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ABSTRACT
Transient receptor potential melastatin 2 (Trpm2) channels are non-

voltage-activated channels permeable to monovalent and divalent cations, 
and are expressed in heart, brain, kidney, vasculature, and hematopoietic 
cells. Trpm2 is overexpressed in bladder, lung, breast, liver, head, and neck 
cancers. Classically, Trpm2 activation induces cell injury and death by Ca2+ 
overload or enhanced inflammatory response. Recent studies show that 
Trpm2 protects lungs from endotoxin-induced injury by reducing reactive 
oxygen species production in phagocytes; and improves cardiac function 
after ischemia-reperfusion injury by preserving mitochondrial respira-
tion and cellular adenosine triphosphate levels while decreasing reactive 
oxygen species levels. In neuroblastoma xenografts, Trpm2 overexpres-
sion promotes tumor growth through modulation of hypoxia-inducible 
transcription factor expression and cellular bioenergetics; whereas Trpm2 
inhibition results in enhanced sensitivity to doxorubicin. The robust 
expression in cancer cells and its pro-survival and proliferative properties 
make Trpm2 a rational target for cancer therapy. Indiscriminate Trpm2 
inhibition, however, may engender serious untoward side effects in other 
vital organs.

TRANSIENT RECEPTOR POTENTIAL  
CHANNEL SUPERFAMILY

Transient receptor potential (Trp) channels consist of a superfamily 
of monovalent and divalent cation-permeable ion channels with  
6 transmembrane (TM) domains and are homologues of the Drosophila 
melanogaster Trp channel, a Ca2+-permeable channel that is essential for 
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phototransduction (1). To date, the mammalian Trp superfamily consists 
of 28 members grouped into 6 subfamilies based on amino acid sequence 
homology: canonical (C), vanilloid (V), melastatin (M), polycystin (P), 
mucolipin (ML), and ankyrin (A). To form a functional channel, Trp 
proteins assemble into either homo- or hetero-tetramers (2–4).

TRANSIENT RECEPTOR POTENTIAL – MELASTATIN  
CHANNEL FAMILY MEMBER 2 (Trpm2)

The Trpm subfamily is named after the first member to be cloned, 
Trpm1 (M, melastatin), which is a putative tumor suppressor protein (5).  
The Trpm subfamily contains 8 mammalian members (Trpm1 to 
Trpm8); some of them have short splice variants (6,7). Trpm channels 
have important roles in cell proliferation and survival (5–8).

The human Trpm2 (previously LTrpc2) gene is located in chromo-
some 21q22.3, consists of 32 exons, and spans ~90 kb, its transcript 
is ~6.5kb and encodes a protein of 1503 amino acids with a predicted 
molecular mass of ~170 kDa (9). The mouse Trpm2 gene contains 34 
exons, spans ~61 kb and encodes a protein of 1,507 amino acids (10).  
Trpm2 channels are expressed in many cell types including brain, 
hematopoietic cells, heart, vascular smooth muscle and endothelial 
cells (11,12). 

In addition to full length Trpm2 (Trpm2-L), physiological splice vari-
ants include Trpm2-S (short) (13), Trpm2-∆N (14), Trpm2-∆C (14), 
Trpm2-AS (anti-sense), Trpm2-TE (tumor enriched) (15) and Trpm2-
TE-∆C (Figure 1). Trpm2-S has a deletion of four of six C-terminal 
TM domains, the putative calcium pore, and the entire C-terminus. 
Trpm2-S suppresses Ca2+ influx through Trpm2-L and thus acts as a 
dominant negative (13). When exposed to low, physiological concentra-
tions of H2O2, cells co-expressing Trpm2-L andTrpm2-S had reduced 
cell viability as compared to cells expressing Trpm2-L alone (16). This 
is the first observation to suggest that inhibition of Ca2+ influx via 
Trpm2 may be detrimental to cells. Trpm2-ΔN has deletion of amino 
acids 538-557 from the N-terminus, and does not respond to H2O2 or 
adenosine diphosphate-ribose (ADPR), suggesting that this deletion 
disrupts channel gaiting or assembly (14). Trpm2-ΔC results from dele-
tion of nucleotides encoding amino acids 1292-1325 in the C-terminus 
of Trpm2-L (14). Trpm2-ΔC has decreased affinity for ADPR, and cells 
expressing this deletion splice variant do not respond to ADPR. How-
ever, they do respond to H2O2, suggesting that oxidative stress may 
activate Trpm2 through mechanisms independent of ADPR. Trpm2-TE 
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was identified by Orfanelli et al (15) when they were searching for 
antisense transcripts in melanoma to identify new tumor suppressor 
genes, using the software program Anti-Hunter (freely available at 
http://bioinfo.crs4.it/AH2.0). Trpm2-TE transcripts encode either a 
218–amino acid protein or a 184–amino acid protein including the ΔC 
deletion (Trpm2-TE-ΔC). Expression of Trpm2-TE is thought to result 
following hypomethylation of a CpG island in the Trpm2 C-terminus, 
and Trpm2-TE is highly expressed in tumor cells including melanoma 
and lung compared to normal tissue. Co-expression of Trpm2-TE and 
Trpm2-L protected cells from apoptosis. At present, little is known 
about the mechanisms through which alternative splicing is regulated 
in vivo, or the physiological functions and interactions of these isoforms.

In many malignancies including bladder, lung, breast, liver, head, 
and neck cancers (17), melanoma (15), and neuroblastoma (16), Trpm2 
channels and/or its splice variants (Trpm2-AS and Trpm2-TE) are 
overexpressed. Because Trpm2, similar to other Trp channels, are tet-
ramers, association of splice variants with Trpm2-L may modulate 
Trpm2 structure and function. For example, the dominant-negative 

Fig. 1.  Schematic representation of Trpm2 isoforms. Wild-type (WT) transient receptor 
potential melastatin 2 (Trpm2) is also known as Trpm2-L. Membrane spanning domains 
1–4 and the putative pore region including transmembrane domains 5–6 are indicated. 
CCR represents the coiled-coil region which may mediate protein/protein interactions. 
NUDT9-H represents the NUDT9 adenosine diphosphate–ribose hydrolase (also known 
as NUDIX) domain.
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Trpm2-S inhibited Ca2+ influx through Trpm2-L (13) and suppressed 
neuroblastoma xenograft growth (16).

Trpm2 MOLECULAR STRUCTURE

The Trpm2 channel consists of 6 TM domains (S1–S6) with both 
N- and C-termini located in the cytosol (Figure 2). The N-terminus 
has 4 Trpm subfamily homologous domains (MHD) and a calmodulin-
binding IQ-like motif (18,19). The pore-forming loop domain is located 
between S5 and S6 (18,20). The C-terminus contains the Trp box and a 
coiled-coil domain (21), and the unique ADPR pyrophosphatase domain 
(NUDIX-like domain or NUDT9 homology domain) (18,20).  Because 
of co-existing ion channel function and enzymatic function, Trpm2 is 
known as a “chanzyme.” Similar to Trp channels, Trpm2 is a homo-
tetrameric nonvoltage activated and nonselective cation channel.

Tprm2 REGULATION

Extracellular signals which activate Trpm2 include oxidative stress, 
tumor necrosis factor α (TNFα), amyloid β-peptide, and concanavalin 
A (14, 22–24). Stimulation with these extracellular signals results in 
production of ADPR which binds to the Trpm2 C-terminal NUDT9-H  
domain (Figure 2) and Trpm2 is activated (11, 24–27). Cyclic adenosine 
diphosphoribose (cADPR) potentiates the effects of ADPR on Trpm2 at 
low concentrations and can also gate Trpm2 by itself (25). ADPR may 
arise from mitochondria (26) or through activation of poly(ADPR)
polymerases (PARP) or poly(ADPR)glycohydrolases (PARG) (28,29). 
Trpm2 is also positively regulated by intracellular Ca2+ (19,30,31). 
Interaction of ADPR with Trpm2 supports initial Ca2+

 entry through 
Trpm2. The subsequent increase in Ca2+-bound calmodulin enhances 
calmodulin binding to an IQ-motif in the N-terminus of Trpm2  
(Figure 2), providing positive feedback for Trpm2 activation and 
increased Ca2+ influx (19). Trpm2 with mutant ADPR binding sites 
can be directly activated by an increased in [Ca2+]i, and Trpm2 may 
be activated in a wide range of physiological situations through this 
mechanism (31). In the absence of either external or internal Ca2+, 
ADPR is ineffective in activating Trpm2 channels (30). Trpm2 has 
also been reported to be temperature sensitive (32) and inhibited by 
acidification (33–35), thereby providing a mechanism for limiting Ca2+ 
entry during ischemia. 
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ELECTROPHYSIOLOGY OF Trpm2 IN ADULT  
CARDIAC VENTRICULAR MYOCYTES

In freshly isolated adult mouse left ventricular (LV) myocytes sub-
jected to voltage-clamp, ADPR (300 µM) in the pipette elicited a large 
inward and outward current in wild-type (WT) but not in global Trpm2 
knockout (gKO) or cardiac-specific Trpm2 knockout (cKO) myocytes 
(36,37). The ADPR-activated current in adult LV myocytes was inhib-
ited by flufenamic acid, displayed a linear current-voltage relationship, 
did not inactivate, and had a reversal potential close to 0 mV (36,37): 
characteristics of Trpm2 currents (18). The ratio of Ca2+ conductance 
to Na+ conductance was 0.56 ± 0.02 in adult cardiac myocytes (36) and 
0.65 ± 0.08 in transiently transfected HEK293 cells (37).

OXIDATIVE STRESS

Oxidative stress results from imbalance between the amount of 
oxidants produced and antioxidants, leading to tissue injury depending 
on the severity and duration (11). Reactive oxygen species (ROS) are 

Fig. 2.  Topology model of transient receptor potential melastatin 2 (Trpm2) channel. 
Trpm2 monomer is depicted as having 6 transmembrane domains (S1 to S6) with the pu-
tative pore-forming loop situated between S5 and S6. Four monomers associate to form 
a functional Trpm2 channel. Both N- and C-termini are in the cytosol. The N-terminus 
contains 4 sections of Trpm subfamily homology domain (MHD). In the second MHD, 
there is an IQ-like motif which binds Ca2+-calmodulin.  The C-terminus contains a Trp 
box (TRP), a coiled-coil domain (CCD), and the adenosine diphosphate ribose (ADPR) 
pyrophosphatase homolog domain (NUDIX). Trpm2 is a non-specific cation-permeable 
channel which allows entry of Ca2+, Na+, and K+.

BK-ACC-ACCA_2017-170020.indb   312 6/2/2017   9:33:27 AM



Trpm2: FRIEND OR FOE 313

produced physiologically during respiration by the mitochondrial 
electron transport chain, and pathologically by neutrophils and phago-
cytes involved in inflammation and infection. Reduced mitochondrial 
electron chain transport activity, a consequence of partial inhibition 
of cytochrome-c oxidase activity, can also result in increased ROS 
production. In the heart, after ischemia-reperfusion (I/R) (38) or doxo-
rubicin exposure (39,40), ROS production is increased. ROS plays a 
major role in myocyte injury through protein oxidation, lipid peroxi-
dation, nitrosylation, and DNA oxidation and mutagenesis. During 
reperfusion, ROS can trigger mitochondrial permeability transition 
pore (mPTP) opening (41), leading to irreversible cell death. In addi-
tion, ROS-induced ROS release has been proposed as the mechanism 
underlying the wave of mPTP opening in myocytes (42). 

Physiological levels of ROS can activate transcription factors and 
signaling kinases including nuclear factor-activated thymocytes, 
calmodulin kinase, and serine-threonine and tyrosine kinases (43). 
Aberrant increases in ROS are associated with damage to mitochon-
dria, DNA, proteins, and lipids which ultimately leads to cell loss and 
organ failure (44–47). Ca2+ is also an important signaling molecule and 
a mediator of signaling pathways. ROS and Ca2+ appear to participate 
as partners in pathophysiological settings, but their interaction and 
signaling mechanisms associated with the development of acute organ 
injury are poorly understood. 

CONTROVERSIES OF Trpm2 IN INFLAMMATION,  
OXIDATIVE STRESS, AND CELL DEATH

Early studies using moderately high doses of H2O2 in cultured cells 
suggest that activation of Trpm2 channels by oxidative stress induced 
cell death by sustained elevation in cytosolic Ca2+ concentration 
([Ca2+]i) (12,22,48,49) or by increased cytokine production and release, 
resulting in enhanced inflammation and cell injury (50,51). Indeed, 
in dextran sulfate sodium-induced colitis in mice (simulating human 
inflammatory bowel disease), Trpm2-mediated Ca2+ influx stimulated 
chemokine (chemokine [C-X-C motif] ligand 2 or CXCL2) production in 
monocytes, increased recruitment of neutrophils thereby exacerbating 
the inflammatory response and enhancing tissue injury (52). Trpm2 in 
microglia and macrophages was shown to exacerbate ischemic brain 
injury by enhancing migration of inflammatory cells to the ischemic 
brain (53) and by controlling nitric oxide release-mediated cerebral 
ischemic injury (54). Trpm2 has been implicated in bipolar disorder 
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type I in which patients have high basal [Ca2+]i in B-lymphoblasts 
(55,56), and in diabetes mellitus by affecting insulin secretion medi-
ated by increase in [Ca2+]i (57,58). In kidneys subjected to I/R injury, 
either knocking out Trpm2 or pharmacological inhibition of Trpm2 by 
2-aminoethoxydiphenyl borate (2-APB) was found to be protective (59). 
Unlike cardiac myocytes (60,61) and phagocytes (62) in which Trpm2 
was expressed on the plasma membrane, Trpm2 was detected in the 
cytoplasm and intracellular organelles but not in the plasma mem-
brane of renal tubular epithelial cells (59). In post-I/R kidneys, Trpm2 
physically interacted with Ras-related C3 botulinum toxin substrate 1 
(Rac1), which recruited nicotinamide-adenine dinucleotide phosphate-
oxidase (NADPH oxidase or NOX) to the plasma membrane, increased 
ROS production and resulted in cell injury and death. The role of Ca2+ 
permeation through activated Trpm2 channels (presumably the mech-
anism of action of 2-APB) to exacerbate renal I/R injury is not clear. 

In sharp contrast to these observations are recent reports showing 
beneficial, as opposed to detrimental, effects of Trpm2 activation under 
physiological and pathological conditions. For example, in WT mice 
subjected to intraperitoneal injection of endotoxin, cation entry via 
activated Trpm2 channels depolarized plasma membrane of phagocytes, 
leading to reduced NOX-mediated ROS production in phagocytes, 
lessened the inflammatory response, preserved tissue viability, and 
resulted in animal survival that was five times higher than that 
observed in endotoxin-treated Trpm2-KO mice (62). In addition, in 
a subtype of Guamanian amyotropic lateral sclerosis and Parkinson 
dementia patients, a Trpm2 mutant (P1018L) was identified (63).  
Unlike WT Trpm2 currents which do not inactivate, the P1018L mutant 
channel inactivates after channel opening by ADPR (64), thereby 
limiting Ca2+ entry. This observation suggests that sustained Ca2+ 
entry via activated Trpm2 channels was necessary to maintain normal 
neuronal function.  Another report showed that in pyramidal neurons 
subjected to oxidant injury, inhibition of Trpm2 results in enhanced 
cellular damage (65), confirming that Trpm2 can protect against 
oxidative stress. In neuroblastoma cells subjected to low doses of H2O2, 
expression of the dominant-negative Trpm2-S mutant reduced Ca2+ 
influx and enhanced ROS levels, leading to decreased cell viability (66).  
In vivo, growth of neuroblastoma xenografts expressing Trpm2-S was 
also significantly reduced compared to tumors expressing WT Trpm2, 
particularly after doxorubicin treatment (16). This cursory review 
indicates that Ca2+ entry via Trpm2 channels in disease states can 
either be friend (reduced ROS production) (16,36,60,62,63,65) or foe 
(increased Ca2+ influx) (13,49,52,61), depending on the tissue type, 
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experimental model, and conditions. In the following discussion, we will 
focus on the role of Trpm2 in oxidative stress-induced injury, cellular 
bioenergetics, and ROS production in the heart.

Trpm2 IN CARDIAC OXIDATIVE STRESS–INDUCED INJURY

In the heart, low levels of H2O2 emission which occurs in normal 
respiring mitochondria (67) may tonically activate Trpm2 channels 
and provide the necessary Ca2+ for bioenergetics maintenance (vide 
infra). After hypoxia-reoxygenation (H/R; in vitro experimental model 
to simulate I/R), β-adrenergic stimulation or doxorubicin exposure, 
increases in ADPR may further activate Trpm2 channels and leads to 
elevation in [Ca2+]i. According to the classical paradigm, sustained [Ca2+]i  
elevation results in Ca2+ overload which disrupts mitochondrial bioen-
ergetics maintenance, leading to enhanced ROS production, opening 
of the mitochondrial permeability transition pore (mPTP), activation 
of the caspase cascade, and irreversible cell death (Figure 3). Viewed 
in this framework, activation of Trpm2 channels under pathological 
conditions has been proposed to be detrimental to the heart. Evidence 
supporting the classical paradigm is briefly summarized below.

In cultured neonatal rat ventricular myocytes (NRVMs), exposure 
to H2O2 (20-100 µM) led to increases in both [Ca2+]i and [Na+]i, which 
in turn caused mitochondrial Na+ and Ca2+ overload, resulting in mito-
chondrial membrane disruption, cytochrome c release, and caspase 
3-dependent apoptosis (61). Inhibition of Trpm2 by clotrimazole almost 
completely abolished H2O2-induced cytochrome c release, caspase 3 
activation and chromatin condensation/fragmentation, suggesting that 
Trpm2 activation was involved in oxidative stress-induced apoptosis.

In isolated adult mouse ventricular myocytes, TNF-α induced a 
nonspecific cation current that was inhibited by Trpm2 inhibitors 
clotrimazole and flufenamic acid (68). TNF-α induced caspase 8 
activation led to increased mitochondrial ROS production, PARP-1 
activation and ADPR production, and increased [Ca2+]i spike frequency 
and cardiomyocyte cell death.  Clotrimazole or blocking Trpm2 
antibody significantly reduced TNF-α induced [Ca2+]i spikes and cell 
death, thereby implicating that Trpm2 activation was involved in 
TNF-α induced cardiomyocyte cell death.

In global Trpm2 knockout (gKO) mice subjected to 45 minutes of 
ischemia followed by 24 hours of reperfusion, neutrophil infiltration 
was less, infarct size was smaller, and first time derivative of left 
ventricular pressure rise (+dP/dt) was higher compared to WT mice 
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subjected to I/R (69). In addition, in both ex vivo and in vivo hearts 
perfused with either WT or gKO neutrophils and subjected to I/R, WT 
neutrophils produced the largest infarcts in either WT or gKO hearts, 
whereas gKO neutrophils were protective in terms of smaller infarct 
size. Finally, the Trpm2 inhibitor econazole was efficacious in reducing 
infarct size in gKO hearts perfused with WT neutrophils and subjected 
to I/R. Collectively, these observations suggest that Trpm2 channels 
in WT neutrophils promoted adhesion in the I/R regions, leading to 
exacerbation of myocardial reperfusion injury. 

Fig. 3.  Proposed classical paradigm by which transient receptor potential melastatin 2 
(Trpm2) activation induces cell injury and death. H2O2 increases production of adenosine 
diphosphate–ribose (ADPR) in the mitochondria through activation of poly(ADPR), poly-
merases (PARP), and poly(ADPR) glycohydrolases (PARG). ADPR activates Trpm2 by 
binding to the C-terminal NUDIX domain (Figure 2). Ca2+ influx ensues, which enhances 
calmodulin (CAM) binding to the IQ-like motif in the N-terminus of Trpm2 and further 
promotes channel opening. [Ca2+]i rises, and in association with other oxidative stress-
induced signals, results in activation of extrinsic and intrinsic cell death pathways, 
leading to caspase-3 activation and PARP cleavage and inactivation. Abbreviation: 
Apaf-1, Apoptotic protease activating factor 1.

BK-ACC-ACCA_2017-170020.indb   316 6/2/2017   9:33:29 AM



Trpm2: FRIEND OR FOE 317

To investigate the role of Trpm2 in mediating cardiac oxidative 
stress induced injury, we generated both gko (60) and cardiac-specific 
Trpm2 knockout (cKO) mice (37) and subjected them to 30 minutes of 
cardiac ischemia followed by 72 hours of reperfusion. At baseline, there 
were no differences in body weights, LV masses, heart rates, fractional 
shortening (FS), +dP/dt, and responsiveness to β-adrenergic stimula-
tion between gKO and WT animals (60). Despite similar infarct sizes, 
both gKO-I/R and cKO-I/R hearts exhibited lower FS and +dP/dt when 
compared to WT-I/R hearts. To simulate I/R in vitro, freshly isolated 
myocytes were subjected to H/R (30 minutes of hypoxia followed by 
2 hours of reoxygenation). Under normoxic conditions, there were no 
differences in ROS levels between WT and gKO myocytes. After H/R, 
gKO myocytes had significantly higher ROS levels compared to WT myo-
cytes. Our observations indicate that Trpm2 deficiency in the cardiac 
myocyte was associated with elevated ROS levels post-H/R and worse 
myocardial function post-I/R. In addition, the results obtained from our 
cKO-I/R hearts, together with the weight of evidence in the literature 
(70), argue against an important role of neutrophils in causing cardiac 
I/R injury. Furthermore, the role of Trpm2 in angiogenesis and isch-
emic neovascularization in protection against cardiac I/R injury (71)  
is likely to be small based on results from cKO hearts. In another 
model of oxidative stress-induced cardiac injury (doxorubicin cardio-
toxicity), gKO mice had lower +dP/dt and worse survival compared to 
WT animals (37).

The controversial roles of Trpm2 in oxidative stress-induced injury 
between NRVMs (deleterious) (61) and adult mouse ventricular myo-
cytes (beneficial) (36,37,60) can be partially explained by the following 
observations. In culture, NVRMs proliferate whereas adult mouse car-
diac myocytes do not divide. Cultured NVRMs spontaneously beat in 
culture whereas healthy adult mouse ventricular myocytes are qui-
escent and do not beat unless externally paced. Unlike adult cardiac 
myocytes, NRVMs do not possess a well-developed t-tubular system. 
Trpm2 was detected in intracellular locations (peri-nuclear region and 
endoplasmic reticulum) in addition to the sarcolemma in NRVMs (61), 
in contrast to its exclusive localization to the sarcolemma and t-tubules 
in adult cardiac myocytes (60). NVRMs express α1- and α3-isoforms (72) 
whereas adult mouse cardiac myocytes express α1- and α2-isoforms of 
Na+-K+-ATPase (73). The lower Na+ affinity of the α3-isoform, when 
compared to the α2-isoform, may account for slower Na+ transport 
rate, resulting in [Na+]i overload in NRVMs (61) but not in adult mouse 
cardiac myocytes (37) when Trpm2 channels were activated with H2O2. 
These fundamental differences in physiology and Trpm2 localization 
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between NVRMs and adult cardiac myocytes may very well account for 
the divergent experimental observations.

Perhaps it is more challenging to reconcile our results that Trpm2 
was protective against cardiac I/R injury (36,37,60) with those of Hiroi 
et  al (69) who reported that Trpm2 exacerbated cardiac I/R injury. 
Both groups used globally Trpm2 knockout mice for the experiments 
although Trpm2 exons targeted for deletion were different. The I/R 
conditions and anesthetic used [45 minutes of ischemia followed by 
24 hours of reperfusion and pentobarbital (69) versus 30 minutes 
of ischemia followed by 72 hours of reperfusion and isoflurane (60), 
the significantly larger infarct sizes (45% vs. 27% area-at-risk) in the 
study of Hiroi et al (69), the differences in the surgical techniques 
and anesthetics used to measure in vivo hemodynamics [opening the 
chest followed by LV puncture and pentobarbital (69) vs. right carotid 
artery catheterization in a closed-chest animal and avertin (37,60)], 
and increased heat dissipation during hemodynamic measurements in 
open-chest (69) versus closed-chest (37,60) model, may all contribute 
to the differences in results obtained. More importantly, we note that 
the protective effects of Trpm2 were also shown in the cKO hearts sub-
jected to I/R and gKO hearts exposed to doxorubicin treatment (37). 
Finally, the hypothesis advanced by Hiroi et al (69) that Trpm2 chan-
nels in neutrophils exacerbated cardiac I/R injury is not supported by 
our results obtained from cKO mice subjected to I/R; nor is it consistent 
with the report that cation entry via Trpm2 channels reduced ROS 
production in phagocytes (62), thereby lessening the inflammatory 
response.

Trpm2 AND MAINTENANCE OF CELLULAR  
BIOENERGETICS IN THE HEART

As a first step to identify the mechanisms by which Trpm2, a sarcolem-
mal cation-permeable channel, afforded protection to hearts subjected 
to oxidative stress-induced injury, we compared proteomes of WT-I/R 
and gKO-I/R hearts (36). Global label-free proteomics analysis using 
in-gel tryptic digestion followed by liquid chromatography-tandem 
mass spectroscopy showed that the largest differences occurred in 
canonical pathways involving mitochondrial function and tricarboxylic 
acid cycle. Specifically, Complexes I, III, and IV were down-regulated 
but Complexes II and V were upregulated in gKO-I/R compared to 
WT-I/R hearts. Functionally, mitochondrial membrane potential (Δψm), 
mitochondrial Ca2+ uptake, and oxygen consumption rate were lower in 
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gKO myocytes under basal conditions and mitochondrial dysfunction 
in gKO myocytes was exacerbated after H/R (36). Reduced mitochon-
drial Ca2+ uptake in gKO myocytes was due to a combination of lower 
driving force (Δψm) and reduced intrinsic mitochondrial Ca2+ uniporter 
activity.

As a consequence of mitochondrial dysfunction, ATP levels were 
lower in gKO myocytes under basal conditions (36). Aberrant mitochon-
drial bioenergetics and increased electron leakage through the electron 
transport chain promoted increased generation of superoxide and ROS 
in gKO myocytes (36). Defenses against ROS such as superoxide dis-
mutase (SOD) and thioredoxin 2, and key mitochondrial components 
such as NADH dehydrogenase (ubiquinone) 1α subcomplex 4-like 2 
(NDUFA4L2) and Bcl2/adenovirus E1B 19 KDa-interacting protein 3 
(BNIP3), both of which limit ROS production (74–76), were decreased 
in gKO when compared to WT myocytes (37). These changes, made 
worse after H/R, conspired to elevate mitochondrial superoxide and 
cellular ROS levels in Trpm2-deficient myocytes, thereby increasing 
oxidative stress and cell injury.

Trpm2-MEDIATED Ca2+ ENTRY IS ESSENTIAL FOR  
NORMAL MITOCHONDRIAL FUNCTION

Having identified mitochondrial dysfunction as a key disturbance 
associated with loss of Trpm2 in hearts, we next addressed whether 
cation entry, specifically Ca2+ influx via activated Trpm2 channels, 
was necessary for maintenance of normal mitochondrial bioener-
getics. In this context, recent studies showed that constitutive low 
level mitochondrial Ca2+ uptake is essential in maintaining cellular 
bioenergetics (77). It is also important to note that normal respiring 
mitochondria emit low levels of H2O2 (67), which may tonically activate 
Trpm2 channels and provide the necessary Ca2+ for mitochondrial 
bioenergetics maintenance in WT but not gKO or cKO myocytes. 

 Because ROS and superoxide levels were higher in gKO compared to 
WT hearts (36), and because superoxide is exclusively derived from the 
mitochondria, we used ROS and superoxide levels as indicators of mito-
chondrial health to test whether reconstitution with WT Trpm2 (or its 
mutants) in gKO hearts could lower ROS and superoxide levels back 
to those observed in WT hearts. WT Trpm2, loss-of-function mutant 
(E960D) (64), inactivating mutant (P1018L) which allowed transient 
but not sustained Ca2+ entry (63), or control green fluorescent protein 
(GFP) were expressed in gKO hearts by adenovirus-mediated gene 
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transfer (37). As expected, gKO-GFP hearts had significantly higher 
ROS levels compared to WT-GFP hearts (37). WT Trpm2 but not the 
loss-of-function E960D mutant decreased the elevated ROS and super-
oxide levels and increased oxygen consumption rate in gKO hearts to 
normal (37). This important observation indicates that Ca2+ entry via 
Trpm2 was necessary for normal mitochondrial function.

 We next addressed whether Trpm2-mediated Ca2+ influx was neces-
sary for the protection against cardiac I/R injury. Cardiac myocytes iso-
lated from gKO hearts and expressing either GFP, WT Trpm2, E960D, 
or P1018L mutants were subjected to H/R. Only WT Trpm2, but not 
E960D or P1018L mutants, was able to reduce superoxide levels, and 
by inference, improve mitochondrial function in gKO myocytes post-
H/R (37). Importantly, protection by WT Trpm2 against H/R injury was 
lost when extracellular Ca2+ was removed. Collectively, these observa-
tions indicate that sustained Ca2+ entry via activated Trpm2 was nec-
essary to reduce ROS levels and protect myocytes against H/R injury. 
Interestingly, attempts to double the amount of Ca2+ entry by express-
ing the Q981E/P983Y mutant (2x Ca2+ permeability compared to WT 
Trpm2) did not afford additional protection in gKO myocytes against 
H/R injury (37).

Trpm2, Ca2+ ENTRY AND I/R INJURY

The paradigm that unrestrained Ca2+ entry secondary to ATP deple-
tion during I/R leading to progressive elevation in diastolic [Ca2+]i (78), 
caspase activation, mitochondrial Ca2+ overload, mitochondrial perme-
ability transition pore (mPTP) opening and irreversible cell death has 
enjoyed widespread popularity although as far back as 1986, the concept 
that Ca2+ is the mediator of ischemic injury has been challenged (79). Our 
data clearly indicate that Trpm2-mediated Ca2+ entry supported mito-
chondrial function and reduced mitochondrial superoxide and cellular 
ROS under both basal and H/R conditions (37). How then, can Trpm2-
mediated Ca2+ entry during I/R be beneficial? Recent data suggest that 
in isolated cardiac myocytes subjected to H/R, Ca2+ overload was the 
consequence of bioenergetic failure after mPTP opening rather than 
its cause (80). In addition, in isolated perfused mouse hearts subjected 
to H/R, the mitochondrial-targeted SOD-mimetic MitoQ dramatically 
reduced Ca2+-wave associated mPTP opening (81). In support of this, 
we have preliminary data that treatment with MitoTempo, a specific 
mitochondrial superoxide scavenger, not only reduced mitochondrial 
superoxide levels as expected, but also restored Δψm to normal levels 
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in gKO myocytes post-H/R (Cheung lab, unpublished observations). 
We hypothesize that maintenance of bioenergetics by Trpm2-
mediated Ca2+ entry may prevent mPTP opening and protect hearts 
from oxidative injury. Trpm2-mediated Ca2+ entry may also activate 
Ca2+-dependent signaling pathways [e.g., proline-rich tyrosine kinase 
2 (Pyk2)] and results in reduction in ROS production and enhances 
pro-survival signals such as phosphorylated protein kinase B (pAkt) 
and phosphorylated extracellular signal-regulated protein kinases 1 
and 2 (pERK1/2) (Figure 4).  Finally, absence of Trpm2 results in a 
tenuous bioenergetics condition and sensitizes KO myocytes to further 
oxidative stress brought about by I/R or doxorubicin treatment. 

Fig. 4.  Potential mechanisms by which Ca2+ influx via activated transient recep-
tor potential melastatin 2 (Trmp2) channels protects against oxidative injury. Under 
oxidative stress, Trpm2 channels are activated which allows Ca2+ entry. Proline-rich 
tyrosine kinase 2 (Pyk2) is phosphorylated which activates downstream pro-survival 
signals such as phosphorylated extracellular signal-regulated protein kinases 1 and 2 
(pERK1/2), phosphorylated proto-oncogene tyrosine protein kinase (pSrc), phosphory-
lated protein kinase B (pAkt), and phosphorylated cAMP response element binding 
protein (pCREB), leading to enhanced cell survival. In addition, phosphorylated Pyk2 
translocates to mitochondria, phosphorylates mitochondrial Ca2+ uniporter (MCU) 
which enhances mitochondrial Ca2+ uptake, thereby preserving cellular bioenergetics 
and reducing mitochondrial reactive oxygen species (ROS) production. Another potential 
protective mechanism is that Ca2+ entry via activated Trpm2 channels enhances calci-
neurin activity, resulting in increased levels of hypoxia inducible factors (HIF 1α/2α) 
which enhance cell viability through regulation of a large number of genes including 
forkhead box transcription factor 3a (FoxO3a) and Mn2+ superoxide dismutase (SOD2).
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PROPOSED MECHANISMS BY WHICH Trpm2  
PROTECTS AGAINST OXIDATIVE INJURY

Little is known about Trpm2 function in the heart, much less 
about its signaling pathways. To link Trpm2-mediated Ca2+ influx 
with cardiac protection, four major Ca2+-dependent signaling path-
ways in the heart are potential candidates: Ca2+-calmodulin kinase, 
protein kinase C (PKC), calcineurin, and Pyk2. Pyk2 is activated 
by autophosphorylation (Y402) after cerebral (82) and limb muscle 
(83) ischemia. In addition, pPyk2/Pyk2 was increased in end-stage 
human nonischemic cardiomyopathy and has been postulated to pro-
tect against arrhythmias (84). Ca2+ influx through Trpm2 activated 
Pyk2 and amplified ERK signaling in human U937 cells (52). We have 
preliminary data that pPyk2/Pyk2 and its downstream pro-survival 
signals pERK/ERK and pAkt/Akt were higher in WT-I/R compared to 
gKO-I/R and cKO-I/R hearts (Cheung lab, unpublished observations). 
In addition, after H2O2 exposure, the ratio pPyK2/PyK2 increased in 
WT but not gKO myocytes (Cheung lab, unpublished observations). 
Incorporating our preliminary data with the recent observation 
that under stress, pPyk2 translocated to the mitochondrial matrix, 
phosphorylated MCU and enhanced mitochondrial Ca2+ uptake (85) 
(Figure 4), we postulate that pPyk2 provides a critical link between 
Trpm2-mediated Ca2+ influx and preserving mitochondrial Ca2+ 
uptake and bioenergetics. Better mitochondrial bioenergetics will not 
only preserve ATP levels but also reduce ROS production, thereby 
enhancing cell survival.

Another potential protective mechanism is that Ca2+ entry via 
activated Trpm2 channels stimulates calcineurin, which dephos-
phorylates receptor for activated C kinase 1 (RACK1) and blocked 
RACK1 dimerization (86). This results in increased levels of hypoxia 
inducible factors (HIF 1α/2α) by impeding their ubiquitination and 
degradation (Figure 4). HIFs are transcription factors that enhance 
cell viability through regulation of a large number of genes involved 
in angiogenesis, glycolysis, and energy and redox homeostasis. These 
include forkhead box transcription factor 3a (FoxO3a) (87), Mn2+ 
superoxide dismutase (SOD2) (88), and genes involved in mitochon-
drial electron transport chain (NDUFA4L2) (74) and mitochondrial 
autophagy (BNIP3) (75). Both NDUFA4L2 and BNIP3 are necessary 
for limiting ROS production (74–76). In support of this hypothesis, 
we have shown that compared to WT-I/R hearts, gKO-I/R hearts had 
lower HIF1α, FoxO1, FoxO3a, SOD1, SOD2, NDUFA4L2, and BNIP3 
levels (37,60).
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Trpm2 ENHANCES CELL SURVIVAL IN CANCER

Trpm2 recently was observed to be overexpressed in most tumors 
(17) including melanoma (15), breast cancer (unpublished observations, 
Miller Lab), and neuroblastoma (16,66). The mechanisms regulating 
expression are not known, but the Trpm2 promoter has a number 
of methylation sites which could be modulated in malignancy. We 
showed that Trpm2 protected neuroblastoma cells from moderate oxi-
dative stress through increased levels of FoxO3a and SOD2, whereas 
cells in which Trpm2 was inhibited by the dominant-negative isoform 
Trpm2-S showed reduced FoxO3a and SOD2, and increased ROS and 
susceptibility to cell death (66). In vivo, growth of tumor xenografts 
was also inhibited by Trpm2-S (16). This finding was confirmed with 
two different neuroblastoma cell lines (SH-SY5Y, SK-N-AS) and a 
breast cancer cell line (MCF-7, Miller lab, unpublished observations). 
HIF-1α/2α transcription factors are upregulated in many cancers and 
mediate expression of a number of genes involved in cancer growth 
including glycolysis, oxidant stress, angiogenesis, mitochondrial 
function, and mitophagy. In neuroblastoma, increased expression of 
HIF-2α is particularly associated with disseminated disease and a 
poor outcome (89). In Trpm2-S expressing neuroblastoma xenografts, 
HIF-1α/2α and downstream target proteins involved in oxidative 
stress (FoxO3a), glycolysis, angiogenesis [vascular endothelial growth 
factor (VEGF)], and mitochondrial function (BNIP3, NDUFA4L2, 
cytochrome oxidase 4.1/4.2 in complex IV) were significantly reduced 
compared to cells expressing Trpm2-L. Potential mechanisms for the 
reduced HIF-1α/2α expression in cells in which Trpm2 function is 
inhibited are discussed above and previously (16). Trpm2 inhibition 
in neuroblastoma resulted in increased ROS, reduced mitochondrial 
function, ATP production, cell viability, and tumor growth, particu-
larly after doxorubicin. The importance of Trpm2 activity in malig-
nant growth and the potential of inhibition as a therapeutic modality 
are being recognized in an increasingly wide range of tumors (17). For 
example, targeting Trpm2 was recently shown to promote cell death in 
T cell leukemia (90).

CLINICAL SIGNIFICANCE

We have shown that Trpm2 channels protect the heart from 
oxidative stress, specifically I/R injury (36,60) and doxorubicin cardio-
toxicity (37). Thus therapy designed to promote Trpm2 activation may 
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be beneficial in acute coronary syndromes, ischemic cardiomyopathy, 
and doxorubicin cardiotoxicity. On the other hand, Trpm2 channels are 
involved in cell proliferation and differentiation and sustained indis-
criminate Trpm2 activation may not only protect cells from injury 
including chemotherapy but also promote survival of occult malignant 
cells. Therefore, therapy must be thoughtful and designed to be organ- 
and tissue-specific. 

As discussed above, Trpm2 channels are overexpressed in a large 
number of cancers (15,17) including neuroblastoma (66). In neuroblas-
toma cells, Trpm2 was pro-survival via mechanisms (improved cellu-
lar bioenergetics, decreased ROS and increased HIF-1α levels, etc.) 
very similar to those observed in the heart (16,66).  Inhibiting Trpm2 
by expressing the dominant-negative Trpm2-S resulted in slowing of 
neuroblastoma xenograft growth in nude mice and enhanced tumor 
cell killing by doxorubicin (16). Trpm2 is therefore a novel and ratio-
nal target for cancer therapy (91).  In this light, we have shown that 
gKO hearts exposed to the chemotherapeutic agent doxorubicin had 
significantly decreased contractile function when compared to WT 
hearts treated with doxorubicin (37). More importantly, animal sur-
vival was much worse in gKO mice exposed to doxorubicin compared 
to equivalently treated WT mice (37).  Targeting Trpm2 without ade-
quate cardiac protection or sparing cardiac Trpm2 channels, or using 
a cocktail of Trpm2 inhibitors and anthracyclines for chemotherapy, 
may have serious untoward cardiac consequences including decreased 
patient survival. An in-depth study of Trpm2 is thus warranted in the 
emerging field of onco-cardiology.

CONCLUSIONS

Trpm2 channels are pro-survival by modulating HIF-1α expression, 
preserving mitochondrial bioenergetics, decreasing mitochondrial ROS 
production, and increasing ROS scavenging in cells subjected to oxida-
tive stress. Trpm2 channels protected hearts against I/R injury and 
tumor cells from doxorubicin toxicity. Targeting Trpm2 channels in the 
treatment of diseases may result in benefit, e.g., ameliorating cardiac 
ischemia-reperfusion injury (friend), or harm, e.g., aggravating doxoru-
bicin cardiotoxicity (foe). Therapy with Trpm2 inhibitors may require 
specific targeting to cancer cells. More detailed investigation needs to 
be performed before thoughtful and safe therapy centering on Trpm2 
channels can be devised.
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DISCUSSION
Kaelin, Boston: I would just be very cautious about using knockouts to predict the 

toxicity of a future drug. Most knockouts are models of loss of a target 24/7, with complete 
inhibition and most drugs are drugs precisely because you don’t achieve 100% inhibition 
24/7. You can titrate them to the desired effect. So I think it’s always important to just 
keep that in mind when trying to think about what a knockout means in terms of future 
toxicity.

Cheung, Philadelphia: Thank you very much for that point. We are using the knock-
out as a model to look at signaling pathways of Trpm2.

Kaelin, Boston: Yes, but the target is completely ablated.
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