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Abstract

The TRP ion channel TRPM2 has an essential function in cell survival and protects the viability of 

a number of cell types after oxidative stress. It is highly expressed in many cancers including 

breast, prostate, and pancreatic cancer, melanoma, leukemia, and neuroblastoma, suggesting it 

promotes cancer cell survival. TRPM2 is activated by production of ADP-ribose (ADPR) 

following oxidative stress, which binds to the C-terminus of TRPM2, resulting in channel opening. 

In a number of cancers including neuroblastoma, TRPM2 has been shown to preserve viability and 

mechanisms have been identified. Activation of TRPM2 results in expression of transcription 

factors and kinases important in cell proliferation and survival including HIF-1/2α, CREB, nuclear 

factor (erythroid-derived 2)-related factor-2 (Nrf2), and Pyk2, and Src phosphorylation. Together, 

HIF-1/2α and CREB regulate expression of genes encoding proteins with roles in mitochondrial 

function including members of the electron transport complex involved in ATP production. These 

contribute to lower mitochondrial ROS production while expression of antioxidants regulated by 

HIF-1/2α, FOXO3a, CREB, and Nrf2 is maintained. CREB is also important in control of 

expression of key proteins involved in autophagy. When TRPM2-mediated calcium influx is 

inhibited, mitochondria are dysfunctional, cellular bioenergetics are reduced, production of ROS is 

increased, and autophagy and DNA repair are impaired, decreasing tumor growth and increasing 

chemotherapy sensitivity. Inhibition of TRPM2 expression or function results in decreased tumor 

proliferation and/or viability in many malignancies including breast, gastric, pancreatic, prostate, 

head and neck cancers, melanoma, neuroblastoma, and T-cell and acute myelogenous leukemia. 

However, in a small number of malignancies, activation of TRPM2 rather than inhibition has been 

reported to reduce tumor cell survival. Here, TRPM2-mediated Ca2+ signaling and mechanisms of 

regulation of cancer cell growth and survival are reviewed and controversies discussed. Evidence 

suggests that targeting TRPM2 may be a novel therapeutic approach in many cancers.
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1. Introduction

Transient receptor potential (TRP) channels are a superfamily of ion channels involved in a 

large number of physiological functions [1, 2]. The TRPM (Melastatin) subfamily has a 

number of members which are involved in modulation of cell proliferation and survival [3–

5]. One of these is TRPM2, the second member of the TRPM ion channel subfamily to be 

identified. Human TRPM2 is a 1503-amino acid channel permeable to Ca2+, Na2+, and K
+ [6, 7]. It is widely expressed in many cell types including brain, hematopoietic cells, and 

heart [8]. Since its discovery, TRPM2 has been shown to play an important role in response 

to oxidative stress. The mechanisms through which TRPM2 modulates oxidative stress and 

regulates cell survival and the important role of TRPM2-mediated Ca2+ signaling in cancer 

will be reviewed.

1.1 Molecular Structure of TRPM2

The TRPM2 channel is a non-selective cation channel, and like other TRP channels, 

functions as a tetramer. For TRPM2, no physiological heterotetramers have been identified. 

The TRPM2 channel monomer contains an approximate 800 amino acid N-terminal region, 

six transmembrane domains (S1–6) leading to three extracellular loops, and a C-terminal 

coiled-coil loop and a NUDT9 ADP-ribose hydrolase domain which binds ADP-ribose 

(ADPR). The N-terminus has four TRPM subfamily homologous domains and a 

calmodulin-binding IQ-like motif [9, 10]. Both the N- and C-termini are intracellular, and 

the pore-forming loop is located between S5 and S6 [11]. Subunit composition is an 

important factor in regulation of channel function. A number of physiological TRPM2 splice 

variants have been identified including TRPM2-L (full-length or wild type), TRPM2-S 

(short) [12], TRPM2-ΔN [13], TRPM2-ΔC [13], and TRPM2-TE (tumor-enriched) [14]. 

TRPM2-S, a short isoform of 845 residues, is missing four of six transmembrane domains 

and the entire C-terminus and the Ca2+ pore. It functions as a dominant negative isoform, 

and can inhibit the function of the full length channel [12, 15, 16]. TRPM2-TE was 

identified in a search for antisense transcripts in melanoma to identify new tumor suppressor 

genes [14]. It is a 184 or 218 amino acid protein from the C-terminus of TRPM2 which is 

highly expressed in some tumor cells including melanoma and lung cancer compared to 

normal tissue and may protect cells from apoptosis. TRPM2-S and other splice variants are 

thought to affect channel function by participating in heterodimer formation and altering the 

tertiary structure of the TRPM2 tetramer required for ion permeability. Neither the 

mechanisms controlling splice variant or physiological TRPM2-L expression nor the 

physiological function and importance of TRPM2 isoform expression have been determined 

[12–14].

To better understand the gating mechanisms of TRPM2, its 3-dimensional structure has been 

elucidated. Using electron/cryo-electron microscopy, conformational changes in human 

TRPM2 upon ADPR and Ca2+ binding were reported which potentiate channel opening and 

explain the gating of TRPM2 by ADPR and Ca2+ [17, 18]. These findings were consistent 

with those reported for Nematostella vectensis TRPM2 [11] and zebrafish TRPM2 [19] 

analyzed with cryo-electron microscopy.
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1.2 Activation of TRPM2

The extracellular signals which activate TRPM2 include oxidative stress, tumor necrosis 

factor α (TNFα), amyloid β-peptide, and concanavalin A [7, 13, 20, 21]. These signals 

stimulate production of ADPR in mitochondria [22] or through activation of poly (ADPR) 

polymerase (PARP) or poly (ADPR) glycohydrolase (PARG) [23, 24]. ADPR binds to the 

TRPM2 C-terminal NUDT9-H domain, activating the channel [8, 22, 25]. Although cyclic 

adenosine diphosphate ribose (cADPR) and pyridine dinucleotides have been reported to 

activate TRPM2 or to enhance activation by ADPR [25], when commercial preparations of 

these were purified with nucleotide pyrophosphatase or affinity-purified-specific ADPR 

hydrolase to eliminate contaminating ADPR, none of these stimulated TRPM2 binding, 

demonstrating that ADPR is activator of TRPM2 [26, 27]. An increase in intracellular Ca2+ 

also positively regulates TRPM2 [10, 28, 29]. Either initial calcium entry through ADPR-

bound TRPM2 or an initiator Ca2+ spark from the cytosol activates the channel [11]. Ca2+-

bound calmodulin then binds to IQ-motifs in the TRPM2 N-terminus, providing positive 

feedback for TRPM2 activation and increasing Ca2+ influx [10, 28, 29]. ADPR is ineffective 

in activating TRPM2 channels without either external or internal Ca2+ [11, 28]. The 

concentration of membrane phosphatidylinositol 4,5-bisphosphate (PIP2) has been shown to 

impact sensitivity of TRPM2 for activation by Ca2+ [30]. TRPM2 has also been reported to 

be temperature sensitive [31] and channel activity is inhibited by acidification [32–34].

1.3 Role of TRPM2 in Oxidative Stress

Oxidative stress results from an imbalance between the amount of reactive oxygen species 

(ROS) produced and antioxidant levels, depending on severity and duration. ROS are 

produced physiologically during respiration by the mitochondrial electron transport chain 

and pathologically by neutrophils and phagocytes in inflammation and infection. Low levels 

of ROS can modulate cellular survival and metabolic pathways to enhance cell proliferation, 

but as ROS levels rise, they damage tissues through protein oxidation, lipid peroxidation, 

and DNA oxidation and mutagenesis, activating cell death pathways [35, 36]. In most 

tissues, ischemic injury results in an increase in ROS. For example, in heart, following 

ischemic-reperfusion injury or doxorubicin exposure, ROS levels increase and myocytes are 

damaged [37]. Cancer cells produce more ROS than normal cells, and a number of 

chemotherapy agents including doxorubicin contribute to cell death by further increasing 

ROS [38, 39].

TRPM2 has been implicated in a number of physiological and pathological pathways 

involving oxidative stress [40, 41]. Early research supported the classical paradigm, that 

after TRPM2 is activated by oxidative stress resulting in ADPR production, a sustained 

increase in intracellular calcium may occur leading to cell death [7, 42], which may be 

enhanced by cytokine production aggravating inflammation and tissue injury [43, 44]. 

However, a number of more recent reports suggest a different paradigm, that Ca2+ entry via 

TRPM2 channels can be protective rather than deleterious. For wild type mice subjected to 

intraperitoneal injection of endotoxin, survival was five times better than for TRPM2 KO 

mice [45]. Cation entry via TRPM2 channels resulted in plasma membrane depolarization 

and decreased NOX-mediated ROS production in wild type phagocytes, preventing 

endotoxin-induced lung inflammation. TRPM2 also protected the hearts of wild type mice 

Miller Page 3

Cell Calcium. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from cardiac dysfunction after ischemia/reperfusion [41, 46]. Cardiac myocytes from 

TRPM2 KO mice had significantly higher ROS, and TRPM2 was required for bioenergetics 

maintenance and mitochondrial oxidant homeostasis through a Ca2+ dependent process [37, 

47]. In humans, a TRPM2 mutant (P1018L) was found in a subset of Guamanian 

amyotrophic lateral sclerosis and Parkinson dementia patients. Unlike wild type TRPM2 

which does not inactivate, the P1018L mutant inactivates after channel opening by ADPR, 

limiting calcium entry and strongly suggesting that TRPM2 is required for normal neuronal 

function [48]. Furthermore, in pyramidal neutrons subjected to oxidant injury, TRPM2 

protected against cellular damage from oxidative stress [49]. Together, data suggest that 

TRPM2 channels in disease states can act either as friend (reducing ROS production) [45, 

46, 49, 50] or foe (when Ca2+ influx significantly increases) [12, 44, 51, 52] depending on 

the experimental model and conditions. Similar to this, physiological levels of ROS can 

activate transcription factors and signaling kinases, but excessive increases in ROS result in 

damage to mitochondria, DNA, proteins, and lipids, leading to cell loss and organ failure. 

The interactions of Ca2+ and ROS associated with cell injury are not completely understood. 

In some models, primarily nonmalignant, TRPM2 expression can enhance cell death through 

elevated intracellular Ca2+ or Zn2+ [52–56], but the predominance of data in cancer models 

support the conclusion that TRPM2 expression and function have an important role in 

preserving cancer cell viability and survival.

1.4 Role of TRPM2 in Autophagy

Autophagy has been shown to have important roles in cancer. It may have a protective role 

in early stages of cancer development, eliminating aggregated proteins or damaged 

organelles, reducing oxidative stress, local inflammation, and chromosomal instability, and 

functioning as a suppressor of tumor development. However, in later stages, autophagy can 

promote tumor growth and survival, contributing to chemotherapy resistance by providing 

nutrients and essential amino acids and nucleotides to cells, and by removing damaged 

DNA, mitochondria and ROS [57–60]. TRPM2 has been shown to regulate autophagy 

through several pathways. In TRPM2-inhibited neuroblastoma cells, a defect in autophagy/

mitophagy was demonstrated which resulted in accumulation of ROS and damaged 

mitochondria and may contribute to reduced cell viability. When TRPM2-L was inhibited by 

TRPM2-S, accumulation of two proteins usually removed by mitophagy, Hsp60 and Tom20, 

a mitochondrial translocase receptor, was demonstrated [16]. Expression of HIF-1/2α was 

reduced in these cells, associated with reduced expression of the downstream mitochondrial 

target BNIP3, which has an important role in autophagy. TRPM2-S expressing cells showed 

abundant dysmorphic mitochondria, which were swollen and had degenerated cristae, 

compared to TRPM2 wild type expressing cells, which had mitochondria with normal 

cristae [16]. Cells in which TRPM2 was depleted with CRISPR also demonstrated reduced 

autophagy [61]. These results were confirmed by Almasi et al in gastric cancer cells [62], 

who also found that TRPM2 knockdown was associated with a decrease in autophagy and 

mitophagy and impaired mitochondrial metabolism and ATP production. Reduced levels of 

autophagy and mitophagy-associated proteins including the ATGs and BNIP3 were also 

found in TRPM2-depleted gastric cancer cell lines. In contrast, in HeLa cells, TRPM2-

mediated Ca2+ influx induced by oxidative stress resulted in phosphorylation and activation 

of calcium/calmodulin dependent protein kinase II (CAMKII), which then phosphorylated 
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BECN1/Beclin 1. BECN1 dissociated from PIK3C3 to bind Bcl-2 and inhibit autophagy, 

rendering cells more susceptible to death [63].

2. TRPM2 is Highly Expressed in Neuroblastoma and Modulates 

Mitochondrial Function and Cellular Bioenergetics.

TRPM2 has been found to be highly expressed in many cancers including bladder [64], 

breast [64], head and neck [64, 65], lung [64], pancreatic [66], and prostate cancer [67], 

melanoma [14], and neuroblastoma [16], suggesting it promotes cancer growth and enhances 

cell survival. Neuroblastoma is the most frequent non-CNS tumor of childhood. TRPM2 has 

been shown to be important in neuroblastoma proliferation and chemotherapy sensitivity. 

TRPM2 was first inhibited by expression of the dominant negative short splice variant 

TRPM2-S in neuroblastoma cell lines. TRPM2 inhibition resulted in significantly increased 

susceptibility to cell death induced by low concentrations of H2O2 (50–100 μM) [15] as well 

as doxorubicin [16]. In cells expressing full length (wild type) TRPM2 compared to 

TRPM2-S, expression of FOXO3a and MnSOD (SOD2) were significantly increased, and 

ROS levels were decreased, demonstrating that TRPM2 confers protection against cell death 

through reduction of oxidative stress, critically important in cancer cells because of 

frequently higher ROS levels. The ability of TRPM2 to enhance growth of neuroblastoma 

tumors was confirmed in mouse xenografts using human neuroblastoma cells expressing 

TRPM2-L or TRPM2-S [16]. In TRPM2-S expressing tumor cells, HIF-1/2α was 

significantly reduced, as was expression of proteins encoded by target genes regulated by 

HIF-1/2α including those involved in glycolysis (lactate dehydrogenase A and enolase 2), 

oxidant stress (FOXO3a), angiogenesis (VEGF), mitophagy and mitochondrial function 

(BNIP3, NDUFA4L2), and mitochondrial electron transport chain activity. The reduction in 

HIF-1/2α was associated with reduced HIF-1/2α mRNA and increased von Hippel-Lindau 

E3 ligase in TRPM2-S expressing cells. Associated with reduction in expression of 

mitochondrial proteins was a decrease in mitochondrial membrane potential, mitochondrial 

Ca2+ uptake, basal and maximal oxygen consumption rates, and ATP production [16]. As 

discussed in 1.4, reduced HIF-1/2α contributed to decreased autophagy/mitophagy through 

lower BNIP3, resulting in accumulation of dysfunctional mitochondria with reduced 

bioenergetic capacity including lower OCR and ATP generation, and increased ROS [16, 

61]. Similar experiments were performed with a second model in which TRPM2 was 

depleted with CRISPR/Cas9 technology [61]. In neuroblastoma cells in which TRPM2 was 

depleted, tumor growth of xenografts was significantly reduced (Figure 1A) and doxorubicin 

sensitivity increased. Similar to TRPM2-S expressing cells, in TRPM2 depleted cells, 

HIF-1/2α and proteins in the downstream signaling cascade were reduced, mitochondrial 

function including oxygen consumption rate was impaired, mitochondrial superoxide 

production was significantly increased (Figure 1B), and ATP production reduced. 

Expression of wild type TRPM2 but not the TRPM2 pore mutant E960D in depleted cells 

restored cell viability, mitochondrial function and reduced ROS. This demonstrated the 

critical role of TRPM2-mediated calcium entry in modulation of tumor growth, 

mitochondrial function, cellular bioenergetics, and susceptibility to chemotherapeutic agents 

(Figure 2) [61]. The precise mechanisms through which TRPM2 modulates HIF-1/2α 
expression are not known. One mechanism may be activation of calcineurin by calcium 
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influx, dephosphorylating RACK1, blocking RACK1 dimerization, and increasing HIF-1/2α 
levels by impeding its ubiquitination and degradation [68]. Expression of superoxide 

dismutase 2 (SOD2) reduced ROS levels in TRPM2-depleted cells but failed to restore ATP 

production, demonstrating that regulation of ROS is one of several key metabolic pathways 

regulated by TRPM2.

To further explore signaling pathways regulated by TRPM2 in cancer, the roles of Pyk2 and 

CREB were examined. Pyk2 is overexpressed in and important for survival of many cancers, 

through pathways including activation of the cAMP-responsive element binding protein 

CREB. CREB is a key transcription factor which regulates genes involved in oncogenesis 

and cell survival including in the antioxidant response, mitochondrial metabolism, and 

autophagy [69]. Previous reports that TRPM2 activates Pyk2 [44] and Src [70] were 

confirmed and extended to demonstrate that TRPM2 is required to maintain expression and 

phosphorylation of Pyk2 and CREB and Src phosphorylation (Figure 2) [69]. Src is an 

activator of Pyk2. Inhibition of TRPM2 reduced phosphorylation of Src and Pyk2, and 

expression of total Pyk2 and CREB in the mitochondria, and phosphorylated Src, CREB, 

and total CREB in the nucleus, impacting expression of a number of cellular and 

mitochondrial genes involved in cell survival. Reduction in both expression of the 

mitochondrial calcium uniporter (MCU), a CREB transcriptional target, and its function, 

regulated by Pyk2 phosphorylation, may be responsible for reduced mitochondrial calcium 

uptake and contribute to reduced mitochondrial function and bioenergetics [69]. 

Reconstitution with TRPM2 but not the TRPM2 pore mutant E960D restored expression and 

phosphorylation of Pyk2 and CREB, particularly after doxorubicin. In addition to regulation 

of MCU, CREB expression plays an important role in preserving cell survival through 

regulation of expression of genes required for maintenance of mitochondrial function, 

autophagy/mitophagy, ROS production, and the antioxidant response.

To protect themselves from cytotoxic levels of ROS, cancer cells frequently increase their 

anti-oxidant capacity. The transcription factor nuclear factor (erythroid-derived 2)-related 

factor-2 (Nrf2) modulates expression of more than 200 genes, many important in regulation 

of enzymes or cofactors involved in the anti-oxidant response [71]. Nrf2 is highly expressed 

in many malignant cells, where it functions to protect them from oxidative stress and 

cytotoxic chemotherapy, which can increase ROS above a cytotoxic threshold and cause 

irreversible cell damage. Nrf2 stability is regulated by Ketch-like ECH-associated protein 1 

(Keap1), which targets Nrf2 for ubiquitination and proteosomal degradation [35, 72], and by 

the IQ motif containing GTPase activating protein 1 (IQGAP1), which plays a critical role in 

Nrf2 stability through a Ca2+ dependent process [73]. Nrf2 induces expression of expression 

of many antioxidant enzymes which are critical in generation of the antioxidant cofactors 

GSH, NADPH, and NADH [35, 74]. TRPM2 has recently been demonstrated to have a role 

in modulation of Nrf2 expression (B. Miller, unpublished data). Together, these studies in 

neuroblastoma show the important role TRPM2 plays in cell survival through modulation of 

both ROS production and the antioxidant response. When TRPM2 is inhibited or depleted, 

ROS are significantly increased by both mitochondrial dysfunction and reduced 

antioxidants, enhancing the likelihood that a cytotoxic threshold will be reached resulting in 

cell death, particularly following treatment with agents like doxorubicin. The role TRPM2 

plays in regulation of transcription factors which support malignant growth including 
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HIF-1/2α, CREB, and Nrf2 is under investigation. Many pathways modulated by TRPM2 in 

neuroblastoma including those involving oxidative stress, mitochondrial function, 

bioenergetics, and autophagy have been recently confirmed in acute myeloid leukemia cells 

(B. Miller, unpublished data).

3. TRPM2 Preserves Viability of Many Cancers

The increased expression of TRPM2 in many malignancies [14, 64], its roles in cancer 

growth and cell survival, and the potential of modulation, particularly inhibition, as a 

therapeutic modality is becoming well recognized. Different mechanisms influencing cell 

death and intracellular localization of TRPM2 in different types of cancer have been 

reported and unifying themes are emerging, which are reviewed in detail below and 

summarized in Table 1.

3.1 TRPM2 Promotes Survival of Triple-Negative and Estrogen Receptor Positive Breast 
Cancer

Of the three major molecular subtypes of breast cancer, triple-negative is the most aggressive 

and has the worst outcome, but a significant percentage of patients with the most common 

type, estrogen-receptor-positive breast cancer, also fail therapy. 2-Aminoethoxydiphenyl 

borate (2-APB) is a nonspecific inhibitor of many plasma membrane and organellar ion 

channels including TRPM2 [75]. In human breast adenocarcinoma cell lines, TRPM2 

showed a protective effect in minimizing DNA damage, whereas pharmacological inhibition 

of TRPM2 with 2-APB or TRPM2 mRNA silencing decreased cell proliferation and 

significantly increased DNA damage [76]. In both triple negative and estrogen-receptor 

positive breast cancer, TRPM2 inhibition resulted in increased DNA damage and 

cytotoxicity, similar to that seen in neuroblastoma [77]. TRPM2 was present in the nuclear 

fraction of breast adenocarcinoma but not exclusive to that location; 40–45% of TRPM2 was 

located in nuclear fractions and the rest in other subcellular fractions including the 

cytoplasm. Mechanisms of TRPM2 activity in the nucleus were hypothesized to include 

facilitation of DNA repair by nuclear TRPM2 or promotion of nuclear calcium influx, which 

need to be explored further. ROS levels were not examined, but the high levels of oxidative 

stress found in TRPM2-depleted neuroblastoma cells suggest that this could be a potential 

mechanism to explain the increased DNA damage found in breast cancer when TRPM2 is 

inhibited. In contrast, in noncancerous MCF-10A mammary epithelial cells, TRPM2 neither 

localized to the nucleus nor was TRPM2 inhibition observed to have an effect on 

proliferation. These data suggest that targeting of TRPM2 could be a synergistic approach to 

enhance treatment of breast cancer patients including those with chemotherapy resistance, 

similar to that proposed in neuroblastoma. Other TRPM channels have also been found to 

have roles in breast cancer proliferation, migration, and invasion including TRPM7 and 

TRPM8 [78–83]. How TRPM channels mediate their individual effects and whether or not 

their activities overlap or integrate with each other or TRPM2 are areas for future 

exploration.
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3.2 TRPM2 Preserves Gastric Cancer Cell Survival through Regulation of JNK

Gastric cancer is the fifth most common cancer and the five year survival rate is 

approximately 30%. TRPM2 expression in tumors negatively correlated with overall 

survival of gastric cancer patients. When TRPM2 was downregulated with shRNA in two 

gastric cancer cell lines, AGS and MKN-45, cells grew slower and the percentage of 

apoptotic cells increased [62]. Mitochondrial function characterized by oxygen consumption 

rates and ATP production was significantly decreased in TRPM2 depleted cells and 

expression of COX 4.1 and 4.2 and BNIP3 were reduced, as was reported in neuroblastoma 

[16]. Autophagy was also decreased, with reduced levels of autophagy proteins including 

ATG3, ATG5, ATG6, ATG7, and ATG12 and decreased conversion of LC3-I to LC3-II. 

Impairment of autophagy contributed to accumulation of damaged mitochondria, reduced 

cellular bioenergetics, and increased ROS, leading to cell death. TRPM2 regulated 

autophagy through an mTOR-independent but JNK-signaling dependent pathway, mediated 

through modulation of ATGs, BNIP3, and JNK activation. Apoptotic effects of both 

paclitaxel and doxorubicin were increased in TRPM2 depleted cells, demonstrating that 

TRPM2 preserves cell survival whereas inhibition increases chemotherapy sensitivity, also 

suggesting this may be a therapeutic approach to enhance gastric tumor cell death.

3.3 Targeting TRPM2 Enhances Cell Death in T Cell Leukemia in a Bcl-2 Dependent 
Manner

In Jurkat cells stably expressing Bcl-2 or empty vector, inhibition of TRPM2 with N-(p-

amylcinnamoyl)anthranilic acid (ACA) followed by irradiation decreased phosphorylation of 

CAMKII and blocked radiation-induced phosphorylation-dependent inactivation of cdc2 

[84]. Both the nonspecific TRPM2 inhibitors ACA and chlotrimazole increased cell death. 

TRPM2 knockdown also significantly decreased the number of cells arrested in G2/M and 

reduced viability. This evidence suggests that irradiation stimulates Ca2+ entry through 

TRPM2, which is higher in Bcl-2 overexpressing T Cell leukemia cells, and contributes to 

inactivation of cdc2, G2/M cell cycle arrest and cell survival. TRPM2 inhibition released 

cells from G2/M arrest and resulted in cell death. These data suggest that TRPM2 inhibition 

may be a therapeutic approach to increase radiation sensitivity in T-cell leukemia.

3.4 Role of TRPM2 in Prostate and Lung Cancer Proliferation

TRPM2 is essential for prostate cancer cell proliferation [67]. When TRPM2 was depleted 

with siRNA, the growth of cancerous prostate cells but not non-cancerous cells was reduced. 

In non-cancerous cells, TRPM2 localized in the plasma membrane and cytoplasm but was 

absent in the nucleus, whereas in prostate cancer cells a significant amount of TRPM2 

localized in nucleus as well as in the non-nuclear fraction. The function of nuclear TRPM2 

in cancer cells is not known. These findings suggest that depletion of TRPM2 may be a 

therapeutic approach to control prostate cancer growth. However, an additional finding was 

that a long non-coding RNA which is an antisense transcript of TRPM2 (TRPM2-AS) is 

overexpressed in prostate cancer and linked to poor clinical outcome. When TRPM2-AS is 

knocked down, cell apoptosis increased coupled to cell cycle arrest and a large increase in 

TRPM2 expression was detected [85, 86]. These results appear to be in conflict, because in 

the first report knockdown of TRPM2 reduced cell proliferation, whereas in the second 
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expression of a long noncoding TRPM2 antisense transcript was linked to poor patient 

outcome and knockdown of the antisense transcript was associated with increased TRPM2 

expression, increased cell cycle arrest and apoptosis [87]. However, how long non-coding 

RNAs function in cancer is complex and not completely understood. It has been suggested 

that TRPM2-AS may function to prevent over-activation of TRPM2 rather than to 

completely abolish function [86].

TRPM2 is highly expressed in lung cancer [64]. In non-small cell lung cancer (NSCLC), 

expression of novel long non-coding antisense RNA, TRPM2-AS, was found to be widely 

upregulated and higher expression levels correlated with larger tumor size, advanced TNM 

stage, and poor patient survival [85]. Silencing of TRPM2-AS with siRNA significantly 

reduced cell proliferation and increased apoptosis. Further work will be necessary to 

understand the role of long non-coding RNAs involving TRPM2 in cell proliferation and 

patient survival, and the impact on TRPM2 expression and function.

3.5 TRPM2 in Squamous Cell Carcinoma

TRPM2 expression is enhanced in human tongue carcinoma specimens and in tongue 

carcinoma cell lines [64, 65]. In tongue carcinoma SCC9 cells, treatment with 0.5 or 1 mM 

H2O2 increased apoptosis. Knockdown of TRPM2 with siRNA also increased apoptosis, 

reduced survival and inhibited migration of tongue carcinoma SCC9 cells. Subcellular 

localization of TRPM2 was different between cancerous and non-cancerous cells, and a 

significant amount of TRPM2 protein localized to the nucleus in cancer cells. Although the 

mechanisms of cell death in TRPM2 KO cells were not explored in detail, it was 

independent of the p53-p21 pathway. The conclusion of this work is that TRPM2 contributes 

to survival and migration of SCC cancer cells and may be a potential therapeutic target in 

head and neck cancers [65].

4. Other Mechanisms through which TRPM2 Modulates Cancer 

Progression

4.1 Role of TRPM2 in Cell Migration and Pancreatic Cancer

Activation of TRPM2 by H2O2 has been shown to induce filopodia formation, loss of actin 

stress fibers, and disassembly of focal adhesions, leading to increased migration of both 

HeLa cells and prostate cancer cells [88]. TRPM2 activation increased intracellular levels of 

both Ca2+ and zinc, but zinc and Ca2+ regulated actin cytoskeleton and focal adhesion 

dynamics reciprocally. Zinc enriched lysosomes migrated toward the leading edge of the 

cell, suggesting that zinc played a dominant role in promoting cell migration. These data 

suggest that either TRPM2 inhibition or chelators of free Zn2+ may reduce or prevent 

metastatic progression.

High TRPM2 expression was recently associated with shorter survival time in patient with 

pancreatic cancer [66]. In vitro, higher expression of TRPM2 enhanced pancreatic cell 

proliferation, migratory ability in a scratch wound healing assay, and invasive ability in a 

Transwell assay using Matrigel. High expression of TRPM2 correlated strongly with 

expression of proteins including probable phospholipid-transporting ATP-ase IM (ATP8B4), 
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γ-parvin (PARVG), tudor domain-containing protein 9 (TDRD9), Toll-like receptor 7 

(TLR7), and Scm-like with four MBT domains protein 2 (SFMBT2), which may provide 

indications of the mechanisms of TRPM2 signaling [66]. In addition, in pancreatic ductal 

adenocarcinoma cells, the sirtuin SIRT6 promoted expression of inflammatory cytokines 

IL-8 and TNF and enhanced the migratory capacity of these cells thorough a mechanism that 

involved ADPR production and activation of TRPM2 [89]. Together, these reports suggest 

that TRPM2 not only promotes cell proliferation in pancreatic cancer but also migration and 

invasion which could enhance metastatic potential.

4.2 Role of TRPM2 in Cell Survival after Radiation

TRPM2 is involved in repair of DNA damage induced by radiation. Gamma irradiation 

induces DNA damage, resulting in activation of PARP and generation of ADPR, which 

activates TRPM2. To examine the role of TRPM2 in radiation-induced DNA damage and 

cell death, human alveolar epithelial adenocarcinoma cells depleted of TRPM2 expression 

were exposed to gamma-rays or UVB irradiation. Signaling pathways associated with DNA 

repair were suppressed by TRPM2 knockdown. These included ATM activation, 53BP1 

(p53-binding protein) accumulation at sites of DNA damage, EGFR (epithelial growth factor 

receptor) nuclear translocation, and release of ATP [90]. ATM is a serine/threonine kinase 

activated by DNA double-strand breaks. ATM phosphorylates/activates proteins that initiate 

the DNA damage checkpoint, leading to cell cycle arrest, DNA repair and/or apoptosis. 

53BP1 is a well-known DNA damage response factor and depletion contributes to genomic 

instability. Radiation-induced EGFR nuclear translocation has a key role in DNA repair. 

Data support the conclusion that TRPM2 has an important role in the response to DNA 

damage induced by both ionizing and non-ionizing radiation. Another report showed that 

following ionizing radiation, TRPM2 activation mediated ATP production and release. ATP 

activates the purinergic P2Y6 and P2Y12 receptors, which induce the DNA damage 

response [91]. Activation of the P2Y6 receptor is involved in nuclear translocation of EGFR, 

which is suppressed in TRPM2 depletion, and in induction of antioxidants [92]. In T-cell 

leukemia, after irradiation TRPM2 inhibition or knockdown decreased the number of cell 

accumulating in G2/M and increased the number of dead cells [84]. These studies indicate 

that TRPM2 is a radiation sensor protein mediating ATP release and DNA repair to enhance 

cell survival.

4.3 Other mechanisms through which TRPM2 Modulates Cell Survival in Cancer

In some types of cancer, rather than promotion of cell survival, TRPM2 expression in cancer 

cells correlates with increased susceptibility to oxidative stress and improved patient 

outcome. TRPM2 is highly expressed in bladder cancer [64]. In T24 bladder cancer cells, 

overexpression of TRPM2 promoted apoptosis and TRPM2 depletion antagonized histone 

deacetylase inhibition induced apoptosis. Evidence supported the mechanism that inhibition 

of histone deacetylase was associated with increased H3K9 acetylation in the TRPM2 

promoter and increased TRPM2 expression, which promoted increased apoptosis [93]. In a 

study of 33 patients with glioblastoma multiforme, TRPM2 was highly expressed compared 

to controls. Survival time was significantly longer in patients with higher TRPM2 levels and 

survival shorter in patients with lower TRPM2 levels [94]. These data suggested that 

TRPM2 expression increases responsiveness to chemotherapy and radiation in glioblastoma. 
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However, in another study, high TRPM2 expression in glioblastoma was associated with 

worse patient survival (unpublished results, Miller laboratory). Wild type glioblastoma A172 

cells were found to have undetectable levels of endogenous TRPM2 [95]. When TRPM2 

was heterologously expressed in these cells, an H2O2 dose dependent increase in 

intracellular calcium was observed as well as increased susceptibility to cell death at H2O2 

doses of 100 and 250 μM. However, in this study performed with a glioblastoma cell line 

that did not endogenously express TRPM2, increased expression of TRPM2 did not affect 

proliferation, invasion, or migration. These studies suggest that in glioblastoma, TRPM2 

may be able to enhance cell death through increased Ca2+ entry after H2O2 exposure, but 

more work needs to be done to clarify its role.

The role of TRPM2 in the cellular immune response against cancer cells is currently being 

investigated. Neutrophils have been shown to play a critical role, but they are a 

heterogeneous population and both protumor and antitumor neutrophil subpopulations exist. 

Whereas antitumor neutrophils can kill tumor cells and reduce metastasis, not all tumor cells 

are susceptible to neutrophil cytotoxicity. In a recent report, TRPM2 supported primary 

tumor growth but increased susceptibility to neutrophil cytotoxicity [96]. TRPM2 non-

expressing cells were H2O2 and neutrophil resistant. Whereas tumors with lower expression 

of TRPM2 were significantly smaller, they generated significantly more metastatic tumors 

[96]. These data suggested that while TRPM2 inhibition reduces primary tumor growth and 

increases chemotherapy sensitivity, it may reduce neutrophil cytotoxicity and has the 

potential to increase metastatic spread in some settings which need to be better understood.

5. Conclusions

TRPM2 is highly expressed in many types of cancer, suggesting TRPM2 promotes tumor 

survival. Inhibition of TRPM2 has been demonstrated to enhance cell death and increase 

sensitivity to doxorubicin and other chemotherapeutic agents in a number of malignancies 

including neuroblastoma [16, 61, 69], T cell leukemia [84], gastric cancer [62], and triple-

negative and estrogen-receptor positive breast cancer cell lines [77]. The preponderance of 

data in cancer models support the concept that TRPM2 expression and function have an 

important role in preserving cancer cell viability, and TRPM2 inhibition may be a novel 

therapeutic approach (Table 1). However, in some studies reviewed here, TRPM2 expression 

correlated with increased cancer susceptibility to chemotherapy, and depletion increased 

metastasis and/or had an adverse effect on patient outcome. Mechanisms responsible for 

these differences require further investigation.

TRPM2 preserves cancer cell viability through maintenance of mitochondrial function, 

cellular bioenergetics, ATP production, autophagy, reduction in cellular ROS levels, and 

DNA repair [15, 16, 61, 69, 76, 90]. Elevated levels of ROS are found in the majority of 

cancers and promote tumorigenesis through activation of transcription factors and signaling 

pathways and DNA damage [35]. Cancer cells simultaneously require increased levels of 

antioxidants to detoxify ROS and protect viability [71], maintenance of mitochondrial 

function and bioenergetics to meet energy demands, repair of DNA to maintain its integrity, 

and access to nutrients and building material through autophagy. TRPM2 promotes 

expression of transcription factors including HIF-1/2α, CREB, and Nrf2 and activation of 
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kinases and other signaling pathways to address these requirements [16, 61, 97]. 

Mechanisms though which TRPM2 mediates these effects are under investigation. TRPM2 

is an exciting potential target in therapy of many cancers as further evidence of its important 

function in cell survival is forthcoming and controversies in its essential roles are clarified.
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Abbreviations:

ACA N-(p-amylcinnamoyl)anthranilic acid

ADPR adenosine diphosphate ribose

cADPR Cyclic adenosine diphosphate ribose

2-APB 2-aminoethoxydiphenyl borate

ATGs autophagy-related proteins

ATM ataxia-telangiectasia mutated serine/threonine protein 

kinase

BECN1/Beclin 1 BECN1 gene encoding beclin-1 protein which plays a key 

role in autophagy

BNIP3 BCL-2/adenovirus E1B 19 kDa protein-interacting protein 

3

CAMKII calcium/calmodulin dependent protein kinase II

COX4.1/4.2 cyclooxygenase 4.1/4.2

CREB cAMP responsive element-binding protein

EGFR epidermal growth factor receptor

FOXO3a Forkhead box O3 transcription factor

GSH Glutathione

HIF-1α Hypoxia-inducible factor – alpha

HSP60 Heat shock protein 60

Keap1 Ketch-like ECH-associated protein 1

IQGAP1 IQ motif containing GTPase activating protein 1

MCU Mitochondrial Calcium Uniporter

NADH Nicotinamide adenine dinucleotide
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NADPH Nicotinamide adenine dinucleotide phosphate

NOX NADPH oxidase

Nrf2 nuclear factor (erythroid-derived 2)-related factor-2

PARG poly (ADPR) glycohydrolase

PARP poly (ADPR) polymerase

PIP2 phosphatidylinositol 4,5-bisphosphate

Pyk2 proline-rich tyrosine kinase 2

ROS reactive oxygen species

Src proto-oncogene tyrosine-protein kinase

TNF-α Tumor Necrosis Factor alpha

Tom20 translocase of the outer mitochondrial membrane 20

TRPM Transient Receptor Potential Melastatin

TRPM2-S Transient Receptor Potential Melastatin Channel 2- short 

isoform

TRPM2-TE Transient Receptor Potential Melastatin Channel 2- tumor-

enriched isoform

VEGF Vascular Endothelial Growth Factor
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Highlights

• TRPM2 is highly expressed in many human cancers.

• It increases cell survival and inhibition reduces viability of malignant cells.

• -TRPM2 inhibition impairs mitochondrial function, bioenergetics and 

autophagy.

• TRPM2 inhibition reduces antioxidant defenses and increases ROS levels.

• Targeting TRPM2 may be a novel therapeutics approach in treatment of many 

cancers.
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Figure 1. TRPM2 promotes growth of neuroblastoma xenografts and reduces ROS.
A. Athymic mice were injected in the flank with parental SH-SY5Y cells (Wild type, Wt), 

cells in which TRPM2 was deleted with CRISPR (two clones, KO-1, KO-2), or scrambled 

control cells (Scr-1, Scr-2). Representative photographs of tumors removed at 6 weeks after 

cell injection are shown. In two experiments (n=13–14), p≤0.01 for differences in Scr vs KO 

tumor volumes and weights. B. ROS levels were measured in SH-SY5Y neuroblastoma cells 

in which TRPM2 was depleted with CRISPR (two clones, KO-1, KO-2), or scrambled 

control cells (Scr-1, Scr-2). Cells were loaded with MitoSOX Red and intensity of 

fluorescence measured with confocal microscopy at baseline or 24 hours after treatment 

with 0.3 μM doxorubicin. A representative field of cells from each group and statistical 

analysis from a representative experiment are shown. Mitochondrial ROS were increased in 

TRPM2 depleted cells at baseline and after doxorubicin treatment. *p<0.05.
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Figure 2. TRPM2 Maintains Cell Survival through Modulation of HIF-1/2α, CREB, Nrf2, and 
Pyk2.
TRPM2 mediates expression of HIF-1/2α, CREB, and Nrf2 in neuroblastoma cells. Pyk2 

phosphorylation and activation by TRPM2 through a Ca2+-dependent process is involved in 

modulating CREB expression. These factors contribute to maintenance of mitochondrial 

function and ATP production, and lower ROS levels through reduced ROS production and 

preservation of the antioxidant response. When TRPM2 is inhibited or depleted, Ca2+ influx 

into the cell and into mitochondria through the mitochondrial calcium uniporter (MCU) is 

reduced, expression of key transcription factors HIF-1/2α, CREB, and Nrf2 is decreased, 

mitochondrial function, cellular bioenergetics, and autophagy/mitophagy are impaired, 

activation of kinases including Pyk2 and Src and cell viability are reduced, and ROS levels 

and sensitivity to chemotherapy are increased.
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Table 1.

TRPM2 Function in Human Cancer

Cancer Type Study System Activity Mechanism References

Breast Cancer Breast 
adenocarcinoma cell 
lines

TRPM2 inhibition reduced 
cell proliferation
TRPM2 inhibition 
increased cell death after 
doxorubicin and tamoxifen

TRPM2 expression in the nucleus 
was increased in cancer cells
TRPM2 inhibition increased 
DNA damage

76,77

Gastric Cancer Gastric cancer cell 
lines

TRPM2 inhibition reduced 
cell proliferation
TRPM2 down-regulation 
increased cell death after 
doxorubicin and paclitaxel

TRPM2 inhibition decreased 
mitochondrial function, 
autophagy, bioenergetics, and 
JNK signaling
TRPM2 inhibition increased ROS 
and apoptosis.

62

Lung Cancer NSCLC patient 
samples
Human lung cancer 
cell lines

Novel long non-coding 
RNA (TRPM2-AS) widely 
expressed
High expression of 
TRPM2-AS correlated 
with larger tumor size, 
advanced TNM stage, and 
poor patient survival

Long non-coding RNA TRPM2-
AS was associated with increased 
proliferation and reduced 
apoptosis
Down regulation of TRPM2-AS 
reduced cell proliferation and 
increased apoptosis

85

Human alveolar 
epithelial 
adenocarcinoma cells

TRPM2 inhibition reduced 
cell survival after 
irradiation

TRPM2 inhibition suppressed the 
DNA damage response

90

Neuroblastoma Neuroblastoma patient 
samples
Human neuroblastoma 
cell lines
Xenografts

TRPM2 inhibition reduced 
cell viability, tumor growth 
in xenografts
TRPM2 inhibition 
increased chemotherapy 
sensitivity

TRPM2 inhibition reduced 
mitochondrial function, 
autophagy, antioxidant response, 
bioenergetics, HIF-1/2a, CREB, 
MCU level and activity
TRPM2 inhibition increased ROS 
levels

8,12,15,16, 61,69

Pancreatic Cancer Patient samples 
Pancreatic cancer cell 
lines

High TRPM2 expression 
correlated with shorter 
patient survival

Higher TRPM2 expression 
promoted increased cell 
proliferation, migration, and 
invasion

66,89

Prostate Cancer Pati ent Tumor Tissue 
Human prostate cell 
lines

TRPM2 inhibition reduced 
cancer cell proliferation

Significant TRPM2 localization 
in nucleus in cancer cells

67

Long non-coding antisense 
TRPM2 transcripts 
(TRPM2-AS) are 
overexpressed and linked 
to poor patient outcome

When TRPM2-AS was reduced, a 
large increase in TRPM2 
expression was detected, 
associated with increased cell 
apoptosis

86,87

Squamous Cell Carcinoma Human tongue 
carcinoma samples
Tongue carcinoma cell 
lines

TRPM2 inhibition reduced 
tumor viability

TRPM2 inhibition increased 
apoptosis, reduced tongue cancer 
cell survival, and inhibited cancer 
cell migration
Significant TRPM2 localization 
to the nucleus was found in 
cancer cells

64,65

T-Cell Leukemia Human leukemia cell 
lines

TRPM2 had a pro-survival 
effect and inhibition 
increased irradiation-
induced cell death

TRPM2 inhibition decreased 
phosphorylation of CAMKII, 
reduced cells in G2/M cell cycle 
arrest, blocked inactivation of 
cdc2, and increased cell death

84
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