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Herein, we provide evidence on the expression of transient recep-
tor potential vanilloid type 1 (TRPV1) on human urothelial can-
cer (UC) cells and its involvement in the apoptosis induced by the
selective agonist capsaicin (CPS). We analyzed TRPV1 messenger
RNA and protein expression on human UC cell lines demonstrat-
ing its progressive decrease in high-grade UC cells. Treatment of
RT4 cells with CPS induced cell cycle arrest in G0/G1 phase and
apoptosis. These events were associated with rapid co-ordinated
transcription of pro-apoptotic genes including Fas/CD95, Bcl-2
and caspase families and ataxia telangiectasia mutated (ATM)/
CHK2/p53 DNA damage response pathway. CPS induced Fas/
CD95 upregulation, but more importantly Fas/CD95 ligand in-
dependent, TRPV1-dependent death receptor clustering and trig-
gering of both extrinsic and intrinsic mitochondrial-dependent
pathways. Moreover, we observed that CPS activates ATM kinase
that is involved in Ser15, Ser20 and Ser392 p53 phosphorylation
as shown by the use of the specific inhibitor KU55933. Notably,
ATM activation was also found to control upregulation of Fas/
CD95 expression and its co-clustering with TRPV1 as well as
RT4 cell growth and apoptosis. Altogether, we describe a novel
connection between ATM DNA damage response pathway and
Fas/CD95-mediated intrinsic and extrinsic apoptotic pathways
triggered by TRPV1 stimulation on UC cells.

Introduction

Capsaicin (CPS), a homovanillic acid derivate, is an active component
of the red pepper, genus Capsicum, shown to inhibit the growth of
a number of tumor cells by inducing apoptosis (1–3). Most of CPS
pro-apoptotic effects are mediated by the transient receptor potential
vanilloid type 1 (TRPV1), a non-selective cation channel belonging to
the TRP family of ion channels (3–5), and have been recently asso-
ciated with endoplasmic reticulum (ER) stress (6,7).
TRPV1 is expressed predominantly on nociceptive neurons, but it

has been recently found also in non-neuronal cells (8). In this regard,
in the urinary bladder, TRPV1 is expressed both in the afferent sen-

sory neurons and on basal and apical urothelial cells (9). Pain percep-
tion was the first role attributed to TRPV1 in the urinary tract;
moreover, urothelial TRPV1 has been described to sense mechanical
and irritant stimuli (10,11).
Recent evidence also suggests that TRPV1 contributes to growth

and progression of several malignancies (3,12,13). In this regard,
a progressive loss of TRPV1 expression on transitional cell carcino-
mas of human urinary bladder was recently reported (14), but its
functional relevance in urothelial cancer (UC) is still unknown.
In accordance with the previous data (15), we have recently shown

that CPS results in a TRPV1-dependent mitochondrial-mediated ap-
optosis of glioma cells through the activation of p38 mitogen-
activated protein kinase (3); however, TRPV1 activation can also
inhibit cancer cell growth via non-apoptotic mechanisms (16).
Herein, we demonstrate that TRPVI messenger RNA (mRNA) and

protein expression was strongly down-modulated in high grade as
compared with low-grade superficial UC cells. Moreover, we provide
the first evidence that CPS-induced TRPV1-mediated apoptosis of UC
cells not only involves the mitochondrial pathway but also is associ-
ated with CPS-induced TRPV1-Fas/CD95 co-clustering and activation
of the extrinsic apoptotic pathway. Finally, consistent with the ability
of CPS to act as ER stressor, we found that CPS-induced TRPVI-
mediated apoptosis is dependent on ataxia telangiectasia mutated
(ATM)-mediated p53 activation.

Materials and methods

UC cell lines

Normal human urothelial cells (NHUC) from Oligene (Berlin, Germany) were
cultured in Oligene Urothelial Cell Media System. Human well-differentiated
low-grade papillary RT4 and poorly differentiated, high-grade and muscle in-
vasive UC J82, EJ and TCCSUP cell lines were from American Type Culture
Collection (Rockville, MD) and were maintained in RPMI-1640 medium
(Flow Laboratories, Irvine, UK) supplemented with 10% heat-inactivated
fetal calf serum (Euroclone Ltd, Devon, UK), N-2-hydroxyethylpiperazine
N#-2-ethanesulfonic acid, 2mM L-glutamine, 100 IU/ml of penicillin and
100 lg/ml of streptomycin at 37�C, 5% CO2 and 95% of humidity.

Antibodies and reagents

The following antibodies (Abs) were used: goat anti-human TRPV1 from
Santa Cruz Biotechnology (Santa Cruz, CA); rabbit anti-human p53, rabbit
anti-human phospho-p53 (Ser20), rabbit anti-human phospho-p53 (Ser392)
and rabbit anti-human BID from Cell Signaling (Danvers, MA); rabbit anti-
human caspase-3 and caspase-9 from Calbiochem–Novabiochem Corporation
(San Diego, CA) and rabbit anti-human phosphoATM (Ser1981) from RD
Systems (South Beloit, IL). The following monoclonal antibodies (mAbs) were
used: anti-human phospho-p53 (Ser15) from Santa Cruz Biotechnology; anti-
human caspase-8 from BD Biosciences (San Josè, CA); anti-human a-tubulin
fromMillipore (Billerica, MA); anti-human caspase-9 fromMillipore and anti-
human Fas and anti-human GAPDH from Sigma–Aldrich (St Louis, MO).

The horseradish peroxidase (HRP)-conjugated donkey anti-goat from Santa
Cruz Biotechnology; the HRP-conjugated sheep anti-mouse and the HRP-con-
jugated donkey anti-rabbit polyclonal Abs fromGE-Healthcare (Piscataway, NJ).
Purified fluorescein isothiocyanate (FITC)-conjugated rabbit anti-goat (RAG)
IgG (EMD Chemicals, San Diego, CA), goat anti-mouse (GAM) Alexa Fluor
594, RAG Alexa Fluor 488 (Invitrogen, San Diego, CA) and phycoerythrin-
conjugated GAM (EMD Chemicals) were used as secondary Abs control.

CPS ([N-(4-hydroxy-3-methoxy-phenyl)methyl]-8-methyl-6-nonenamide),
capsazepine (CPZ) (N-[2-(4-chlorophenyl)ethyl]-1,3,4,5-tetrahydro-7,8-
dihydroxy-2H-2-benzazepine-2-carbothioamide), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide, the
ATM-specific inhibitor KU55933 and carbonyl cyanide chlorophenylhydrazone
were obtained from Sigma–Aldrich; SB366791 (4#-chloro-3-methoxycinnama-
nilide) was purchased from Tocris Bioscience (Bristol, UK). FITC-conjugated
annexin V was purchased from Axxora LLC (San Diego, CA). Propidium
iodide and 5,5#,6,6#-tetrachloro-1,1#,3,3#-tetraethylbenzimidazolcarbocyanine
iodide (JC-1) were obtained from Invitrogen; the caspase-8 inhibitor Z-IETD-
FM (KZ-Ile-Glu(O-ME)-Thr-Asp(O-Me) fluoromethyl ketone) was from

Abbreviations: Ab, antibody; ATM, ataxia telangiectasia mutated; CPS, cap-
saicin; CPZ, capsazepine; ER, endoplasmic reticulum; FACS, fluorescent
activated cell sorting; FITC, fluorescein isothiocyanate; GAM, goat anti-
mouse; HRP, horseradish peroxidase; JC-1, 5,5#,6,6#-tetrachloro-1,1#,3,3#-
tetraethylbenzimidazolcarbocyanine iodide; mAb, monoclonal antibody; mRNA,
messenger RNA; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; NHUC, normal human urothelial cells; PBS, phosphate-buffered
saline; PCR, polymerase chain reaction; RAG, rabbit anti-goat; RT, reverse
transcription; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis; TRPV1, transient receptor potential vanilloid type 1; UC, urothelial
cancer.
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Sigma–Aldrich. CPS, CPZ and KU55933 stock solutions were dissolved in
dimethyl sulfoxide.

RNA isolation and reverse transcription

Total RNA was extracted from NHUC, used as control, and from RT4,
TCCSUP, J82 and EJ cells using RNeasy Mini kit (Qiagen, Milan, Italy). In
brief, cultured cells were first collected by centrifugation for 5 min at 5000g,
washed in phosphate-buffered saline (PBS) for 5 min at 5000g and then pro-
cessed for total RNA extraction.

All RNA samples were dissolved in RNAse-free water (Sigma–Aldrich) and
their concentration and purity were evaluated by A260nm measurement. Two
micrograms of RNA extracted from each sample was subjected to reverse
transcription (RT) in a total volume of 50 ll using the High-Capacity cDNA
Archive Kit (PE Applied Biosystems, Foster City, CA). The RT mixtures were
incubated for 10 min at 25�C and for 2 h at 37�C. In all samples, 2 ll of the
resulting complementary DNA products were used as template for polymerase
chain reaction (PCR) quantification.

Quantitative real-time PCR

Quantitative real-timePCRwasperformedusingan IQ5MulticolorReal-timePCR
Detection system (Bio-Rad, Hercules, CA) and the reaction mixture contained the
Taqman Universal PCR Master Mix and primer and probe sets (Applied Biosys-
tems, Foster City, CA). Human TRPV1 primers and probe were purchased as
‘assay on demand’ (cod. Hs00218912_m1) by Applied Biosystems. b-Actin pri-
mers and probe sequence (forward—5#-CTGGAACGGTGAAGGTGACA-3#
and reverse—5#-CGGCCACATTGTGAACTTTG-3#; probe—5#-
CAGTCGGTTGGAGCGAGCATCCC-3#) were designed by Primer Express
Software (PE Applied Biosystems) and purchased from Sigma Genosys (St.
Louis, MO). Each PCR amplification consisted of heat activation for 2 min at
50�C and for 10 min at 95�C followed by 40 cycles of 95�C for 10 s and 60�C for
1 min. All samples were assayed in triplicate in the same plate. Measurement of
b-actin levels on the UC cell lines was used to normalize mRNA contents, and
TRPV1 levels were expressed as relative fold compared with the corresponding
control calculated by the 2�DDCt method.

Immunofluorescence and flow cytometry

To determine the expression of TRPV1, 3 � 105 UC cells were fixed and
permeabilized using CytoFix/CytoPerm Plus (BD Biosciences, Milano, Italy)
before the addition of anti-TRPV1 Ab directed against a peptide mapping near
the C-terminus of human protein (1:25 dilution). Normal goat serum was used
as negative control. After 30 min at 4�C, cells were washed twice with PBS
without calcium and magnesium (Euroclone Ltd) and then labeled with FITC-
conjugated RAG (1:40 dilution). The percentage of positive cells determined
over 10 000 events was analyzed on an FACScan cytofluorimeter (Becton
Dickinson, Franklin Lakes, NJ) and fluorescent intensity is expressed in arbi-
trary units on a logarithmic scale. Moreover, RT4 cells, untreated or treated
with CPS (100 lM) alone or in combination with the ATM inhibitor KU55933
(10 lM) for different times (8, 12 and 24 h), were stained with anti-Fas/CD95
(1:25) mAb followed by phycoerythrin-conjugated GAM (1:40) secondary Ab.

Confocal laser scanning microscopy analysis

A total of 2 � 105/ml cells from UC cell lines grown for 24 h at 37�C and 5%
CO2 in poly-L-lysine-coated slides were permeabilized using 2% of parafor-
maldehyde with 0.5% of Triton X-100 in PBS and fixed by 4% of paraformal-
dehyde in PBS. After three washes in PBS, cells were incubated with 3% of
bovine serum albumin and 0.1% of Tween-20 in PBS for 1 h at room temper-
ature and then with a goat anti-TRPV1 (1:25) Ab overnight at 4�C. Samples
were finally washed with 0.3% of Triton X-100 in PBS three times, incubated
with RAG Alexa Fluor 488 (1:100) for 1 h at 37�C, mounted and analyzed with
MRC600 confocal laser scanning microscope (BioRad) equipped with a Nikon
(Diaphot-TMD) inverted microscope.

In some experiments, untreated or CPS (100 lM)-treated RT4 cells for
different times (0, 4, 8, 12 and 24 h) were incubated with anti-human Fas/
CD95 mAb (1:25) followed by GAM Alexa Fluor 594 (1:100). In order to
evaluate the colocalization of Fas/CD95 with TRPV1, RT4 cells, treated for 24
h with CPS (100 lM) alone or in combination with CPZ (10 lM), were in-
cubated with both anti-human Fas mAb and goat anti-human TRPV1 Ab
followed by the respective secondary Abs. The role of ATM was evaluated
by treatment of RT4 cells for 24 h with CPS in combination with KU55933
inhibitor (10 lM). Colocalization of Fas/CD95 with TRPV1 was analyzed as
above described. Fluorochrome was excited with the 600 line of an argon–
krypton laser and imaged using a 488 (FITC) nm bandpass filter. Serial optical
sections were taken at 1 lm intervals through the cells. Images were processed
using Jacs Paint Shop Pro (Jacs Teckraft Sotfware Pvt. Ltd., Chennai, India).

Western blot analysis

Lysates obtained from NHUC, used as control, RT4, TCCSUP, J82 and EJ cells
were resuspended in 0.2 ml of lysis buffer [10 mM Tris, pH 7.4; 100 mMNaCl;

1 mM ethylenediaminetetraacetic acid; 1 mM ethyleneglycol-bis(aminoethy-
lether)-tetraacetic acid; 1 mM NaF; 20 mM Na4P2O7; 2 mM Na3VO4; 1%
Triton X-100; 10% glycerol; 0.1% sodium dodecyl sulfate; 0.5% deoxycholate
and 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail from
Sigma].

Samples were separated on 7.5% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE), transferred onto Immobilon-P membranes
(Millipore, Bedford, MA) and blotted with anti-TRPV1 Ab (1:400) followed
by the incubation with HRP-conjugated donkey anti-goat (1:200).

In some experiments, lysates from untreated or CPS (100 lM)-treated RT4
cells for different times (0, 10, 30, 60 and 180 min) were separated on 6%
SDS–PAGE and immunoblotted with a rabbit anti-phospho ATM Ab (1 lg/ml)
followed by HRP-conjugated donkey anti-rabbit Ab (1:10000).

In addition, lysates from RT4 cells, treated for different times (1, 3, 6, 12 and
24 h) with CPS (100 lM) alone or in combination with KU55933 (10 lM),
were separated on 9% SDS–PAGE and immunoblotted with anti-p53 (1:1000),
anti-phospho-p53 (Ser20) (1:1000) and anti-phospho-p53 (ser392) (1:1000)
Abs, followed by the incubation with HRP-conjugated donkey anti-rabbit
(1:10000) Ab or with an anti-phospho-p53 (Ser15) mAb (1:2000) followed
by HRP-conjugated sheep anti-mouse Ab (1:10000). Furthermore, lysates from
RT4 cells treated for different times with CPS were separated on 12% and on
14% SDS–PAGE and immunoblotted with anti-caspase-8 mAb, anti-caspase-9
mAb, rabbit polyclonal anti-BID or anti-caspase-3 Ab, respectively, followed
by HRP-conjugated secondary Abs. Anti-a-tubulin and anti-GAPDH mAbs
were used as protein loading control.

In addition, to evaluate cytochrome c release, untreated or CPS-treated RT4
cells at different times (8, 12 and 24 h) were washed in ice-cold PBS and the
resulting pellet was resuspended in 0.2 ml of lysis buffer (20 mM N-2-hydrox-
yethylpiperazine N#-2-ethanesulfonic acid, 10 mMKCl, 1.5 mMMgCl2, 1 mM
ethylenediaminetetraacetic acid, 1 mM ethyleneglycol-bis(aminoethylether)-
tetraacetic acid, 1 mM dithiothreitol and 0.1 mM phenylmethylsulfonyl fluo-
ride) supplemented with protease inhibitors (5 lg/ml pepstatin A, 10 lg/ml
leupeptin and 2 lg/ml aprotinin). After sitting on ice for 15 min, cells were
disrupted by 60 times douncing in a mini-potter. The nuclei were pelletted at
1000g for 5 min at 4�C and the supernatants were separated and centrifuged for
40 min at 80 000g. Then, supernatants loaded onto a 14% SDS–PAGE were
transferred overnight at 20 V and incubated with anti-cytochrome c mAb (0.5
lg/ml) for 2 h, followed by HRP-conjugated anti-mouse (1:10000) Ab. Immu-
noreactivity was detected using the Enhanced Chemiluminescence (Amer-
sham, Piscataway, NJ). Densitometric analysis was performed by
a Chemidoc using the Quantity One software (Bio-Rad). Each sample was
compared with its control (a-tubulin) for the purpose of quantification.

MTT assay

The colorimetric MTTassay that measures the mitochondrial conversion of the
tetrazolium salt to a blue formizan salt was used to evaluate the growth of CPS-
treated UC cell lines. Briefly, 8 � 104 UC cells were treated for 24 h at 37�C
and 95% of humidity with different doses of CPS (10–100 lM). In some
experiments, RT4 cells were treated with CPS in combination with CPZ
(10 lM) or with SB366791 (0.1 lM) or with KU55933 (10 lM) in a 96-well
microtiter plates and incubated for the last 3 h with 20 ll per well of MTT
(5 mg/ml). Then supernatants were discarded and colored formazan crystals,
dissolvedwith 100ll per well of dimethyl sulfoxide andwere read by an enzyme-
linked immunosorbent assay reader (BioTek Instruments, Winooski, VT).

Cell cycle analysis

A total of 3 � 105/ml RT4 cells were grown with CPS (100 lM) alone or in
combination with CPZ (10 lM) or with SB366791 (0.1 lM), for 24 h at 37�C
and 5% CO2. After washing in PBS, cells were fixed for 30 min on ice by
adding 1 ml of 70% cold ethanol, centrifuged in order to discard ethanol,
stained for 15 min at room temperature with PI 20 lg/ml in DNAse-free
PBS and finally analyzed by flow cytometry. The percentage of positive cells
determined over 10 000 events was analyzed on an FACScan cytofluorimeter
using the Cell Quest software (Becton Dickinson). Fluorescent intensity is
expressed in arbitrary units on a logarithmic scale.

Annexin V staining

Phosphatidylserine exposure on RT4 cells was detected by annexin V staining
and cytofluorimetric analysis. Briefly, 2 � 105/ml RT4 cells were treated with
CPS (100 lM) or with vehicle, for different times (6, 12 and 24 h) at 37�C, 5%
CO2, in a 24-well plate. After treatment, cells were stained with annexin V-FITC
for 10 min at room temperature, then detached by scraping and washed once
with binding buffer (10 mM N-2-hydroxyethylpiperazine N#-2-ethanesulfonic
acid/NaOH, pH 7.4; 140 mMNaCl and 2.5 mMCaCl2). Samples were analyzed
by an FACScan cytofluorimeter using the Cell Quest software. In some experi-
ments, cells were treated for 24 h with CPS (100 lM) in combination with CPZ
(10 lM) or with SB366791 (0.1 lM) or with KU55933 (10 lM).

Triggering of TRPV1 by CPS induces Fas/CD95-mediated apoptosis of UC cells in an ATM-dependent manner
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RT profiler PCR array

Total RNA from RT4 cells, untreated or treated for 4 and 12 h with CPS (100
lM), was isolated as above described. Two micrograms of RNA extracted from
each sample was subjected to RT in a total volume of 20 ll using the Reac-
tionReadyTM first strand cDNA (Superarray Bioscience Corporation, Freder-
ick, MD). RT mixtures were incubated for 60 min at 37�C, 5 min at 95�C and
stored at �20�C until the next step.

Quantitative RT–PCR was performed using an IQ5 Multicolor Real-time
PCR Detection system (BioRad), the SuperArray’s RT2 real-time SYBR Green
PCR Master Mix and the Human Pathways CancerFinderTM and Human apo-
ptosis plates (Superarray Bioscience Corporation). Each PCR amplification
consisted of heat activation for 10 min at 95�C followed by 40 cycles of
95�C for 15 s and 60�C for 1 min. Measurement of five housekeeping genes
levels on the samples was used to normalize mRNA content and the expression
levels of 168 different genes were expressed as relative fold of the correspond-
ing control according to the protocol (Superarray Bioscience Corporation).

Mitochondrial transmembrane potential Dwm

Dwm was evaluated by JC-1 staining. Briefly, 2 � 105 RT4 cells/ml resus-
pended in RPMI/fetal calf serum treated with 100 lM of CPS alone or in

combination with caspase-8 inhibitor Z-IETD-FM, for different times (8, 12
and 24 h) at 37�C in 5% CO2, were incubated for 10 min at room temperature
with 300 ll of 10 lg/ml JC-1 and analyzed by an FACscan cytofluorimeter
(Becton Dickinson). JC-1 was excited by an argon laser (488 nm) and green
(530 nm)/red (.570 nm) emission fluorescence was collected simultaneously.
Data were analyzed using the Cell Quest software. Carbonyl cyanide chloro-
phenylhydrazone protonophore, a mitochondrial uncoupler that collapses
Dwm, was used as positive control (data not shown).

Statistical analysis

The statistical significance was determined by Student’s t-test and by Bonfer-
roni test (analysis of variance one way).

Results

TRPV1 mRNA and protein expression on UC cell lines

We first determined the expression of TRPV1 both at mRNA and
protein levels in low-grade RT4 and high-grade TCCSUP, J82 and
EJ UC cell lines and in NHUC used as control. Quantitative RT–PCR
showed high levels of TRPV1 mRNA in RT4 cells that were

Fig. 1. TRPV1 mRNA and protein expression in UC cell lines. (A) TRPV1 mRNA levels from RT4, TCCSUP, J82 and EJ UC cell lines were evaluated by
quantitative RT–PCR. TRPV1 mRNA levels (mean ± SD) were expressed as relative fold with respect to NHUC used as control. Values were normalized for
b-actin expression. Statistical analysis was performed comparing RT4, TCCSUP, J82 and EJ cell lines with control; �P , 0.01. (B) Lysates from NHUC or the
indicated UC cell lines were separated on 7.5% SDS–PAGE and probed with a goat anti-human TRPV1 Ab or anti-human a-tubulin mAb. Arrows indicate the
bands corresponding to TRPV1 and a-tubulin proteins. Sizes are shown in kilodaltons (kDa). Data are representative of three separate experiments. (C) TRPV1
expression in UC cell lines was evaluated by immunofluorescence and FACS analysis using a goat anti-human TRPV1 Ab. FITC-conjugated RAG was used as
secondary Ab. White area indicates secondary Ab alone used as negative control. (D) Immunocytochemical TRPV1 localization in UC cell lines was evaluated by
confocal microscopy. Goat anti-human TRPV1 Ab and FITC-conjugated RAG were used as primary and secondary Abs, respectively; bar 5 10 lm.

C.Amantini et al.
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Fig. 2. CPS inhibits cell growth and induces G0–G1 cell growth arrest and apoptosis in RT4 cells. (A) Cell growth was evaluated by MTTassay in RT4, TCCSUP,
J82 and EJ cell lines, untreated or treated for 24 h with different doses of CPS (10, 50 and 100 lM). Data are representative of three different experiments.
Statistical analysis was performed comparing treated with untreated cells; �P , 0.01. (B) Cell growth was evaluated by MTT assay in RT4 cells treated for 24 h
with 100 lM CPS alone or in combination with CPZ (10 lM) or with SB366791 (0.1 lM). Control sample indicates dimethyl sulfoxide vehicle-treated cells.
Statistical analysis was performed comparing CPS-, CPZ- or SB366791-treated RT4 cells with control and CPS plus CPZ- or CPS plus SB366791- with CPS-
treated RT4 cells; �P , 0.01. Data are representative of three different experiments. (C) Cell cycle analysis of RT4 cells treated with 100 lM CPS alone or in
combination with CPZ (10 lM) or with SB366791 (0.1 lM) was performed by PI staining. Cell percentage relative to different cycle phases is indicated. Data are
representative of three different experiments. (D) The percentage of AnnexinVþ RT4 cells treated at different times with 100 lMCPS alone or in combination with
CPZ (10 lM) or with SB366791 (0.1 lM), was evaluated by immunofluorescence and FACS analysis. Control sample indicates dimethyl sulfoxide vehicle-treated
cells. Data are representative of three different experiments.

Triggering of TRPV1 by CPS induces Fas/CD95-mediated apoptosis of UC cells in an ATM-dependent manner
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significantly reduced in TCCSUP, J82 and EJ, cells as compared with
NHUC (Figure 1A).
Analysis of TRPV1 protein expression by western blot revealed

a doublet with apparent Mr of 97 and 114 kDa in particular in RT4
and NHUC (Figure 1B). No reactivity was observed with normal goat
serum used as control (data not shown). Immunofluorescence and fluo-
rescent activated cell sorting (FACS) analysis indicate that �80% of
RT4 cells express TRPV1, whereas negligible expression was observed
in TCCSUP, J82 and EJ cells (Figure 1C). Confocal microscopy anal-
ysis evidenced TRPV1 in discrete spots in the plasma membrane and
cytosol of RT4 cells (Figure 1D).

CPS arrests cell cycle progression and triggers apoptosis of RT4 cells

Several findings indicate that CPS inhibits cell growth in vitro and
induces apoptosis in a TRPV1-dependent manner (1,3,4,17). We ini-
tially evaluated the effects of different doses (10 to 100 lM) of CPS
on the growth of RT4, EJ, J82 and TCCSUP cells by MTT assay.
We found that CPS reduces in a dose-dependent manner (IC50 80 lM)

the growth of RT4 but not of the other UC cell lines examined (Figure
2A); this inhibition was completely reverted by CPZ or by SB366791,
two specific TRPV1 antagonists (18,19) (Figure 2B). No cell death was
observed with CPS, CPZ and SB366791 vehicles alone (data not shown).
Cell cycle analysis reveals that CPS increased the number of cells

in G0–G1 and decreased those in S and G2M phases, in a TRPV1-
dependent manner, as evidenced by the ability of CPZ or of SB366791
to completely revert its effects (Figure 2C).
CPS-induced inhibition of RT4 cell growth was also associated

with its pro-apoptotic activity, as shown by a time-dependent increase
of annexin V binding (Figure 2D). This increase was mediated by
TRPV1, as it was completely inhibited by CPZ or by SB366791.
No increase in annexin V binding was observed in CPZ-treated or
in SB366791-treated cells.

CPS-induced modulation of gene expression in RT4 cells

In an attempt to evaluate the molecular mechanisms underlying CPS
pro-apoptotic effects, we performed a high-throughput mRNA expres-
sion profiling in RT4 cells at 4 and 12 h after CPS exposure, by using
two different customized PCR arrays including genes involved in cell
cycle control and DNA damage repair, signal transduction and tran-
scription factors and apoptosis (Table I). Among the 168 defined genes
examined, 5 genes were induced, 32 upregulated and 6 downregulated
at 4 h after CPS treatment. In particular, among genes controlling cell
cycle and DNA damage repair, p53 and E2F1 genes were induced and
ATM, WAF1/CIP1, CHK2, MDM2 and GADD45Awere upregulated.
The intracellular transduction profiling of CPS-treated RT4 cells

showed transient upregulation of ERBB2 and sustained upregulation
of MAP2K1 and MYC expression, whereas the transcriptional pro-
filing revealed a transient increase of NF-jB1 and a marked and
sustained downregulation of FOS and JUN expression.
Moreover, the expression of genes classified as pro-apoptotic and

anti-apoptotic of both intrinsic and extrinsic pathways were signifi-
cantly modulated in CPS-treated RT4 cells. In particular, we observed
upregulation of the pro-apoptotic Bcl-2 (BAD, BCL10, BID and
BAK1), caspase (caspases-8, -9, CFLAR and APAF1) and death re-
ceptor (Fas/CD95 and TNFRSF10A and B, TNFRSF25, TRAF3 and
TRAF4) families and induction of BCLAF1 and ABL-1; expression of
anti-apoptotic genes belonging to Bcl-2 family (BCL2, BCL2L1,
BAG3, BNIP2 and MCL1) and of the inhibitor of apoptosis protein
(IAP) BIRC2 was also increased. Finally, Bcl-2 interacting proteins,
BNIP3, BNIP3L and BIRC8, were significantly downregulated. Inter-
estingly, CPS also increased the expression of RIPK2, a serine/
threonine kinase that associates Fas/CD95 and interacts with fas-
associated protein with death domain and FLICE-inhibitory protein.

CPS induces TRPV1-Fas/CD95 receptor clustering and activation

Among the CPS-induced pro-apoptotic molecules, we focused our
attention on Fas/CD95, a death receptor known to mediate apoptosis
of UC cells (20).

We initially observed by immunofluorescence and FACS analysis
that CPS-induced upregulation of Fas/CD95 mRNA in RT4 cells was
accompanied by increased protein levels, at 12–24 h after CPS expo-
sure (Figure 3A). Then, since Fas/CD95 ligand is not detectable on
RT4 cells (data not shown), but ligand-independent Fas/CD95 clus-
tering can also transmit apoptotic signal (21), we examined whether
TRPV1 engagement by CPS could induce Fas/CD95 receptor cluster-
ing (Figure 3B). As shown by confocal microscopy, upon CPS treat-
ment, TRPV1 and Fas/CD95 colocalized in a patched pattern
indicating the translocation and co-clustering of both receptors. In
contrast, a homogenous vesicular dispersed pattern was observed on
the plasma membrane and cytoplasm of control cells (Figure 3C).
CPS-induced Fas/CD95-TRPV1 co-clustering was TRPV1 dependent
as it was abrogated by CPZ (Figure 3C).

Table I. Changes of gene expression induced by 100 lM CPS treatment in
RT4 cells

Gene bank
ID

Gene description Fold change

4 h 12 h

NM_001160 APAF1 2.1
a

—
NM_000051 ATM 2.5 —
NM_033341 BIRC8 �2.5 —
NM_004322 BAD 2.0 3.0
NM_004281 BAG3 2.8 —
NM_001188 BAK1 2.7 —
NM_003921 BCL10 3.7 —
NM_000633 BCL2 3.4 —
NM_138578 BCL2L1 INDb

NM_014739 BCLAF1 IND
NM_001196 BID 2.5 2.0
NM_001166 BIRC2 4.4 —
NM_004330 BNIP2 2.6 —
NM_004052 BNIP3 �7.0 �2.6
NM_004052 BNIP3L �2.4 �2.3
NM_007294 BCRA1 2.5 —
NM_001228 Caspase-8 2.8 —
NM_001229 Caspase-9 3.1 —
NM_012114 Caspase-14 �29.9 �6.2
NM_003879 CFLAR 2.3 —
NM_007194 CHK2 2.2 —
NM_000389 WAF1/CIP1 2.9 —
NM_005225 E2F1 IND
NM_000043 Fas/CD95 2.4 2.2
NM_006144 GZMA 5.5 6.4
NM_001924 GADD45A 2.6 —
NM_002392 MDM2 2.6 —
NM_002755 MAP2K1 2.7 2.0
NM_021960 MCL1 2.9 —
NM_003998 NF-jB1 2.0 —
NM_003821 RIPK2 3.4 2.0
NM_003862 TNFRSF10B 2.8 —
NM_001065 TNFRSF10A 2.0 —
NM_003790 TNFRSF25 2.8 2.0
NM_000546 P53 IND
NM_005426 TP53BP2 4.2 —
NM_003300 TRAF3 2.6 —
NM_004295 TRAF4 3.0 —
NM_005157 ABLI IND
NM_004448 ERBB2 3.2 —
NM_005252 FOS �2.3 �7.7
NM_002228 JUN �2.6 �3.1
NM_002467 MYC 5.0 2.0

aGenes included are �2-fold upregulated or downregulated with respect to
dimethyl sulfoxide vehicle RT4 cells used as control. Fold change .3 has
a confidence interval of 99%, fold change .2 has a confidence interval of
90%. Mean of three biological repeats with similar general fold change is
presented.
bIND: CPS-induced gene expression with respect to control cells.
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CPS triggers caspase-8 activation, BID cleavage, cytochrome c

release, mitochondrial membrane potential (Dwm) dissipation and

caspases-9 and -3 activation in RT4 cells

Engagement of Fas/CD95 recruits fas-associated protein with death
domain and pro-caspase-8 and then activated caspase-8 cleaves BID
to generate an active p15 or truncated BID that translocates to the
mitochondria where it produces the release of cytochrome c as a result
of membrane permeability transition induction (22). Thus, we inves-
tigated whether CPS, despite increasing caspase-8, BID and caspase-9
mRNA (Table I), also resulted in their activation.
CPS induced caspase-8 activation at 8 h that increased at 12–24 h.

In addition, we found that CPS treatment also stimulated BID cleav-
age, being the truncated BID expression first observed at 8 h, peaking
at 12 h and was sustained at 24 h (Figure 4A).
We next determined whether CPS could induce cytochrome c re-

lease from mitochondria and whether membrane permeability transi-
tion induction was required for CPS-induced apoptosis. Eight hours
after treatment, a band of 12 kDa corresponding to cytochrome c was
observed and declined at later time points (Figure 4A). Evaluation of
Dwm in RT4 cells by JC-1 labeling and FACS analysis showed that
treatment with CPS induces a time-dependent decrease of red fluo-
rescence and a concomitant increase of green fluorescence intensity
(depolarization) (Figure 4B). CPS-induced Dwm dissipation was evi-
dent at 8 h, increased at 12 h and was maximal at 24 h.
Mitochondrion-dependent apoptosis is initiated by caspase-8

activation; thus, we evaluated the involvement of caspase-8 in CPS-
induced Dwm dissipation by treating RT4 cells with the specific
caspase-8 inhibitor, Z-IETD-FM, and we found a marked time-
dependent inhibition of CPS-induced mitochondrial depolarization.
Finally, caspases-9 and -3 were activated during CPS-induced ap-

optosis of RT4 cells as shown by the appearance of their respective 34

and 17 kDa active fragments. Kinetic analysis indicates that caspase-9
activation precedes that of caspase-3, as caspase-9 is activated by CPS
as early as 8 h and peaks at 12 h, whereas caspase-3 activation oc-
curred at 12 h and persisted until 24 h after treatment (Figure 4D). No
changes in caspase-3 activation were observed by treating RT4 cells
with the caspase-8 inhibitor Z-IETD-FM (data not shown), thus sug-
gesting that caspase-3 activation in CPS-treated RT4 cells is a cas-
pase-9-dependent event.

CPS-induced ATM activation regulates p53 phosphorylation, Fas/

CD95 expression and RT4 cell growth and apoptosis

Fas/CD95 expression is strictly regulated at transcriptional level by
p53 whose activation and stabilization involves phosphorylation of
multiple serine and threonine residues by a number of kinases includ-
ing ATM, an atypical kinase initiating the DNA damage response
through CHK2 activation (23). Thus, based on the transcriptional gene
profiling showing increased expression of CHK2 and p53 mRNA, we
investigated the role of ATM in CPS-induced p53 activation, Fas
expression and clustering and apoptosis.
We initially examined the ability of CPS to trigger ATM activity in

RT4 cells by evaluating the phosphorylation of serine 1981, an event
functionally important for ATM activation. As shown by immunoblot,
CPS stimulated ATM phosphorylation, which was evident at 1 h,
peaked �3 h and declined thereafter (Figure 5A). We then examined
whether CPS could activate p53 in an ATM-dependent manner by
using the specific pharmacological inhibitor KU55933. Analysis of
p53 protein showed that its level rapidly increased at 1 h was maximal
between 3 and 6 h and persisted until 24 h after CPS treatment (Figure
5A). Immunoblot analysis performed by using specific Abs against
the Ser15, 20 and 392 phosphorylated p53 residues revealed that
Ser15 becomes immediately (1–3 h) phosphorylated. Ser15

Fig. 3. CPS increases Fas/CD95 expression and clustering in TRPV1-dependent manner in RT4 cells. (A) Fas/CD95 expression was evaluated in RT4 cells treated
for different times (8, 12 and 24 h) with 100 lM of CPS by immunofluorescence and FACS analysis using an anti-Fas/CD95 mAb followed by a phycoerythrin-
conjugated GAM. Control sample indicates dimethyl sulfoxide vehicle-treated cells. White area indicates secondary Ab alone used as negative control. Data are
representative of three different experiments. (B) Confocal laser scanning of Fas/CD95 clustering in RT4 cells treated for different times (4, 8, 12 and 24 h) with
100 lM of CPS. Control sample indicates dimethyl sulfoxide vehicle-treated cells. Data are representative of three different experiments. Arrows indicate Fas/
CD95 clustering; bar 5 10 lm. (C) The immunocytochemical localization of Fas/CD95 and TRPV1 in RT4 cells treated for 24 h with 100 lM of CPS alone or in
combination with 10 lM of CPZ was analyzed by confocal microscopy using an anti-Fas/CD95 mAb and a goat anti-TRPV1 Ab followed by respective secondary
Abs. Control sample indicates dimethyl sulfoxide vehicle. Data are representative of three different experiments; bar 5 10 lm.

Triggering of TRPV1 by CPS induces Fas/CD95-mediated apoptosis of UC cells in an ATM-dependent manner
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phosphorylation progressively declines at 6–12 h, returning to basal
levels at 24 h after treatment; Ser20 is phosphorylated at later time
points (3–6 h), and its phosphorylation remains sustained at 12–24 h
whereas Ser392 phosphorylation occurs at 6–12 h and thereafter de-
clines (Figure 5A).
Pretreatment of RT4 cells with KU55933 inhibited CPS-induced

phosphorylation at both Ser15 and Ser20 whereas Ser392 sites (Figure
5B).
Inhibition of ATM activation by KU55933 also resulted in

decreased induction of Fas/CD95 expression in CPS-treated RT4 cells
as shown by immunofluorescence and FACS analysis (Figure 5C), as
well as of Fas/CD95-TRPV1 co-clustering as assessed by confocal

microscopy (Figure 5D). Moreover, KU55933 completely reverted
CPS-mediated inhibition of RT4 cell growth (Figure 5E) and apopto-
sis (Figure 5F), as evaluated by MTT assay and annexin V staining
and FACS analysis, respectively.

Discussion

A number of studies indicate the importance of the TRPV cation
channels family in malignant cell growth and progression by control-
ling cell survival and apoptotic cell death (3,7,13,24,25).
Herein, we provide evidence on the expression of TRPV1 on hu-

man UC cell lines and its involvement in the apoptotic cell death

Fig. 4. CPS induces caspase-8 activation, BID cleavage, cytochrome c release, Dwm dissipation and caspase-9 and caspase-3 activation in RT4 cells. (A) Lysates
from RT4 cells treated with 100 lMCPS at different times (8, 12 and 24 h) were separated on SDS–PAGE and probed with specific rabbit anti-caspase-8 Ab, rabbit
anti-BID Ab or anti-cytochrome c mAb. Sizes are shown in kilodaltons (kDa) and arrows indicate the bands corresponding to procaspase-8, cleaved caspase-8
fragments, BID, truncated BID and cytochrome c. GAPDH levels were evaluated as protein loading control. Data are representative of three separate experiments.
(B) Time course analysis ofDwm changes in RT4 cells treated for different times (8, 12 and 24 h) with 100 lMCPS alone or in combination with 50 lMZ-IED-FM
was evaluated by JC-1 staining and biparametric FL1(green)/FL2(red) flow cytometric analysis. Numbers indicate the percentage of gated RT4 cells showing
a drop in Dwm-related red fluorescence intensity. Data are representative of three separate experiments. (C) Lysates from RT4 cells treated at different times (8, 12
and 24 h) with 100 lMCPS were separated on SDS–PAGE and probed with specific anti-caspase Abs. Sizes are shown in kilodaltons (kDa) and arrows indicate the
bands corresponding to procaspase-9, cleaved caspase-9, procaspase-3 and cleaved caspase-3 fragment. GAPDH levels were evaluated as protein loading control.
Data are representative of three separate experiments.
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induced by in vitro CPS treatment. In addition, our findings shed light
on some of the molecular mechanisms regulating CPS-dependent
TRPV1-mediated apoptosis, first underlying an important role for
CPS-mediated ligand-independent Fas/CD95 clustering and activa-
tion of ATM/p53 pathway.
We found that TRPV1 mRNA and protein were expressed in well-

differentiated RT4 papillary UC and NHUC cells, whereas they were
markedly downregulated in poorly differentiated J82 and EJ and in
undifferentiated TCCSUP UC cell lines. In RT4 cells, TRPV1 was
identified as two bands of 114 and 97 kDa, probably corresponding
to the glycosylated and non-glycosylated form of the receptor (26),

and was distributed in discrete spots in the cytosol and plasma mem-
brane; lower TRPV1 expression was found in TCCSUP, J82 and EJ
cells.
The TRPV1-selective agonist CPS has been shown to inhibit the

growth of various tumor cells in vivo and in vitro by inducing apo-
ptosis (1). Our results first demonstrate the ability of CPS to induce
G0–G1 cell cycle arrest and apoptosis in UC cells. CPS-mediated cell
growth inhibitory effects are TRPV1 dependent and are completely
reverted by the TRPV1 antagonists CPZ and SB366791. Similarly,
induction of G0–G1 cell cycle arrest and apoptosis by CPS has been
reported in human leukemic cells (2).

Fig. 5. CPS induces ATM activation that is involved in the control of p53 phosphorylation, Fas/CD95 expression and clustering and RT4 cell growth and
apoptosis. (A) Lysates from RT4 cells treated at different times with 100 lM CPS were separated on 6 and 12% SDS–PAGE and probed with rabbit anti-phospho
ATM (Ser1981) Ab or with a rabbit anti-human p53, phospho-p53 Ser15, phospho-p53 Ser20 or phospho-p53 Ser392 Abs, respectively. a-Tubulin levels were
evaluated as protein loading control. Data are representative of three separate experiments. (B) Lysates from RT4 cells treated for 24 h with 100 lMCPS alone or
in combination with 10 lMKU55933 were probed with rabbit anti-human phospho-p53 Ser15, Ser20 and Ser392 Abs. a-Tubulin levels were analyzed as protein
loading control. Data are representative of three separate experiments. (C) Fas/CD95 expression was evaluated in RT4 cells treated for 12 and 24 h with 100 lM
CPS alone or in combination with 10 lM KU55933, by immunofluorescence and FACS analysis using an anti-Fas/CD95 mAb followed by a phycoerythrin-
conjugated GAM. Data are representative of three different experiments. (D) The immunocytochemical localization of Fas/CD95 and TRPV1 in RT4 cells treated
for 24 h with 100 lM of CPS alone or in combination with 10 lM of KU55933 was evaluated as described in Figure 5 panel C; bar 5 10 lm. (E) Cell growth was
evaluated by MTT assay in RT4 cells treated for 24 h with 100 lM CPS and 10 lM KU55933 alone or in combination. Control sample indicates CPS and/or
KU55933 vehicles treatment. Statistical analysis was performed comparing KU55933- or CPS-treated RT4 cells with control and CPS plus KU55933- with CPS-
treated cells; �P , 0.01. (F) Annexin-positive RT4 cells treated for 24 h with 100 lM CPS alone or in combination with 10 lM KU55933 was evaluated as
described in Figure 3 panel D. Data are representative of three separate experiments.

Triggering of TRPV1 by CPS induces Fas/CD95-mediated apoptosis of UC cells in an ATM-dependent manner
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By high-throughput mRNA expression analysis, we demonstrate
the ability of CPS to modulate a number of genes involved in cell
cycle control, DNA damage repair and apoptosis. To more deeply
investigate the molecular mechanisms underlying TRPV1-dependent
CPS-induced apoptosis, we focused our attention on the death recep-
tor Fas/CD95, on members of the caspase and Bcl-2 families and on
ATM/CHK2/p53 DNA damage response pathway.
We show that CPS exposure significantly increases Fas/CD95

mRNA and protein expression and more importantly induces
a TRPV1-dependent redistribution and clustering of Fas/CD95 that
colocalizes with the vanilloid receptor. These findings suggest that
Fas/CD95 ligand-independent TRPV1-mediated Fas/CD95 clustering
results in death-inducing signaling complex formation and triggering
of apoptotic signal. In accordance with our results, previous evidence
demonstrates that TRPV1 N-terminus binds to fas-associated factor-1,
a pro-apoptotic Fas/CD95-associated protein (27).
Consistent with TRPV1-mediated Fas/CD95 clustering, we show

that CPS activates caspase-8 and BID cleavage and consequently the
apoptotic extrinsic pathway. In addition, CPS augmented the expres-
sion of caspase-8, CFLAR and RIPK2, thus suggesting its role in the
regulation of the extrinsic pathway also at transcriptional level.
In agreement with previous findings on other cell systems (1,5,17), we

also show that CPS activates the mitochondrial intrinsic pathway of
apoptotic cell death. In particular, we demonstrate that CPS causes
cytochrome c release,Dwm, dissipation and caspases-9 and -3 activation.
The CPS-induced Dwm dissipation was markedly inhibited by the

specific caspase-8 inhibitor, Z-IETD-FM, thus suggesting a role of
BID in cytochrome c release as shown previously (22). Moreover, we
demonstrate that CPS treatment of RT4 cells increases procaspase-9
mRNA level and induces activation of caspases-9 and -3. The failure
of the caspase-8 inhibitor, Z-IETD-FM to block CPS-induced activa-
tion of caspase-3, suggests that caspase-3 activation is a caspase-
9-dependent event.
Fas/CD95 expression is strictly regulated at transcriptional level by

p53 (27,28), whose activation and stabilization involve phosphoryla-
tion of multiple serine and threonine residues by a number of kinases
including ATM (29).
Based on recent reports indicating that TRPV1 agonists cause ER

stress and cell death (6,7) and that the ATM/CHK2/p53 pathway
initiates the DNA damage response following ER-induced stress
(30), we investigated the role of ATM in CPS-induced p53 activa-
tion, Fas/CD95 expression and clustering and RT4 cell apoptosis.
Our results indicate that CPS by acting both at transcriptional and
posttranscriptional levels induces a significant and time-dependent
p53 protein accumulation and stabilization in RT4 cells. CPS treat-
ment also stimulated p53 activation as shown by induced phosphor-
ylation of Ser15, Ser20 and Ser392 residues, thus suggesting its
involvement in CPS-induced upregulation of downstream WAF1/
CIP1, MDM2 and GADD45A gene expression. Time course of
CPS-induced p53 phosphorylation suggests a site interdependence in
p53 phosphorylation; thus, Ser15 was rapidly phosphorylated upon
CPS treatment, followed by Ser20 and Ser392. In this regard, abroga-
tion of Ser15 phosphorylation was found to prevent Ser20 phosphory-
lation (31), whereas phosphorylation of Ser392 was implicated in
regulating p53 oligomerization and binding to DNA. Similarly to our
results, CPS was reported to suppress the growth of leukemic cells via
induction of G0–G1 phase cell cycle arrest, Ser15 p53 phosphorylation
and apoptosis (2).
Our results provide also evidence that CPS treatment increases

ATM and CHK2 gene expression. In addition it rapidly stimulates
Ser1981 ATM phosphorylation in RT4 cells and KU55933, a specific
inhibitor of ATM kinase, completely blocks CPS-induced Ser15 and
Ser20 and Ser392 p53 phosphorylation.
CPS-induced ATM activation correlates with the ability of this

vanilloid to upregulate the expression of E2F1 and MYC genes that
can engage the DNA damage response, activate p53 and induce apo-
ptosis (32). Of note, the use of KU55933 also revealed a role for ATM
activation in the regulation of CPS-induced Fas/CD95 expression and
co-clustering with TRPV1 and in the control of RT4 cell growth and

apoptosis, thus suggesting an important link between ATM activation
and Fas/CD95 apoptotic pathway.
Altogether, we describe a novel connection between ATM DNA

damage response pathway and Fas/CD95 ligand-independent Fas/
CD95-mediated intrinsic and extrinsic apoptotic pathways triggered
by TRPV1 stimulation on UC cells.
The knowledge of the mechanisms controlling TRPV1 expression

would be of importance for a better understanding of UC growth and
progression. Moreover, as TRPV1 agonists such as CPS are widely
employed in the treatment of lower urinary tract dysfunctions (33), the
comprehension of the molecular mechanisms underlying their pro-
apoptotic activity would be clinically relevant to extend the use of
these agents also to the therapy of superficial urothelial malignancies.
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