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Background: TRPM2 channels play an essential role in cell death following oxidative stress.
Results: Dominant negative TRPM2-S decreases growth of neuroblastoma xenografts and increases doxorubicin sensitivity
through modulation of HIF-1/2� expression, mitophagy, and mitochondrial function.
Conclusion: TRPM2 is important for neuroblastoma growth and viability through modulation of HIF-1/2�.
Significance: Modulation of TRPM2 may be a novel approach in cancer therapeutics.

The calcium-permeable ion channel TRPM2 is highly
expressed in a number of cancers. In neuroblastoma, full-length
TRPM2 (TRPM2-L) protected cells from moderate oxidative
stress through increased levels of forkhead box transcription
factor 3a (FOXO3a) and superoxide dismutase 2. Cells express-
ing the dominant negative short isoform (TRPM2-S) had
reduced FOXO3a and superoxide dismutase 2 levels, reduced
calcium influx in response to oxidative stress, and enhanced
reactive oxygen species, leading to decreased cell viability. Here,
in xenografts generated with SH-SY5Y neuroblastoma cells sta-
bly expressing TRPM2 isoforms, growth of tumors expressing
TRPM2-S was significantly reduced compared with tumors
expressing TRPM2-L. Expression of hypoxia-inducible factor
(HIF)-1/2� was significantly reduced in TRPM2-S-expressing
tumor cells as was expression of target proteins regulated by
HIF-1/2� including those involved in glycolysis (lactate dehy-
drogenase A and enolase 2), oxidant stress (FOXO3a), angiogen-
esis (VEGF), mitophagy and mitochondrial function (BNIP3 and
NDUFA4L2), and mitochondrial electron transport chain activ-
ity (cytochrome oxidase 4.1/4.2 in complex IV). The reduction
in HIF-1/2� was mediated through both significantly reduced
HIF-1/2� mRNA levels and increased levels of von Hippel-
Lindau E3 ligase in TRPM2-S-expressing cells. Inhibition of
TRPM2-L by pretreatment with clotrimazole or expression of
TRPM2-S significantly increased sensitivity of cells to doxoru-

bicin. Reduced survival of TRPM2-S-expressing cells after
doxorubicin treatment was rescued by gain of HIF-1 or -2�
function. These data suggest that TRPM2 activity is important
for tumor growth and for cell viability and survival following
doxorubicin treatment and that interference with TRPM2-L
function may be a novel approach to reduce tumor growth
through modulation of HIF-1/2�, mitochondrial function, and
mitophagy.

Transient receptor potential (TRP)3 channels are a super-
family of monovalent and divalent cation-permeable ion chan-
nels with six transmembrane domains. They are homologs of
the Ca2�-permeable Drosophila melanogaster TRP channel,
which is essential for phototransduction (1). TRPM channels,
members of the melastatin subfamily of TRP channels, have
important roles in cell proliferation and survival (2–5). The
second member of this subfamily that was cloned, TRPM2 (pre-
viously LTRPC2), consists of 32 exons encoding a protein of
1503 amino acids with a predicted molecular mass of �170 kDa
(6). TRPM2 channels are permeable to Ca2�, Na�, and K� and
are widely expressed in many cell types including brain, hema-
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topoietic cells, heart, vascular smooth muscle, and endothelial
cells (7, 8). The role of TRPM2 in numerous cell types including
brain, heart, endothelial cells, and inflammatory cells under
physiological conditions as well as oxidative stress is actively
being investigated (9). Extracellular signals that activate
TRPM2 include oxidative stress, TNF�, and amyloid �-peptide
(10 –13). Stimulation with these extracellular signals results in
production of ADP-ribose (ADPR), which plays an important
role in channel activation by binding to the TRPM2 C-terminal
NUDT9-H domain (7, 13–16). ADPR is produced in the mito-
chondria (15) or through activation of poly(ADPR) polymerase
(PARP) (17, 18). TRPM2 is also positively regulated by intracel-
lular Ca2� and calmodulin (19 –21) and is inhibited by acidifi-
cation (22–24), providing a mechanism for limiting Ca2� entry
during ischemia or inflammation. At least four physiological
splice variants of full-length TRPM2 (TRPM2-L) have been
reported (12, 25, 26). Similar to other TRP channels, TRPM2
functions as a tetramer, and the association of splice variants
with TRPM2-L may modulate its function (27–29). One of
these splice variants, the short isoform (TRPM2-S; 845 resi-
dues), is missing the four C-terminal transmembrane domains
and the putative Ca2� pore. When TRPM2-S (S) and TRPM2-L
(L) are coexpressed, S can inhibit calcium influx through L to
function as a dominant negative (26).

We recently demonstrated that TRPM2 channel isoforms
are highly expressed in neuroblastoma (30). TRPM2-L pro-
tected neuroblastoma cells from low or moderate oxidative
stress through increased levels of forkhead box transcription
factor 3a (FOXO3a) and superoxide dismutase 2 (30), whereas
cells expressing the dominant negative S isoform had reduced
FOXO3a and superoxide dismutase 2 levels and enhanced reac-
tive oxygen species (ROS) with increased susceptibility to oxi-
dant death. This finding is consistent with studies in pyramidal
neurons subjected to oxidant injury that showed that inhibition
of TRPM2 enhanced cellular damage (31). It is also consistent
with recent in vivo experiments with knock-out mice that show
that L function is protective, rather than deleterious, in a num-
ber of pathological conditions. In wild type mice subjected to
intraperitoneal injection of endotoxin, survival was 5 times
greater than in the TRPM2 knock-out due to reduced NADPH
oxidase-mediated ROS production in phagocytes (32). Using a
different KO mouse model, we recently demonstrated that car-
diac function after ischemia/reperfusion was also worse in the
TRPM2 KO and that ROS levels were significantly higher in
TRPM2 KO cardiac myocytes subjected to hypoxia/reperfusion
(33). ROS are produced naturally during respiration by the
mitochondrial electron transport chain and play a major path-
ological role in tissue injury through protein oxidation, lipid
peroxidation, and DNA oxidation and mutagenesis (34 –37).

To examine the influence of TRPM2 isoforms on tumor
growth, we examined mice with xenograft tumors genetically
modified for gain or loss of TRPM2 function. In xenografts,
tumor growth was significantly greater in neuroblastoma
SH-SY5Y cells exogenously expressing L compared with cells
expressing dominant negative S. The determinant mechanisms
for the reduction of tumor growth in S-expressing cells were
explored. Hypoxia-inducible factors (HIFs) are transcription
factors that are often up-regulated in cancer and play an impor-

tant role in tumor progression through modulation of expres-
sion of genes involved in glycolysis (lactate dehydrogenase A
(LDHA)), angiogenesis (vascular endothelial growth factor
(VEGF)), ROS production, mitochondrial function (BNIP3 and
NDUFA4L2), growth, and survival (38 – 42). This study was
undertaken to determine how TRPM2 splice variants deter-
mine tumor survival or death. We evaluated TRPM2 current in
neuroblastoma cells expressing TRPM2-L and TRPM2-S iso-
forms, mitochondrial function, and relevant transcription fac-
tors. We found that in TRPM2-S-expressing cells there was a
reduction of HIF-1� and HIF-2� expression, mitophagy, and
mitochondrial function. TRPM2-L-expressing cells treated
with the inhibitor clotrimazole or cells expressing TRPM2-S
compared with TRPM2-L were significantly more sensitive to
doxorubicin.

EXPERIMENTAL PROCEDURES

Tissues and Generation of Stably Transfected Neuroblastoma
Cell Lines—Human adrenal gland and neuroblastoma tissues
were obtained from the National Cancer Institute Cooperative
Human Tissue Network, Pediatric Division, and The Research
Institute at Nationwide Children’s Hospital (Columbus, OH)
under protocols approved by the Institutional Review Board of
the Pennsylvania State University College of Medicine. The
neuroblastoma cell line SH-SY5Y was purchased from the
American Type Culture Collection (ATCC, Manassas, VA).
SH-SY5Y cells were cultured in 50% DMEM and 50% Ham’s
F-12 supplemented with 10% heat-inactivated FBS. SH-SY5Y
cells at 90% confluence were transfected with pcDNA3.1/V5-
His TOPO expressing L, S, both L and S, or empty vector for
48 h using Lipofectamine 2000 (Invitrogen) (26). Stably trans-
fected cell lines were selected using 600 �g/ml G418 (Geneti-
cin; an analog of neomycin) (Gemini Bio-Products, West Sac-
ramento, CA), and cell cultures were maintained in the
presence of 250 �g/ml G418 for a minimum of 2 months before
cells were used for experiments. For doxorubicin studies, plates
were treated when cells were 70 – 80% confluent and harvested
at the time points noted. For exogenous expression of HIF-1�
or HIF-2�, human HIF-1� or HIF-2� constructs with muta-
tions at ubiquitination sites to prevent degradation were
obtained from Addgene (Cambridge, MA). For knockdown of
HIF-1� or HIF-2� expression, shRNA plasmids targeted to
HIF-1� or HIF-2� were purchased from OriGene (Rockville,
MD). All constructs were transfected into SH-SY5Y cells stably
expressing TRPM2-L or -S using the Neon Transfection System
(Invitrogen) following the manufacturer’s instructions, and
doubled stably transfected cells were further selected by 0.5
�g/ml puromycin and 250 �g/ml G418.

RT-PCR of TRPM2 in Human Neuroblastoma and Adrenal
Tissues—RNA was prepared from normal adrenal and neuro-
blastoma samples using the mirVana isolation kit (Life Tech-
nologies, Foster City, CA) and quality-controlled by BioAna-
lyzer RNA 6000 nanochip (Agilent Technologies, Santa Clara,
CA). cDNA was synthesized using a High Capacity cDNA
reverse transcription kit (Life Technologies), and 2.5 ng of each
cDNA was applied to PCR. The following primer pairs based on
the TRPM2 coding sequence were designed to specifically rec-
ognize TRPM2-L or TRPM2-S: TRPM2-L: forward primer, 5�-
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ACGTGCTCATGGTGGACTTC-3�; reverse primer, 5�-AGG-
GTCATAGAAGAGCTGCC-3�; TRPM2-S: forward primer,
5�-CTACTTCGCCTTCCTCTGCC-3�; reverse primer, 5�-
GTCAGGGTCATAGAAGAGCTAC-3�. Semiquantitative
PCR was performed for 35 and 40 cycles (initially 94 °C for 2
min, denaturation at 94 °C for 30 s, annealing at 65 °C for 30 s
and 72 °C for 30 s, and then 72 °C for 30 s). The 110-bp product
for TRPM2-L and 145-bp product for TRPM2-S were quant-
ified by the BioAnalyzer High Sensitivity chip (Agilent Tech-
nologies), respectively.

Measurement of [Ca2�]i—Changes in [Ca2�]i were measured
with fluorescence microscopy-coupled digital video imaging as
described previously (43, 44). Stably transfected SH-SY5Y cells
expressing TRPM2-L, TRPM2-S, or empty vector were adhered
to fibronectin-coated glass coverslips and loaded for 20 min
with 0.1 �M Fura-2 AM (Molecular Probes, Inc., Eugene, OR).
Fura-2-loaded cells were excited alternately at 360 and 380 nm,
and fluorescence emissions (510 nm) were captured. The ratio
of F360/F380 was measured at baseline and over 20 min following
H2O2 treatment.

TRPM2 Current and Estimation of the Ratio of the Conduc-
tance for Ca2� and Na� Ions (GCa/GNa) in Neuroblastoma
Cells—TRPM2 currents were measured in neuroblastoma cells
(30 °C) stably expressing L, S, or L and S with whole cell patch
clamp (45). Fire-polished pipettes (tip diameter, 2 �m) with
resistances of 2– 4 megaohms when filled with pipette solutions
were used. Pipette solution contained 110 mM CsCl, 20 mM

triethanolamine chloride, 10 mM HEPES, 10 mM EGTA, and 5
mM MgATP, pH 7.2, and bathing solution contained 127 mM

NaCl, 5.4 mM CsCl, 2 mM CaCl2, 1.3 mM MgSO4, 4 mM 4-amino-
pyridine, 10 mM HEPES, 10 mM Na-HEPES, 15 mM glucose, and
0.001 mM verapamil, pH 7.4. Solutions were designed to mini-
mize L-type Ca2� current (ICa), Na�-K�-ATPase current
(INaKATPase), Na�/Ca� exchange current (INaCa), and potas-
sium currents (IK). Neuroblastoma cells were held at �70 mV.
To inactivate fast inward Na� current, the holding potential
was switched to �40 mV before application of voltage ramp
(�100 to �100 mV; 500 mV/s). In some experiments, ADPR
(300 �M) was included in the pipette solutions to activate
TRPM2 channels (14). In other experiments, after full activa-
tion of TRPM2 channels by ADPR, flufenamic acid (0.5 mM) or
clotrimazole (50 �M) was added to the extracellular medium to
inhibit TRPM2 currents (46, 47).

To estimate TRPM2 GCa and GNa, neuroblastoma cells were
voltage-clamped at �80 mV. Pipette solution was identical to
that used above and contained ADPR. Extracellular solution
contained 140 mM NaCl, 10 mM HEPES, and 15 mM glucose, pH
7.4. After break-in, steady-state inward Na� currents were
obtained at Em of �80, �90, and �100 mV. Extracellular solu-
tion was then changed to one containing 110 mM CaCl2, 10 mM

HEPES, and 15 mM glucose, pH 7.4. Steady-state inward Ca2�

currents were obtained at Em of �80, �90, and �100 mV from
the same cell. By Ohm’s law, Em � Erev � I/G. Taking deriva-
tives, �I/�Em � G. GCa/GNa is given by the ratio of the slopes of
I versus Em plots with Ca2� or Na� as the permeant ion.

Subcellular Fractionation and TRPM2 Localization—The
Qproteome mitochondria isolation kit (Qiagen, Inc., Valencia,
CA) was utilized to separate cytoplasmic, plasma membrane/

endoplasmic reticulum (ER), and mitochondrial fractions from
wild type SH-SY5Y cells to determine endogenous TRPM2-L
localization. To further examine subcellular localization of
TRPM2 isoforms, SH-SY5Y cells were transduced with lentivi-
ruses encoding DsRed-ER together with GFP-tagged TRPM2-L
or TRPM2-S using the ViraPower lentiviral expression system
(Invitrogen) as described previously (48) and stained with rab-
bit antibody to Tom20 (Santa Cruz Biotechnology, Dallas, TX)
followed by secondary antibody conjugated with Alexa Fluor
405 (Invitrogen). Confocal images of fluorescently labeled cells
were acquired with a Leica AOBS SP8 laser-scanning confocal
microscope (Leica, Heidelberg, Germany) using a high resolu-
tion Leica 40�/1.3 or 63�/1.4 numerical aperture Plan-Apo-
chromat oil immersion objectives. The laser lines used for exci-
tation were continuous wave 405 (for Alexa Fluor 405),
80-MHz pulsed 489 nm (for GFP), and 80-MHz pulsed 558 nm
(for DsRed). The respective emission signals were collected
sequentially to avoid cross-excitation, and spectral scanning
was performed on all dyes to confirm signal specificity. Images
(z-sections) were compiled, and finally three-dimensional
image restoration was performed using Imaris software (Bit-
plane). An appropriate threshold was set for each voxel inten-
sity to exclude possible contributions from background, and
the commonly used Pearson coefficient (RP) was determined
(49).

Xenograft Tumors Expressing TRPM2 Isoforms—To deter-
mine the role of TRPM2 isoforms in tumor growth, athymic
Nude-FOXn1nu female mice (Harlan Laboratories, Inc., Indi-
anapolis, IN) were injected in one flank with 1.5 � 107 SH-SY5Y
cells stably expressing L, S, or empty vector. Approximately
8 –10 mice per group were used in each of five experiments.
Tumor length and width were measured twice weekly with a
caliper to determine tumor growth over 6 –7 weeks, and tumor
area was calculated. At the completion of each experiment,
tumors were harvested, weighed, and frozen for analysis. All
protocols and procedures applied to the mice in this study were
approved by the Institutional Animal Care and Use Committee
of The Pennsylvania State University College of Medicine.

Immunoblot Analysis—For cell culture or tumors from neu-
roblastoma xenografts, whole cell lysates were prepared with
Triton lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 10 mM NaF, protease inhibitor, and phos-
phatase inhibitor) followed by 10-min centrifugation at 10,000
rpm at 4 °C. The supernatants were collected and subjected to
8 –15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
as described previously (30). All gels then were transblotted
onto nitrocellulose membranes. Blots were probed with anti-
TRPM2-C (1:300; Bethyl Laboratories, Montgomery, TX) (26)
or anti-V5-HRP (1:2000; Invitrogen) antibody to confirm
expression of endogenous or transfected TRPM2 channels.
Anti-TRPM2-C recognizes endogenous TRPM2-L but not
TRPM2-S. Blots were also probed with antibodies to BNIP3
(1:1000; Abcam, Cambridge, MA), caspase 3 (1:500; Cell Signal-
ing Technology Inc., Boston, MA), caspase 7 (1:750; Cell Sig-
naling Technology Inc.), COX4.1 and COX4.2 (1:1000;
Abcam), enolase 2 (1:5000; Abnova, Taipei, Taiwan), FOXO3a
(1:400; Cell Signaling Technology Inc.), HIF-1� (1:250; Cell Sig-
naling Technology Inc.), HIF-2� (1:750; Novus, Littleton, CO),
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LDHA (1:15,000; Cell Signaling Technology Inc.), NDUFA4L2
(1:1000; Abcam), Hsp60 (1:5000; Cell Signaling Technology
Inc.), p62 (1:4000; American Research Products, Inc., Waltham,
MA), PARP (1:750; Cell Signaling Technology Inc.), mitochon-
drial transcription factor A (1:2000; Cell Signaling), Tom20
(1:5000, Santa Cruz Biotechnology), VEGF (1:30,000; Abcam);
VHL (1:250; Cell Signaling Technology Inc.), actin (1:10,000;
Sigma), tubulin (1:20,000), and C1ORF43 (1:1000; Abcam).
Blots were washed and incubated with appropriate horseradish
peroxidase (HRP)-conjugated antibodies (1:2000). Enhanced
chemiluminescence (ECL) was used for detection of signal. The
intensity of bands was quantitated with densitometry and nor-
malized with loading controls.

Neuroblastoma Proteomic Analysis—Label-free proteomic
analysis was performed using GeLC-MS/MS technology.
Extracted proteins in radioimmune precipitation assay
buffer from pooled xenograft tumors stably transfected with
TRPM2-L (n � 5) or TRPM2-S (n � 5) and harvested at 6 weeks
after cell injection were processed for GeLC-MS/MS analysis as
described previously (50). Briefly, electrospray ionization tan-
dem MS was performed using a Bruker HCT Ultra ion trap
mass spectrometer. Mass spectra processing was performed
using Bruker Daltonics Esquire 6.1-DataAnalysis (Version 3.4).
The generated deisotoped peak list was submitted to in-house
Mascot server 2.2.07 for searching against the Swiss-Prot data-
base (Release 2011_06) (Version 56.6, 536,029 sequences).
Mascot search parameters were set as follows: species, Homo
sapiens (20,413 sequences); enzyme, trypsin with maximal one
missed cleavage; fixed modification, cysteine carboxymethyla-
tion; variable modification, methionine oxidation; 0.45-Da
mass tolerance for precursor peptide ions; and 0.6-Da mass
tolerance for MS/MS fragment ions. All peptides matches were
filtered using an ion score. Label-free quantitation was per-
formed in Mascot Distiller using the average protein ratio, a
minimum of one peptide with unique sequence, and a 0.05 sig-
nificant threshold, and the results were analyzed with MS Data
Miner (51). Label-free quantified proteins with greater than a
2-fold increase were selected and clustered by biological func-
tions. To identify biological networks of differentially expressed
proteins, we performed a standard network analysis using IPA
software and the Ingenuity knowledge database for physical
and functional interactions as described previously (52).

Quantitation of HIF-1/2� mRNA—Total RNA was isolated
from xenograft samples harvested at 6 –7 weeks using an
RNeasy mini kit (Qiagen, Germantown, MD). cDNA then was
prepared using the SuperScript first strand synthesis system for
reverse transcription-PCR (Invitrogen). HIF-1� (forward, 5�-
ACGTTCCTTCGATCAGTTGTCA; reverse, 5�-TTTGAGG-
ACTTGCGCTTTCA) and HIF-2� mRNA (forward, 5�-CAT-
GCGCTAGACTCCGAGAAC; reverse, 5�-CCTGACCCTTG-
GTGCACAA) were quantitated by real time PCR with SYBR
Green FastMix followed by standardization to 18 S RNA
expression.

Mitochondrial DNA Quantitation—Genomic DNA and
mitochondrial DNA (mtDNA) from xenograft tumors were
isolated using a Wizard Genomic DNA purification kit (Pro-
mega, Madison, WI) and quantitated by real time quantitative
PCR amplification on a StepOnePlus PCR machine (Applied

Biosystems, Carlsbad, CA) with primers that recognize mito-
chondrial 12 S DNA (forward, 5�-TAGCCTAAACCTCAAC-
AGT; reverse, 5�-TGCGCTTACTTTGTAGCCTTCAT) and
nuclear 18 S DNA (forward, 5�-CCCTGCCCTTTGTACAC-
ACC; reverse, 5�-GATCCGAGGGCCTCACTA) (53) and
PerfeCTa SYBR Green FastMix (Quanta Bioscience, Gaithers-
burg, MD). The ratios (12 S/18 S) obtained for measurements
(five xenografts/group transfected with vector, TRPM2-L, or
TRPM2-S) were calculated and analyzed.

Electron Microscopy Analysis of Tumors from Xenografts
Expressing TRPM2-L or TRPM2-S—Tumor xenografts were
excised and weighed. Tumors were bisected, and a central
3–5-mm tumor central slice was fixed in 10% buffered formalin
for paraffin sectioning. A small portion of the central slice was
diced and fixed in fresh, ice-cold Karnovsky’s fixative (Electron
Microscopy Sciences, Hatfield, PA) for EM. After a 45-h fixa-
tion at 4 °C, EM samples were processed and embedded in
EMbed 812 resin (Electron Microscopy Sciences). Diamond-
cut 90-nm sections were mounted on 200-mesh copper grids
and stained with 2% aqueous uranyl acetate and lead citrate.
Sections were imaged at 1200� and 3000� on a JEOL JEM-
1400 transmission electron microscope (JEOL, Peabody, MA).

Measurement of Mitochondrial Membrane Potential (�	m)
and Mitochondrial Ca2� Uptake—To evaluate the integrity of
mitochondrial function, we measured ��m and mitochondrial
Ca2� uptake. To assess ��m, neuroblastoma cells were perme-
abilized and resuspended in intracellular-like medium contain-
ing 120 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM HEPES-
Tris, 2 �g/ml thapsigargin, 80 �g/ml digitonin, pH 7.2, and
protease inhibitors (EDTA-free Complete tablets, Roche
Applied Science). Permeabilized cells were loaded with Fura-FF
(0.5 �M) at 0 s and JC-1 (800 nM; Molecular Probes) at 20 s to
measure extramitochondrial Ca2� and ��m, respectively. Fluo-
rescence signals were monitored in a temperature-controlled
(37 °C) multiwavelength excitation and dual wavelength emis-
sion spectrofluorometer (Delta RAM, Photon Technology
International, Birmingham, NJ) using 490-nm excitation/
535-nm emission for the monomer, 570-nm excitation/595-nm
emission for the J-aggregate of JC-1, and 340- and 380-nm exci-
tation/510-nm emission for Fura-FF (54, 55). The ratiometric
dye Fura-FF was calibrated as described previously (54). At
450 s, a 10 �M Ca2� pulse was added, and ��m and extramito-
chondrial Ca2� were monitored simultaneously at six measure-
ments per second. ��m was calculated as the ratio of the fluo-
rescence of the JC-1 oligomeric to monomeric forms. The
cytosolic Ca2� clearance rate was taken to represent mitochon-
drial Ca2� uptake.

Measurement of Mitochondrial O2 Consumption and ATP
Levels—The oxygen consumption rate was measured in neuro-
blastoma SH-SY5Ycells at 37 °C in an XF96 extracellular flux
analyzer (Seahorse Bioscience). Neuroblastoma cells were
sequentially exposed to oligomycin, carbonyl cyanide p-trifluo-
romethoxyphenylhydrazone, 2-deoxyglucose, and rotenone
using the XF Cell Mito Stress kit (Seahorse Bioscience) accord-
ing to the manufacturer’s instructions. Preliminary experi-
ments were performed to select optimal seeding density (105

cells/well) and compound concentrations according to the
manufacturer’s instructions. To measure ATP levels, neuro-
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blastoma SH-SY5Y cells or cells isolated from neuroblastoma
xenografts were lysed, and ATP (luminescence) levels were
measured using a Cell Titer-Glo luminescent cell viability assay
kit (Promega) according to the manufacturer’s instructions.

Cell Proliferation Assay—Cells from stably transfected cell
lines were seeded on 96-well plates and cultured in medium
with 250 �g/ml G418 for 96 h. Cell proliferation was assessed by
measurement at A490 nm/690 nm using an XTT (2,3-bis(2-me-
thoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide)
cell proliferation assay (Trevigen Inc., Gaithersburg, MD) fol-
lowing the manufacturer’s instructions (56). In some experi-
ments, cells were treated with doxorubicin (0.1– 0.3 �M) or clo-
trimazole (10 �M) for specified durations during cell culture.
Viability after doxorubicin treatment was quantitated by trypan
blue exclusion and XTT assay.

Statistics—All results are expressed as mean 
 S.E. For anal-
ysis of TRPM2 current as a function of group and voltage, two-
way analysis of variance was used. For analysis of protein
expression levels, ��m, mitochondrial Ca2� uptake, and O2
consumption, one-way analysis of variance or Student’s t test
was used. In all analyses, p � 0.05 was taken to be statistically
significant.

RESULTS

Expression of TRPM2 Isoforms in Adrenal Gland and
Neuroblastoma—TRPM2 has been shown to be highly expressed
in a number of malignancies including neuroblastoma (25, 30).
To quantitate expression of TRPM2-L and TRPM2-S isoforms
in neuroblastoma with a different approach, RNA was prepared
from 11 adrenal glands and 17 neuroblastoma tumor samples,
and RT-PCR was performed with primers specific for
TRPM2-L or TRPM2-S. TRPM2-L mRNA expression was sig-
nificantly greater in neuroblastoma tumor samples than in
adrenal gland (Fig. 1, A and C; p � 0.003). TRPM2-S mRNA
required RT-PCR at 40 cycles for detection in the majority of
samples but was also statistically greater in neuroblastoma
compared with adrenal gland (Fig. 1, B and D; p � 0.05). These
results show that neuroblastoma tumors have statistically
greater expression of TRPM2-L, that this increase is at least
partially on a transcriptional basis, and that these tumors have
relatively little TRPM2-S.

Generation and Characterization of Neuroblastoma SH-SY5Y
Cell Lines Stably Expressing TRPM2-L or TRPM2-S—To study
the role of TRPM2 isoforms in neuroblastoma, we generated
neuroblastoma SH-SY5Y cells stably expressing V5-tagged L, S,
or empty vector (V). Expression of transfected TRPM2-L or
TRPM2-S was confirmed by Western blotting of lysates with
anti-V5 antibody (Fig. 2A). On long exposures, the parent cell
line (wild type (WT)), empty vector, and TRPM2-S stably trans-
fected cells were found to express low levels of endogenous
TRPM2-L (Fig. 2B) or TRPM2-S (30).

To show that transfected channels are functional, Fura-2-
loaded cells were stimulated with 250 �M H2O2. [Ca2�]i (quan-
titated as percent increase in F360/F380) was measured with dig-
ital video imaging over 20 min. The greatest increase in [Ca2�]i
was observed in TRPM2-L-expressing cells, and the lowest
increase was observed in cells expressing dominant negative
TRPM2-S compared with empty vector (Fig. 2C). This is con-

sistent with previous data that show that S inhibits calcium
influx through TRPM2-L (26).

TRPM2 Current in Neuroblastoma Cells—We next charac-
terized cation current in SH-SY5Y cells expressing TRPM2-L,
TRPM2-S, or both. Under our experimental conditions, intra-
cellular application of ADPR (300 �M) elicited large inward and
outward cation currents in TRPM2-L- but not TRPM2-S-ex-
pressing cells (Fig. 3A; p � 0.001). Omission of ADPR in pipette
solutions resulted in much smaller currents in L- and S-ex-
pressing cells. ADPR-activated currents displayed the charac-
teristic TRPM2 linear I-V relationship with reversal potential
close to 0 mV (57, 58). Either extracellular flufenamic acid (0.5
mM) or clotrimazole (50 �M) abolished the current elicited by
ADPR in L-expressing cells (data not shown). Coexpression of S
with L significantly inhibited TRPM2 current (Fig. 3A; p �
0.001). These characteristics indicate that (i) the ADPR-acti-

FIGURE 1. RT-PCR quantitation of endogenous TRPM2 expressed in adre-
nal glands and neuroblastoma. RNA was prepared from 11 age-matched
normal adrenal gland (A) and 17 primary neuroblastoma samples (N). RT-PCR
was performed with primers specific for TRPM2-L (A) or TRPM2-S (B) and
quantitated as described under “Experimental Procedures.” C and D, statisti-
cal differences in TRPM2-L and TRPM2-S mRNA between adrenal gland tissue
(11 samples) and neuroblastoma (17 tumor samples) were analyzed with
Student’s t test. *, p � 0.003 for TRPM2-L and p � 0.05 for TRPM2-S. Error bars
represent 
S.E.

TRPM2 Modulates Tumor Growth in Neuroblastoma

36288 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 52 • DECEMBER 26, 2014



vated current was mediated by TRPM2-L, (ii) cells expressing
TRPM2-S exhibited only leakage currents, and (iii) TRPM2-S
significantly inhibited TRPM2-L current. These observations
are consistent with the lower increase in [Ca2�]i (nonspecific
leak) in cells expressing TRPM2-S exposed to low dose H2O2
(Fig. 2C).

To estimate GCa/GNa, neuroblastoma cells expressing L were
held at �80 mV in 140 mM [Na�]o pipette solution containing
300 �M ADPR. After break-in, a large inward current (Na�

ions) was evident (Fig. 3B). There was no inactivation of WT
TRPM2 currents. Stepping the voltage from �80 to �100 mV
resulted in linear increases in Na� current (slope, 8.86 
 0.74
pA/mV; n � 6). Changing to medium containing 110 mM

[Ca2�]o decreased inward current (Ca2� ions; slope, 6.36 

0.39 pA/mV; n � 6). GCa/GNa for TRPM2-L in neuroblastoma
cells is 0.76 
 0.12 (n � 6). This compares favorably with GCa/
GNa for TRPM2 channels in WT mouse cardiac ventricular
myocytes (59).

In SH-SY5Y cells expressing both L and S, both Na� con-
ductance (4.36 
 1.25 pA/mV; n � 4) and Ca2� conductance
(3.06 
 1.06 pA/mV; n � 4) were smaller compared with cells
expressing L alone, consistent with S inhibiting cationic cur-
rents mediated by L channels. However, the relative conduc-

tance (GCa/GNa, 0.74 
 0.13) was not affected by co-expression
of S.

TRPM2 Subcellular Localization—Because of the recent
report that TRPC3 is located on the mitochondrial membrane
(60), subcellular localization of TRPM2 was examined. Using
subcellular fractionation, we determined that endogenous
TRPM2-L was primarily located in the plasma membrane/ER
fraction compared with the cytoplasmic or mitochondrial frac-
tion (data not shown). To further distinguish plasma mem-
brane/ER from mitochondrial localization, we performed
three-dimensional confocal microscopy with SH-SY5Y cells
transduced with lentivirus expressing GFP-tagged TRPM2-L or

FIGURE 2. TRPM2 isoform expression and function in SH-SY5Y neuroblas-
toma cells. SH-SY5Y cells were stably transfected with V (pcDNA3.1/V5-His
TOPO), L, or S. The parent WT cell line was also studied. Western blots using
whole cell lysates from these cells were probed with anti-V5-HRP (A) or anti-
TRPM2-C (B) antibody. Blots were also probed with anti-tubulin antibody as a
control for equivalent loading. C, SH-SY5Y cells stably transfected with V or
expressing L or S were loaded with Fura-2 AM as described under “Experimen-
tal Procedures.” Cells were treated with 250 �M H2O2 for 20 min, and F360/F380
was measured in single cells with digital video imaging at baseline and at
2–5-min intervals after treatment. Peak mean percent increase of F360/F380
above baseline 
S.E. is shown at 20 min. Two experiments were performed,
and a total of 27 (V), 27 (S), or 31 (L) single cells were studied in each group. *,
p � 0.002. Error bars represent 
S.E.

FIGURE 3. ADPR activates cationic currents in L- but not S-expressing neu-
roblastoma cells. A, SH-SY5Y cells stably expressing L, S, or both were stud-
ied with the standard patch clamp whole cell configuration. The composition
of pipette and external solutions and voltage ramp protocols are given under
“Experimental Procedures.” I-V relationships of cationic current (means 

S.E.) from L- (●; n � 5), S- (�; n � 4), or L � S (�; n � 3)-expressing cells
stimulated with 300 �M ADPR are shown. Error bars are not shown if they fell
within the boundaries of the symbol. Two-way analysis of variance indicated
p � 0.0001 for L versus S and L versus L � S. Omission of ADPR in pipette
solutions resulted in much smaller currents in L- (E; n � 6), S- (ƒ; n � 6), and
L � S (�; n � 4)-expressing cells. B, TRPM2 currents do not undergo inactiva-
tion, and GCa and GNa estimates are shown. SH-SY5Y cells expressing L were
held at �80 mV. ADPR was included in the pipette solution to activate TRPM2
channels. With 140 mM [Na�]o, after break-in, a large inward current that did
not undergo inactivation was observed. The current showed linear increase
with increasing hyperpolarization. Following a change of the medium to one
containing 110 mM [Ca2�]o, current became smaller and demonstrated a lin-
ear decrease with depolarization from �100 to �80 mV. GCa and GNa were
estimated from the slope of the I-V relationship (“Experimental Procedures”).
Error bars represent 
S.E. pF, picofarad.
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TRPM2-S isoform with endoplasmic reticulum identified by
DsRed-ER and mitochondria identified by staining with anti-
body to Tom20 (Fig. 4). Results were consistent with fraction-
ation studies and showed that in these cells although TRPM2-L
and TRPM2-S are expressed on the plasma membrane both are
also found in the cytoplasm. They strongly associate with ER
compared with their association with mitochondria (Fig. 4). RP

values for coexpression of both TRPM2-L and TRPM2-S with
ER were found to be 0.80 
 0.05 and 0.71 
 0.14, respectively,
whereas RP values with mitochondria were found to be 0.53 

0.09 and 0.4 
 0.17, respectively. A closer look at their three-
dimensionally rendered sectional views (Fig. 4, M–P and Q–T)
of cells expressing GFP-TRPM2 also show predominately colo-
calized TRPM2/ER voxels (yellow color), whereas non-colocal-
ized mitochondrial voxels (blue color) are still visible. Thus
both three-dimensionally rendered visualization and subse-
quent quantitative measures are the direct indication of the

preferential association of TRPM2 with ER regardless of the
isoform.

TRPM2-S Inhibits Growth of Neuroblastoma Xenografts—
Expression of endogenous TRPM2-L and -S in SH-SY5Y cells is
low in SH-SY5Y cells. To evaluate effects of TRPM2 on tumor
growth, athymic female mice were injected in one flank with
SH-SY5Y cells stably expressing L, S, or empty vector, and
tumor size was measured twice weekly for 6 –7 weeks. In five
experiments, tumors from cells expressing dominant nega-
tive S demonstrated significantly reduced tumor volume
(Fig. 5A) and tumor weights (Fig. 5B) compared with cells
expressing L or V. Differences in tumor sizes were visually
apparent (Fig. 5C). Reduced PARP and procaspase 3 protein
and increased caspase 3 cleavage products were detected in
tumors expressing TRPM2-S (Fig. 5D). These results dem-
onstrate that TRPM2-S-expressing cells have reduced cell
growth and viability in vivo.

FIGURE 4. Subcellular localization of TRPM2 was determined with three-dimensional confocal microscopy. Confocal microscopy was performed with
SH-SY5Y cells transduced with lentivirus expressing GFP-tagged TRPM2-L or TRPM2-S isoforms (green) and DsRed-ER to identify endoplasmic reticulum (red).
Mitochondria were detected with antibody to Tom20 and appropriate secondary antibody (blue). A–F, sectional views (both xy and xz planes) of TRPM2-L (A),
ER (B), mitochondria (C), and the overlays of TRPM2-L with ER (D), TRPM2-L with mitochondria (E), and TRPM2-L with ER and mitochondria (F). G–L, sectional
views (both xy and xz planes) of TRPM2-S (G), ER (H), mitochondria (I), and the overlays of TRPM2-S with ER (J), TRPM2-S with mitochondria (K), and TRPM2-S with
ER and mitochondria (L). M–P, three-dimensionally rendered views of the overlays of TRPM2-L with ER (M), TRPM2-L with mitochondria (N), TRPM2-L with ER
and mitochondria (O), and a colocalization plot of the overlay of TRPM2-L with ER (P). Q–T, three-dimensionally rendered views of the overlays of TRPM2-S with
ER (Q), TRPM2-S with mitochondria (R), TRPM2-S with ER and mitochondria (S), and three-dimensionally rendered sectional xz views of the respective overlays
(T). The broken line in S shows the xz position of overlays shown in T. The measured RP, a measure of colocalized fluorescence signal intensities, is shown in the
graph (U). The overlays of three-dimensional images as well as the quantitatively determined RP indicated that although TRPM2-L and TRPM2-S are expressed
in the plasma membrane both are also expressed in the cytoplasm and are relatively strongly associated with the ER compared with their association with
mitochondria (MITO) (p � 0.05). Scale bars, 10 �m. Error bars represent 
S.E.
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HIF-1� Is Down-regulated in TRPM2-S-expressing Xenografts—
To determine the mechanisms responsible for the reduced
growth of TRPM2-S-expressing tumors, we performed global
label-free proteomic analysis using GeLC-MS/MS technology.
Comparing xenograft tumors expressing TRPM2-L with those
expressing TRPM2-S, a number of proteins transcriptionally
regulated by HIF-1� were differentially expressed between
these two groups. Mitochondrial transcription factor A, which
is inhibited by HIF-1�, was up-regulated in TRPM2-S-express-
ing cells in proteomic analysis, whereas a number of proteins
whose transcription is increased by HIF-1� were down-regu-
lated (Fig. 6, A and B). HIF-1� expression was predicted to be
reduced in TRPM2-S-expressing cells but could not be directly
measured with MS/MS.

To validate the results of proteomic analysis, Western blot-
ting was performed on lysates of xenograft tumors harvested
6 –7 weeks after SH-SY5Y cell injection. Western blotting was
performed in two experiments with similar results (Fig. 7).
Transfected V5-tagged TRPM2-L and TRPM2-S expression
was confirmed by probing with anti-V5 antibody. As predicted
by proteomic analysis, a statistically significant increase in
expression of the transcriptional regulators HIF-1� and HIF-2�
was observed in tumors expressing endogenous (V) or trans-
fected L compared with tumors from cells transfected with S.
The cells expressing endogenous or transfected TRPM2-L and
more HIF-1� and -2� formed larger tumors (Fig. 5), consistent
with reports that HIF-2� promotes a more aggressive tumor
phenotype in patients with neuroblastoma (61, 62). Western
blotting also confirmed modulation of expression of proteins
downstream of HIF-1� identified by proteomic analysis. This
included increased expression of mitochondrial transcription
factor A and reduced expression of LDHA and enolase 2.
Reduced expression of several target genes downstream of HIF-

FIGURE 6. Reduced HIF-1� expression in TRPM2-S-expressing cells deter-
mined by proteomic analysis. Differentially expressed proteins between
TRPM2-L- and TRPM2-S-expressing xenografts (n � 5 each) were determined
using GeLC-MS/MS. A, the HIF-1� network was generated according to Inge-
nuity pathway knowledge criteria. Pink, significantly up-regulated proteins;
green, significantly down-regulated proteins; blue, predicted reduction in
expression. B, analysis of -fold change and accession numbers of differentially
expressed proteins in the HIF-1� signaling pathway. * indicates that proteins
were identified multiple times in different sample fractions. Only the highest
expression value was included in ingenuity pathway analysis.

FIGURE 5. TRPM2-S expression significantly reduces growth of SH-SY5Y xenografts. Athymic female mice were injected with 1.5 � 107 SH-SY5Y cells stably
transfected with L, S, or V, and tumor volume (A) and weight (B) were measured at 6 weeks (Wk). Five experiments were performed, and a representative
experiment (n � 8 in each group) is shown. *, p � 0.01. Photographs of representative tumors in all groups (V, L, and S) are shown in C for visual comparison.
D, Western blotting was performed on two experiments to examine PARP and caspase 3 expression and cleavage products (Clvd). A representative blot from
one experiment is shown. Scale bars, 1 cm. Error bars represent 
S.E.
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1/2� was also demonstrated in tumors expressing TRPM2-S
including antioxidants (FOXO3a) (63, 64), VEGF (angiogene-
sis), proteins involved in inhibition of mitochondrial O2 con-
sumption and ROS production (BNIP3 and NDUFA4L2), and
mitochondrial electron transport chain activity (cytochrome
oxidase 4.1/4.2 in complex IV) (38 – 41, 65, 66). The expression
level of these proteins was not measured by proteomic analysis
because they were not detectable by MS/MS. These data sug-
gest that the decrease in HIF-1/2� expression plays a role in
reduced survival in cells expressing TRPM2-S.

HIF-1/2� Transcription Is Decreased and VHL Levels Are
Increased in TRPM2-S- Versus TRPM2-L-expressing SH-SY5Y
Cells—To determine whether decreased HIF-1/2� expression
in TRPM2-S resulted from reduced transcription, HIF-1/2�
mRNA levels in SH-SY5Y cells expressing different TRPM2
isoforms were quantitated by RT-PCR. HIF-1 and -2� mRNA
levels were significantly reduced in TRPM2-S-expressing cells
compared with cells expressing TRPM2-L (Fig. 8A). HIF-2�

mRNA levels were also significantly reduced in TRPM2-S-ex-
pressing cells compared with empty vector. von Hippel-Lindau
E3 ligase expression was quantitated with Western blotting of
tumor xenografts. von Hippel-Lindau E3 ligase levels were sig-
nificantly increased in TRPM2-S-expressing cells (Fig. 8B).
These data suggest that reduced expression of HIF-1/2� follow-
ing TRPM2-S expression is mediated through both reduced
transcription and enhanced degradation through increased lev-
els of von Hippel-Lindau E3 ligase.

TRPM2-S-expressing Cells Have Decreased Autophagy/
Mitophagy—In xenograft tumors harvested 6 weeks after injec-
tion of SH-SY5Y cells expressing vector, TRPM2-L, or
TRPM2-S, mtDNA levels were determined using PCR. Mito-
chondrial DNA (12 S/18 S ratio) was significantly greater in
tumors expressing TRPM2-S compared with tumors express-
ing TRPM2-L or empty vector (Fig. 9A). To examine differ-
ences in autophagy/mitophagy in cells expressing different
TRPM2 isoforms, we performed Western blotting of Hsp60

FIGURE 7. Tumors expressing TRPM2-L demonstrate higher expression of HIF-1� and HIF-2� and downstream signaling proteins. Lysates were
prepared from tumors xenografts harvested 6 weeks after injection with SH-SY5Y cells stably expressing V, L, or S. Western blotting was performed, and blots
were probed with anti-V5-HRP, anti-HIF-1�, anti-HIF-2�, and antibodies to the downstream target genes enolase 2 (ENO2), LDHA, FOXO3a, VEGF, BNIP3,
NDUFA4L2, COX4.1/4.2, and mitochondrial transcription factor A (TFAM). C1ORF43 was probed to confirm equivalent loading. Western blotting was performed
on two xenograft experiments (n � 6 for each TRPM2 isoform in each experiment), and results were similar. Representative Western blots from one xenograft
experiment are shown. Protein expression was quantitated by densitometry, and the mean 
 S.E. of protein/normalizing control for V, L, and S was calculated.
*, p � 0.05. Error bars represent 
S.E.
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and Tom20 in xenograft tumors from SH-SY5Y cells expressing
different TRPM2 isoforms. Hsp60 accumulates in mitochon-
dria if not removed by mitophagy, and Tom20 is a mitochon-
drial translocase receptor that is reduced in mitophagy. Both
Hsp60 and Tom20 were significantly increased in TRPM2-S-
expressing cells (Fig. 9B). These data suggest that autophagy/
mitophagy is reduced in TRPM2-S-expressing cells, contribut-
ing to accumulation of mtDNA (Fig. 9A).

The role of HIF-1/2� in modulation of expression of the
mitochondrial target protein BNIP3, which has a role in a
mitophagy, was then examined in gain and loss of function
studies. Reduction in HIF-1/2� with targeted shRNA resulted
in a decrease in BNIP3 expression in TRPM2-L- and TRPM2-
S-expressing cells (Fig. 9C). Overexpression of HIF-1/2�
resulted in increased expression of BNIP3. These data suggest
that reduced HIF-1/2� expression in TRPM2-S-expressing
cells has an important role in modulating mitophagy.

We assessed mitochondrial morphology with electron
microscopy in tumors from wild type SH-SY5Y cells or cells
expressing L or S. Compared with WT cells or cells expressing
TRPM2-L, which had typical elongated mitochondria with nor-
mal cristae, cells expressing TRPM2-S showed an abundance of
dysmorphic mitochondria with a swollen appearance and
degenerated cristae (Fig. 9E).

Reduced Mitochondrial Membrane Potential and Ca2�

Uptake in Neuroblastoma Cells Expressing TRPM2-S—Because
cells expressing S produce more ROS (30) and NDUFA4L2
expression was reduced in TRPM2-S-expressing cells (Fig. 7),
mitochondrial function was evaluated in SH-SY5Y cells
expressing different TRPM2 isoforms. Cells stably expressing
empty vector, TRPM2-L, TRPM2-S, or both L and S were stud-
ied. We measured ��m and mitochondrial Ca2� uptake in a
permeabilized cell system that mimics the cytosolic milieu
while inhibiting ER clearance with the addition of thapsigargin.
Compared with cells expressing either L or vector, after six
Ca2� pulses (orange arrows), ��m was severely impaired in cells

expressing S or both L and S (Fig. 10, A and B). Because ��m is
vulnerable to Ca2� challenge in S- and L � S-expressing cells,
total mitochondrial [Ca2�] uptake (measured as the amount of
mitochondrial Ca2� released with the uncoupler carbonyl cya-
nide m-chlorophenylhydrazone) after six pulses of Ca2� was
assessed. Compared with L-expressing cells, mitochondrial
Ca2� uptake was almost absent in neuroblastoma cells express-
ing either S or both L and S (Fig. 10, C and D). Fig. 10D shows
the lack of mitochondrial calcium uptake in TRPM2-S- and
TRPM2-S plus TRPM2-L-expressing cells, and Fig. 10C shows
the increase in extramitochondrial Ca2� in these cells. These
results demonstrate that in TRPM2-S-expressing cells in which
NDUFA4L2 is decreased, ��m is compromised, and mitochon-
drial Ca2� uptake is decreased.

Mitochondrial O2 Consumption Is Lower in Neuroblastoma
Cells Expressing TRPM2-S—After observing that mitochon-
drial ��m and Ca2� uptake were impaired in SH-SY5Y neuro-
blastoma cells transfected with TRPM2-S (Fig. 10), we exam-
ined whether mitochondrial complex activities were altered in
these cells. Both basal and maximal oxygen consumption rates
(OCRs) were significantly reduced in S-expressing cells com-
pared with cells expressing L or vector (Fig. 11). These results
show that when TRPM2-S is expressed and NDUFA4L2 is
depleted mitochondrial bioenergetics are significantly impaired in
neuroblastoma.

Inhibition of TRPM2-L Decreases Survival after Doxorubicin
Treatment in Vitro—Because doxorubicin modulates cell via-
bility through ROS production (67) and TRPM2-S-expressing
cells were shown to generate increased ROS (30), we examined
whether cells expressing TRPM2-S have increased susceptibil-
ity to doxorubicin-induced cell death. SH-SY5Y neuroblastoma
cells stably expressing empty vector, TRPM2-L, or TRPM2-S
were exposed to 0.033, 0.1, or 0.3 �M doxorubicin for 24 h. Cell
viability was reduced in all three cell lines in a dose- and time-
dependent manner. Cells expressing TRPM2-S had signifi-
cantly reduced viability after doxorubicin treatment compared

FIGURE 8. HIF-1/2� transcription is reduced and VHL expression is increased in TRPM2-S-expressing cells. A, HIF-1 or -2� mRNA expression was quan-
titated by RT-PCR in five xenograft tumors generated from SH-SY5Y cells expressing empty vector, TRPM2-L, or TRPM2-S. Expression of each mRNA was
analyzed in each tumor in six replicates, and the mean 
 S.E. for each group (n � 30) is shown. *, p � 0.001. B, Western blotting was performed with anti-VHL
and anti-C1ORF43 antibodies in one xenograft experiment (V, n � 4; L and S, n � 5), and results of densitometry analysis are shown (*, p � 0.05). Error bars
represent 
S.E.
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with cells expressing TRPM2-L or empty vector (Fig. 12, A and
B). Consistent with viability assays, TRPM2-S-expressing cells
showed increased cleavage of caspase 3, caspase 7, and PARP

compared with TRPM2-L- or empty vector-expressing cells
(Fig. 12C). As an alternative approach, TRPM2 function was
inhibited with the TRPM2 inhibitor clotrimazole. Cells were

FIGURE 9. Mitophagy is reduced in TRPM2-S-expressing cells. A, mtDNA (Mito DNA) analysis was performed on five xenograft tumors from cells stably
expressing TRPM2-L, TRPM2-S, or empty vector. Each sample was studied in triplicate, and results of 12 S DNA quantification for each analysis/mean 18 S
genomic DNA analysis for each tumor sample were determined. The mean 
 S.E. for each tumor group is shown. *, p � 0.01. B, Western blotting was performed
on lysates from xenograft tumors harvested 6 weeks after injection with SH-SY5Y cells stably expressing V, L, or S. Two xenograft experiments were studied with
similar results, and representative Western blot results of one xenograft are shown. Results of densitometry analysis of one of the experiments (V, n � 4; L and
S, n � 5) are shown (*, p � 0.03). C and D, loss or gain of HIF-1/2� function. SH-SY5Y cells stably expressing TRPM2-L or -S and scrambled (SCR) shRNA or shRNA
targeted to HIF-1� or HIF-2� (C) or expressing pBabe vector or HIF-1 or -2� with mutations inhibiting degradation in pBabe (D) were harvested in exponential
culture. Western blotting was performed, and blots were probed with antibodies to HIF-1�, HIF-2�, BNIP3, and C1ORF43. E, ultrastructural studies of neuro-
blastoma xenografts expressing different TRPM2 isoforms. Tumor sections from mice injected with WT SH-SY5Y cells or cells expressing TRPM2-L examined
with electron microscopy (1200� and 3000�) show normal elongated mitochondria and cristae. Tumors expressing TRPM2-S show a high percentage of
dysmorphic mitochondria with a round, swollen appearance and degenerated cristae. A representative picture of 40 (WT) or 70 fields (L and S) photographed
at 3000� for xenograft tumors from each isoform (WT, n � 4; L and S, n � 7 tumors) is shown. Error bars represent 
S.E. Scale bars, 1 �m.
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pretreated with vehicle (0.1% DMSO) or clotrimazole (10 �M)
(Fig. 12D) and exposed to 0.1 or 0.3 �M doxorubicin. These
experiments demonstrated that inhibition of TRPM2 (exoge-
nous or endogenous) with clotrimazole also significantly
enhances sensitivity to doxorubicin.

TRPM2-S Influences Cell Viability through Modulation of
HIF-1� and HIF-2�—To determine whether modulation of
HIF-1� or HIF-2� expression has a functional role in regulating
proliferation of cells expressing different TRPM2 isoforms or
their susceptibility to doxorubicin, we created cell lines with
loss or gain of HIF-1� or -2� function. Reduction of HIF-1� or

-2� levels with shRNAs (Fig. 13, A and C) or enhancement of
HIF-1� or -2� with constructs (Fig. 14, A and C) was demon-
strated by Western blotting (insets). Proliferation of SH-SY5Y
cells expressing TRPM2-L was significantly reduced following
HIF-1� (Fig. 13A) or HIF-2� (Fig. 13C) depletion.

Reduction of HIF-1� had no significant effect on prolifera-
tion of TRPM2-S-expressing cells, and the decrease in HIF-2�
had a modest effect likely because levels were already reduced.
When cells depleted of HIF-1� or HIF-2� were treated with 0.1
or 0.3 �M doxorubicin, the viability of TRPM2-L-expressing
cells was significantly reduced (Fig. 13, B and D). For TRPM2-

FIGURE 10. ��m and mitochondrial Ca2� uptake are lower in neuroblastoma cells expressing TRPM2-S. SH-SY5Y cells stably expressing TRPM2-L,
TRPM2-S, both TRPM2-L and TRPM2-S, or empty vector were studied. Cells were permeabilized with digitonin and supplemented with succinate. A, the
ratiometric indicator JC-1 was added at 20 s and used to monitor ��m. Units of ��m represent the ratio of the fluorescence intensity of the JC-1 oligomeric form
to that of the monomeric form. Black arrows indicate addition of digitonin or the mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(2 �M), and orange arrows indicate addition of Ca2� (10 �M), respectively. Tg, thapsigargin. B, normalized ��m after Ca2� pulses but before carbonyl cyanide
m-chlorophenylhydrazone addition. C, the ratiometric dye Fura-FF was added at 0 s and used to monitor extramitochondrial Ca2�. Repeated pulses of Ca2� (10
�M) were added as indicated (orange arrows). The cytosolic Ca2� clearance rate after the first Ca2� pulse was measured. D, summary of cytosolic Ca2� clearance
(mitochondrial Ca2� uptake) rates. **, p � 0.01; ***, p � 0.001; n � 3– 4. Error bars represent 
S.E.
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L-expressing cells depleted of HIF-2�, the greatest reduction
was observed at longer time periods after treatment (72 h; data
not shown). Viability of TRPM2-S-expressing cells after doxo-
rubicin treatment was significantly further reduced by both
HIF-1 and -2� depletion.

SH-SY5Y cells expressing TRPM2-L or TRPM2-S were
transfected with HIF-1� or HIF-2� constructs mutated to
reduce their degradation. Increased expression of HIF-1� resulted
in significantly increased proliferation in both TRPM2-L- and
TRPM2-S-expressing cells (Fig. 14A). Increased expression of
HIF-2� also resulted in a significant increase in proliferation of
TRPM2-S-expressing cells, but enhanced levels of HIF-2� in
TRPM2-L-expressing cells consistently resulted in decreased cell
proliferation (Fig. 14C). These data suggest that an optimal range
of HIF-2� levels may play an important role in regulating cell pro-
liferation and that very high levels are inhibitory. Increased expres-
sion of HIF-1� or HIF-2� significantly enhanced the viability of
TRPM2-S-expressing cells after treatment with 0.1 or 0.3 �M

doxorubicin but had minimal effect on the viability of TRPM2-L-
expressing cells (Fig. 14, B and D). These data demonstrate that
HIF-1� and HIF-2� modulation following TRPM2-L and

TRPM2-S expression plays an important role in regulation of pro-
liferation and viability.

Neuroblastoma Cells Expressing TRPM2-S Have Lower
ATP Levels—Because TRPM2-L-expressing cells demonstrated
increased tumor growth, current function, and OCR compared
with cells transfected to express TRPM2-S, we examined
whether cells expressing different TRPM2 isoforms differ in
bioenergetic capacity. ATP levels were measured in SH-SY5Y
cells stably expressing vector, S, or L at 8 –24 h after doxorubi-
cin (0.5 �M) treatment. ATP levels progressively declined with
time after doxorubicin treatment in neuroblastoma cells
expressing S or vector (Fig. 15A). ATP levels in cells expressing
TRPM2-S were significantly less at 24 h than in cells transfected
with empty vector or TRPM2-L. By sharp contrast, ATP levels
remained stable after doxorubicin exposure in cells expressing
L. These findings show that enhanced expression of TRPM2-L
helps maintain energy production after doxorubicin treatment.
ATP levels were also measured in lysates from neuroblastoma
xenografts expressing vector, S, or L 24 h after doxorubicin
treatment in vivo. The lowest ATP levels were measured in
xenografts expressing TRPM2-S (Fig. 15B) that had low levels
of NDUFA4L2. Lower ATP production in neuroblastoma cells
expressing S correlates with the significantly smaller size of
tumors expressing S.

DISCUSSION

TRPM2 is widely recognized as an ion channel with an
important role in cell survival in a number of physiological and
pathological conditions including ischemic injury and oxida-
tive stress (30, 32, 33, 59). TRPM2 isoforms are also highly
expressed in a number of malignancies including neuroblas-
toma (30), melanoma, lung (25), and breast cancer.4 TRPM2
has been shown to have an important role in survival of neuro-
blastoma cells following oxidative stress, and TRPM2-L confers
protection of neuroblastoma from oxidative stress-induced cell
death through FOXO3a (30). Here, using a mouse xenograft
model, we showed that neuroblastoma tumor growth in vivo is
significantly diminished by expression of dominant negative
TRPM2-S and that the mechanism involves reduced HIF-1�
and HIF-2� expression, mitochondrial protein expression, and
mitophagy. Furthermore, expression of TRPM2-S enhanced
susceptibility to doxorubicin. These studies have high signifi-
cance and clinical impact because they demonstrate that
TRPM2 channels may be a novel target to modulate tumor
growth and enhance sensitivity to cancer therapeutics.

The first important finding of this study is the characteriza-
tion of TRPM2 current in neuroblastoma cells. In these cells,
ADPR activates current through TRPM2-L but not TRPM2-S,
and TRPM2-S inhibits current through TRPM2-L, consistent
with previous reports utilizing measurement of the intracellu-
lar calcium concentration (26). Flufenamic acid and clotrima-
zole also inhibited current through TRPM2-L. We determined
that TRPM2 conductance to Ca2� is �76% that of Na� in neu-
roblastoma cells (Fig. 3B). Co-expression of TRPM2-S did not
affect the relative Ca2�/Na� conductance of TRPM2-L. These
data demonstrate that decreased tumor growth in cells express-

4 S.-j. Chen and B. A. Miller, unpublished observations.

FIGURE 11. O2 consumption is lowest in neuroblastoma cells expressing
TRPM2-S. The O2 consumption rate was measured in SH-SY5Y cells trans-
fected to stably express L, S, or V. Top, after basal OCR was obtained, oligomy-
cin (1 �M) was added to inhibit F0F1-ATPase (complex V). The uncoupler car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) (1 �M) was then
added, and maximal OCR was measured. 2-Deoxyglucose (2-DG) (100 �M)
was added to inhibit the glycolytic pathway, and then rotenone (1 �M) was
added to inhibit NADH dehydrogenase (complex I), respectively. Three exper-
iments were done, and a representative experiment is shown. Each point in
the traces represents the average of five different wells. A summary of basal
(bottom left) and maximal (bottom right) OCR of three groups of cells (n � 5
each) is shown. *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars represent

S.E.
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ing TRPM2-S is associated with decreased calcium current in
these cells.

Here, we showed with RT-PCR that the increased expression
of TRPM2 isoforms in neuroblastoma involved transcriptional
regulation; large increases in TRPM2-L mRNA were demon-
strated. The TRPM2 promoter region has a number of meth-
ylation sites that can be transcriptionally regulated in malig-
nancies (68). TRPM2 is activated by oxidative stress (10, 30).
However, although early reports supported the paradigm that
increased calcium entry following TRPM2 activation contrib-
utes to cell death (69 –71), more recent publications demon-
strate that TRPM2 protects the lung from endotoxin-induced
injury (32) and the heart from ischemia-reperfusion injury (33).
In addition, TRPM2 is implicated to be beneficial to Guama-
nian patients with amyotrophic lateral sclerosis and Parkinson-
ism dementia (58) and protects pyramidal neurons (31) and
neuroblastoma cell lines (30) from oxidant injury. The finding
that TRPM2 is highly expressed in a number of cancers suggests
that it may have a role in tumor growth and chemotherapy
sensitivity.

To examine the function of TRPM2 isoforms in tumor for-
mation, we utilized the neuroblastoma cell line SH-SY5Y,
which expresses low levels of endogenous TRPM2-L and
TRPM2-S. The second major finding of this report is that
tumor growth was significantly reduced in cells expressing
TRPM2-S compared with cells expressing TRPM2-L or vector
(Fig. 5). To identify the molecular pathways involved in modu-
lation of tumor growth, we utilized GeLC-MS/MS to assess
TRPM2 isoform-induced differential expression of the whole

proteome of xenograft tumors transfected to express TRPM2-S
or TRPM2-L. Multiple members of the HIF-1� signaling path-
way showed significant down-regulation in TRPM2-S-express-
ing cells (Fig. 6). Down-regulation of HIF-1� and HIF-2� in
TRPM2-S-expressing cells compared with cells expressing
TRPM2-L or empty vector was confirmed by Western blotting
of xenografts (Fig. 7).

HIF-1/2� are up-regulated in a number of cancers and are
important in tumor progression. In neuroblastoma, increased
expression of HIF-2� is associated with disseminated disease
and a poor outcome (61, 62, 72). The third major finding of this
report is that expression of HIF-1/2� and downstream targets
were modulated by TRPM2 isoforms. This suggests that mod-
ulation of TRPM2 function may be a mechanism through
which HIF-1/2� expression may be targeted in malignancy.
The mechanism of HIF-1/2� modulation in SH-SY5Y cells
involved both reduced HIF-1/2� transcription and increased
VHL expression (Fig. 8). The role of calcium in regulation of
HIF-1/2� expression is complex, but the finding here of
increased HIF-1/2� mRNA in cells expressing TRPM2-L com-
pared with TRPM2-S is consistent with reports that HIF-1�
transcription can be induced by Ca2� ionophores (73). Hypoxia-
inducible transcription factors regulate expression of genes
involved in glycolysis (LDHA), oxidative stress (FOXO3a), and
angiogenesis (VEGF) (38, 39, 42), and this was observed here in
TRPM2-expressing cells. Increased expression of the down-
stream target FOXO3a was observed previously in TRPM2-L-
expressing neuroblastoma cells, and findings here confirmed
that this is a pathway through which TRPM2-L may protect

FIGURE 12. TRPM2-S expression or inhibition of TRPM2-L with clotrimazole reduces cell viability after treatment with doxorubicin. A and B, SH-SY5Y
cells stably transfected with V, L, or S were treated with 0.033, 0.1, or 0.3 �M doxorubicin (Doxo) for 24 h. Cell viability was determined by trypan blue exclusion
(A) or XTT assay (B). Mean 
 S.E. of two experiments done in triplicate (A) or four experiments each done in six replicates (B) is shown. *, p � 0.05. C, increased
cell death in TRPM2-S-expressing cells was confirmed by examining cleavage (Clvd) of PARP, caspase 3, and caspase 7 on Western blots. Representative results
of three Western blots are shown. D, SH-SY5Y cells stably expressing V or L were pretreated with or without 10 �M clotrimazole (Clo) for 10 min and then treated
with doxorubicin (0.1 or 0.3 �M) or vehicle with or without clotrimazole for 24 h. Cell viability assessed with the XTT assay was significantly reduced in cells
pretreated with clotrimazole. A representative result of four experiments is shown. *, p � 0.05. Error bars represent 
S.E.
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against moderate oxidative stress-induced death by increasing
superoxide dismutase 2 (30). In tumors expressing TRPM2-S,
decreased expression of HIF-1� and HIF-2� and downstream
target genes FOXO3a, LDHA, and VEGF provides one mecha-
nism for the reduced growth of xenografts expressing
TRPM2-S and is consistent with the report that HIF-2� pro-
motes a more aggressive tumor phenotype in patients with
neuroblastoma.

The fourth major finding of this study is that proteins
expressed in the mitochondria and regulated by HIF-1� and
-2� including BNIP3 (65), NDUFA4L2 (74), COX4.1, and
COX4.2 (40) were significantly down-regulated in these
TRPM2-S-expressing cells. BNIP3 has been reported to func-
tion either as a proapoptotic or a prosurvival factor (41, 65), and
recent evidence shows that ablation of BNIP3 triggers cell death
(41). In cardiac cells, inhibition of BNIP3 leads to accumulation
of dysfunctional mitochondria and induction of cardiac dys-
function (65). O2 consumption and ATP levels were signifi-
cantly decreased in mouse embryonic fibroblasts in which
BNIP3 was ablated (40), similar to the decrease in mitochon-
drial function and in tumor growth observed here in neuroblas-

FIGURE 13. Loss of HIF-1� or HIF-2� function modulates survival of
TRPM2-L- and TRPM2-S-expressing cells. A and B, SH-SY5Y cells stably
expressing TRPM2-L or TRPM2-S were transfected with shRNA targeted to
HIF-1� or scrambled shRNAs as described under “Experimental Procedures”.
A, cell proliferation was measured by XTT assay, and results are expressed as
percentage of XTT at 24 h after cell seeding. Two experiments were per-
formed with six replicates each, and the mean 
 S.E. of one representative
experiment is shown. *, p � 0.05. The inset shows a Western blot for cells
transfected with scrambled shRNA (Scr) or shRNA targeted to HIF-1�. B, these
cells were treated with 0.1 or 0.3 �M doxorubicin (Doxo) for 48 h, and viability
was determined by XTT assay. Three experiments were performed with four
replicates each, and the mean 
 S.E. of one representative experiment is
shown. *, p � 0.05. C and D, SH-SY5Y cells stably expressing TRPM2-L or
TRPM2-S were transfected with shRNA targeted to HIF-2� or scrambled
shRNAs as described under “Experimental Procedures.” C, cell proliferation
was measured by XTT assay, and results are expressed as percentage of XTT
after cell seeding. Three experiments were performed with six replicates
each, and the mean 
 S.E. of one representative experiment is shown. *, p �
0.05. The inset for TRPM2-L shows a Western blot for cells transfected with
scrambled shRNA (Scr) or shRNAs targeted to HIF-2�. D, these cells were also
treated with 0.1 or 0.3 �M doxorubicin for 48 h, and viability was determined
by XTT assay. Three experiments were performed with four replicates each,
and the mean 
 S.E. of one representative experiment is shown. *, p � 0.05.
Error bars represent 
S.E.

FIGURE 14. Gain of HIF-1� or HIF-2� function modulates survival of
TRPM2-L- and TRPM2-S-expressing cells. SH-SY5Y cells stably expressing
TRPM2-L or TRPM2-S were transfected with pBabe (empty vector), HIF-1� (A
and B), or HIF-2� (C and D) mutants that are nondegradable as described
under “Experimental Procedures.” A and C, cell proliferation was measured by
XTT assay, and results are expressed as percentage of XTT after cell seeding.
Three experiments were performed with six replicates each, and the mean 

S.E. of one representative experiment is shown. *, p � 0.05. Representative
Western blots demonstrating increased expression of HIF-1� (A) or HIF-2� (C)
compared with transfection control are shown in insets. B and D, these cells
were treated with 0.1 or 0.3 �M doxorubicin (Doxo) for 24 h, and viability was
determined by XTT assay. Three experiments were performed, and represent-
ative results are shown. *, p � 0.05. Error bars represent 
S.E.
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toma cells expressing TRPM2-S. BNIP3 levels can be regulated
both by HIF-1� and FOXO3a, and FOXO3a was shown previ-
ously to be down-regulated in TRPM2-S-expressing cells (30).
The combined deficiency of transcription factors HIF-1/2�
and FOXO3a may contribute to decreased expression of
BNIP3. Mitochondrial homeostasis is dynamically regulated
by the processes of mitophagy and mitochondrial biogenesis.
Although it is possible that the increased levels of mitochon-
drial DNA and proteins Tom20 and Hsp60 in TRPM2-S-ex-
pressing cells could be related to increased mitochondrial bio-
genesis, the observation of decreased BNIP3 protein levels
and accumulation of damaged mitochondria suggests that
mitophagy is impaired in TRPM2-S-expressing cells and that
BNIP3 has an important role. The finding that HIF-1/2� has an
important role in BNIP3 modulation suggests a pathway
through which TRPM2 is involved.

NDUFA4L2 is a component of NADH dehydrogenase, which
is involved in regulation of complex I activity (39). NDUFA4L2
is reduced in these TRPM2-S-expressing cells and in xeno-
grafts, implicating complex I dysfunction in these cells and con-
sistent with the report that hypoxic NDUFA4L2-silenced HeLa
cells demonstrated profound inhibition of cell proliferation and
significantly higher ROS accumulation compared with control
cells (39). We generated three SH-SY5Y clones stably express-
ing TRPM2-S with G418 selection, and in all three, expression
of NDUFA4L2 was significantly reduced. Decreased NDUFA4L2
may be a key component of the decrease in mitochondrial func-
tion and cell viability observed in these cells. HIF-1� coordi-
nates a switch in expression of the mitochondrial electron
transport chain complex IV cytochrome oxidase subunit from
COX4.1 to COX4.2, which is more efficient in hypoxia (40).
Interestingly, in neuroblastoma xenografts studied here, both
subunits were decreased in TRPM2-S-expressing cells (Fig. 7).
Decreased expression of COX4.1 and COX4.2 may contribute

to reduced ATP production and increased production of H2O2
(66), and lower ATP production may contribute to the reduced
growth of tumors expressing TRPM2-S.

We examined the role of TRPM2 in chemosensitivity by
inhibiting TRPM2-L function through expression of dominant
negative splice variant TRPM2-S or treatment with the TRPM2
inhibitor clotrimazole. Expression of TRPM2-S or clotrimazole
treatment significantly increased the sensitivity of SH-SY5Y
cells to doxorubicin, suggesting that inhibition of TRPM2-L in
cancer may be a therapeutic approach to enhance the response
to doxorubicin when used in combination with chemotherapy.
We modulated HIF-1� and -2� expression in TRPM2-L- and
TRPM2-S-expressing cells to determine their role in cell pro-
liferation and the sensitivity of cells expressing TRPM2 iso-
forms to doxorubicin. TRPM2-S-expressing cells with gain of
HIF-1� or -2� function showed enhanced proliferation, and
TRPM2-L-expressing cells with loss of HIF-1� or -2� func-
tion showed reduced proliferation. These data suggest that
the changes in HIF-1� or -2� expression observed in cells
expressing different TRPM2 isoforms may play an important
role in cell proliferation and viability after doxorubicin
treatment.

The mechanisms through which TRPM2 isoforms regulate
HIF-1/2� here are not known. Pathways involving Ca2� influx
through TRPM2-L may be involved in modulation of HIF-1/2�
expression, leading to enhanced cell survival and mitochondrial
function. For example, one mechanism through which Ca2�

influx through TRPM2 could modulate HIF expression is by
stabilization of HIF-1�. Calcium influx through TRPM2 can
activate calcineurin, which dephosphorylates RACK1, blocking
RACK1 dimerization and increasing HIF-� levels by impeding
its ubiquitination and degradation (75). HIF-1� translation can
also be calcium-regulated by protein kinase C-� (76), and
HIF-1� transcriptional activity can be modulated by increased
Ca2� influx (73) or Ca2�/calmodulin kinase-mediated phos-
phorylation of p300 (77). Other pathways in TRPM2-S-ex-
pressing cells not restricted to those mediating calcium entry
may be involved in mediating HIF-1/2� expression but have not
yet been explored.

Although effects on tumor growth and doxorubicin sensitiv-
ity in TRPM2-S-expressing cells may result from involvement
of a number of signaling mechanisms, our data support an
essential role for the pathway shown in Fig. 16. A critical role for
low level mitochondrial Ca2� uptake in regulation of bioener-
getics has been demonstrated recently (78, 79). We have shown
that in cells that express TRPM2-S both calcium entry (Figs. 2C
and 3A) and mitochondrial calcium uptake (Fig. 10D) are sig-
nificantly reduced. Although our confocal studies showed that
TRPM2 and mitochondria are in close proximity, they could
not distinguish whether TRPM2 localization on ER sites is in
close contact with mitochondria or represents direct mito-
chondria association. In this context, recent studies have dem-
onstrated a close spatial relationship between ER and mito-
chondria (ER-mitochondrial tethering) (80, 81). It is possible
that through this mechanism TRPM2 in the ER can influence
mitochondrial Ca2� uptake. Ca2� entry through TRPM2-L
may also provide reducing equivalents for optimal oxidative
phosphorylation. Diminished Ca2� uptake in mitochondria

FIGURE 15. ATP production is reduced in TRPM2-S-expressing cells. A,
SH-SY5Y cells stably expressing empty vector, TRPM2-L, or TRPM2-S were
treated for 8 (blue) or 24 h (green) with 0.5 �M doxorubicin. ATP levels were
measured with the Cell Titer-Glo assay, and results standardized to baseline
measurements in each group are shown. B, samples from xenograft tumors
expressing empty vector, TRPM2-L, or TRPM2-S were harvested 24 h after
mice were treated with 3 mg/kg doxorubicin. Samples were homogenized,
and ATP levels were measured. Mean 
 S.E. is shown. *, p � 0.05; **, p � 0.01;
***, p � 0.001; ns, not significant; n � 3. Error bars represent 
S.E.
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can metabolically compromise cells (79, 82), inhibiting the
function of Ca2�-dependent enzymes responsible for and thus
reducing ATP production (Fig. 15). In TRPM2-S-expressing
neuroblastoma cells, HIF-l and 2� expression are reduced.
Reduced HIF-1/2� expression results in decreased expression
of mitochondrial genes that are downstream including BNIP3
and NDUFA4L2 (Figs. 7 and 9), further compromising mito-
chondrial function. The decrease in BNIP3 contributes to
reduced mitophagy (Fig. 9), leading to accumulation of dys-
functional mitochondria and increased ROS (30), reducing cell
viability and tumor growth. The importance of cytosolic Ca2�

in mitophagy, demonstrated here in cells expressing TRPM2-S,
is consistent with previous reports that buffering of intracellular
Ca2� with 1,2bis(2aminophenoxy)ethaneN,N,N�,N�-tetraacetic
acid or inhibition of plasma membrane Ca2� channels can pre-
vent autophagy, whereas the Ca2� ionophore ionomycin can
induce it (83– 85). The finding that TRPM2-L is important in
mitochondrial function in tumor growth as well as in protecting
cells from cardiac ischemia (59) suggests that it may have a basic
role in mitochondrial bioenergetics that may apply to a number
of physiological systems.

A dramatic effect on tumor growth and cell viability after
doxorubicin treatment was demonstrated here by blocking
TRPM2 function with dominant negative TRPM2-S or clo-
trimazole. Inhibition of TRPM2-L may have significant impli-
cations in therapy of cancers including neuroblastoma.
Another approach could be manipulation of alternative splicing
mechanisms to alter isoform expression, utilizing the different
physiological and pathological functions of TRPM2-L and -S;
but at present, little is known about the mechanisms responsi-
ble for differential splicing of TRPM2.
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