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Abstract

TRPM?2 is the second member of the transient receptor potential melastatin-
related (TRPM) family of cation channels. The protein is widely expressed
including in the brain, immune system, endocrine cells, and endothelia. It
embodies both ion channel functionality and enzymatic ADP-ribose (ADPr)
hydrolase activity. TRPM2 is a Ca®*-permeable nonselective cation channel
embedded in the plasma membrane and/or lysosomal compartments that is
primarily activated in a synergistic fashion by intracellular ADP-ribose
(ADPr) and Ca®*. It is also activated by reactive oxygen and nitrogen species
(ROS/NOS) and enhanced by additional factors, such as cyclic ADPr and
NAADP, while inhibited by permeating protons (acidic pH) and adenosine
monophosphate (AMP). Activation of TRPM2 leads to increases in intracellular
Ca** levels, which can serve signaling roles in inflammatory and secretory cells
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through release of vesicular mediators (e.g., cytokines, neurotransmitters, insu-
lin) and in extreme cases can induce apoptotic and necrotic cell death under
oxidative stress.
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1 Gene

TRPM2 was first isolated from human brain in 1998 and given the designation
TRPCT7 (transient receptor potential-related channel 7) (Nagamine et al. 1998). The
protein was later categorized more appropriately as a member of the long TRPC
subfamily nomenclature and referred to as LTRPC2 (Harteneck et al. 2000). In
2002, a unified nomenclature assigned it to the melastatin subfamily of TRP
channels as TRPM2 (Montell et al. 2002).

The gene coding human TRPM2 is located between two markers D21S400 and
D21S171 on human chromosome 21q22.3 and consists of 32 exons spanning 90 kb
and mapping a 1503 amino acid long protein (Nagamine et al. 1998). An additional
exon has been reported (Uemura et al. 2005), indicating two transcription start sites
in the human TRPM2 gene that yield two forms of TRPM2: a 6.5 kb transcript
encoding the 1503 amino acid full-length long form TRPM2 (TRPM2-L) that is
widely expressed and starts from a noncoding exon associated with a CpG island,
and a shorter 5.5 kb transcript that starts from intron 4 and encodes a 1289 amino
acid striatum short form TRPM2 (TRPM2-SSF) that lacks N-terminal 214 amino
acid residues of the long form. In addition, various TRPM2 splice variants have
been identified: TRPM2-AN, TRPM2-AC, TRPM2-ANAC, and TRPM2-S (see
Sect. 3 for specifics). A recent study found that 17p-estradiol (E2) treatment induces
an increase in TRPM2 transcripts in human endometrial cells and identified a
functional estrogen response element (ERE) in the 3’-untranslated region (UTR)
of the TRPM2 gene (Hiroi et al. 2013a).

The mouse Trpm?2 gene contains 34 exons and spans about 61 kb. In contrast to
the human gene, it has only one transcription start site and no second promoter to
produce a shorter mRNA. The mouse gene also does not exhibit any predicted CpG
islands (Uemura et al. 2005).

2 Expression
TRPM2 is widely expressed in the central nervous system (CNS), including hippo-

campus, thalamus, striatum, and cerebral cortex, as well as in microglia (Nagamine
et al. 1998; Kraft et al. 2004; Fonfria et al. 2005, 2006a, b; Lipski et al. 2006; Olah
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et al. 2009; Roedding et al. 2013). However, its presence at mRNA and/or protein
levels is not ubiquitous throughout all CNS regions and within all neuronal
subtypes. Indeed, TRPM2 could not be detected within either cultured astrocytes
or granule cells of the cerebellum (Kraft et al. 2004). Additionally, while hippo-
campal CAl pyramidal neurons possess functional TRPM2 channels (Olah
et al. 2009; Belrose et al. 2012), hippocampal CA1 stratum radiatum interneurons
show no functional evidence of TRPM2 expression (Olah et al. 2009).

TRPM2 is also detected in other tissues such as the bone marrow, spleen, heart,
liver, lung, placenta endometrium, and gastrointestinal tract and in different cell
types like pancreatic B-cells (Fonfria et al. 2006b; Togashi et al. 2006; Ishii
et al. 2006a, b; Lange et al. 2009; Uchida and Tominaga 2011; Uchida
et al. 2011; Hiroi et al. 2013a), salivary gland (Liu et al. 2013), endothelial cells
(Hecquet et al. 2008, 2010; Hecquet and Malik 2009; Sun et al. 2012), heart and
vasculature (Yang et al. 2006; Takahashi et al. 2012; Miller et al. 2013), and
immune cells (neutrophils, megakaryocytes, monocytes, macrophages, B lympho-
blast cells, T lymphocytes, and mast cells) (Heiner et al. 2003a, b; Carter
et al. 2006; Yamamoto et al. 2008; Lange et al. 2008; Wenning et al. 2011;
Roedding et al. 2012; Kashio et al. 2012; Magnone et al. 2012; Oda et al. 2013;
Hiroi et al. 2013b; Knowles et al. 2013).

Although originally described as a plasma membrane channel, TRPM2 has been
found to also function as a lysosomal Ca”* release channel in pancreatic f-cells and
dendritic cells (Lange et al. 2009; Sumoza-Toledo et al. 2011). It shares this cellular
localization in the endosomal pathway with the mucolipin channels TRPML1-3
(Piper and Luzio 2004; Dong et al. 2010; Cheng et al. 2010) and the two-pore
channels TPC1-3 (Calcraft et al. 2009; Brailoiu et al. 2009; Galione et al. 2009;
Zong et al. 2009; Ruas et al. 2010; Pitt et al. 2010). Intracellular localization, albeit
not in lysosomes, has also been reported for other TRP channels, including TRPV1
(Morenilla-Palao et al. 2004), TRPCS (Bezzerides et al. 2004), TRPC3 (Singh
et al. 2004), TRPMS8 (Thebault et al. 2005), and TRPM7 (Oancea et al. 2006).
The factors that would determine the cellular localization of TRPM2 and various
other TRP channels remain to be defined, as well as whether the cellular localiza-
tion serves a particular cellular function.

3 The Channel Protein Including Structural Aspects

The full-length TRPM2 consists of an intracellular N terminus of ~700 amino acids,
the TRPM homology region, followed by a region of approximately 300 amino
acids (residues 762—-1048) containing six putative transmembrane domains (S1—
S6), a pore-forming loop domain located between S5 and S6, an approximately
100 amino acid region of high coiled-coil character (CCR), a short 30 amino acid
linker region, and a unique intracellular C-terminal adenosine diphosphate ribose
(ADPr) pyrophosphatase domain (residues 1236-1503, Nudix-like or NUDT9
homology domain) (Fig. 1) (Perraud et al. 2001, 2003a; Sano et al. 2001; Fleig
and Penner 2004a, b).
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Fig. 1 Schematic of TRPM2 gene and encoded protein isoforms (/eft) and membrane topology
(right). The human chromosome 21 schematic (fop left) shows the location of TRPM2 gene in the
sub-band 3 of band 2 of the second region of the long arm q of the chromosome 21 (21q22.3). The
gene encodes a full-length TRPM2 form (TRPM2-L) and various splice variants (bottom left). The
full-length protein is composed of 1503 amino acids (1507 in mouse and rat). Segments in the N
terminus denote the four domains of the TRPM homology region (MHR), followed by six
transmembrane segments (TM: S1-S6) with the putative pore-forming region (S5-S6). The
C-terminal region contains a coiled-coil region (CCR) and a NUDT9-homology region
(NUDT9-H). The caret () denotes the deletions within the N- and C-terminal domains of
TRPM2 variants. The membrane topology of TRPM2 (right) shows that both N- and C-termini
are in the cytosol. ADP-ribose (ADPr) binds to the NUDT9-H region to induce channel gating and
enable calcium (Ca®*) and sodium (Na®) influx. The NUDT9-H enzymatic activity hydrolyses
ADPr to ribose 5-phosphate and adenosine monophosphate (AMP). AMP, in turn, acts as a
negative regulator of TRPM2. TRPM2 gating by ADPr is facilitated by hydrogen (H,O,), cyclic
ADPr (cADPr), and Ca**

The TRPM2 N terminus has four homologous domains and a calmodulin (CaM)-
binding IQ-like motif located at 406-416AA, which plays a role in modulating
channel activation (Perraud et al. 2001; Sano et al. 2001; McHugh et al. 2003; Fleig
and Penner 2004a, b; Tong et al. 2006). It was also reported that deletion of a stretch
of 20 amino acid residues (A537-556) in the N terminus, corresponding to the
TRPM2-AN splice variant in neutrophils, abolishes any channel function (Wehage
et al. 2002). This dysfunction is believed to be related to undetermined motifs
within the AN-stretch, but not the IQ-like motif, and two SH3-binding (PxxP)
motifs found in this region (Kiihn et al. 2009). Unlike their close relatives in the
TRPC and TRPV subfamilies, TRPM channels contain a pair of cysteine residues in
the pore region (positions 996 and 1008 for TRPM2), whose substitutions with
either alanine or serine did not affect protein expression/trafficking or localization,
but generated TRPM2 channels that were functionally unresponsive to ADPr (Mei
et al. 2006a). Furthermore, a substitution mutation of 11045K on the distal part of
the S6 domain was crucial for the selectivity of TRPM2, transforming TRPM2 from
a cation to an anion channel (Kiihn et al. 2007).

The CCR region is hypothesized to be involved in several important functions,
including protein trafficking, channel tetrameric assembly, and gating (Perraud
et al. 2003a; Jiang 2007). CCR deletion or site-directed mutagenesis did not affect
protein expression, but resulted in severe disruption of the TRPM2 subunit
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assemblies and substantial loss of ADPr-evoked channel currents (Mei
et al. 2006b). This was due to reduced trafficking of TRPM2 subunits and proper
localization at the membrane level.

The NUDT9-H region that gives TRPM2 the chanzyme designation is named
after the mitochondrial ADP-ribose pyrophosphatase NUDT9 with whom it shares
39 % homology (Shen et al. 2003). The NUDT9-H region contains a Nudix box
sequence motif GX(5)EX(7)REUXEEXU (X represents any amino acid residue, and
U represents a large hydrophobic residue) that is characteristic of a family of
diverse pyrophosphatases that accept nucleoside diphosphate substrates like
ADPr (Kiihn and Liickhoff 2004; Mildvan et al. 2005). Biochemical analyses
have indicated that NUDT9 consists of two domains, a C-terminal CORE domain
containing the structures required for ADPrase activity and an N-terminal CAP
domain which enhances the CORE domain’s affinity for ADPr (Perraud
et al. 2003a). Deletion of the NUDT9-H domain strongly decreases TRPM2 plasma
membrane expression, indicating its vital role for normal channel assembly and
surface trafficking (Perraud et al. 2005). This role has been specifically linked to the
NUDT9-H CORE domain, since the TRPM2-AC channels that lack amino acids in
the NUDT9-H CAP region are properly expressed at the cell surface (Perraud
et al. 2003a). Additionally, the NUDT9-H region is directly involved in TRPM2
channel gating by virtue of binding ADPr at multiple sites (Perraud et al. 2001,
2003a; Kiihn and Liickhoff 2004). It appears that the binding of ADPr rather than
enzymatic activity of TRPM2’s NUDT9-H domain is critical for channel gating, as
mutations that eliminate ADPrase activity retain channel gating capacity (Perraud
et al. 2003b, 2005). Three-dimensional reconstruction of purified tetrameric
TRPM2 using transmission electron microscopy has yielded first insights into the
structure of the channel protein at 2.8 nm resolution, revealing a swollen, bell-
shaped structure of 18 nm in width and 25 nm in height (Maruyama et al. 2007).

In addition to the full-length TRPM2 (TRPM2-L), physiological TRPM2 splice
variants missing one or both exons 11 and 27 (Fig. 1) have been identified in human
hematopoietic cells (HL-60 monocytes and neutrophil granulocytes): TRPM2-AN
is characterized by a deletion in the N terminus (residues K538-Q557), TRPM2-AC
lacks residues in the C terminus (T1292-1L1325), and TRPM2-ANAC carries both
deletions (Wehage et al. 2002). An additional short variant, TRPM2-S, contains
only the N terminus and the first two transmembrane segments and is generated by
an additional stop codon (TAG) at the splice junction between exons 16 and
17 (Fig. 1). This variant has been found in the bone marrow, brain and pulmonary
arteries, and aorta (Zhang et al. 2003; Yang et al. 2006; Vazquez and Valverde
2006; Hecquet and Malik 2009) and may act as a dominant negative inhibitor of
TRPM?2 activity (Zhang et al. 2003). The TRPM2-AC proteins encoded by exon
27 deletion transcripts carry a deletion within the NUDT9-H. While TRPM2-AN
fails to respond to either ADPr or H,O,, it has been reported that the TRPM2-AC
variant responds to H,O, but not to ADPr, indicating a possible direct activation of
TRPM2 by H,0, (Wehage et al. 2002).
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4 Interacting Proteins

Only a few studies have investigated TRPM2 channel interaction with other
proteins (So et al.). It has been reported that the TRPM2-S isoform acts as a
suppressor of H;O,-induced calcium influx through the full-length TRPM?2
(TRPM2-L) channels when heterologously expressed in HEK-293T cells. This
effect involves a direct interaction between the two isoforms and not a modification
in subcellular localization of TRPM2-L (Zhang et al. 2003). A study examining the
TRPM2 protein partners that regulate cell survival has found that the protein
tyrosine phosphatase-L.1 (PTPL1) interacts with TRPM2 channels to decrease
their tyrosine phosphorylation and activity and thereby reduce H,O,- and TNF-
a-induced cell death in HEK-293 cells (Zhang et al. 2007). This interaction was
examined and confirmed endogenously in the human monocytic U937-ecoR cells,
supporting the relevance of TRPM2 in the cell-death resistance phenotype within
the PTPL1-overexpressing tumors. Furthermore, immunoprecipitation analysis has
demonstrated physical interaction of the N- and C-terminal cytoplasmic tails of
TRPM2 with the EF-hand domain-containing protein 1 (EFHC1), whose mutation
causes juvenile myoclonic epilepsy (JME) via mechanisms including neuronal
apoptosis (Katano et al. 2012). This study also reported that this interaction
significantly potentiated cell death mediated by H,0,, ADPr-induced Ca**
responses, and cationic currents via recombinant TRPM2 in HEK-293 cells.

An important functional interaction is provided by the calcium sensor calmodu-
lin (CaM). Its involvement in TRPM2 modulation appears to be responsible, at least
in part, for the Ca2+—dependent activation of TRPM2 (Tong et al. 2006). Thus,
overexpression of a dominant negative mutant of CaM was able to compete with
endogenous CaM and inhibit TRPM2-mediated increases in [Ca2+] ; and immuno-
precipitation confirmed a direct interaction between CaM and TRPM2. A strong
CaM binding region was identified in the TRPM2 N terminus (amino acids 1-730)
and weak binding region in the C terminus (amino acids 1060-1503). CaM is
believed to bind to an 1Q-like consensus binding motif on the TRPM2 N terminus
(amino acids 406—416) since a substitution mutant of this motif (TRPM2-IQMUT1)
reduced the CaM-TRPM2 binding (Tong et al. 2006). The 1Q-like motif was shown
to be the mechanism mediating Ca®*-activated TRPM2 currents (Du et al. 2009a).
Additionally, intracellular perfusion of cells with CaM in the patch pipette signifi-
cantly increased ADPr-activated TRPM2 currents, whereas exposure to 2 pM
calmidazolium, a known CaM antagonist, prevented ADPr-mediated TRPM2
currents (Starkus et al. 2007).

One study has found that the AC splice variant of TRPM2
co-immunoprecipitates with CD38 in HeLa cells and the authors proposed that
this close interaction may form the basis for hypertonicity-induced gating of this
splice variant (Numata et al. 2012).

Finally, proteome-wide site-specific quantifications of endogenous putative
ubiquitylation sites indicate posttranslational modifications of TRPM2 (Wagner
et al. 2011; Kim et al. 2011), although their physiological context and functional
consequences remain to be explored.
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Fig. 2 Schematic of metabolic pathways of pyridine nucleotides acting on TRPM2. The primary
activator of TRPM2 is ADP-ribose (ADPr), which can be produced from several sources through
various enzymatic reactions. Nicotinamide adenine dinucleotide (NAD™) can be directly converted
to ADPr by CD38 NADase activity or indirectly through the intermediate cyclic ADPr (cADPr)—
a facilitator of ADPr-mediated activation of TRPM2—that is produced by CD38’s ADP-ribosyl
cyclase activity and can further be converted to ADPr via cADPr hydrolase activity of CD38.
NAD" is also the substrate of poly(ADPr) polymerase (PARP), which creates ADPr polymers that
can be hydrolyzed to free ADPr by the poly(ADPr) glycohydrolase (PARG) and sirtuins, which
generate the TRPM2 agonist 2'-O-acetyl-ADPr (OAADPr). ADPr itself is the substrate of the
ADPr pyrophosphatase NUDT9 as well TRPM2’s endogenous NUDT9 homology domain in the N
terminus, yielding the inactive metabolite ribose 6-phosphate and the TRPM2 inhibitor adenosine
monophosphate (AMP). Finally, it is thought that NAADP, another facilitator of ADPr-mediated
TRPM2 gating, can be formed from NADP by a base-exchange reaction via CD38

5 A Biophysical Description of the Channel Function,
Permeation, and Gating

TRPM2 is a homo-tetrameric nonselective cation permeable channel that exhibits a
perfectly linear I/V curve (Perraud et al. 2003a; Csanady and Torocsik 2009). The
channel activates in response to low micromolar levels of cytosolic ADPr with half-
maximal effective concentrations (ECsg) of 1-90 pM (Perraud et al. 2001; Sano
et al. 2001; Inamura et al. 2003; Beck et al. 2006; Gasser et al. 2006; Starkus
et al. 2007; Lange et al. 2008). The variability in ECs, values may arise from the
modulatory mechanisms expressed in a given cell type. At the cellular level, free
ADPr is mainly produced by the hydrolysis of NAD" and/or cADPr by
glycohydrolases, including the ectoenzymes CD38 and CDI157, as well as the
mitochondrial NADase (Lund et al. 1995, 1998; Lund 2006; Malavasi
et al. 2006). A further source of ADPr is provided by the combined action of poly
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(ADPr) polymerases (PARP) and poly(ADPr) glycohydrolases (PARG), which
indirectly generate ADPr via formation and hydrolysis of poly-ADPr when
hyperactivated in response to DNA damage (Esposito and Cuzzocrea 2009; Caiafa
et al. 2009; Fauzee et al. 2010). Figure 2 illustrates the various adenine nucleotides
and their metabolic pathways.

The ability of other adenine nucleotide second messengers, metabolically related
to ADPr, to activate TRPM2 channels has been described. These include cyclic
ADPr (cADPr; ECsy ~0.7 mM) (Kolisek et al. 2005; Lange et al. 2008) and
nicotinic acid adenine dinucleotide phosphate (NAADP; ECsq ~0.73 mM) (Beck
et al. 2006; Lange et al. 2008). Even though activation of TRPM2 by high
concentrations of nicotinamide adenine dinucleotide (NAD"; EC5, ~1-1.8 mM)
has been observed (Sano et al. 2001; Hara et al. 2002; Naziroglu and Liickhoff
2008), its status as a direct agonist for TRPM2 remains uncertain, since at least in
some studies, contaminations with ADPr or metabolism of NAD* may account for
the observed TRPM2 activation (Beck et al. 2006; Grubisha et al. 2006). The
relatively high concentrations of cADPr and NAADP required to activate TRPM2
directly are above physiological levels; however, these adenine nucleotide second
messengers can synergize with ADPr and increase TRPM2 sensitivity at much
lower doses. In fact, it has been reported that 10 uM of cADPr may facilitate
TRPM2 function such that nanomolar (possibly ambient) cytosolic levels of ADPr
can activate the channel (Kolisek et al. 2005). Whether these nucleotides bind
directly to the Nudix domain, or to different cooperative sites, or are converted to
ADPr is not clearly understood.

A significant enzymatic source of ADPr is CD38, a multifunctional ectoenzyme
that is widely expressed in hematopoietic and non-hematopoietic cells. It uses
NAD™ as a substrate to catalyze the production of ADPr, cADPr, and NAADP
(Lund et al. 1995, 1998). In neutrophils both CD38 and TRPM2 channels are
present in the plasma membrane, possibly establishing a signaling pathway that
involves CD38, ADPr production, and TRPM2 activation. Indeed, CD38 knockout
(KO) neutrophils stimulated with the bacterial peptide formyl-methionyl-leucyl-
phenylalanine (fMLP) show a reduced Ca®* response when compared to wild-type
cells (Partida-Sanchez et al. 2003). Similarly, fMLP-treated TRPM2 KO
neutrophils have defects in Ca" influx (Yamamoto et al. 2008). Additionally, the
fMLP-induced Ca** entry in neutrophils is inhibited with the ADPr and cADPr
antagonists 8Br-ADPr and 8Br-cADPr, respectively (Partida-Sanchez et al. 2004,
2007). Although ADPr is the main product of CD38 and evidence points to TRPM?2
as a mediator of Ca** entry, there are still open questions such as to whether and
how the extracellular ADPr generated by CD38 crosses the plasma membrane and
acts on the cytosolic Nudix domain of TRPM2 channels (Franco et al. 1998;
Bruzzone et al. 2001). A further metabolite coupling to TRPM2 is the sirtuin-
generated acetyl-ADP-ribose product 2'-O-acetyl-ADP-ribose (OAADPr), which
also induces TRPM2 currents by direct binding to the Nudix domain with an ECs,
of ~100 pM (Grubisha et al. 2006; Tong and Denu 2010). OAADPr is produced by a
histone/protein deacetylase reaction mediated by a family of silent information
regulator 2 (Sir2 or sirtuin)-related NAD-dependent protein deacetylases. Indeed,
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the mammalian sirtuins SIRT2 and SIRT3 have been suggested to generate the
OAADPr that leads to TRPM2-dependent cell death induced by puromycin, while
specific RNAi knockdown in TRPM2-expressing cells protects these cells from cell
death (Grubisha et al. 20006).

The gating and full activation of TRPM2 channels by ADPr is highly sensitive to
Ca®*, as either absence of external Ca>* or strong buffering of internal Ca>* to low
levels (<30 nM) substantially inhibit gating of TRPM2 channels by ADPr
(McHugh et al. 2003; Starkus et al. 2007; Csanady and Torocsik 2009). This Ca*t
effect is not mimicked by other divalent cations such as Mg®*, Ba®*, or Zn**
(Starkus et al. 2007). Moreover, 200 pM external Ca’* is sufficient and as efficient
as 1 mM Ca* in promoting TRPM2 activation (Starkus et al. 2007). It has also been
suggested that Ca®* may gate the channel directly in a dose-dependent manner with
an ECsq of 17 pM (Du et al. 2009a), possibly as a result of conformational changes
due to Ca**-dependent binding of CaM with the TRPM2 IQ-like motif or other
intracellular sites (Du et al. 2009a). However, other groups have not observed Ca**-
induced activation in the absence of ADPr (McHugh et al. 2003; Starkus et al. 2007;
Csanady and Torocsik 2009), and it is therefore possible that TRPM2 activation is
secondary to ADPr production or ADPr release from mitochondria caused by high
Ca”* concentrations. Similarly to the facilitating role of intracellular Ca®", it has
been suggested that intracellular chloride ions may also provide a facilitating effect
on ADPr- and H,O,-induced activation of TRPM2, promoting ADPr/Ca**-induced
TRPM2 gating with an ECsg of ~18 mM (Hong et al. 2010). This effect has been
attributed to a critical lysine residue K1110 that is located between TRPM2’s
transmembrane domains and the coiled-coil region and whose mutation inhibited
channel activation by both ADPr and H,O, (Kim et al. 2013).

TRPM2 channels can also be activated by micromolar levels of H,O, and agents
that produce reactive oxygen/nitrogen species, providing a direct link to inflamma-
tion, oxidative stress, and cell death (Hara et al. 2002; Kolisek et al. 2005; Ishii
et al. 2006b; Yamamoto et al. 2008; Takahashi et al. 2011; Haraguchi et al. 2012).
Whether or not H,O, can gate TRPM2 directly and independently of ADPr remains
unclear. Wehage et al. found that TRPM2-AC channels expressed in HEK293 cells,
which fail to respond to ADPr, could still be activated by H,O,, suggesting distinct
and independent gating mechanisms of ADPr and H,O, (Wehage et al. 2002).
However, a later study in Chinese Hamster Ovary cells could not confirm direct
H,O, activation (Kiihn and Liickhoff 2004). Kolisek et al. reported that H,O, by
itself, like cADPr, was not effective in activating TRPM2, but strongly facilitated
ADPr-mediated gating. Hence, an alternative explanation for the capacity of H,O,
to induce TRPM2 activation may relate to its ability to both mobilize ADPr from
mitochondria (Perraud et al. 2005) and, at the same time, synergize with ADPr in
gating the channel (Kolisek et al. 2005). The notion that release of ADPr from
mitochondria could be a critical mechanism leading to TRPM2 gating (Ayub and
Hallett 2004) was confirmed by experiments showing that H,O,-induced TRMP2
currents were suppressed when reducing the ADPr concentration within the
mitochondria (Perraud et al. 2005).
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Fig. 3 Upstream and downstream signaling mechanisms for TRPM2 activation. External NAD*
and reactive oxygen species (ROS), including H,0O,, accumulate during inflammation and tissue
damage. NAD" may be converted to ADPr and cADPr by the ectoenzyme CD38. Extracellular
ADPr may then bind to G-protein-coupled purinergic receptors and increase [Ca**]; through Ca**
release from stores via G-proteins and the phospholipase C (PLC) pathway with subsequent IP;
production. ADPr may also translocate across the plasma membrane (PM) to gate TRPM2. H,0,
can also cross the plasma membrane and mobilize ADPr from mitochondria and both H,O, and
cADPr can synergize with ADPr to activate TRPM2. Additionally, ADPr is also generated from
NAD" via poly-ADPr during ROS-induced DNA damage through activation of the PARP/PARG
pathway. NAD™ can also be used to generate O-acetyl-ADPr, another agonist of TRPM2, through
nuclear and cytosolic sirtuins. Free cytosolic ADPr or OAADPr can act on the NUDT9-H of both
lysosomal and plasma membrane TRPM2 channels, enabling Ca®* influx across the plasma
membrane and/or release of lysosomal Ca”, raising the Ca®* concentration in the cytosol.
Intracellular Ca®* increases will activate different physiological processes including gene expres-
sion through Ca®*-dependent signaling pathways such as MAP Kinase and NF-xB. Ca”* overload
may also trigger programmed cell death (apoptosis) and possibly necrosis

In addition to mitochondrial sources, ADPr may also be generated in the nucleus
through the activation of the PARP/PARG pathway following oxidative stress and
DNA damage (Fonfria et al. 2004). Poly(ADP-ribosyl)ation is regulated by the
synthesizing enzyme poly(ADP-ribose) polymerase-1 (PARP-1) and the degrading
enzyme poly(ADP-ribose) glycohydrolase (PARG) (Esposito and Cuzzocrea 2009;
Caiafa et al. 2009; Fauzee et al. 2010), resulting in the production of free ADPr that
can then activate TRPM2. The involvement of this mechanism has been
demonstrated pharmacologically through the use of PARP inhibitors, which
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effectively suppress HO,-mediated and PARP-dependent Ca”* increases through
TRPM2 channels (Fonfria et al. 2004). Similarly, genetic PARP ablation in DT40
cells, which express TRPM2, results in loss of oxidative stress-induced Ca®t
responses normally seen in wild-type DT40 (Buelow et al. 2008). PARP-1 knock-
out mice have also implicated this enzyme, in combination with androgen receptor
signaling, to be responsible for male-specific TRPM2 channel activation and
neuronal injury (Shimizu et al. 2013). Figure 3 illustrates some of the most
important signaling pathways for TRPM2 activation.

In pancreatic beta cells, the gating of TRPM2 appears to be influenced by
temperature. It has been reported for rat insulinoma RIN-5F cells that temperatures
higher than 35 °C can directly activate TRPM2 channels and potentiate ADPr- and
cADPr-induced activation of TRPM2 (Togashi et al. 2006). A similar temperature-
dependent potentiation of cADPr-induced Ca** signals via TRPM2 has been
observed in NGI108-15 neuronal cells (Amina et al. 2010). The underlying
mechanisms and the possible physiological consequences of these effects remain
to be identified.

A somewhat unusual activation mechanism has been proposed for the AC splice
variant of TRPM2, which is insensitive to adenine nucleotides. Yet in Hel a cells,
this variant has been suggested to function as a poorly Ca**-permeable cation
channel that is activated by hypertonicity via nucleotide transport activity of
CD38 (Numata et al. 2012).

In addition to the facilitating modulators of TRPM2 discussed above, the
channel can also be inhibited. The first such negative regulator described was
adenosine monophosphate (AMP) (Kolisek et al. 2005; Beck et al. 2006; Lange
et al. 2009; Té6th and Csanady 2010), which represents a breakdown product of
TRPM2’s endogenous enzymatic domain, hydrolyzing the physiological agonist
ADPr into AMP and ribose 5-phosphate (Perraud et al. 2001, 2003b). AMP can also
be elevated as a result of ischemia and may attempt to limit Ca”* entry through
TRPM2. It remains to be determined whether the inhibitory effect of AMP is direct
or indirectly mediated by AMP-dependent signals such as AMP kinase.

In addition to AMP, TRPM2 channels are negatively regulated by protons and
cellular acidification (Du et al. 2009b; Starkus et al. 2010; Yang et al. 2010). Thus,
TRPM2 currents are completely suppressed when cells are externally or internally
exposed to pH of 5-6 (Du et al. 2009b; Starkus et al. 2010), although conflicting
interpretations with respect to proton permeation through TRPM2 channels and the
site of inhibitory action of protons have been presented. One study proposed that
protons inhibit at the extracellular side (Du et al. 2009b), whereas two other
laboratories suggest that the mechanism is linked to protons competing with Na*
and Ca>* ions for channel permeation, and channel closure results from a competi-
tive antagonism of protons at an intracellular Ca**-binding site (Starkus et al. 2010;
Csanady 2010).

Additional inhibition of TRPM2 currents has been observed with various diva-
lent heavy metal cations, including Cu**, Hg**, Pb**, Fe**, Se** (Zeng et al. 2012),
and Zn>* (Yang et al. 2011). Of these ions, Cu**, Hg>*, and Zn** are the most potent
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and have been shown to act as extracellular pore-blocking antagonists (Yang
et al. 2011; Zeng et al. 2012).

6 Physiological Functions in Native Cells, Organs, and Organ
Systems

The TRPM2 expression profile throughout the body (Fonfria et al. 2006b) and the
channel’s role in Ca®* mobilization from both extracellular and intracellular
compartments makes it a strong candidate to mediate significant calcium-dependent
physiological processes. The abundant presence of TRPM2 in the CNS has been
investigated and related to some physiological functions, including TRPM2’s
contribution to synaptic transmission in hippocampal CA3-CA1 synapses and its
activation following Ca** increases mediated by voltage-dependent Ca®* channels
and glutamate receptors (Olah et al. 2009; Xie et al. 2011). Additional roles for
TRPM2 in the CNS are related to its presence in microglia, the host macrophages of
the brain, where TRPM2 appears to be responsible for physiological microglia
activation through ROS- and LPS-mediated signaling (Kraft et al. 2004; Fonfria
et al. 2006a; Wehrhahn et al. 2010). However, the majority of studies place TRPM2
into the context of pathophysiological events of stroke/ischemia and
neurodegeneration (Xie et al. 2011), where TRPM2’s roles include numerous
mechanisms that result in the promotion of cytokine release, the exacerbation of
inflammation, and the initiation of neuronal death.

In addition to the neuronal and microglial populations of the CNS, TRPM?2 is
also localized in various cell types of the peripheral immune system, including
neutrophils (Heiner et al. 2003a, b, 2006; Partida-Sanchez et al. 2007; Lange
et al. 2008; Hiroi et al. 2013b), monocytes (Perraud et al. 2001; Yamamoto
et al. 2008; Wehrhahn et al. 2010), macrophages (Kashio et al. 2012; Zou
et al. 2013), dendritic cells (Partida-Sanchez et al. 2007; Sumoza-Toledo
et al. 2011), and lymphocytes (Beck et al. 2006; Buelow et al. 2008; Roedding
et al. 2012). In most cells, TRPM?2 has been investigated in the context of inflam-
mation, mediating responses to oxidative stress and/or chemoattractants, acting as a
plasma membrane-resident mediator of stimulus-induced Ca®" influx. Thus, Ca®*
influx through TRPM2 induced by H,0, and ROS in monocytes, macrophages, and
lymphocytes can directly mediate cytokine release and contribute to recruitment
and activation of inflammatory cells to the site of injury (Sano et al. 2001;
Yamamoto et al. 2009; Sumoza-Toledo et al. 2011; Kashio et al. 2012; Magnone
et al. 2012; Oda et al. 2013; Knowles et al. 2013). Additionally, TRPM2-deficient
mice show decreased levels of cytokines IL-12 and IFNy and are more susceptible
to infection with Listeria monocytogenes (Knowles et al. 2011). Interestingly,
dendritic cells express TRPM2 exclusively intracellularly, where it acts as a
lysosomal Ca®* release channel and plays a role in cell maturation via chemokine
production and cell migration (Sumoza-Toledo et al. 2011).

Paradoxically, TRPM2 has also been shown to inhibit ROS production in
phagocytic cells and prevent endotoxin-induced lung inflammation
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(Di et al. 2012). This has been linked to the dampening of NADPH oxidase-
mediated ROS production through depolarization of the plasma membrane. As a
result, TRPM2-KO mice exposed to endotoxin show enhanced inflammatory
responses and reduced survival compared to WT mice.

Outside of the immune context, TRPM2 has also been identified in endocrine
cells such as pancreatic f-cells (Qian et al. 2002; Togashi et al. 2006; Ishii
et al. 2006a, b; Lange et al. 2009; Bari et al. 2009), where its activity has been
demonstrated to contribute to glucose-induced insulin release and alloxan- and
H,0,-mediated apoptosis (Herson and Ashford 1997, 1999; Togashi et al. 2006;
Uchida and Tominaga 2011; Uchida et al. 2011). Uchida and collaborators have
shown that glucose tolerance was impaired and insulin secretion was decreased in
TRPM2 knockout mice. They also found that basal blood glucose levels were
higher in TRPM2-KO mice than in WT mice, while plasma insulin levels were
similar. p-cells isolated from TRPM2-KO mice produced smaller Ca®* signals in
response to high concentrations of glucose and incretin hormone than WT cells,
resulting in reduced insulin secretion from pancreatic islets of these mice. Insulin
secretion via TRPM2 seems to not only depend on the control of intracellular Ca**
concentrations, but also occurs through Ca%t influx-independent mechanisms
(Uchida and Tominaga 2011; Uchida et al. 2011). Additionally, TRPM2 deletion
is thought to protect mice from developing diet-induced obesity and insulin resis-
tance (Zhang et al. 2012).

TRPM2 downregulation has also been shown to protect vascular endothelial
cells from both H,O,- and tumor necrosis factor (TNF)a-induced apoptotic cell
death (Sun et al. 2012). TRPM2 channels may further be important for disrupting
the bronchial epithelial tight junctions, since their activation by oxidative stress
induced the attenuation of the junctions through phospholipase Cyl (PLCyl) and
the protein kinase Ca (PKCa) signaling cascade (Xu et al. 2013b).

A somewhat unusual role and activation mechanism has been proposed for the
AC splice variant of TRPM2 found in HeLa cells. Here it has been suggested that
the truncated TRPM2 channel is activated following exposure to hypertonic
solutions.

7 Lessons from Knockouts

Different strategies have been applied to study TRPM2 pathophysiological
functions, including gene knockout. Several studies carried out in mice have
shown that TRPM2 channels play a crucial role in the inflammatory process.
Indeed, It was found that antigen-stimulated degranulation was significantly
reduced in mucosal-type bone marrow-derived mast cells (mBMMCs) isolated
from TRPM2-KO mice (Oda et al. 2013). Moreover, macrophages and microglia
derived from this model organism show reduced production of chemokine (C-X-C
motif) ligand-2 (CXCL2) and nitric oxide synthase induction (Haraguchi
et al. 2012). Additionally, TRPM?2 ablation revealed a prominent role of TRPM2
in the dextran sulfate sodium (DSS)-induced chronic experimental colitis mouse
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model (Yamamoto et al. 2008), in which monocytes, neutrophils, and macrophages
are the primary mediators of inflammation. This study demonstrated that in
monocytes from TRPM2-deficient mice, the H,0O,-induced Ca®" influx and the
production of the macrophage inflammatory protein-2 (CXCL2) were impaired.
The impaired chemokine production in cells lacking TRPM2 was linked to a defect
in TRPM2-mediated Ca®" influx that consequently resulted in defective activation
of the Ca**-dependent kinase Pyk2 and downstream activation of the Erk/NF-xB
pathway (Yamamoto et al. 2008, 2010). In the DSS-induced colitis inflammation
model, CXCL2 expression, neutrophil infiltration, and ulceration were all
attenuated by TRPM?2 disruption, suggesting that TRPM2-mediated Ca** influx
controls the ROS-induced signaling cascade responsible for chemokine production
and the aggravation of inflammation (Yamamoto et al. 2008).

Given that ROS play an important role in airway disorders such as adult
respiratory distress syndrome (ARDS), cystic fibrosis, idiopathic fibrosis, chronic
obstructive pulmonary diseases (COPD), and asthma, it is surprising that TRPM?2
channels appear to not be critical for at least two airway inflammation models. Two
recent publications that took advantage of TRPM2-KO mice have found no obvious
or significant role for TRPM2 channels in chronic obstructive pulmonary disease in
mice exposed to ozone, LPS, or tobacco smoke (Hardaker et al. 2012) or in a mouse
airway inflammation model of OVA-induced severe allergic asthma (Sumoza-
Toledo et al. 2011).

Since TRPM?2 is also expressed in pancreatic p-cells, its role in insulin release
has been confirmed through the use of transgenic animals. TRPM2-KO mice show
impaired glucose tolerance and reduced insulin secretion, suggesting that TRPM2
contributes to the Ca®* signals and insulin secretion in pancreatic p-cells and might
represent a new factor involved in diabetes (Uchida and Tominaga 2011; Uchida
et al. 2011).

8 Role in Hereditary and Acquired Diseases

Based on their reported physiological functions, much attention has been dedicated
to investigating the role of dysfunctional expression and/or activity of TRPM2
channels in various pathological contexts. Since TRPM2 is most abundantly
expressed in the brain, it is not surprising that TRPM2 has also been associated
with CNS pathologies, including ischemia and neurodegenerative diseases (Xie
et al. 2010). TRPM2 activation following in vitro ischemia increases cell death of
male hippocampal neurons (Verma et al. 2012), and in stroke models, TRPM2
inhibition or knockdown is neuroprotective against ischemia in vitro and in vivo
(Jiaetal. 2011). TRPM2 appears to also be involved in mediating neuronal death of
striatal neurons, which are particularly vulnerable to hypoxia-/ischemia-induced
damage, and free radicals are thought to be prime mediators of this neuronal
destruction (Smith et al. 2003). Recent work suggests that the observed preferential
susceptibility of male neurons to TRPM2-mediated cell death may additionally
involve androgen signaling and activation of the PARP pathway (Shimizu
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et al. 2013). Furthermore, TRPM2 may contribute to neuropathic pain by
aggravating pro-nociceptive inflammatory responses and sensitizing the pain-
signaling pathway (Haraguchi et al. 2012).

Patients with bipolar disorders type I present high basal [Ca®*];, and the chro-
mosome region 21q22.3 harbors genes that confer susceptibility to this pathology,
including TRPM2 (Xu et al. 2006, 2009, 2013a; Roedding et al. 2012, 2013).
Although TRPM2 variants with a single amino substitution (e.g., Asp543Glu)
have been detected in patients with bipolar disorder, the relevance of these variants
in the pathogenesis of the disease remains to be elucidated. Additionally, TRPM2
has been shown to contribute to the expression of juvenile myoclonic epilepsy
(JME) phenotypes by mediating disruptive effects of JME mutations of EFHCI
protein on biological processes such as cell death (Katano et al. 2012). TRPM2 has
also been linked to amyotrophic lateral sclerosis and parkinsonism—dementia
(Hermosura and Garruto 2007). Here, a TRPM2 mutation (P1018L) results in
channels that inactivate more rapidly than wild-type channels, resulting in reduced
Ca®* entry. Again, the cellular and functional context of TRPM2 in these
pathologies remains to be demonstrated.

The presence of TRPM2 in pancreatic p-cells and its role in glucose-induced
insulin secretion suggest a possible role of this channel in diabetes (Herson and
Ashford 1997, 1999; Togashi et al. 2006; Uchida et al. 2011). Insulin release was
shown to be impaired in the TRMP2-KO mice treated by glucose and incretin
hormone (Uchida et al. 2011). In contrast, Romero and collaborators reported the
absence of any correlation between type 2 diabetes mellitus and the genetic TRPM2
variants rs2838553, rs2838554, rs4818917, rs1619968, rs1785452, rs2238725,
rs2010779, 19979491, and rs1573477 (Romero et al. 2010). However, the variants
rs2838553, rs2838554, and rs4818917 showed negative association with a homeo-
static model assessment of f-cell function, which determines insulin resistance and
B-cell function, hinting at the possibility that TRPM2 activity may indeed regulate
B-cell function. Further studies examining other variants are necessary to establish a
role of TRPM2 in diabetes.

The above-described role of TRPM2 in the immune system function makes it a
good candidate in promoting inflammatory diseases. TRPM2 expressed in
macrophages and microglia aggravates peripheral and spinal pro-nociceptive
inflammatory responses and contributes to the pathogenesis of inflammatory and
neuropathic pain (Haraguchi et al. 2012). TRPM2 may also be the target of NLRP3
inflammasome-associated inflammatory disorders, since TRPM2 was shown to be
the key factor that links oxidative stress to the NLRP3 inflammasome activation
(Zhong et al. 2013). In cardiac tissue, accumulation of neutrophils in the reperfused
area mediated by TRPM2 activation is likely to play a crucial role in myocardial I/R
injury (Hiroi et al. 2013b). While TRPM2 is clearly linked to several inflammatory
pathology models, it has been shown inconsequential in others. Hardaker and
collaborators have reported that TRPM?2 has no role in inflammatory mouse models
of COPD (Hardaker et al. 2012), and Sumoza-Toledo et al. showed that TRPM2 is
not required for airway inflammation in OVA-induced airway inflammation
(Sumoza-Toledo et al. 2013).
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Finally, TRPM2 may also play a role in cancer, where cytokine secretion by
cancer cells contributes to cancer-induced symptoms and angiogenesis. The sirtuin
SIRT6 was shown to promote cytokine secretion and migration in pancreatic cancer
cells by increasing intracellular levels of ADP-ribose and consequently TRPM2-
mediated Ca?* mobilization. This calcium entry activates the Ca®*-dependent
transcription factors (NFAT) and thereby the expression of proinflammatory,
proangiogenic, and chemotactic cytokines (TNF and IL-8) (Bauer et al. 2012). In
human lung cancer A549 cells, activation of TRPM?2 channel, which mediates ATP
release, plays significant roles in the cellular responses to DNA damage induced by
y-irradiation and UVB irradiation (Masumoto et al. 2013). Similarly, therapeutic
irradiation treatment as used in head and neck cancer treatments leads to activation
of TRPM2 via stimulation of PARP1 and contributes to irreversible loss of salivary
gland function (Liu et al. 2013). Finally, TRPM2 isoforms have been shown to play
a crucial and differential role in neuroblastoma. Indeed, overexpression of TRPM2-
S isoform in the neuroblastoma SH-SYS5Y cell line results in increased proliferation
through  phosphatidylinositol ~ 3-kinase/Akt and ERK pathways while
overexpression of TRPM2-L isoform in confers protection against oxidative
stress-induced cell death through FOXO3a and SOD (Chen et al. 2013). A more
direct role in cell proliferation has been established in prostate cancer, where
selective knockdown of TRPM2 inhibited the growth of prostate cancer cells but
not of noncancerous cells. Moreover, subcellular localization of this protein was
also remarkably different between cancerous and noncancerous cells, with benign
cells expressing TRPM2 homogenously near the plasma membrane and in the
cytoplasm, whereas in cancerous cells, a significant amount of the TRPM2 protein
was clustered in the nucleus (Zeng et al. 2010).

References

Amina S, Hashii M, Ma W-J, Yokoyama S, Lopatina O, Liu H-X, Islam MS, Higashida H (2010)
Intracellular calcium elevation induced by extracellular application of cyclic-ADP-ribose or
oxytocin is temperature-sensitive in rodent NG108-15 neuronal cells with or without exoge-
nous expression of human oxytocin receptors. J Neuroendocrinol 22:460-466

Ayub K, Hallett MB (2004) The mitochondrial ADPR link between Ca>* store release and Ca*
influx channel opening in immune cells. FASEB J 18:1335-1338

Bari MR, Akbar S, Eweida M, Kiihn FJP, Gustafsson AJ, Liickhoff A, Islam MS (2009) H,O,-
induced Ca”* influx and its inhibition by N-(p-amylcinnamoyl) anthranilic acid in the beta-
cells: involvement of TRPM2 channels. J Cell Mol Med 13:3260-3267

Bauer I, Grozio A, Lasigli¢ D, Basile G, Sturla L, Magnone M, Sociali G, Soncini D, Caffa I,
Poggi A, Zoppoli G, Cea M, Feldmann G, Mostoslavsky R, Ballestrero A, Patrone F,
Bruzzone S, Nencioni A (2012) The NAD*-dependent histone deacetylase SIRT6 promotes
cytokine production and migration in pancreatic cancer cells by regulating Ca* responses. J
Biol Chem 287:40924-40937

Beck A, Kolisek M, Bagley LA, Fleig A, Penner R (2006) Nicotinic acid adenine dinucleotide
phosphate and cyclic ADP-ribose regulate TRPM2 channels in T lymphocytes. FASEB J
20:962-964



TRPM2 419

Belrose JC, Xie Y-F, Gierszewski LJ, MacDonald JF, Jackson MF (2012) Loss of glutathione
homeostasis associated with neuronal senescence facilitates TRPM2 channel activation in
cultured hippocampal pyramidal neurons. Mol Brain 5:11

Bezzerides VJ, Ramsey IS, Kotecha S, Greka A, Clapham DE (2004) Rapid vesicular translocation
and insertion of TRP channels. Nat Cell Biol 6:709-720

Brailoiu E, Churamani D, Cai X, Schrlau MG, Brailoiu GC, Gao X, Hooper R, Boulware MJ, Dun
NJ, Marchant JS, Patel S (2009) Essential requirement for two-pore channel 1 in NAADP-
mediated calcium signaling. J Cell Biol 186:201-209

Bruzzone S, Franco L, Guida L, Zocchi E, Contini P, Bisso A, Usai C, De Flora A (2001) A self-
restricted CD38-connexin 43 cross-talk affects NAD+ and cyclic ADP-ribose metabolism and
regulates intracellular calcium in 3T3 fibroblasts. J Biol Chem 276:48300—48308

Buelow B, Song Y, Scharenberg AM (2008) The Poly(ADP-ribose) polymerase PARP-1 is
required for oxidative stress-induced TRPM2 activation in lymphocytes. J Biol Chem
283:24571-24583

Caiafa P, Guastafierro T, Zampieri M (2009) Epigenetics: poly(ADP-ribosyl)ation of PARP-1
regulates genomic methylation patterns. FASEB J 23:672-678

Calcraft PJ, Ruas M, Pan Z, Cheng X, Arredouani A, Hao X, Tang J, Rietdorf K, Teboul L, Chuang
K-T, Lin P, Xiao R, Wang C, Zhu Y, Lin Y, Wyatt CN, Parrington J, Ma J, Evans AM,
Galione A, Zhu MX (2009) NAADP mobilizes calcium from acidic organelles through
two-pore channels. Nature 459:596-600

Carter RN, Tolhurst G, Walmsley G, Vizuete-Forster M, Miller N, Mahaut-Smith MP (2006)
Molecular and electrophysiological characterization of transient receptor potential ion
channels in the primary murine megakaryocyte. J Physiol 576:151-162

Chen S, Zhang W, Tong Q, Conrad K, Hirschler-Laszkiewicz I, Bayerl M, Kim JK, Cheung JY,
Miller BA (2013) Role of TRPM2 in cell proliferation and susceptibility to oxidative stress.
Am J Physiol Cell Physiol 304:C548—C560

Cheng X, Shen D, Samie M, Xu H (2010) Mucolipins: intracellular TRPML1-3 channels. FEBS
Lett 584:2013-2021

Csanady L (2010) Permeating proton found guilty in compromising TRPM2 channel activity. J
Physiol 588:1661-1662

Csanady L, Torocsik B (2009) Four Ca** jons activate TRPM2 channels by binding in deep
crevices near the pore but intracellularly of the gate. J Gen Physiol 133:189-203

Di A, Gao X-P, Qian F, Kawamura T, Han J, Hecquet C, Ye RD, Vogel SM, Malik AB (2012) The
redox-sensitive cation channel TRPM2 modulates phagocyte ROS production and inflamma-
tion. Nat Immunol 13:29-34

Dong X-P, Wang X, Xu H (2010) TRP channels of intracellular membranes. J Neurochem
113:313-328

Du J, Xie J, Yue L (2009a) Intracellular calcium activates TRPM2 and its alternative spliced
isoforms. Proc Natl Acad Sci USA 106:7239-7244

Du J, Xie J, Yue L (2009b) Modulation of TRPM2 by acidic pH and the underlying mechanisms
for pH sensitivity. J Gen Physiol 134:471-488

Esposito E, Cuzzocrea S (2009) Superoxide, NO, peroxynitrite and PARP in circulatory shock and
inflammation. Front Biosci 14:263-296

Fauzee NJS, Pan J, Wang Y (2010) PARP and PARG inhibitors—new therapeutic targets in cancer
treatment. Pathol Oncol Res 16:469-478

Fleig A, Penner R (2004a) Emerging roles of TRPM channels. Novartis Found Symp 258:248—
258, discussion 258-266

Fleig A, Penner R (2004b) The TRPM ion channel subfamily: molecular, biophysical and
functional features. Trends Pharmacol Sci 25:633-639

Fonfria E, Marshall ICB, Benham CD, Boyfield I, Brown JD, Hill K, Hughes JP, Skaper SD,
McNulty S (2004) TRPM2 channel opening in response to oxidative stress is dependent on
activation of poly(ADP-ribose) polymerase. Br J Pharmacol 143:186-192



420 M. Faouzi and R. Penner

Fonfria E, Marshall ICB, Boyfield I, Skaper SD, Hughes JP, Owen DE, Zhang W, Miller BA,
Benham CD, McNulty S (2005) Amyloid beta-peptide(1-42) and hydrogen peroxide-induced
toxicity are mediated by TRPM2 in rat primary striatal cultures. J Neurochem 95:715-723

Fonfria E, Mattei C, Hill K, Brown JT, Randall A, Benham CD, Skaper SD, Campbell CA,
Crook B, Murdock PR, Wilson JM, Maurio FP, Owen DE, Tilling PL, McNulty S (2006a)
TRPM?2 is elevated in the tMCAO stroke model, transcriptionally regulated, and functionally
expressed in C13 microglia. J Recept Signal Transduct Res 26:179-198

Fonfria E, Murdock PR, Cusdin FS, Benham CD, Kelsell RE, McNulty S (2006b) Tissue
distribution profiles of the human TRPM cation channel family. J Recept Signal Transduct
Res 26:159-178

Franco L, Guida L, Bruzzone S, Zocchi E, Usai C, Flora AD (1998) The transmembrane
glycoprotein CD38 is a catalytically active transporter responsible for generation and influx
of the second messenger cyclic ADP-ribose across membranes. FASEB J 12:1507-1520

Galione A, Evans AM, Ma J, Parrington J, Arredouani A, Cheng X, Zhu MX (2009) The acid test:
the discovery of two-pore channels (TPCs) as NAADP-gated endolysosomal Ca®* release
channels. Pflugers Arch 458:869-876

Gasser A, Bruhn S, Guse AH (2006) Second messenger function of nicotinic acid adenine
dinucleotide phosphate revealed by an improved enzymatic cycling assay. J Biol Chem
281:16906-16913

Grubisha O, Rafty LA, Takanishi CL, Xu X, Tong L, Perraud A-L, Scharenberg AM, Denu JM
(2006) Metabolite of SIR2 reaction modulates TRPM?2 ion channel. J Biol Chem 281:14057—
14065

Hara Y, Wakamori M, Ishii M, Maeno E, Nishida M, Yoshida T, Yamada H, Shimizu S, Mori E,
Kudoh J, Shimizu N, Kurose H, Okada Y, Imoto K, Mori Y (2002) LTRPC2 Ca2+—permeable
channel activated by changes in redox status confers susceptibility to cell death. Mol Cell
9:163-173

Haraguchi K, Kawamoto A, Isami K, Maeda S, Kusano A, Asakura K, Shirakawa H, Mori Y,
Nakagawa T, Kaneko S (2012) TRPM2 contributes to inflammatory and neuropathic pain
through the aggravation of pronociceptive inflammatory responses in mice. J Neurosci
32:3931-3941

Hardaker L, Bahra P, de Billy BC, Freeman M, Kupfer N, Wyss D, Trifilieff A (2012) The ion
channel transient receptor potential melastatin-2 does not play a role in inflammatory mouse
models of chronic obstructive pulmonary diseases. Respir Res 13:30

Harteneck C, Plant TD, Schultz G (2000) From worm to man: three subfamilies of TRP channels.
Trends Neurosci 23:159-166

Hecquet CM, Malik AB (2009) Role of H,O;-activated TRPM2 calcium channel in oxidant-
induced endothelial injury. Thromb Haemost 101:619-625

Hecquet CM, Ahmmed GU, Vogel SM, Malik AB (2008) Role of TRPM2 channel in mediating
H,0,-induced Ca** entry and endothelial hyperpermeability. Circ Res 102:347-355

Hecquet CM, Ahmmed GU, Malik AB (2010) TRPM2 channel regulates endothelial barrier
function. Adv Exp Med Biol 661:155-167

Heiner I, Eisfeld J, Halaszovich CR, Wehage E, Jiingling E, Zitt C, Liickhoff A (2003a) Expres-
sion profile of the transient receptor potential (TRP) family in neutrophil granulocytes:
evidence for currents through long TRP channel 2 induced by ADP-ribose and NAD. Biochem
J371:1045-1053

Heiner I, Eisfeld J, Liickhoff A (2003b) Role and regulation of TRP channels in neutrophil
granulocytes. Cell Calcium 33:533-540

Heiner I, Eisfeld J, Warnstedt M, Radukina N, Jiingling E, Liickhoff A (2006) Endogenous
ADP-ribose enables calcium-regulated cation currents through TRPM2 channels in neutrophil
granulocytes. Biochem J 398:225-232

Hermosura MC, Garruto RM (2007) TRPM7 and TRPM2-Candidate susceptibility genes for
Western Pacific ALS and PD? Biochim Biophys Acta 1772:822-835



TRPM2 421

Herson PS, Ashford ML (1997) Activation of a novel non-selective cation channel by alloxan and
H,0, in the rat insulin-secreting cell line CRI-G1. J Physiol 501:59-66

Herson PS, Ashford ML (1999) Reduced glutathione inhibits beta-NAD™-activated non-selective
cation currents in the CRI-G1 rat insulin-secreting cell line. J Physiol 514:47-57

Hiroi H, Momoeda M, Watanabe T, Ito M, Ikeda K, Tsutsumi R, Hosokawa Y, Koizumi M,
Zenri F, Muramatsu M, Taketani Y, Inoue S (2013a) Expression and regulation of transient
receptor potential cation channel, subfamily M, member 2 (TRPM2) in human endometrium.
Mol Cell Endocrinol 365:146—152

Hiroi T, Wajima T, Negoro T, Ishii M, Nakano Y, Kiuchi Y, Mori Y, Shimizu S (2013b)
Neutrophil TRPM2 channels are implicated in the exacerbation of myocardial ischaemia/
reperfusion injury. Cardiovasc Res 97:271-281

Hong C-W, Kim T-K, Ham H-Y, Nam J-S, Kim YH, Zheng H, Pang B, Min T-K, Jung J-S, Lee
S-N, Cho H-J, Kim E-J, Hong I-H, Kang T-C, Lee J, Oh SB, Jung SJ, Kim SJ, Song D-K (2010)
Lysophosphatidylcholine increases neutrophil bactericidal activity by enhancement of
azurophil granule-phagosome fusion via glycine.GlyR alpha 2/TRPM2/p38 MAPK signaling.
J Immunol 184:4401-4413

Inamura K, Sano Y, Mochizuki S, Yokoi H, Miyake A, Nozawa K, Kitada C, Matsushime H,
Furuichi K (2003) Response to ADP-ribose by activation of TRPM2 in the CRI-G1 insulinoma
cell line. ] Membr Biol 191:201-207

Ishii M, Shimizu S, Hagiwara T, Wajima T, Miyazaki A, Mori Y, Kiuchi Y (2006a) Extracellular-
added ADP-ribose increases intracellular free Ca>* concentration through Ca®* release from
stores, but not through TRPM2-mediated Ca®* entry, in rat beta-cell line RIN-5F. J Pharmacol
Sci 101:174-178

Ishii M, Shimizu S, Hara Y, Hagiwara T, Miyazaki A, Mori Y, Kiuchi Y (2006b) Intracellular-
produced hydroxyl radical mediates H,O,-induced Ca®* influx and cell death in rat beta-cell
line RIN-5F. Cell Calcium 39:487—494

Jia J, Verma S, Nakayama S, Quillinan N, Grafe MR, Hurn PD, Herson PS (2011) Sex differences
in neuroprotection provided by inhibition of TRPM2 channels following experimental stroke. J
Cereb Blood Flow Metab 31:2160-2168

Jiang L-H (2007) Subunit interaction in channel assembly and functional regulation of transient
receptor potential melastatin (TRPM) channels. Biochem Soc Trans 35:86—88

Kashio M, Sokabe T, Shintaku K, Uematsu T, Fukuta N, Kobayashi N, Mori Y, Tominaga M
(2012) Redox signal-mediated sensitization of transient receptor potential melastatin
2 (TRPM2) to temperature affects macrophage functions. Proc Natl Acad Sci USA
109:6745-6750

Katano M, Numata T, Aguan K, Hara Y, Kiyonaka S, Yamamoto S, Miki T, Sawamura S,
Suzuki T, Yamakawa K, Mori Y (2012) The juvenile myoclonic epilepsy-related protein
EFHCI interacts with the redox-sensitive TRPM2 channel linked to cell death. Cell Calcium
51:179-185

Kim W, Bennett EJ, Huttlin EL, Guo A, Li J, Possemato A, Sowa ME, Rad R, Rush J, Comb MJ,
Harper JW, Gygi SP (2011) Systematic and quantitative assessment of the ubiquitin-modified
proteome. Mol Cell 44:325-340

Kim T-K, Nam JH, Ahn W-G, Kim N-H, Ham H-Y, Hong C-W, Nam J-S, Lee J, Huh S-O, So I,
Kim SJ, Song D-K (2013) Lysine 1110 of TRPM2 is critical for channel activation. Biochem J
455:319-327. doi:10.1042/BJ20130303

Knowles H, Heizer JW, Li Y, Chapman K, Ogden CA, Andreasen K, Shapland E, Kucera G,
Mogan J, Humann J, Lenz LL, Morrison AD, Perraud A-L (2011) Transient Receptor Potential
Melastatin 2 (TRPM2) ion channel is required for innate immunity against Listeria
monocytogenes. Proc Natl Acad Sci USA 108:11578-11583

Knowles H, Li Y, Perraud A-L (2013) The TRPM2 ion channel, an oxidative stress and metabolic
sensor regulating innate immunity and inflammation. Immunol Res 55:241-248

Kolisek M, Beck A, Fleig A, Penner R (2005) Cyclic ADP-ribose and hydrogen peroxide
synergize with ADP-ribose in the activation of TRPM2 channels. Mol Cell 18:61-69


http://dx.doi.org/10.1042/BJ20130303

422 M. Faouzi and R. Penner

Kraft R, Grimm C, Grosse K, Hoffmann A, Sauerbruch S, Kettenmann H, Schultz G, Harteneck C
(2004) Hydrogen peroxide and ADP-ribose induce TRPM2-mediated calcium influx and cation
currents in microglia. Am J Physiol Cell Physiol 286:C129-C137

Kiihn FJP, Liickhoff A (2004) Sites of the NUDT9-H domain critical for ADP-ribose activation of
the cation channel TRPM2. J Biol Chem 279:46431-46437

Kiihn FJP, Knop G, Liickhoff A (2007) The transmembrane segment S6 determines cation versus
anion selectivity of TRPM2 and TRPMS. J Biol Chem 282:27598-27609

Kiihn FJP, Kiihn C, Naziroglu M, Liickhoff A (2009) Role of an N-terminal splice segment in the
activation of the cation channel TRPM2 by ADP-ribose and hydrogen peroxide. Neurochem
Res 34:227-233

Lange I, Penner R, Fleig A, Beck A (2008) Synergistic regulation of endogenous TRPM2 channels
by adenine dinucleotides in primary human neutrophils. Cell Calcium 44:604-615

Lange I, Yamamoto S, Partida-Sanchez S, Mori Y, Fleig A, Penner R (2009) TRPM2 functions as
a lysosomal Ca®*-release channel in f cells. Sci Signal 2:ra23

Lipski J, Park TIH, Li D, Lee SCW, Trevarton AJ, Chung KKH, Freestone PS, Bai J-Z (2006)
Involvement of TRP-like channels in the acute ischemic response of hippocampal CAl
neurons in brain slices. Brain Res 1077:187-199

Liu X, Cotrim A, Teos L, Zheng C, Swaim W, Mitchell J, Mori Y, Ambudkar I (2013) Loss of
TRPM?2 function protects against irradiation-induced salivary gland dysfunction. Nat Commun
4:1515

Lund FE (2006) Signaling properties of CD38 in the mouse immune system: enzyme-dependent
and -independent roles in immunity. Mol Med 12:328-333

Lund F, Solvason N, Grimaldi JC, Parkhouse RM, Howard M (1995) Murine CD38: an immuno-
regulatory ectoenzyme. Immunol Today 16:469—473

Lund FE, Cockayne DA, Randall TD, Solvason N, Schuber F, Howard MC (1998) CD38: a new
paradigm in lymphocyte activation and signal transduction. Immunol Rev 161:79-93

Magnone M, Bauer I, Poggi A, Mannino E, Sturla L, Brini M, Zocchi E, De Flora A, Nencioni A,
Bruzzone S (2012) NAD" levels control Ca®* store replenishment and mitogen-induced
increase of cytosolic Ca** by cyclic ADP-ribose-dependent TRPM2 channel gating in human
T lymphocytes. J Biol Chem 287:21067-21081

Malavasi F, Deaglio S, Ferrero E, Funaro A, Sancho J, Ausiello CM, Ortolan E, Vaisitti T,
Zubiaur M, Fedele G, Aydin S, Tibaldi EV, Durelli I, Lusso R, Cozno F, Horenstein AL
(2006) CD38 and CD157 as receptors of the immune system: a bridge between innate and
adaptive immunity. Mol Med 12:334-341

Maruyama Y, Ogura T, Mio K, Kiyonaka S, Kato K, Mori Y, Sato C (2007) Three-dimensional
reconstruction using transmission electron microscopy reveals a swollen, bell-shaped structure
of transient receptor potential melastatin type 2 cation channel. J Biol Chem 282:36961-36970

Masumoto K, Tsukimoto M, Kojima S (2013) Role of TRPM2 and TRPV1 cation channels in
cellular responses to radiation-induced DNA damage. Biochim Biophys Acta 1830:3382-3390

McHugh D, Flemming R, Xu S-Z, Perraud A-L, Beech DJ (2003) Critical intracellular Ca>*
dependence of transient receptor potential melastatin 2 (TRPM2) cation channel activation. J
Biol Chem 278:11002-11006

Mei Z-Z, Mao H-J, Jiang L-H (2006a) Conserved cysteine residues in the pore region are
obligatory for human TRPM2 channel function. Am J Physiol Cell Physiol 291:C1022-C1028

Mei Z-Z, Xia R, Beech DJ, Jiang L-H (2006b) Intracellular coiled-coil domain engaged in subunit
interaction and assembly of melastatin-related transient receptor potential channel 2. J Biol
Chem 281:38748-38756

Mildvan AS, Xia Z, Azurmendi HF, Saraswat V, Legler PM, Massiah MA, Gabelli SB, Bianchet
MA, Kang L-W, Amzel LM (2005) Structures and mechanisms of Nudix hydrolases. Arch
Biochem Biophys 433:129-143

Miller BA, Wang J, Hirschler-Laszkiewicz I, Gao E, Song J, Zhang X-Q, Koch WJ, Madesh M,
Mallilankaraman K, Gu T, Chen S, Keefer K, Conrad K, Feldman AM, Cheung JY (2013) The



TRPM2 423

second member of transient receptor potential-melastatin channel family protects hearts from
ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol 304:H1010-H1022

Montell C, Birnbaumer L, Flockerzi V, Bindels RJ, Bruford EA, Caterina MJ, Clapham DE,
Harteneck C, Heller S, Julius D, Kojima I, Mori Y, Penner R, Prawitt D, Scharenberg AM,
Schultz G, Shimizu N, Zhu MX (2002) A unified nomenclature for the superfamily of TRP
cation channels. Mol Cell 9:229-231

Morenilla-Palao C, Planells-Cases R, Garcia-Sanz N, Ferrer-Montiel A (2004) Regulated exocy-
tosis contributes to protein kinase C potentiation of vanilloid receptor activity. J Biol Chem
279:25665-25672

Nagamine K, Kudoh J, Minoshima S, Kawasaki K, Asakawa S, Ito F, Shimizu N (1998) Molecular
cloning of a novel putative Ca>* channel protein (TRPC7) highly expressed in brain. Genomics
54:124-131

Naziroglu M, Liickhoff A (2008) A calcium influx pathway regulated separately by oxidative
stress and ADP-Ribose in TRPM2 channels: single channel events. Neurochem Res 33:1256—
1262

Numata T, Sato K, Christmann J, Marx R, Mori Y, Okada Y, Wehner F (2012) The AC splice-
variant of TRPM2 is the hypertonicity-induced cation channel in HeLa cells, and the ecto-
enzyme CD38 mediates its activation. J Physiol 590:1121-1138

Oancea E, Wolfe JT, Clapham DE (2006) Functional TRPM7 channels accumulate at the plasma
membrane in response to fluid flow. Circ Res 98:245-253

Oda S, Uchida K, Wang X, Lee J, Shimada Y, Tominaga M, Kadowaki M (2013) TRPM2
contributes to antigen-stimulated Ca*" influx in mucosal mast cells. Plugers Arch 465:1023—
1030

Olah ME, Jackson MF, Li H, Perez Y, Sun H-S, Kiyonaka S, Mori Y, Tymianski M, MacDonald
JF (2009) Ca2+-dependent induction of TRPM2 currents in hippocampal neurons. J Physiol
587:965-979

Partida-Sanchez S, Randall TD, Lund FE (2003) Innate immunity is regulated by CD38, an ecto-
enzyme with ADP-ribosyl cyclase activity. Microbes Infect 5:49-58

Partida-Sanchez S, Iribarren P, Moreno-Garcia ME, Gao J-L, Murphy PM, Oppenheimer N, Wang
JM, Lund FE (2004) Chemotaxis and calcium responses of phagocytes to formyl peptide
receptor ligands is differentially regulated by cyclic ADP ribose. J Immunol 172:1896-1906

Partida-Sanchez S, Gasser A, Fliegert R, Siebrands CC, Dammermann W, Shi G, Mousseau BJ,
Sumoza-Toledo A, Bhagat H, Walseth TF, Guse AH, Lund FE (2007) Chemotaxis of mouse
bone marrow neutrophils and dendritic cells is controlled by adp-ribose, the major product
generated by the CD38 enzyme reaction. J Immunol 179:7827-7839

Perraud AL, Fleig A, Dunn CA, Bagley LA, Launay P, Schmitz C, Stokes AJ, Zhu Q, Bessman
MJ, Penner R, Kinet JP, Scharenberg AM (2001) ADP-ribose gating of the calcium-permeable
LTRPC2 channel revealed by Nudix motif homology. Nature 411:595-599

Perraud A-L, Schmitz C, Scharenberg AM (2003a) TRPM2 Ca* permeable cation channels: from
gene to biological function. Cell Calcium 33:519-531

Perraud A-L, Shen B, Dunn CA, Rippe K, Smith MK, Bessman MJ, Stoddard BL, Scharenberg
AM (2003b) NUDT?9, a member of the Nudix hydrolase family, is an evolutionarily conserved
mitochondrial ADP-ribose pyrophosphatase. J Biol Chem 278:1794-1801

Perraud A-L, Takanishi CL, Shen B, Kang S, Smith MK, Schmitz C, Knowles HM, Ferraris D,
Li W, Zhang J, Stoddard BL, Scharenberg AM (2005) Accumulation of free ADP-ribose from
mitochondria mediates oxidative stress-induced gating of TRPM2 cation channels. J Biol
Chem 280:6138-6148

Piper RC, Luzio JP (2004) CUPpling calcium to lysosomal biogenesis. Trends Cell Biol 14:471—
473

Pitt SJ, Funnell TM, Sitsapesan M, Venturi E, Rietdorf K, Ruas M, Ganesan A, Gosain R,
Churchill GC, Zhu MX, Parrington J, Galione A, Sitsapesan R (2010) TPC2 is a novel
NAADP-sensitive Ca* release channel, operating as a dual sensor of luminal pH and Ca**. J
Biol Chem 285:35039-35046



424 M. Faouzi and R. Penner

Qian F, Huang P, Ma L, Kuznetsov A, Tamarina N, Philipson LH (2002) TRP genes: candidates
for nonselective cation channels and store-operated channels in insulin-secreting cells. Diabe-
tes 51:5183-S189

Roedding AS, Gao AF, Au-Yeung W, Scarcelli T, Li PP, Warsh JJ (2012) Effect of oxidative
stress on TRPM2 and TRPC3 channels in B lymphoblast cells in bipolar disorder. Bipolar
Disord 14:151-161

Roedding AS, Tong SY, Au-Yeung W, Li PP, Warsh JJ (2013) Chronic oxidative stress modulates
TRPC3 and TRPM2 channel expression and function in rat primary cortical neurons: relevance
to the pathophysiology of bipolar disorder. Brain Res 1517:16-27

Romero JR, Germer S, Castonguay AJ, Barton NS, Martin M, Zee RYL (2010) Gene variation of
the transient receptor potential cation channel, subfamily M, member 2 (TRPM2) and type
2 diabetes mellitus: a case-control study. Clin Chim Acta Int J Clin Chem 411:1437-1440

Ruas M, Rietdorf K, Arredouani A, Davis LC, Lloyd-Evans E, Koegel H, Funnell TM, Morgan AJ,
Ward JA, Watanabe K, Cheng X, Churchill GC, Zhu MX, Platt FM, Wessel GM, Parrington J,
Galione A (2010) Purified TPC isoforms form NAADP receptors with distinct roles for Ca**
signaling and endolysosomal trafficking. Curr Biol 20:703-709

Sano Y, Inamura K, Miyake A, Mochizuki S, Yokoi H, Matsushime H, Furuichi K (2001)
Immunocyte Ca®* influx system mediated by LTRPC2. Science 293:1327-1330

Shen BW, Perraud AL, Scharenberg A, Stoddard BL (2003) The crystal structure and mutational
analysis of human NUDT9. J Mol Biol 332:385-398

Shimizu T, Macey TA, Quillinan N, Klawitter J, Perraud A-LL, Traystman RJ, Herson PS (2013)
Androgen and PARP-1 regulation of TRPM2 channels after ischemic injury. J Cereb Blood
Flow Metab 33:1549-1555. doi:10.1038/jcbfm.2013.105

Singh BB, Lockwich TP, Bandyopadhyay BC, Liu X, Bollimuntha S, Brazer S-C, Combs C,
Das S, Leenders AGM, Sheng Z-H, Knepper MA, Ambudkar SV, Ambudkar IS (2004)
VAMP2-dependent exocytosis regulates plasma membrane insertion of TRPC3 channels and
contributes to agonist-stimulated Ca>* influx. Mol Cell 15:635-646

Smith MA, Herson PS, Lee K, Pinnock RD, Ashford MLJ (2003) Hydrogen-peroxide-induced
toxicity of rat striatal neurones involves activation of a non-selective cation channel. J Physiol
547:417-425

So I, Kim H-G, Jeon J-H, Kwon D, Shin S-Y, Shin Y-C, Chun JN, Cho HS, Lim JM. TRIP
database. http://trpchannel.org/summaries/TRPM2

Starkus J, Beck A, Fleig A, Penner R (2007) Regulation of TRPM2 by extra- and intracellular
calcium. J Gen Physiol 130:427-440

Starkus JG, Fleig A, Penner R (2010) The calcium-permeable non-selective cation channel
TRPM2 is modulated by cellular acidification. J Physiol 588:1227-1240

Sumoza-Toledo A, Lange I, Cortado H, Bhagat H, Mori Y, Fleig A, Penner R, Partida-Sanchez S
(2011) Dendritic cell maturation and chemotaxis is regulated by TRPM2-mediated lysosomal
Ca®* release. FASEB J 25:3529-3542

Sumoza-Toledo A, Fleig A, Penner R (2013) TRPM2 channels are not required for acute airway
inflammation in OVA-induced severe allergic asthma in mice. J Inflamm 10:19

Sun L, Yau H-Y, Wong W-Y, Li RA, Huang Y, Yao X (2012) Role of TRPM2 in H,O,-induced
cell apoptosis in endothelial cells. PLoS One 7:¢43186

Takahashi N, Kozai D, Kobayashi R, Ebert M, Mori Y (2011) Roles of TRPM2 in oxidative stress.
Cell Calcium 50:279-287

Takahashi K, Sakamoto K, Kimura J (2012) Hypoxic stress induces transient receptor potential
melastatin 2 (TRPM2) channel expression in adult rat cardiac fibroblasts. J Pharmacol Sci
118:186-197

Thebault S, Lemonnier L, Bidaux G, Flourakis M, Bavencoffe A, Gordienko D, Roudbaraki M,
Delcourt P, Panchin Y, Shuba Y, Skryma R, Prevarskaya N (2005) Novel role of cold/menthol-
sensitive transient receptor potential melastatine family member 8 (TRPMS) in the activation
of store-operated channels in LNCaP human prostate cancer epithelial cells. J Biol Chem
280:39423-39435


http://dx.doi.org/10.1038/jcbfm.2013.105
http://trpchannel.org/summaries/TRPM2

TRPM2 425

Togashi K, Hara Y, Tominaga T, Higashi T, Konishi Y, Mori Y, Tominaga M (2006) TRPM2
activation by cyclic ADP-ribose at body temperature is involved in insulin secretion. EMBO J
25:1804-1815

Tong L, Denu JM (2010) Function and metabolism of sirtuin metabolite O-acetyl-ADP-ribose.
Biochim Biophys Acta 1804:1617-1625

Tong Q, Zhang W, Conrad K, Mostoller K, Cheung JY, Peterson BZ, Miller BA (2006) Regulation
of the transient receptor potential channel TRPM2 by the Ca®* sensor calmodulin. J Biol Chem
281:9076-9085

Téth B, Csanady L (2010) Identification of direct and indirect effectors of the transient receptor
potential melastatin 2 (TRPM2) cation channel. J Biol Chem 285:30091-30102

Uchida K, Tominaga M (2011) The role of thermosensitive TRP (transient receptor potential)
channels in insulin secretion. Endocr J 58:1021-1028

Uchida K, Dezaki K, Damdindorj B, Inada H, Shiuchi T, Mori Y, Yada T, Minokoshi Y, Tominaga
M (2011) Lack of TRPM2 impaired insulin secretion and glucose metabolisms in mice.
Diabetes 60:119-126

Uemura T, Kudoh J, Noda S, Kanba S, Shimizu N (2005) Characterization of human and mouse
TRPM2 genes: identification of a novel N-terminal truncated protein specifically expressed in
human striatum. Biochem Biophys Res Commun 328:1232-1243

Vazquez E, Valverde MA (2006) A review of TRP channels splicing. Semin Cell Dev Biol
17:607-617

Verma S, Quillinan N, Yang Y-F, Nakayama S, Cheng J, Kelley MH, Herson PS (2012) TRPM2
channel activation following in vitro ischemia contributes to male hippocampal cell death.
Neurosci Lett 530:41-46

Wagner SA, Beli P, Weinert BT, Nielsen ML, Cox J, Mann M, Choudhary C (2011) A proteome-
wide, quantitative survey of in vivo ubiquitylation sites reveals widespread regulatory roles.
Mol Cell Proteomics 10:M111.013284

Wehage E, Eisfeld J, Heiner I, Jiingling E, Zitt C, Liickhoff A (2002) Activation of the cation
channel long transient receptor potential channel 2 (LTRPC2) by hydrogen peroxide. A splice
variant reveals a mode of activation independent of ADP-ribose. J Biol Chem 277:23150—
23156

Wehrhahn J, Kraft R, Harteneck C, Hauschildt S (2010) Transient receptor potential melastatin 2 is
required for lipopolysaccharide-induced cytokine production in human monocytes. J Immunol
184:2386-2393

Wenning AS, Neblung K, Strauss B, Wolfs M-J, Sappok A, Hoth M, Schwarz EC (2011) TRP
expression pattern and the functional importance of TRPC3 in primary human T-cells.
Biochim Biophys Acta 1813:412-423

Xie Y-F, Macdonald JF, Jackson MF (2010) TRPM2, calcium and neurodegenerative diseases. Int
J Physiol Pathophysiol Pharmacol 2:95-103

Xie Y-F, Belrose JC, Lei G, Tymianski M, Mori Y, Macdonald JF, Jackson MF (2011) Depen-
dence of NMDA/GSK-38 mediated metaplasticity on TRPM2 channels at hippocampal
CA3-CA1 synapses. Mol Brain 4:44

Xu C, Macciardi F, Li PP, Yoon I-S, Cooke RG, Hughes B, Parikh SV, McIntyre RS, Kennedy JL,
Warsh JJ (2006) Association of the putative susceptibility gene, transient receptor potential
protein melastatin type 2, with bipolar disorder. Am J Med Genet B Neuropsychiatr Genet
141B:36-43

Xu C, Li PP, Cooke RG, Parikh SV, Wang K, Kennedy JL, Warsh JJ (2009) TRPM2 variants and
bipolar disorder risk: confirmation in a family-based association study. Bipolar Disord 11:1-10

Xu C, Warsh JJ, Wang KS, Mao CX, Kennedy JL (2013a) Association of the iPLA2p gene with
bipolar disorder and assessment of its interaction with TRPM2 gene polymorphisms. Psychiatr
Genet 23:86-89

Xu R, Li Q, Zhou X-D, Perelman JM, Kolosov VP (2013b) Oxidative Stress Mediates the
Disruption of Airway Epithelial Tight Junctions through a TRPM2-PLCy1-PKCa Signaling
Pathway. Int J Mol Sci 14:9475-9486



426 M. Faouzi and R. Penner

Yamamoto S, Shimizu S, Kiyonaka S, Takahashi N, Wajima T, Hara Y, Negoro T, Hiroi T,
Kiuchi Y, Okada T, Kaneko S, Lange I, Fleig A, Penner R, Nishi M, Takeshima H, Mori Y
(2008) TRPM2-mediated Ca®* influx induces chemokine production in monocytes that
aggravates inflammatory neutrophil infiltration. Nat Med 14:738-747

Yamamoto S, Shimizu S, Mori Y (2009) Involvement of TRPM2 channel in amplification of
reactive oxygen species-induced signaling and chronic inflammation. Nihon Yakurigaku
Zasshi Folia Pharmacol Jpn 134:122-126

Yamamoto S, Takahashi N, Mori Y (2010) Chemical physiology of oxidative stress-activated
TRPM2 and TRPC5 channels. Prog Biophys Mol Biol 103:18-27

Yang X-R, Lin M-J, McIntosh LS, Sham JSK (2006) Functional expression of transient receptor
potential melastatin- and vanilloid-related channels in pulmonary arterial and aortic smooth
muscle. Am J Physiol Lung Cell Mol Physiol 290:L.1267-L1276

Yang W, Zou J, Xia R, Vaal ML, Seymour VA, Luo J, Beech DJ, Jiang L-H (2010) State-
dependent inhibition of TRPM2 channel by acidic pH. J Biol Chem 285:30411-30418

Yang W, Manna PT, Zou J, Luo J, Beech DJ, Sivaprasadarao A, Jiang L-H (2011) Zinc inactivates
melastatin transient receptor potential 2 channels via the outer pore. J Biol Chem 286:23789—
23798

Zeng X, Sikka SC, Huang L, Sun C, Xu C, Jia D, Abdel-Mageed AB, Pottle JE, Taylor JT, Li M
(2010) Novel role for the transient receptor potential channel TRPM2 in prostate cancer cell
proliferation. Prostate Cancer Prostatic Dis 13:195-201

Zeng B, Chen G-L, Xu S-Z (2012) Divalent copper is a potent extracellular blocker for TRPM2
channel. Biochem Biophys Res Commun 424:279-284

Zhang W, Chu X, Tong Q, Cheung JY, Conrad K, Masker K, Miller BA (2003) A novel TRPM2
isoform inhibits calcium influx and susceptibility to cell death. J Biol Chem 278:16222-16229

Zhang W, Tong Q, Conrad K, Wozney J, Cheung JY, Miller BA (2007) Regulation of TRP
channel TRPM2 by the tyrosine phosphatase PTPL1. Am J Physiol Cell Physiol 292:C1746—
C1758

Zhang Z, Zhang W, Jung DY, Ko HJ, Lee Y, Friedline RH, Lee E, Jun J, Ma Z, Kim F,
Tsitsilianos N, Chapman K, Morrison A, Cooper MP, Miller BA, Kim JK (2012) TRPM2
Ca®" channel regulates energy balance and glucose metabolism. Am J Physiol Endocrinol
Metab 302:E807-E816

Zhong Z, Zhai Y, Liang S, Mori Y, Han R, Sutterwala FS, Qiao L (2013) TRPM2 links oxidative
stress to NLRP3 inflammasome activation. Nat Commun 4:1611

Zong X, Schieder M, Cuny H, Fenske S, Gruner C, Rotzer K, Griesbeck O, Harz H, Biel M, Wahl-
Schott C (2009) The two-pore channel TPCN2 mediates NAADP-dependent Ca**-release from
lysosomal stores. Pflugers Arch 458:891-899

Zou J, Ainscough JF, Yang W, Sedo A, Yu S-P, Mei Z-Z, Sivaprasadarao A, Beech DJ, Jiang L-H
(2013) A differential role of macrophage TRPM2 channels in Ca®* signalling and cell death in
early responses to H,O,. Am J Physiol Cell Physiol 305:C61-C69



	TRPM2
	1 Gene
	2 Expression
	3 The Channel Protein Including Structural Aspects
	4 Interacting Proteins
	5 A Biophysical Description of the Channel Function, Permeation, and Gating
	6 Physiological Functions in Native Cells, Organs, and Organ Systems
	7 Lessons from Knockouts
	8 Role in Hereditary and Acquired Diseases
	References


