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Abstract
TSC1 is often mutated in bladder cancer. However the importance of this event in disease pathogenesis and its
implications for therapy are uncertain. We used genomic sequencing to examine the involvement of TSC1 in
bladder cancer, and signalling pathway analysis and small-molecule screening to identify targeted therapeutic
strategies in TSC1 mutant bladder cancer cell lines. TSC1 loss of heterozygosity was seen in 54% of bladder
cancers. Two (4.9%) of these 41 bladder cancers had TSC1 mutations by exon-based sequencing. Analysis of 27
bladder cancer cell lines demonstrated inactivating TSC1 mutations in three: RT-4, HCV29, 97–1. Interestingly,
only RT-4 showed classic feedback inhibition of AKT, and was highly sensitive to treatment with mTOR inhibitors
rapamycin and Torin1. 97–1 cells showed constitutive EGFR activation, and were highly sensitive to combined
treatment with the mTOR inhibitor Torin1 and EGFR inhibitors Lapatinib or Afatinib. A BRAF missense mutation
G469V was found in HCV29 cells, and AKT activation was dependent on BRAF, but independent of ERK. A kinase
inhibitor screen of HCV29 cells showed strong growth inhibition by the Hsp90 inhibitor NVP-AUY922, and we then
found synergistic inhibitory effects of NVP-AUY922 combined with either Torin1 or rapamycin on cell survival
for both HCV29 and 97–1 cells. In aggregate, these findings indicate that there are highly variable mutation
profiles and signalling pathway activation in TSC1-mutant bladder cancer. Furthermore, combined Hsp90/mTOR
inhibition is a promising therapeutic approach for TSC1 mutant bladder cancer.
Copyright  2013 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Bladder cancer is the fourth most common cancer over-
all and the second most common urological malignancy
in the USA [1]. Urothelial (transitional cell) carcinoma
is the most common histological subtype in the USA
[2]. Bladder cancer is thought to be caused by multiple
environmental and genetic factors and is associated
with advanced age [3]. Early studies identified frequent
loss of heterozygosity (LOH) for all of chromosome 9
in many bladder cancers, likely targeting CDKN2A on
9p [4]. The other CDKN2A allele is commonly dis-
rupted by focal deletion events, point mutation or DNA
methylation [5]. However, several studies have shown
that 10–15% of bladder cancers have inactivating point
mutations of TSC1 on 9q34, which, in combination
with large-scale deletion or chromosome 9 loss, led to
complete loss of functional TSC1 [6–8]. In addition,
loss of a single TSC1 allele (haplo-insufficiency)

may provide a growth advantage to bladder epithelial
cells, contributing to bladder cancer development
[9]. Furthermore, a recent report identified a TSC1
mutation in a bladder cancer patient with metastatic
disease who had a sustained complete response to
treatment with the mTOR inhibitor everolimus [10].

Both TSC1 and TSC2 cause the autosomal dominant
genetic disorder tuberous sclerosis complex (TSC),
in which individuals develop a variety of benign
but often progressive neoplasms [11]. The protein
products of TSC1 and TSC2 form the TSC1–TSC2
protein complex, which plays a critical role in growth
control as a primary regulator of the mammalian target
of rapamycin (mTOR) pathway [12–14]. TSC1–TSC2
acts as a GTPase activating protein (GAP) toward
RHEB, while RHEB–GTP activates mTOR com-
plex 1 (mTORC1). The mTOR serine–threonine
kinase exists in cells in two complexes, mTORC1
and mTORC2. mTORC1 phosphorylates a number of
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downstream proteins, including the S6 kinases and
4EBP1 [15,16]. Constitutive activation of mTORC1
occurs in cells lacking either TSC1 or TSC2, leading
to unregulated ribosome and protein biogenesis, cell
size increase and preparation for cell division and
growth.

Here we sought to examine the role of TSC1 muta-
tion in bladder cancer, with a focus on identification
of therapeutic strategies. After confirming mutations
in TSC1 in a fraction of human bladder cancers, we
studied three TSC1 -null bladder cancer cell lines to
examine signalling pathways and growth sensitivities
in the setting of TSC1–TSC2 complex loss. We
found diversity among the cell lines studied, with
responses by some but not all to specific targeted ther-
apies. Moreover, combined Hsp90/mTOR inhibition
appeared promising for treatment of TSC1 mutant
bladder cancer.

Materials and methods

Human samples
Bladder cancer and normal bladder samples were iden-
tified from the pathological archives of the Mas-
sachusetts General Hospital. These materials were
discarded samples from patients undergoing surgi-
cal procedures. Consent was obtained from each
patient and the study was approved by the Partners
Human Research Committee. Bladder cancer staging
and grade was determined according to WHO stan-
dards [2]. Pathological samples embedded in paraffin
were reviewed by CW to determine the percentage
tumour purity in each. Frozen samples were prepared
from adjacent tumour samples and were expected to
have roughly the same purity.

Reagents
LY294002 was purchased from Biomol Research Lab-
oratories (Plymouth Meeting, PA, USA). Torin1, Afa-
tinib and PLX-4032 were generously provided by
Nathanael Gray, Pasi Jänne and Krishna Vasude-
van, respectively (all at Dana Farber Cancer Insti-
tute, Boston, MA, USA). Lapatinib and rapamycin
were obtained from LC laboratories (Woburn, MA,
USA). U0126 was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The cell culture medium Dulbecco’s
modified Eagle’s medium (DMEM) was from Cell-
gro (Manassas, VA, USA) and supplements were from
Invitrogen (Carlsbad, CA, USA).

Cell culture, viral expression and viability assays
Twenty-four bladder cancer cell lines (MGH-U1,
MGH-U3, MGH-U4, MGH-U5, UMUC1, UMUC3,
UMUC6, UMUC7, UMUC10, UMUC11, UMUC15,
UMUC17, RT-4, T-24, HT1376, SCaBER, 253 J,
HT1197, 5637, J82, 647 V, BL13, BL17 and BL128)

were available from the Translational Urology
Research Laboratory at Massachusetts General
Hospital (MA, USA). Two bladder cell lines (HCV29,
97–1) were kindly provided by Margaret A Knowles
(St James’s University Hospital, UK) and 639 V was
obtained from the Leibniz Institute DSMZ – German
Collection of Microorganisms and Cell Cultures
(Germany). All cell lines were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin–streptomycin–amphotericin B (PSA) in
an incubator at 37 ◦C in 5% CO2. For serum starvation,
cells were cultured in the absence of serum for 24 h.
Serum was then added back at 10% final concentration
for 30 min for stimulation. To replace TSC1 expression
in cell lines lacking a functional gene, HEK293T cells
were transfected with a set of viral packaging vectors
and pLXIN empty vector or pLXIN-TSC1 lentivirus
vector (obtained from Hongbing Zhang, Beijing,
China). Supernatant containing virus was collected
and filtered through a 0.45 µm filter. TSC1 -null cells
were infected with the supernatant containing virus
overnight and then selected with and maintained in
hygromycin. For cell viability assays, cells were plated
in sterile 96-well plates and cultured overnight. Com-
pounds were then added in serial dilutions. Cellular
viability was determined after 48 h, using Vybrant
MTT Cell Proliferation Assay Kit (Invitrogen). Plates
were measured on a THERMOmax microplate reader
(Molecular Devices).

Immunoblotting and immunoprecipitation
Cells were harvested in lysis buffer consisting of
50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 1 mM EGTA and a cocktail
of protease inhibitors (Sigma-Aldrich). Cell lysates
were clarified by centrifugation for 5 min and the
protein concentration of supernatants determined
using a modified Bradford assay (Bio-Rad, Hercules,
CA, USA). For immunoblotting, 20 µg protein was
loaded in each lane and separated by SDS–PAGE
on 4–12% gradient gels (Invitrogen), transferred to
PVDF membranes and detected with the following pri-
mary antibodies: TSC1 (no. 4906), pAKT(S473) (no.
4060), AKT (no. 9272), pS6(S240/244) (no. 2215),
S6 (no. 2217), PTEN (no. 9559), LKB1 (no. 3050),
Raptor (no. 2280), Rictor (no. 2114), pS6K(T389)
(no. 9205), S6K (no. 9202), pERK (Y202/Y204) (no.
9101), ERK (no. 9102), pEGFR(Y1086) (no. 2220),
EGFR (no. 2232), cleaved caspase 3 (no. 9661), IRS1
(no. 2382), p4EBP1(S65) (no. 9451), 4EBP1 (no.
9452), and BRAF (no. 9434) (all from Cell Signalling
Technology); TSC2 (sc-893; Santa Cruz Biotech-
nology), goat anti-mouse and anti-rabbit secondary
antibodies (Santa Cruz Biotechnology) conjugated
to horseradish peroxidase were used at a 1:3000
dilution and immunoreactive bands detected by chemi-
luminescence (SuperSignal, Pierce, Rockford, IL,
USA) and film (Denville Scientific, South Plainfield,
NJ, USA).
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For immunoprecipitation, 500 µg clarified cell lysate
were pre-absorbed with 50 µl protein A/G Sepharose
(GE Healthcare, Piscataway, NJ, USA) for 1 h at 4 ◦C
and incubated overnight at 4 ◦C with 1 µg antibody.
Immune complexes were precipitated with 50 µl pro-
tein A/G Sepharose for 1 h and then washed three
times with lysis buffer. Immunoprecipitated proteins
were eluted in Laemmli sample buffer, separated by
SDS–PAGE and immunoblotted as outlined above.

Kinome tyrosine kinase phosphorylation profiling
Luminex immunosandwich assays were performed
as previously described [23], with the following
modifications. Antibodies were conjugated to Luminex
MagPlex microspheres (Luminex). Assays were car-
ried out in 384-well ThermoMatrix square-bottomed
plates (Thermo) in conjunction with a 96-well
(CyBio) and a 384-well (BioMek) liquid handler.
Data were acquired with a FlexMap 3D instrument
(Luminex), according to the manufacturer’s instruc-
tions, and normalized by subtracting sample and
antibody backgrounds. A normalized value > 10 was
considered positive. Marker selection and heatmap
generation were performed with GENE-E soft-
ware (http://www.broadinstitute.org/cancer/software/
GENE-E/).

DNA analysis methods
DNA from fresh-frozen bladder cancer samples and
cDNA from cell lines were sequenced by Sanger
methodology for all coding exons (3–23) of TSC1 ,
using primers described previously [17]. Sequencing
for FGFR3 mutations was performed for exons 7,
10 and 15, using primers shown in Table S1 (see
Supplementary material). OncoMap mutation analysis
was performed in a multiplexed mass spectrometry
assay, interrogating 983 unique mutations in 115 genes
[26], at the Center for Cancer Genome Discovery at the
Dana Farber Cancer Institute.

A molecular inversion probe (MIP) assay was used
to determine the signal intensity for each allele of
330 000 SNPs (Affymetrix, Santa Clara, CA, USA)
[38] on bladder cancer DNA samples extracted from
formalin-fixed paraffin-embedded (FFPE) samples,
using the Qiagen DNA Purification kit. A full descrip-
tion of this methodology and global analysis of results
has been submitted elsewhere for publication [39].
FFPE-extracted DNA samples were sent to Affymetrix
and processed at their facility in Santa Clara, CA.
Briefly, the raw MIP intensity data provided by
Affymetrix were analysed using Nexus Copy Number
v. 6.0 (BioDiscovery, El Sequendo, CA, USA),
normalized using the SNP-FASST2 segmentation
algorithm. Normalized probe intensity and allele ratio
data were visualized in Nexus v. 6.0. Probes (20–30
each) from the region of TSC1 on chromosome 9 and
from the region of TSC2 on chromosome 16 were
visually assessed in Nexus to determine the copy
number and allele ratios in these regions.

Kinase inhibitor library screen
A small compound, kinase inhibitor-focused library
(LINCS) was used to screen cell lines for sensitiv-
ity to kinase inhibitors. The LINCS library consists of
197 commercially available kinase inhibitors, as well
as in-house developed pharmacophore-diverse ATP
competitive kinase inhibitors targeting either active
or inactive kinase conformations (see Supplementary
material, Table S2). Compounds in the LINCS library
were each chosen to be relatively potent and selec-
tive toward a narrow range of kinase targets. Kinase
inhibitor screening was performed at the concentration
of 660 nM, with or without added rapamycin (25 nM) or
Torin1 (50 nM) in a 2 day cellular proliferation assay,
in which cells were plated and drug added simul-
taneously on day 0. Drug effects on growth were
determined using CellTiter-Glo (Promega, WI, USA).
IC50 determinations were performed by similar means,
using Cell-Titer-Glo in 96-well plates. However, cells
were plated on day 0, drug was added on day 1 and
cell growth was determined on day 3 in this assay
format. Compounds were serially diluted three-fold
from 10 µM to 1.5 nM. The IC50 was determined using
XLfit4.0 software (ID Business Solutions, Burlington,
MA, USA).

Statistical analysis
Quantitative data are reported as the mean ± standard
error of the mean (SEM) from at least three inde-
pendent experiments. The means for various treat-
ment groups were compared using analysis of variance
(ANOVA) and Dunnett’s post hoc test.

Results

Analysis of TSC1 and TSC2 in bladder cancer
samples
To examine the frequency of TSC1 and TSC2
involvement in human bladder cancer, we used two
approaches. First, a MIP assay (see Methods for
details) was used to examine genomic copy number
and LOH across the TSC1 and TSC2 regions on FFPE
samples. Twenty-two (54%) of 41 bladder cancer
samples showed LOH for TSC1 and 13 (32%) of 41
showed LOH for TSC2 (see Supplementary material,
Table S3). LOH of TSC1 was seen in all stages of
bladder cancer, suggesting that it was not associated
with any particular stage or grade (p > 0.76, ANOVA),
although the sample number is not large. Second,
we performed exon-based Sanger sequencing of the
coding region of TSC1 on fresh-frozen samples from
these same cancers, and identified TSC1 -inactivating
mutations in two (5%) of the 41 samples (see Sup-
plementary material, Table S3, Figure S1A, B). These
were a single base deletion mutation and a nonsense
mutation, and are clearly inactivating.
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Figure 1. Identification and characterization of TSC1-null bladder cancer cell lines. (A, B) Immunoblots of bladder cancer cell lines after
24 h of serum starvation (−) or 30 min after serum add-back following serum starvation (+), for multiple components of the AKT–mTOR
signalling pathways. The RT-4, HCV29, 97–1 and 639 V cell lines have TSC1 mutations; the first three do not express TSC1; MGH-U1 and
T-24 are controls. (C) Immunoprecipitation of the TSC1–TSC2 protein complex using a TSC2 antibody. Both whole-cell lysates (WCL) and
protein immunoprecipitates (IP) were analysed by immunoblotting.

Analysis of TSC1 and TSC2 in bladder cancer cell
lines
To explore further the involvement of TSC1 and
TSC2 in bladder cancer, we examined TSC1 expres-
sion in a collection of 27 bladder cancer cell lines by
immunoblotting. This set included four cell lines previ-
ously reported to have a mutation in TSC1 [6]. Three of
these lines, RT-4, HCV29 and 97–1, showed complete
absence of TSC1 expression (Figure 1A; see also Sup-
plementary material, Table S4). These three lines also
showed homozygous inactivating TSC1 mutations by
sequence analysis (see Supplementary material, Figure
S1) [17], consistent with complete loss of TSC1 expres-
sion. The fourth cell line, 639 V, had two TSC1 mis-
sense mutations, as reported [17], but expressed TSC1
protein (Figure 1B), which formed a complex with
TSC2 by co-immunoprecipitation (Figure 1C), sug-
gesting that the TSC1 protein expressed might be
functional. In contrast, this same assay confirmed a
complete lack of expression of TSC1 in RT-4, HCV29

and 97–1 (Figure 1C). Therefore, we focused our stud-
ies on RT-4, HCV29 and 97–1.

Immunoblot analysis showed that RT-4, HCV29
and 97–1 all showed reduced TSC2 expression
(Figure 1A), consistent with previous studies indi-
cating that TSC1 plays an important function in
stabilizing TSC2 [18]. Levels of PTEN, LKB1,
Raptor, AKT, S6K and S6 were similar among these
cell lines and a control bladder cancer cell line,
MGH-U1 (Figure 1A). RT-4 showed absence of
AKT activation, as assessed by phospho-AKT-S473
(pAKT-S473) levels, in both serum-deprived and
serum add-back conditions. This suggests the pres-
ence of an active feedback suppression loop in the
AKT–mTOR pathway due to constitutive mTORC1
activation, as seen in many other cell lines lacking
TSC1 or TSC2 [19,20]. However, neither HCV29 nor
97–1 showed this phenomenon, instead showing some
level of pAKT-S473 during serum deprivation and
robust AKT activation in response to serum add-back
(Figure 1A). Note that Rictor expression, an essential
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Figure 2. Analysis of AKT activation, drug sensitivity and effects of TSC1 add-back in TSC1-null bladder cancer cell lines. (A) Immunoblots
of bladder cancer cell lines after 24 h of serum starvation (−) or 30 min after serum add-back following serum starvation (+), in the
absence or presence of 50 µM LY294002 for 30 min. Note suppression of both pAKT(S473) and PS6(S240/244) in response to LY294002.
These two blots were prepared at the same time and exposed for exactly the same interval. (B) Immunoblots are shown for bladder cancer
cell lines after 24 h of serum starvation (−) or 30 min after serum add-back following serum starvation (+) in the presence of the mTOR
inhibitors 10 nM rapamycin or 250 nM Torin1 for 24 h. Note reduction in pAKT(S473) in all lines when treated with Torin1. These two blots
were prepared at the same time and exposed for exactly the same interval. (C, D) Cell viability assay for cells treated with mTOR inhibitor
rapamycin (C) or Torin1 (D) for 48 h at the indicated doses. Cell number was determined by the MTT assay and normalized to vehicle-treated
cells. (E) TSC1 add-back cells were studied by immunoblot after 24 h of serum starvation (−) or 30 min after serum add-back following
serum starvation (+) and show normal regulation of S6K phosphorylation.
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component of the mTORC2 complex, was reduced
in all three TSC1 -null lines, in comparison to control
(Figure 1A). In addition, IRS1 levels were reduced in
all three, as has been reported previously as an effect
of phosphorylation of IRS1 by S6K and consistent
with chronic mTORC1 activation [20]. Activation of
S6K, as assessed by phosphorylation at the T389 site,
was increased in these three lines under conditions of
serum deprivation and levels of pS6(S240/244) were
very high in the absence of serum, also consistent
with constitutive mTORC1 activation (Figure 1A).

Among the set of 27 cell lines, we identified two
cell lines, UMUC3 and J82, which showed no PTEN
expression by immunoblotting, and one cell line,
UMUC15, in which LKB1 expression was markedly
reduced (see Supplementary material, Table S4). Since
FGFR3 mutations are common in bladder cancer, we
also examined the mutational hotspots in FGFR3 by
sequencing in the 27 cell lines. Eight cell lines had
mutations in FGFR3 . We identified a novel stop muta-
tion (Q256X) and seven previously reported mutations,
including six cysteine missense and one K650E muta-
tion. None of the three TSC1 -null cell lines had an
FGFR3 mutation, although the 639 V line with het-
erozygous missense mutations in TSC1 had an FGFR3
R248C mutation.

Differential AKT activation in three TSC1-null
bladder cancer cell lines
Since HCV29 and 97–1 showed AKT activation, we
hypothesized that additional events had occurred in
these two cell lines that contributed to that phe-
nomenon, as well as to bladder cancer development,
in the patients from whom they were derived. Conse-
quently, we examined this pathway in further detail.
First, we observed that treatment of HCV29 and
97–1 cells with the PI3K inhibitor LY294002 com-
pletely eliminated pAKT(S473) levels (Figure 2A),
independent of serum treatment, suggesting that PI3K
activity was required for the activation of AKT.
Similarly, treatment of these cells with Torin1, an
ATP-competitive inhibitor of mTOR which inhibits
both mTORC1 and mTORC2 [21], also eliminated
pAKT(S473) levels (Figure 2B). In contrast, mTORC1-
specific inhibitor rapamycin either had no effect or
caused a minor increase in pAKT(S473) in some con-
ditions (Figure 2B). This confirmed that mTORC2
was functioning as the proximate kinase to phospho-
rylate AKT at the S473 site [22]. Both Torin1 and
rapamycin markedly inhibited mTORC1 activity, as
indicated by absence of pS6(S240/244) with those
agents (Figure 2B).

We then examined the effects of mTOR inhibitors
rapamycin and Torin 1 on the growth of TSC1 -null
bladder cancer cells. RT-4 showed the greatest
growth inhibition of all cell lines tested in response
to each drug (Figure 2C, D). Torin1 had greater
growth inhibitory effects in all three TSC1 -null cell
lines compared to rapamycin. We also generated

TSC1-expressing stable cell lines from HCV29 and
97–1. In comparison to vector-transfected controls,
TSC1 re-expression inhibited mTORC1 activation,
as indicated by reduced pS6K(T389) and pS6(S240)
under serum-starvation conditions, but had little effect
on pAKT(S473) levels (Figure 2E). These results
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Figure 3. Tyrosine kinase phosphorylation profiling shows EGFR
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provided further evidence to support our hypothesis
that other events were influencing AKT activation
in the two TSC1 -null cell lines, HCV29 and 97–1,
beyond TSC1 loss.

Tyrosine kinase profiling indicates that EGFR
pathway is activated in the TSC1-null bladder
cancer cell line 97–1
The finding that activation of AKT was PI3K- and
mTORC2- dependent suggested that upstream kinase
activation was driving PI3K activation in HCV29 and
97–1 cells. To screen for kinases activating AKT,
we performed bead-based profiling of tyrosine kinase
phosphorylation [23]. Both EGFR and MET were
highly phosphorylated in 97–1 cells, in both serum-
deprived and add-back conditions, in contrast to con-
trols (Figure 3; see also Supplementary material, Table
S5). To examine the contribution of EGFR activa-
tion to both AKT activation and growth, 97–1 cells
were treated with two EGFR inhibitors, Lapatinib
[24] and Afatinib [25]. Both drugs markedly reduced
pAKT(S473) as well as pEGFR(Y1086) levels, inde-
pendent of serum, and had growth-inhibitory effects
(Figure 4A). However, these EGFR inhibitors had little
effect on mTORC1 activity, as assessed by persistent
high pS6(S240) levels, consistent with the effects of
TSC1 loss (Figure 4A). For this reason, we explored
the combination of Lapatinib and Torin1. At low doses,
Lapatinib and Afatinib alone each reduced the growth
of 97–1 cells. However, the combination of Torin1
or rapamycin with either Lapatinib or Afatinib led to

stronger inhibition of cell growth, and induction of cell
death at 1 µM Lapatinib and at each of 100 nM and
1 µM Afatinib (Figure 4B–E). We then examined the
effects of treatment with these combinations in other
bladder cancer cell lines, to examine the specificity
of this effect. In contrast to the findings with 97–1,
although Lapatinib had growth-suppressing effects on
four other bladder cancer cell lines, including two with
loss of TSC1 expression, there was minimal or no syn-
ergy when Lapatinib was combined with Torin1 or
rapamycin at either low or high dosage (see Supple-
mentary material, Figure S2).

AKT activation in TSC1-null bladder cancer cell line
HCV29 is BRAF-dependent and ERK-independent
We then sought to identify other gene mutations which
might account for the relatively high pAKT(S473) lev-
els seen in the HCV29 and 97–1 cell lines. We assessed
the OncoMap panel of 983 mutations in 115 genes
[26], including the RAS genes, PI3KCA and AKT , on
those two cell lines, RT-4, and four additional control
bladder cancer cell lines (Table 1). HCV29 cells had
the BRAF missense mutation G469V, while 97–1 had
no mutations identified in this assay. BRAF G469V
has been found in several human cancers, including
melanomas [27,28], lung cancer [29] and colorectal
cancer [30], and has activating effects on BRAF [31].
To assess the potential effects of the BRAF G469V
mutation on AKT activation, we treated HCV29 cells
with the BRAF kinase inhibitor PLX-4032 (Vemu-
rafenib) [32]. PLX-4032 inhibited AKT activation at
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Figure 4. Synergistic effects of EGFR and mTOR inhibition on the TSC1-null cell line 97–1. (A) Immunoblotting of 97–1 cells treated with
the EGFR inhibitors Lapatinib or Afatinib for 24 h in the presence or absence of serum. (B, C) Cell viability assays (MTT) of 97–1 cells after
various treatments: (B) Lapatinib alone or with Torin1 or rapamycin treatment for 48 h; (C) Afatinib alone or with Torin1 or rapamycin
treatment for 48 h. (D, E) Immunoblotting of 97–1 cells treated with EGFR inhibitor Lapatinib (D) or Afatinib (E), alone or together with
Torin1 (10 nM) or rapamycin (10 nM) in the absence of serum for 24 h.
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Table 1. OncoMap gene mutation profiling in bladder cancer cell
lines

Sanger sequencing OncoMap

Cell lines TSC1 mutation
Gene

mutation

Mutant
allele

frequency (%)

T-24 – HRAS G12V 80–90
HT1376 – –
MGH-U1 – –
RT-4 1669 del C –
HCV29 C163T (Q55X) BRAF G469V 50
97-1 C2074T (R692X)
639 V T853G (F285V) CDKN2A R58X 50

C1849G (H617D) FGFR3 R248C 90
PTEN R130Q 50
PTEN R173C 50
TP53 R248Q 100

Seven bladder cancer cell lines were assessed for the OncoMap panel of 983
mutations in 115 genes [26], including PIK3CA and AKT .

100 nM or higher concentrations (Figure 5A) but had no
effect on cell proliferation, similar to a previous report
on the effect of this drug in another cell line with BRAF
G469V mutation [31]. In addition, PLX-4032 com-
bined with either Torin1 or rapamycin had no growth
effect on HCV29 cells (Figure 5B). Treatment with the
MEK inhibitor U0126 completely eliminated phospho-
rylation of ERK1/2(T202/Y204) but had no effect on
pAKT(S473) levels (Figure 5C), suggesting that ERK
and AKT activation were independent events.

Hsp90 inhibitor has synergistic effects with mTOR
inhibitor Torin1 or rapamycin to reduce survival of
HCV29 cells
To attempt to identify a kinase pathway driving growth
of HCV29 cells, we performed a kinase inhibitor
screen and included 97–1 cells in this assay. A small-
molecule kinase inhibitor library, LINCS, consisting
of 197 kinase inhibitors, was used (see Supplemen-
tary material, Table S1). Inhibitors were screened both
alone and in combination with each of the mTOR
inhibitors Torin1 (50 nM) and rapamycin (25 nM), using
assessment of cell proliferation with CellTiter-Glo.
The initial screen identified five compounds with an
IC50 < 660 nM, for one or both cell lines, alone or
in combination with Torin1 or rapamycin (Table 2).
We then assayed all five compounds alone and in
combination with Torin1 and rapamycin to determine
the IC50 for each cell line (Table 2). The Hsp90
inhibitor NVP-AUY922 showed a strong synergistic
effect with each mTOR inhibitor on HCV29 cells, with
a relative reduction in IC50 of 316- and 165-fold for
Torin1 and rapamycin, respectively, in comparison to
NVP-AUY922 alone (Table 2, Figure 6A). In addition,
NVP-AUY922 at 100 nM completely eliminated pAKT
levels and induced cell death, as indicated by cleaved
caspase 3 (Figure 6B). Although NVP-AUY922 inhib-
ited activation of ERK1/2, it had no effect on the
stability of BRAF protein, suggesting that BRAF muta-
tion was not the main driver of HCV29 cell growth
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Figure 5. AKT activation in TSC1-null line HCV29 is BRAF-
dependent and ERK-independent. (A) HCV29 cells were treated
with the BRAF inhibitor PLX-4032 for 24 h in the presence or
absence of serum and analysed by immunoblotting. Note reduction
in pAKT(S473) in response to PLX-4032. (B) Cell viability analysis of
HCV29 cells after treatment with PLX-4032 alone or with Torin1 or
rapamycin for 48 h. (C) HCV29 cells and controls were treated with
the MEK inhibitor U0126 for 30 min in the absence or presence of
serum, and analysed by immunoblotting. Immunoblots were done
simultaneously with those shown in (A).

(Figure 6B). NVP-AUY922 also demonstrated synergy
when applied to 97–1 cells, but to a smaller extent, 3.6-
and 29-fold, respectively, for Torin1 and rapamycin
(Table 2B). Nonetheless, this combination of an Hsp90
inhibitor and an mTOR inhibitor may have general util-
ity for treatment of TSC1 -deficient bladder cancer.

Discussion

Bladder cancer is the fourth most common cancer
in the USA, with a desperate need for improved
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Table 2. Kinase inhibitor IC50 (µM) values for each compound alone or combined with Torin1 or rapamycin
(A) HCV29 cells
Drug Target +DMSO +Torin1 (10 nM) +Rapamycin (10 nM)

ZG-10 JNK 3.24 2.05 1.92
YM201636 PI3K 3.78 3.34 2.16
GSK1363089 c-Met 2.28 0.58 0.52
NVP-AUY922 Hsp90 0.83 0.00263 0.00503
MBS-540215 VEGFR 9.47 4.70 4.78

(B) 97–1 cells
Drug Target +DMSO +Torin1 (3 nM) +Rapamycin (3 nM)

ZG-10 JNK 1.12 0.86 0.33
YM201636 PI3K 3.49 1.79 0.42
GSK1363089 c-Met 2.02 0.75 0.29
NVP-AUY922 Hsp90 0.54 0.15 0.02
MBS-540215 VEGFR 8.06 5.29 2.21

Hsp90 inhibitor NVP-AUY922 treatment in HCV29
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Figure 6. Hsp90 inhibitor has a strong synergistic effect with mTOR
inhibitor in HCV29 cells. (A) Cell viability analysis of HCV29 cells
after treatment with the Hsp90 inhibitor NVP-AUY922, alone or
with Torin1 or rapamycin for 48 h. (B) Immunoblots of HCV29
treated with NVP-AUY922 (10, 100 or 500 nM) in the absence or
presence of Torin1 (10 nM) or rapamycin (10 nM) for 24 h.

therapies [1]. Previous reports have indicated that
TSC1 mutations are seen in 10–15% of bladder
cancers [7,8,33], similar to the incidence we found
here in bladder cancer primary specimens [two (5%)
of 41] and bladder cancer cell lines [three (11%)
of 27]. TSC2 -inactivating mutations have also been
recently reported in five (3%) of 145 bladder cancer

samples [33]. However, we saw TSC2 expression in
all 27 of our bladder cancer cell lines.

Three bladder cancer cell lines that had homozygous
inactivating mutations in TSC1 and no TSC1 expres-
sion were studied in detail. Strikingly, two of these did
not show the classic feedback inhibition of AKT acti-
vation that is now well established in MEF and other
cell lines lacking TSC1–TSC2 expression [19,20].
Several mechanisms of AKT feedback inhibition have
been described in cells lacking the TSC protein com-
plex, including reduction in expression of IRS1 [20] or
PDGFR [19,34] or elevated levels of GRB10 [15,16].
Many other phosphorylation targets of S6K have been
identified in cells lacking a functional TSC1–TSC2
complex, and these may also contribute to feedback
inhibition of this pathway. We confirmed that IRS1 lev-
els were reduced in all three cell lines and established
that AKT activation in HCV29 and 97–1 was depen-
dent on mTORC2, consistent with its known function
as the kinase which phosphorylates AKT at the S473
site [22].

However, the HCV29 and 97–1 lines had different
mechanisms of activation of AKT and growth sensi-
tivities. HCV29 cells had a BRAF G469V mutation
and AKT activation was very sensitive to treatment
with the BRAF kinase inhibitor PLX-4032 (Figure 5A).
However, PLX-4032 had no effect on HCV29 pro-
liferation as a single agent and did not enhance
the growth inhibitory effects of Torin1 or rapamycin
(Figure 5B). A kinase inhibitor drug screen identi-
fied the Hsp90 inhibitor NVP-AUY922 as having sub-
stantial growth inhibitory effects on HCV29. Further,
NVP-AUY922 showed strong synergism with mTOR
inhibitors, both rapamycin and Torin1, in reducing
the growth and inducing cell death of HCV29 cells
(Figure 6B). The combination of an Hsp90 and an
mTOR inhibitor has recently been reported to be highly
effective in both Nf1-deficient and Kras-driven cancers,
through enhancement of ER stress, ROS generation
and oxidative stress [35]. Since loss of TSC1–TSC2
is known to lead to ER stress [36,37], it is quite
possible that the same mechanism applies in this
instance. It is uncertain whether there is a single critical
client protein for Hsp90 inhibition in HCV29 cells, or
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whether this growth inhibition is a synergistic effect
dependent on reduced expression of multiple client
proteins.

97–1 cells also showed EGFR and MET phospho-
rylation and activation in a proteome kinase assay and
were sensitive to the EGFR inhibitors, Lapatinib and
Afatinib, as assessed by effects on both pAKT(S473)
and pEGFR(Y1086) levels (Figure 4A). These drugs
did not affect mTORC1 activity, but each showed syn-
ergistic effects in growth inhibition in combination
with Torin1 and rapamycin (Figure 4B–E). Control
experiments showed that these effects were unique to
97–1, suggesting a dependency upon both EGFR and
mTORC1 activation for this drug sensitivity. 97–1
cells were also highly sensitive to combined Hsp90-
mTOR inhibition.

In aggregate, these results point to significant het-
erogeneity among the three bladder cancer cell lines
we studied that had complete loss of TSC1 , suggesting
that a ‘personalized’ approach to therapy for the corre-
sponding cancers would be most effective. Recently a
dramatic and sustained clinical response to everolimus,
a compound closely related to rapamycin, has been
reported in a patient with metastatic bladder cancer
bearing a TSC1 -inactivating mutation [10]. However,
four other patients in that study with inactivating muta-
tions in TSC1 showed short-lived minimal responses to
everolimus. Hence, these clinical findings are similar
to those presented here, indicating the heterogeneity of
growth mechanisms operative in bladder cancers with
TSC1 mutation and loss and the need for individualized
therapy for these cancers. Hsp90 inhibition in combi-
nation with mTORC1 inhibition has promise for this
class of bladder cancer.
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