaturing gradient gel electrophoresis anal-
ysis,15 which has proven more than 99% sensitive and
specific for intragenic “small” mutations. Identified dena-
turing gradient gel electrophoresis variants were next
subjected to DNA sequencing16 to determine specific
sequence variations within targeted regions.

Mouse Xenograft Studies

Xenograft studies were performed as a collaborative effort
with University of Virginia under institutional IACUC ap-
proval. Subcutaneous inoculation of 6-week-old nude mice
was performed using 106 T24 cells in 50% matrigel (BD
Biosciences, San Jose, CA) for both control (n � 9) and
rapamycin (n � 8) groups. Mice were examined and
weighed weekly until the establishment of visible tumors.

Once established, mice were given twice-weekly intraperi-
toneal injections of either 2.5 mg/kg rapamycin in DMSO or
vehicle alone.17 Subcutaneous tumors were measured
twice weekly for 4 weeks using calipers, and tumor volume
was calculated in mm3, with statistical significance calcu-
lated via the Wilcoxon Signed Ranks Test Tumors were
embedded in formalin, sectioned, and subsequently immu-
nostained with Ki-67 (predilute; Ventana Medical Systems,
Inc., Tucson, AZ) using the Ventana Benchmark XT. Statis-
tical analysis of proliferation indices between populations
was performed using the Student t test.

Results

Activation of the mTOR Pathway Is Common in
UCC

To examine the potential role of the mTOR pathway in
UCC, we first examined the frequency of mTOR activation
in a consecutive cohort of 121 muscle-invasive UCCs
using well-characterized antibodies targeting phosphor-

Figure 1. Immunohistochemical analysis of human UCC specimens demonstrates a range of P-mTOR and P-S6 expression, including 1� reactivity in �5% of cells
(A–C), 2 to 3� immunoreactivity in 25% of cells (D–F), and 2 to 3� immunoreactivity in 100% of tumor cells (G–I). Concordant immunohistochemical intensity
and percent positive cells was present in 60% of metastatic and 71% of nonmetastatic primary carcinomas.
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ylated mTOR (P-mTOR, Ser2448), a marker of mTOR
activation,18,19 and phosphorylated S6 (P-S6), a down-
stream target of mTOR. Specimens included 52 cases
of primary UCCs without metastases (“non-metastatic
UCCs”) and 69 cases of primary UCCs (“metastatic
UCCs”) with concurrent regional lymph node metastases
(Table 1). Of these latter cases, 59 paired lymph node
metastases were available for analysis. No significant dif-
ferences in patient age, gender, pathological stage, margin
status, or clinical follow-up were present between popula-
tions. Semiquantitative analysis of tumor cells expressing
either P-mTOR or P-S6 was performed and was tallied as a
continuous score from 0 to 100% and as a range of immu-
noreactivity (0 to 3� intensity; Figure 1, A–I).

Phosphorylation of mTOR was identified in 90/121
(74%) primary UCCs, with the majority of tumors demon-
strating 2 to 3� immunoreactivity (82/121; 68%; Figure
2A). P-mTOR expression was present in at least 25% of
cells in approximately half of all P-mTOR-expressing
UCCs (19/52 non-metastatic and 26/69 metastatic UCCs;
Figure 2B), with the remainder demonstrating more focal
P-mTOR expression. No significant difference was ap-
parent either between nonmetastatic or metastatic pri-
mary UCC or between primary UCCs and lymph node
metastases when comparing either intensity of expres-
sion (P � 0.56 and P � 0.85, respectively) or percentage
of positive cells (P � 1.0 and P � 0.29, respectively).

Although phosphorylation of mTOR has been used ex-
tensively as a biomarker to indicate activation of the mTOR
pathway in cancer cells, we additionally examined the
phosphorylation of ribosomal S6 protein, a downstream tar-
get of mTOR. In contrast to P-mTOR levels, P-S6 demon-
strated a slight reduction in both intensity of expression and
percentage of positive cells, with the greatest difference
identified in the primary UCC populations. Overall, expres-
sion of P-S6 was identified in 66/121 (55%) of all primary
UCCs examined. P-S6 intensity of 2 to 3� was reduced to
52% (27/52) of nonmetastatic and 35% of metastatic pri-
mary UCCs (Figure 2C). Similarly, fewer cases demon-
strated at least 25% tumor cell immunoreactivity in the pri-

mary UCC component, which was present in only 27%
(14/52) of nonmetastatic and 22% (15/69) of metastatic
lesions (Figure 2D). Robust expression of P-S6, however,
remained constant in lymph node metastases, with a sig-
nificant increase in P-S6 status, defined as both intensity of
staining and percentage of positive cells, in the lymph node
metastases versus the paired primary carcinoma (P �
0.001 and P � 0.01, respectively).

Concordance between P-mTOR and P-S6 status, de-
fined as identical intensity and %positive cells within 20%,
was present in 31/52 non-metastatic (60%) and 49/69 (71%)
of metastatic primary carcinomas, with the majority of dis-
cordant cases representing a reduction in P-S6 levels rela-
tive to P-mTOR, as demonstrated in Figure 2.

We next evaluated a set of noninvasive lesions, includ-
ing 20 low-grade papillary UCCs and 20 high-grade pap-
illary UCCs. In low-grade lesions, P-mTOR intensity of 2
to 3 was present in 13/20 (65%) lesions and was present
in approximately 50% of cells on average (range, 5 to
80%). Similar to that identified in muscle-invasive UCCs,
P-S6 expression was more limited, present in 36% of cells
with an average intensity of 2. Of note, P-S6 expression in
noninvasive low-grade papillary UCC appeared to be
restricted in many cases to the upper half of the urothe-
lium (Figure 3A). Similar results were identified for nonin-
vasive high-grade papillary UCC (P-mTOR mean %cells
31%, range 5 to 80%, mean intensity 2; P-S6 mean %cells
38%, range 10 to 100%, mean intensity 2). In contrast to
low-grade lesions, high-grade papillary UCC often dem-
onstrated full-thickness expression of P-S6 (Figure 3B).

P-mTOR Status Predicts Worsened
Pathological Stage and Reduced Survival

As phosphorylation of mTOR and S6 appeared to be
increased in lymph node metastases, an indicator of
aggressive disease, we next examined the relationship
between P-mTOR and P-S6 status and clinicopathologic
parameters, including positive margin status, pathologi-

Figure 2. Comparison of P-mTOR and P-S6 in-
tensity and percent immunoreactive cells in pri-
mary nonmetastatic UCC (Non-met primary), pri-
mary UCC associated with metastases (Met
primary), and paired lymph node metastases (LN
met). A: 2 to 3� P-mTOR immunoreactivity is
present in the majority of UCC cases. B: Approxi-
mately one-third of all UCC cases demonstrate P-
mTOR in at least 25% of tumor cells. C: 2 to 3�
P-S6 immunoreactivity is present in a lower per-
centage of UCC cases and shows a significant in-
crease in lymph node metastases (P � 0.01, Fisher
exact test); D, Similar to P-mTOR, of 2 to 3� a large
proportion of P-S6 expressing UCCs demonstrate
expression in at least 25% of tumor cells, with a
significant increase in expression in lymph node
metastases (P � 0.01, Fisher exact test).
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cal stage (depth of invasion), development of subse-
quent metastases, and disease-specific survival.

P-mTOR intensity, defined and dichotomized as 0 to
1� (no to weak staining) or 2 to 3� (moderate to strong
staining), was evaluated against pathological parameters
using the Mann–Whitney test. The probability distribu-
tions were found to differ for depth of invasion (P �
0.001), and ordinal regression analysis was performed.
Increased P-mTOR intensity was found to be significantly
associated across all categorical levels (0 to 2)) of inva-
sion depth relative to the highest level of 3 (P � 0.01, P �
0.05, P � 0.02, respectively), with a stronger P-mTOR
intensity yielding a more aggressive invasion. P-mTOR
intensity also demonstrated a significant inverse relation-
ship with length of survival using one-way analysis of
variance analysis (P � 0.04), which is graphically repre-
sented (Figure 4A). In addition, increased percentage of
P-mTOR–positive cells was also independently associ-
ated with increased depth of invasion on a continuous
regression (P � 0.01) and showed a trend toward neg-
ative correlation with length of disease-specific survival
using Cox Proportional Hazards model (P � 0.08, Figure
4B). No significant association between either P-mTOR
intensity or percentage of P-mTOR positive cells was
identified for margin status at cystectomy or the presence
of subsequent metastatic disease.

A similar analysis was performed for P-S6 in primary
UCCs of the bladder. P-S6 intensity was found to be
positively associated with increased depth of invasion
across most ordinal levels relative to 3 (P � 0.01, P �
0.01, P � 0.77, respectively) No significant association
was identified between percentage of P-S6–positive cells
and increased depth of invasion (P � 0.47).

As mTOR activity appeared to correlate with pathological
stage, we assessed the effects of mTOR activity on UCC
migration in vitro. Using the Boyden Chamber assay, we
plated T24 and UMUC3 cells into control (DMSO-solvent
containing) or rapamycin-containing (10 nmol/L, 1 �mol/L)
media for 36 hours. Both T24 and UMUC3 cells treated with
rapamycin, a general mTOR inhibitor, demonstrated a re-
duction in cells that were successfully able to migrate
through the insert. Under control conditions, 285 cells (�35)
T24 cells and 935 UMUC3 cells (�40) migrated through the
insert. Cell migration was reduced in T24 and UMUC3 cells,
respectively, to 39% and 70% with 10 nmol/L rapamycin
and 35% and 45% with 1 �mol/L rapamycin. These findings
suggest that mTOR activity may play a role in potentially
mediating cell migration in UCC cells.

Inhibition of mTOR Reduces UCC Cell
Proliferation and Is Associated with Reduced
Downstream Target Phosphorylation

Because of the frequent nature of mTOR pathway activa-
tion in UCC, we next sought to determine the role of
mTOR inhibition in mediating cell proliferation in vitro. We
used the immortalized UCC cell lines T24, RT4, J82, and
UMUC3, which demonstrated baseline phosphorylation
of mTOR and S6 by Western blot analysis. Cells were

Figure 3. P-S6 immunolabeling in noninvasive
papillary UCC demonstrates immunoreactivity in
a significant proportion of low- and high-grade
lesions. A: Low-grade lesions frequently demon-
strated limited immunoreactivity to the upper
half of the urothelium; B: In contrast, high-grade
lesions often showed full-thickness staining.

Figure 4. Cox Proportional Hazards model analysis was performed for A,
P-mTOR intensity (0 to 1� versus 2 to 3�; exp(�) � 1.693, P � 0.041). B:
Percentage of cells immunoreactive for P-mTOR as quartiles exp(�) � 1.007,
P � 0.078). Both P-mTOR intensity and percentage of positive cells were
associated with reduced disease-specific survival.
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serum-starved for 24 hours and incubated with 1 pM to 1
�mol/L rapamycin for 48 hours. Control cells were incu-
bated under parallel conditions with the solvent DMSO.
Rapamycin treatment resulted in a dose-dependent de-
crease in proliferation within the nanomolar range of
drug20 (Figure 5A). Control cells demonstrated a base-
line proliferative index of 41.9% (J82), 58.4% (T24),
13.1% (RT4), and 26.2% (UMUC3) of the total cell pop-
ulation. Addition of 1 nmol/L rapamycin reduced the pro-
liferation index by 57% (J82), 94% (T24), 45% (RT4), and
29% (UMUC3) of control, which was statistically signifi-
cant by Student t test in J82, T24, and RT4 cells (P �
0.01, P � 0.01, P � 0.03, and P � 0.14, respectively). A
statistically significant reduction in UMUC3 proliferation
with rapamycin treatment was evident at 10 nmol/L drug
(P � 0.03).

To determine whether the effects seen were specific
for mTOR, we used control and scrambled mTOR siRNA
to test effects of rapamycin on cell lines. Treatment of
T24 and UMUC3 cells with mTOR-specific siRNAI suc-
cessfully reduced baseline levels of mTOR by Western
blot analysis (see Supplemental Figure S1 at http://ajp.
amjpathol.org). Treatment of cells with mTOR siRNA re-
sulted in a reduction of BrdU-labeled cells by 23% in T24
cells and 53% in UMUC3 cells relative to control scram-
bled siRNA, indicating a baseline function for mTOR in
mediating aspects of cell proliferation in vitro. However,
no further decrease in proliferation between scrambled
and mTOR siRNA-treated cells was evident in either T24
or UMUC3 cells treated with 1 pM, 1 nmol/L, or 1 �mol/L
rapamycin, suggesting that the rapamycin effects on

BrdU proliferation were relatively specific for the mTOR
signaling pathway. Analysis of cells treated in parallel by
TUNEL labeling and PARP cleavage (see Supplemental
Figure S2 at http://ajp.amjpathol.org) showed no effect on
apoptosis in these assays.

To validate our immunohistochemical technique used
on human tissue, we generated paraffin-embedded cell
blocks from our cultured cells to examine P-mTOR and
P-S6 immunostaining intensity and % positive cells. As
anticipated, the robust reduction in cell proliferation seen
with T24 cells was associated with robust and diffuse
P-mTOR and P-S6 expression in this cell population
(Figure 5, B–D). In contrast, UMUC3 cells, which dem-
onstrate a modest but significant decrease in cell pro-
liferation with rapamycin, show weaker and more re-
stricted expression of both P-mTOR and P-S6 (Figure
5, E–G). These results suggest that intensity and extent
of pathway activation, as determined by immunohisto-
chemistry, may indicate potential response to mTOR
inhibition.

We next evaluated mTOR pathway components, as
well as S6 phosphorylation change with rapamycin treat-
ment, in T24 and UMUC3 cells (Figure 5, H and I). Ex-
pression of mTOR, S6K, ribosomal S6 protein, AKT, Ric-
tor, Raptor, TSC1, and TSC2 were present in both cell
types, consistent with expression of both mTORC1 and
mTORC2 signaling pathways. PTEN gene analysis of T24
cells revealed a single point mutation within exon 2 (c.132
C�T Gly44Gly), a previously reported nonsense muta-
tion.21 In contrast, our UMUC3 cell line demonstrated
homozygous deletion of the PTEN gene,21,22 which has

Figure 5. A: Incubation of J82, T24, RT4, and
UMUC3 UCC cell lines with increasing doses of rapa-
mycin demonstrated a dose-dependent reduction in
BrdU-labeled cells relative to DMSO-treated control
cells. All experiments were performed in triplicate.
B–G, Robustness of response to rapamycin adminis-
tration parallels the intensity of P-mTOR (C, F) and
P-S6 (D, G) expression in both T24 and UMUC3 cells.
Western blot analysis of T24 cells (H) and UMUC3
cells (I) after treatment with DMSO (Ctrl) or rapamy-
cin (1 pM to 1 �mol/L) shows a reduction in P-S6K
and P-S6 levels at low-dose rapamycin that parallels
reduction in cell proliferation.
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been previously documented and results in complete
loss of the PTEN protein product.

Parallel T24 and UMUC3 cell cultures were treated
with either DMSO vehicle or increasing doses of rapa-
mycin for 48 hours, and were subsequently collected
and phosphorylation cascades analyzed by Western
blot analysis. In both cell lines, a dose-dependent de-
crease in phosphorylation of S6K and S6 after rapamy-
cin was present in both cell lines, with the most striking
reduction occurring at the 100 pM to 10 nmol/L range.
Despite loss of PTEN in UMUC3 cells, response to
rapamycin administration appeared unaffected. Fi-
nally, although rapamycin appeared to mediate mTOR
downstream signaling, we also evaluated phosphory-
lation of AKT on both Ser473 and Thr308 residues, as
prolonged rapamycin exposure may variably impact
AKT independently in a cell-specific manner.23 Results
from this study suggest that a mild reduction in Ser473
phosphorylation occurs at higher rapamycin concen-
trations, although this appears to be at a higher con-
centration than that required for maximal effects on
S6K and S6.

Rapamycin Treatment of T24-Xenografted Mice
Reduces Tumor Size

We further evaluated the ability of rapamycin to reduce
tumor growth in a mouse xenograft model after subcuta-
neous inoculation of T24 cells. Once tumors were palpa-
ble, mice were administered intraperitoneal rapamycin at
2.5 mg/kg (n � 8) or vehicle control (n � 9) twice weekly
for 4 weeks. By study completion, mean tumor volume for
the control group was 281 mm3 (median tumor volume
177 mm3) versus 126 mm3 mean tumor volume in the
rapamycin treated group (median tumor volume 80 mm3;
P � 0.03; Figure 6A). Comparison of % tumor growth
between final and initial tumor volumes indicates an av-
erage 100% tumor growth in the rapamycin-treated pop-
ulation and an average 280% tumor growth in the control
group (Figure 6B). Representative images of control (Fig-
ure 6, C and D) and rapamycin treated animals (Figure 6,
F and G) show marked differences in visible tumor size.
Immunohistochemical analysis for Ki-67, which correlates
with nuclear localization during active phases of the cell
cycle,24 was next performed to evaluate the differences

Figure 6. Administration of intraperitoneal rapa-
mycin twice weekly on mice containing T24 xeno-
grafts showed a statistically significant reduction in
mean tumor volume (A; dots represent individual
animals, horizontal bars represent average) and
percent tumor growth from initial measurement
relative to vehicle-treated animals (B). C and D:
Representative images from vehicle-treated mice
are associated with brisk mitotic activity, demon-
strated by Ki-67 immunostain (E). In contrast, ra-
pamycin-treated mice had a visible reduction in
tumor growth that was associated with a signifi-
cant reduction in Ki-67 labeling (F–H).
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in proliferative fractions between vehicle- and rapamycin-
treated mice. Control animals demonstrated an average
of 162 Ki-67–labeled nuclei per high-power field (Figure
6E), whereas proliferation indices were reduced in rapa-
mycin-treated animals to 97 Ki-67–labeled nuclei per
high-power field (P � 0.01; Figure 6H).

Discussion

Based on its role as a key downstream effector of AKT,
mTOR activity has been examined in a wide array of
cancer types,7,8 and inhibition of mTOR signaling has
been shown to reduce tumor growth.25,26 Several recent
publications on UCC have identified alterations in up-
stream molecules involved in mTOR signaling, suggest-
ing that disruption of the mTOR pathway may occur at
multiple steps. Approximately 30% of UCCs have been
shown to demonstrate either loss-of-heterozygosity or ho-
mozygous deletion of the PTEN locus, and occasional
mutations in the PTEN coding region can occur.27 Sev-
eral recent studies identified that PTEN protein loss ap-
peared to correlate with increased mTOR activity in
UCCs arising in the renal pelvis and in a mouse model of
UCC, suggesting a direct effect of PTEN on downstream
signaling components in this tumor system.28,29 In addi-
tion, p53 loss—a common occurrence in high-grade
UCC—appears to synergize with PTEN loss to promote
activation of the mTOR signaling pathway.29 Finally, loss-
of-heterozygosity of TSC1 (9q34), a 23-exon gene that
encodes one of the subunits of the TSC1/TSC2 het-
erodimer, has been reported in approximately 50% of
cases, in addition to numerous missense, nonsense,
splicing mutations, and small deletions,30,31 although no
defined hotspot has been identified. A small subset of
these mutations results in reduced TSC1 protein stability
and altered cellular localization, which may ultimately
impact mTOR signaling.30 Taken together, dysregulation
of upstream mTOR pathway components have been re-
ported in UCC and suggest that mTOR signaling may be
increased in this cancer type.

For this study, we primarily used high-grade, high-
stage UCCs for which radical cystectomy is the primary
treatment modality and for which new therapies are most
needed. The frequent expression of P-mTOR and P-S6 in
these specimens suggests that a large proportion of
patients may indeed have increased activity of the mTOR
signaling cascade, with the potential to respond to mTOR
inhibitor therapy, which was the focus of our cell line
analysis. In addition, mTOR activity appears to occur as
well in many cases of non-invasive low and high grade
UCC, suggesting that activation of this pathway may
represent a relatively early step in urothelial carcinogen-
esis. Although the upstream factor(s) that are responsible
for the differential activation of this pathway in human
UCC is currently unclear at this time, they are likely to
include PTEN and TSC1 alterations, as well as differential
extracellular signaling cascades.

When analyzed relative to clinicopathologic parame-
ters and patient survival, increased P-mTOR status, either
by intensity or percentage of positive cells, appeared to

be most significantly associated with increased patholog-
ical stage (depth of invasion into the bladder wall) and
with shortened patient survival. These findings parallel
those of other studies, in which mTOR activation in can-
cer cells has been associated with more aggressive
biological behavior, including in cervical and gastric can-
cer.32–34 These observations are supported by our find-
ings that rapamycin can inhibit UCC migration in vitro, a
relevant correlate to depth of invasion in human speci-
mens. Although P-S6 intensity demonstrated a trend to-
ward increased pathological stage, no significant corre-
lation between P-S6 status and other clinicopathologic
features or survival time was identified.

The difference between P-mTOR and P-S6 status in a
subset of cases suggests that an additional level of com-
plexity may play a role in the ultimate downstream sig-
naling of mTOR, such as regulation of S6 phosphorylation
via PDK1, although we have not yet investigated this
aspect. Finally, we have used phospho-specific antibod-
ies in our analysis of human tumor specimens, which may
prove challenging in immunohistochemical analysis.
However, the lack of nonspecific background staining,
in comparison with in vitro cell cultures processed in a
parallel manner and analyzed by comparative Western
blot analysis and rigorous use of biospecimen collec-
tion protocols suggests that our data accurately de-
picts the phosphorylation status of mTOR components
in our specimens.

Investigation of the effects of mTOR inhibition via
rapamycin, which associates with the cytosolic protein
FKBP12 to generate a complex that binds and inhibits
mTORC1, was performed on UCC in vitro and in mouse
xenograft models. In general, all components of the
mTOR signaling pathway were present within the T24 and
UMUC3 cells tested, with the exception of PTEN in the
latter cell line. Of note, the presence or absence of PTEN
status in our cell lines did not appear to affect the ability
to inhibit mTOR signaling, although we did not address
the effects of PTEN loss on baseline cellular proliferation.
All UCC cell lines tested in vitro demonstrated a dose-
dependent reduction in cell proliferation, which paral-
leled reduction in P-S6K and P-S6 status by Western blot,
suggesting an association between a reduction in cell
growth and inhibition of mTOR signaling. Furthermore,
immunohistochemical analysis of the phosphorylation
status of both P-mTOR and P-S6 appeared to correlate
with responsiveness of cell growth to mTOR inhibition.
One recent study has examined the effects of mTOR
inhibition via rapamycin on UCC cells in vitro and showed
reduced cell viability via microculture tetrazolium assay
with rapamycin, although the effects on target phosphor-
ylation were not demonstrated and rapamycin concen-
trations as high as 10 �mol/L and 100 �mol/L were
used,35 thus possibly resulting in AKT-dependent effects
rather than selective mTOR inhibition as well as possibly
inducing cell toxicity. In our study, no effects on apopto-
sis were noted in our rapamycin-treatment group by ei-
ther TUNEL labeling or PARP cleavage, and it thus ap-
pears that reduced cell numbers in vitro are a result of
reduced proliferation rather than cell death.
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We identified a reduction in S6K and S6 phosphoryla-
tion in our cell lines after rapamycin administration, sug-
gesting that in UCC cells mTORC1 is a primary target of
the rapamycin/FKBP12 complex. One recent study,
however, suggests that rapamycin may variably impact
AKT signaling with prolonged exposure.23 We evaluated
this reported finding in our analysis and did identify a
slight reduction in Ser473 AKT phosphorylation at higher
concentrations of rapamycin—concentrations that were
higher than those required to fully ablate S6 phosphory-
lation. Thus, at the lower concentrations of rapamycin (10
nmol/L or less) at which we identified reduced prolifera-
tion, direct effects on AKT were unlikely.

In support of our in vitro data, treatment of mice bearing
subcutaneous T24 xenografts resulted in a 55% reduc-
tion in tumor size over a short time period, suggesting
systemic administration of rapamycin may induce tumor-
specific effects. These results are supported by the find-
ing that Ki-67 labeling was concurrently reduced by 40%
in rapamycin-treated animals, suggesting that a reduc-
tion in tumor size may be at least in part the result of
changes in cell proliferation.

Based on the frequent finding of mTOR pathway acti-
vation in UCC and the striking reduction in cell prolifera-
tion with mTOR inhibition, this pathway may represent a
novel therapeutic avenue in the treatment of UCC. This
report represents one of the first detailed mTOR pathway
analyses in this tumor type. Clinical translation of these
findings will require additional analysis of the utility of
rapamycin analogs (RAD001, CCI-779) to predict re-
sponsiveness to drug, further analysis of upstream sig-
naling components in relation to mTOR signaling in UCC,
and evaluation of the tumor microenvironment, including
hypoxia, in affecting the mTORC1 pathway.36–38
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