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Modulates ROS Through Nrf2
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Transient receptor potential melastatin channel subfamily member 2 (TRPM2) has an essential role in
protecting cell viability through modulation of oxidative stress. TRPM2 is highly expressed in cancer.
When TRPM2 is inhibited, mitochondria are dysfunctional, ROS levels are increased, and cell viability is
reduced. Here, the importance of NF-E2-related factor (Nrf2) in TRPM2-mediated suppression of oxidant
stress was explored. InTRPM2 depleted cells, antioxidant cofactors glutathione, NADPH, and NADH
were significantly reduced. Cytoplasmic and nuclear expression of Nrf2 and of IQGAP1, a modulator of
Nrf2 stability regulated by intracellular calcium, were decreased. Antioxidant enzymes transcriptionally
regulated by Nrf2 and involved in GSH, NADPH, and NADH generation were significantly lower
including PRX1 and PRX3, GPX4, GSTP1, GCLC, and MTHFD2. The glutamine pathway leading to GSH
production was suppressed, and ATP and GTP levels were impaired. Reconstitution with wild type
TRPM2 or Nrf2, but not TRPM2 pore mutant E960D, rescued expression of enzymes downstream of
Nrf2 and restored GSH and GTP. Cell viability, ROS, NADPH, NADH, and ATP levels were fully rescued
by TRPM2 and partially by Nrf2. These data show that TRPM2 maintains cell survival following oxidative
stress through modulation of antioxidant pathways and cofactors regulated by Nrf2.

Oxidative stress resulting from increased production of reactive oxygen species (ROS) is found in many cancers.
ROS themselves activate cellular signals, molecules, and functions'. Whereas low levels of ROS can modulate
cellular survival and metabolic pathways to enhance cell proliferation, cell death pathways are activated as ROS
levels rise and damage DNA, proteins, and lipids**. To protect themselves from cytotoxic levels of ROS, can-
cer cells generally increase their antioxidant capacity. The transcription factor nuclear factor (erythroid-derived
2)-related factor-2 (Nrf2) regulates expression of greater than 200 genes, many of these antioxidant enzymes*>.
It regulates key components of the antioxidant response including enzymes involved in glutathione (GSH) and
NADPH regeneration. Nrf2 is highly expressed in many malignant cells, protecting them from oxidative stress
and chemotherapy, which can increase ROS above a cytotoxic threshold and cause irreversible cellular damage®’.

TRPM2 belongs to the transient receptor potential (TRP) ion channel superfamily. Members of this super-
family, particularly the TRPM (Melastatin) subfamily, are involved in many fundamental cell functions includ-
ing modulation of cell proliferation and survival®-!. TRPM2 was the second member of the TRPM family to
be cloned and is expressed in many types of cells. It mediates entry of cations including Ca*" into the cell''2,
Oxidative stress, TNFa, and amyloid 3-peptide have been shown to activate the channel through production of
ADP-ribose, which binds to the TRPM2 C-terminus!'*~!*>. TRPM2 is highly expressed in many cancers including
melanoma!'®, breast cancer!’, prostate cancer'®, tongue cancer', and neuroblastoma®, suggesting it promotes
cell survival*. In neuroblastoma, TRPM2 has been shown to protect cell viability by maintaining mitochon-
drial function, cellular bioenergetics, autophagy and reducing ROS levels**?>?3, Inhibition of TRPM2 increases
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sensitivity of neuroblastoma to doxorubicin, and enhances cell death in a number of malignancies including T
cell leukemia®*, gastric cancer®, and triple-negative and estrogen-receptor positive breast cancer cell lines?-2,
In many non-cancer models, TRPM2 has also been shown to preserve cell viability; for example, it protects the
hearts of mice from ischemia/reperfusion injury?’-?. In a subset of Guamanian amyotrophic lateral sclerosis and
Parkinson dementia patients, a TRPM2 mutant (P1018L) was found which inactivates after channel opening,
limiting Ca?* entry and supporting the conclusion that TRPM2 is necessary for normal neuronal function®.
However, in some models, primarily non-malignant, TRPM2 expression was alternatively shown to enhance cell
death®-3; the mechanisms responsible for this difference are not known. The preponderance of data in cancer
models support the concept that TRPM2 expression and function preserves cell viability.

TRPM2 inhibition in neuroblastoma reduces cell viability through mitochondrial dysfunction, decreased cel-
lular bioenergetics, and increased ROS levels?>**. When increased ROS are produced, malignant cells increase
antioxidant capacity to prevent tissue damage. A number of antioxidant pathways are involved in conversion of
superoxide anions to H,0, and then to water>**. Among these, the Nrf2 transcription factor is critically important
in regulating expression of antioxidant enzymes and cofactors to reduce excessive ROS levels found in tumor
cells®. The IQ motif containing GTPase activating protein 1 (IQGAP1) plays a critical role in maintaining Nrf2
stability and modulating nuclear expression through a Ca>" dependent process®. The Ketch-like ECH-associated
protein 1 (Keapl) is also a key factor which targets Nrf2 for ubiquitination and proteasomal degradation. In cel-
lular stress, the Nrf2-Keap1 interaction is disrupted, Nrf2 ubiquitination decreased, and Nrf2 levels increased®™.
Nrf2 induces expression of many antioxidant enzymes including perioxiredoxins (PRXs) and glutathione perox-
idases (GPXs), which detoxify H,O, to water, and NAD(P)H quinone oxidoreductase 1 (NQO1) and heme oxy-
genase 1 (HMOX1)*%, Nrf2 is critical in generation of antioxidant cofactors including GSH, the most abundant
antioxidant cofactor in the cell, NADPH, and NADH?>*, Perioxiredoxins and glutathione peroxidases require
NADPH to convert H,0, to water. GPXs oxidize reduced glutathione (GSH), and the oxidized form, glutathione
disulfide (GSSG), is converted back to GSH to replenish the supply by NADPH and glutathione reductase (GR),
also regulated by Nrf2. Glutathione (GSH) is produced by conversion of glutamine to glutamate by glutaminase
(GLS), followed by conversion of glutamate to GSH by glutamate-cysteine ligase (GCL) and glutathione syn-
thetase (GSS), also Nrf2 transcriptional targets®.

Here, the function of TRPM2 in modulation of oxidative stress in cancer was examined by exploring its role in
generation of the antioxidant cofactors GSH and NAPDH, and regulation of expression of the transcription factor
Nrf2. Neuroblastoma cell lines and xenografts in which TRPM2 was depleted with CRISPR were utilized. Major
findings are: (1) TRPM2 function is necessary to maintain GSH, NADPH, and NADH levels, and when TRPM2 is
inhibited, these antioxidant cofactors are significantly reduced; (2) TRPM2 modulates Nrf2 expression and that of
downstream enzymes involved in GSH, NADPH, and NADH generation in protection from oxidative stress; (3)
Nrf2 regulatory proteins IQGAPland Keapl are reduced in TRPM2 depleted cells; (4) in the TRPM2 knockout
(KO), reduced expression of enzymes involved in generation of GSH and low levels of glutamine also contribute
to reduced GSH; and (5) reconstitution with TRPM2 completely restored cell viability, Nrf2 expression, and GSH,
NAD*/NADH, NADP*/NADPH, ATP, GTP, and glutamine levels, whereas the pore mutant E960D did not. ROS
were reduced to levels found in controls by TRPM2 expression. Reconstitution with Nrf2 fully restored GSH and
GTP, partially restored cell viability, ATP, NADH, and NADPH, and significantly reduced ROS. These studies
demonstrate an important mechanism through which TRPM2 protects cell viability and modulates oxidative
stress, through regulation of Nrf2.

Results

TRPM2 modulates levels of the antioxidant cofactors GSH, NADPH, and NADH. Superoxide
anions are converted to H,0O, and water by enzymes which require the cofactors glutathione (GSH), NADPH and/
or NADH. High ROS levels are found in TRPM2 depleted neuroblastoma cells compared to controls?**, showing
that maintenance of GSH and NADPH levels in these cells is critically important in regulating cytotoxicity. The
role of TRPM2 in generation and reduction of these cofactors was examined in SH-SY5Y neuroblastoma cells
following depletion of TRPM2 with CRISPR/Cas9 technology (KO). The GSH concentration in cells in which
TRPM2 was depleted was significantly reduced compared to control cells after induction of oxidative stress with
doxorubicin treatment. The decrease in mean = SEM GSH concentration in three experiments, normalized to
the average GSH concentration in scrambled control cells in each experiment, is shown in Fig. 1a. GSH levels
in untreated TRPM2 depleted cells were not significantly different than control cells. The GSH/GSSG ratio in
TRPM2 depletion was significantly less after doxorubicin than in scrambled control cells (Fig. 1b), consistent
with reduced conversion of GSSG to GSH. These results demonstrate reduced GSH in TRPM2 depleted cells after
oxidative stress and show that TRPM2 is required to maintain GSH generation.

NADPH and NADH are important cofactors for antioxidant enzymes which are involved in cytoplasmic and
mitochondrial conversion of oxidized glutathione to GSH. The role of TRPM2 in generation and reduction of
NADPH and NADH was examined in TRPM2 depleted SH-SY5Y cells and scrambled control clones. NADP™,
NAD*, NADPH, and NADH were significantly reduced in TRPM2 depleted cells (p < 0.0001, group effect;
Fig. 1¢,d). For NADPH, there was significant group x doxorubicin exposure time interaction effect (p < 0.0001)
between depleted and control cells (Fig. 1¢), indicating doxorubicin exposure enhanced suppression of NADPH
in TRPM2 depleted cells. The percent decrease in NADPH and NADH at 24 and 48 hours after doxorubicin was
significantly greater in TRPM2 depleted cells compared to scrambled controls (Fig. 1e). These results demonstrate
that TRPM2 is required to maintain NADPH and NADH and that levels of these cofactors are reduced in TRPM2
depleted cells, particularly after oxidative stress.

TRPM2 is an important modulator of Nrf2 expression and enzymes involved in the antioxidant
response. Because GSH and NADPH production are compromised in TRPM2 depleted cells, the role of
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Figure 1. GSH, NADP*/NADPH, and NAD*/NADH levels are significantly reduced in TRPM2 depleted

cells. (a,b) GSH concentration was measured in two clones of SH-SY5Y cells in which TRPM2 was depleted
(KO-1 and KO-2) and in scrambled controls (Scr-1 and Scr-2). Cells were untreated or treated with 0.3 uM
doxorubicin for 24 hours (Doxo 24 h). (a) In three experiments, the GSH concentration of each measurement
was normalized to the average of each experiment’s untreated scrambled controls. Normalized means + SEM are
shown. **p < 0.0001, group x doxorubicin exposure time interaction effect, KO vs scrambled, two-way ANOVA.
(b) Concentrations of GSH and GSSG were measured in triplicate and ratios calculated for each clone. A
representative experiment of three is shown. *p < 0.01, group effect, two-way ANOVA. (¢) NADP* and NADPH
or (d) NAD" and NADH were measured in SH-SY5Y Scr or KO clones untreated or treated with 0.3 uM
doxorubicin for 24 or 48 hours. Four experiments were performed and measurements from one representative
experiment (n =4 replicates) are shown. *p < 0.0001, group effect; **p < 0.0001, group x doxorubicin exposure
time interaction effect, two way ANOVA. (e) Comparison of percent change in NADPH and NADH for each
group [(NADPH or NADH in doxorubicin treated cells - untreated cells) divided by untreated cells, X 100%].

*p < 0.0001, group effect; **p < 0.03, group x doxorubicin exposure time interaction effect, two way ANOVA.
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enzymes associated with the antioxidant response was examined. Nrf2, a master transcription factor which reg-
ulates expression of many antioxidant enzymes, was significantly reduced in TRPM2 depleted cells compared to
controls after 24-48 hours of doxorubicin exposure (Fig. 2a). In xenograft tumors, Nrf2 was reduced in depleted
cells even without treatment (Fig. 3a), possibly because of conditions of oxidative and metabolic stress existing
within the tumor environment after weeks of tumor growth. Nrf2 regulates expression of the glutathione per-
oxidases (GPX4) and the perioxiredoxins (PRX1, PRX3), which convert H,O, to water, and these enzymes were
significantly decreased in TRPM2 depleted cells (Figs 2a and 3a). Glutathione-S-transferase P1 (GSTP1) catalyzes
conjugation of reactive substrates to glutathione, reducing their toxicity and resulting in their eventual metabolism
and exportation. It is also involved in control of the cell cycle®”. GSTP1 is regulated by Nrf2 and was reduced in
TRPM2 depleted cells (Figs 2a and 3a). Superoxide dismutase (SOD2) levels were also decreased (Fig. 2a). Enzymes
involved in maintaining GSH levels were reduced. Glutathione reductase 1 (GSR1) catalyzes reduction of glu-
tathione disulfide (GSSG) to glutathione, and is particularly important under oxidative stress. Glutamate-cysteine
ligase catalytic subunit (GCLC) is involved in the conversion of glutamate to GSH. Expression of GSR1 and GCLC
are regulated by Nrf2, and both GSR1 (Fig. 2a) and GCLC (Fig. 3a) were reduced in TRPM2 depleted cells.

NADPH and NADH function as cofactors for many antioxidant enzymes, donating reducing equivalents in
conversion to NADP* and NAD*. The enzymes aldehyde dehydrogenase 1 member L2 (ALDH1L2), and meth-
ylenetetrahydrofolate dehydrogenase (MTHFD1, MTHFD?2) are involved in NADPH generation and are signif-
icantly decreased in TRPM2 depletion (Figs 2b and 3a), as is G6PD, which reduces NADP * to NADPH while
oxidizing glucose-6-phosphate and is in the pentose phosphate pathway (Fig. 2b)*'. Of these, MTHFD2 and
G6PD have been shown to be regulated by Nrf2. MTHEFR converts NADPH to NADP* and is reduced in TRPM2
depletion (Fig. 2b and 3a). The decreases in MTHFD1, MTHFR, and G6PD were enhanced by doxorubicin expo-
sure (Fig. 2b). These data demonstrate that Nrf2 and downstream enzymes involved in GSH and NADPH/NADH
generation and reduction and key to antioxidant defense are decreased in TRPM2 depletion.

IQGAP1 and Keap1 are decreased inTRPM2 depleted cells. IQGAP1 and Keapl are proteins which
post-translationally regulate Nrf2. IQGAP1 increases cytosolic and nuclear expression of Nrf2 and enhances Nrf2
translocation into the nucleus through a calcium dependent process®. IQGAP1 was significantly decreased in
TRPM2 depleted cells cultured in vitro (Fig. 2c), and in xenografts (Fig. 3b). Keapl is an important regulator of
Nrf2 expression and facilitates Nrf2 ubiquitination®. Levels of Keap1 were decreased in TRPM2 depleted cells
grown in culture (Fig. 2¢) and in xenografts (3b). Decreased Keapl would be predicted to increase Nrf2. However,
the Nrf2 regulatory network is complex®, and these data suggest that other factors including reduced IQGAP
predominate to lower Nrf2 levels in TRPM2 depletion®>#4,

Reduced glutamine contributes to decreased GSH levels in TRPM2 depleted cells. Metabolomics
analysis was used as a second approach to study the impact of TRPM2 depletion in cancer metabolism. Pathways
involved in glutathione, NADPH, and NADH production and utilization are shown in Fig. 4a. TRPM2 depleted
SH-SY5Y cells and scrambled control cells were untreated or treated with doxorubicin. Decreased levels of ATP,
GTP, glutamine, GSH, NAD", and NADP* were confirmed with metabolomics analysis of TRPM2 depleted cells
(Fig. 4b-d). NADH and NADPH were not measured in our metabolomic analysis. Doxorubicin treatment further
decreased levels of GTP and GSH in TRPM2 depleted cells (group x doxorubicin exposure time interaction effect,
p < 0.005, Fig. 4b,c).

Metabolism of glutamine has an important role in cellular bioenergetics, nucleotide synthesis, and ROS home-
ostasis through synthesis of glutathione®. Glutamine is transported into cells or acquired through breakdown of
macromolecules including autophagy, and is converted to glutamate by glutaminase (GLS) (Fig. 4a). Glutamate
can be converted to glutathione (GSH) by glutamate-cysteine ligase (GCL) and glutathione synthetase (GSS) or
to a-ketoglutarate (a-KG) by glutamate dehydrogenase (GLUD) or aminotransferases; a-ketoglutarate enters
the TCA cycle to produce ATP, NADPH, and NADH. Levels of the enzymes GLS, GCLC, glutamate-cysteine
ligase modifier subunit (GCLM), GSS, and GLUD were all significantly decreased in TRPM2 depleted cells
(Fig. 4e,f), supporting the conclusion that reduced synthesis contributes to decreased GSH in the TRPM2 KO.
GLS, GCLC, GCLM, and GSS are downstream targets of Nrf2*¥4* and GLS, GLUD and aminotransferases are
targets of Myc***, a transcription factor which was also decreased in TRPM2 depleted cells (Fig. 4e,f). Of note, a
representative glutamine transporter, xCT, was studied, and was significantly increased after doxorubicin in KO
cells®, suggesting that reduced glutamine transport in the KO was not a contributing factor.

Wild type TRPM2 but not the pore mutant E960D reconstitutes cell viability, GSH, NAD*/
NADH, and NADP*/NADPH in TRPM2 depleted cells. To eliminate the possibility of off target effects
occurring during TRPM2 depletion through CRISPR/Cas9, SH-SY5Y cells in which TRPM2 was depleted were
stably transfected with empty vector, wild type TRPM2, or the TRPM2 calcium impermeable mutant E960D*74,
Scrambled control cells were transfected with empty vector. Cells were untreated or treated with 0.3 uM doxoru-
bicin for 24 or 48 hours. The viability of TRPM2 depleted cells was restored to equal or greater than that of scram-
bled control cells by expression of wild type TRPM2 but not by E960D (Fig. 5a). By analysis with biochemical
assay, wild type TRPM2 but not E960D restored ATP, GSH, NAD*, NADH, NADP*, and NADPH levels after
doxorubicin to that of scrambled control cells (Fig. 5a). Metabolomic analysis confirmed that wild type TRPM2
restored GSH, NAD*, NADP™ as well as the metabolites ATP, GTP, glutamine, and Acetyl CoA (Fig, 5b).
Expression of transfected TRPM2 and the pore mutant E960D was confirmed with Western blotting (Fig. 6a).
Endogenous expression of TRPM2 in scrambled cells is not seen in the exposure of the Western blot shown
because of its relatively low expression level?>. Transfection with wild type TRPM2 but not E960D restored
expression of Nrf2 and downstream enzymes involved in GSH, NADPH, NADH, and glutamine production
(Fig. 6a). The reduction in IQGAPI and Keapl in TRPM2 depleted cells was also restored by TRPM2 but not
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Figure 2. Nrf2, downstream antioxidant enzymes, and IQGAP1 are reduced in TRPM2 depleted cells following
doxorubicin. SH-SY5Y Scr and TRPM2 KO clones were untreated or treated with 0.3 uM doxorubicin for 24

or 48 hours. Data from representative Western blots from three independent experiments are shown in (a—c).
Intensify of bands was quantitated and measurements were normalized by comparing bands to each protein’s
time 0 average scrambled control. Normalized means & SEM for Scr and KO cells at each time point from three
experiments are shown (n= 6 replicates) are shown to the right of the blots. (a) Western blotting was performed
with antibodies to Nrf2, GPX4, PRX1, PRX3, GSTP1, GSR1, SOD2, and actin. p values analyzed with two-way
ANOVA: Nrf2 (*p=0.035), GPX4 (*p=0.0002), PRX1 (*p=10.0036), PRX3 (*p =0.0002), GSTP1 (*p=0.01),
GSR1 (*p=0.011), SOD2 (*p < 0.01), actin (p < 0.282), group effect; PRX3 (**p < 0.004), group x doxorubicin
exposure time interaction effect. (b) Western blotting was performed with antibodies to ALDH1L2, MTHFD1,
MTHFD2, MTHER, and G6PD. p values analyzed with two-way ANOVA: ALDH1L2, MTHFD1, and MTHFR
(*p<0.0001), MTHFD2 (*p=0.0135), G6PD (*p=10.002), actin (p < 0.282), group effect; MTHFD1 and MTHFR
(**p <0.02), G6PD (**p =0.045), group x doxorubicin exposure time interaction effect. (c) Western blotting was
performed with antibodies to IQGAPI, Keap1, and GAPDH. *p < 0.0014, group effect, two-way ANOVA.

E960D expression. To examine the mechanisms through which TRPM2 modulates Nrf2, IQGAP1 and Nrf2
expression were examined in cytosolic and nuclear fractions of TRPM2 depleted cells. IQGAP1 and Nrf2 were
significantly reduced in both fractions after doxorubicin, and decreased Nrf2 expression paralleled that of
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Figure 3. Nrf2, downstream antioxidant enzymes, and IQGAPI are reduced in TRPM2 depleted xenografts.
Xenografts were prepared by injecting flanks of Nude mice with TRPM2 depleted SH-SY5Y cells or scrambled
controls. Tumors were harvested from six xenografts from KO cells and six from scrambled control cells after
6-7 weeks of growth, lysates prepared and Western blotting performed. (a) Western blotting was performed
with antibodies to Nrf2, PRX3, GSTP1, GCLC, ALDH1L2, MTHFD1, MTHEFR, and GAPDH. Intensify

of bands was quantitated and KO results normalized to the mean of scrambled controls are shown on the
right. Box plots with median, minimum, and maximal values are shown (n = 6 replicates/group). *indicates
p <0.05, #* <0.01, *** < 0.001, **** < 0.0001, Student’s T-test. (b) Western blotting was performed with
antibodies to IQGAP1, Keapl, and GAPDH and densitometry performed. Box plots with median, minimum,
and maximal normalized values are shown (n =6/group). IQGAP1 (*p < 0.03), Keap1 (***p < 0.001),
Student’s T test.

IQGAP1 (Fig. 6b). Reconstitution with TRPM2 but not E960D restored cytoplasmic and nuclear IQGAP1 and
Nrf2. We examined mRNA levels of Nrf2 and IQGAP1 with RT-PCR. In TRPM2 depleted cells, no decrease
in Nrf2 mRNA was observed in the KO (Supplemental Fig. S1) suggesting that the major mechanism for the
decrease in Nrf2 was post transcriptional. In contrast, IQGAP1 mRNA was reduced in TRPM?2 depleted cells
(Supplemental Fig. S1). These results suggest that reduced expression of IQGAP1 together with lower intracel-
lular calcium levels in TRPM2 depleted cells?**® contribute to reduced stabilization and nuclear translocation of
Nrf2 in the KO.

Nrf2 fully reconstitutes GSH and partially restores cell viability and antioxidant cofactors in
TRPM2 depletion. To determine the importance of Nrf2 in TRPM?2 function, SH-SY5Y cells in which
TRPM2 was depleted were stably transfected with Nrf2. Cells were untreated or treated with 0.3 uM doxorubicin
for 24 or 48 hours. Expression of transfected Nrf2 and downstream enzymes was confirmed by Western blotting
(Supplemental Fig. S2). Nrf2 fully restored the proliferation of untreated TRPM2 depleted cells, and partially
restored viability after doxorubicin treatment (Fig. 7a). GSH and GTP were fully restored by Nrf2 reconstitution,
shown by biochemical assay (Fig. 7a) and metabolomic analysis (Fig. 7b) respectively. Nrf2 partially restored
ATP (Fig. 7a,b), NADH (Fig. 7a), and NADPH (Fig. 7a). NAD" and NADP™ levels were not significantly altered
by Nrf2 reconstitution (Fig. 7a and metabolomic analysis, not shown). Full restoration of GLS and GCLC and
partial restoration of other enzymes downstream of Nrf2 was demonstrated by Western blotting (Supplementary
Fig. S2). These data demonstrate that TRPM2 maintains GSH, NADH, and NADPH levels during oxidative stress
and that the mechanism involves modulation of Nrf2.

ROS are reduced by reconstitution of TRPM2 and Nrf2.  The role of TRPM2 in modulating oxidative
stress through Nrf2 was examined by quantitating ROS after TRPM2 or Nrf2 reconstitution in TRPM2 depleted
cells. TRPM2 significantly reduced ROS in both untreated and doxorubicin treated TRPM2 depleted cells
(Fig. 8a). The pore mutant E960D did not. This demonstrates that an intact calcium pore is critical in regulation
of ROS by TRPM2. Expression of Nrf2 also reduced ROS to that in scrambled control cells (Fig. 8b).
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Figure 4. Decreased glutamine levels contribute to reduced GSH in TRPM2 depleted cells. (a) Schema of
glutamine metabolism and GSH production. (b-d) Metabolomic quantitation of TRPM2 depleted and scrambled
control cells treated with or without doxorubicin (n = 6 replicates/group) showed decreased (b) ATP and GTP,

(c) glutamine and GSH, and (d) NAD" and NADP™ in KO cells compared to scrambled control. *p <0.003,
group effect; **p < 0.005, group x doxorubicin exposure time interaction effect, two way ANOVA. (e) Western
blotting of proteins involved in GSH and a-ketoglutarate synthesis including GLS, GCLC, GCLM, GSS, GLUD,
c-Myc, xCT, and (3-actin. Representative blots from three experiments are shown. Densitometry measurements
were normalized to the average of each blots’ untreated scrambled controls and mean densitometry measurements
from the three experiments are shown in (f). p values analyzed with two-way ANOVA: GLS and GSS (*p < 0.0001),
GCLC (*p<0.007), GCLM (*p < 0.003), GLUD (¥*p < 0.04), xCT (*p < 0.05), group effect; GCLC (**p=0.006),
c-Myc (**#p=0.002), group x doxorubicin exposure time interaction effect.

Discussion

Elevated levels of ROS are found in the majority of cancers and promote tumorigenesis through activation of
transcription factors and signaling pathways?. Increased metabolism which supports accelerated growth con-
tributes to elevated ROS, and cancer cells require increased levels of antioxidants to detoxify ROS and protect
viability*. When ROS levels rise above a cytotoxic threshold, cells are more susceptible to death*-*!, and targeting
antioxidant defenses has been proposed as a strategy to kill cancer cells**. Many cancers including neuroblastoma
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Figure 5. Wild Type TRPM2 but not the pore mutant E960D reconstitutes cell viability, ATP, GSH, NAD™,
NADH, NADP, and NADPH levels in TRPM2 depleted cells. SH-SY5Y cells in which TRPM2 was depleted
(KO-1 and KO-2) were stably transfected with empty vector (KO-v), wild type TRPM2 (KO-FL), or the
TRPM2 pore mutant E960D (KO-E960D). (a) Cells were untreated or treated with 0.3 uM doxorubicin for

24 or 48 hours. Cell viability was measured with XTT, and ATP, GSH, NAD*, NADH, NADP*, and NADPH
levels were quantitated with biochemical assay kits. Four experiments were performed and a representative
experiment is shown. *p < 0.003, was considered statistically significant using two-way ANOVA and the
Bonferroni Correction. (b) Metabolomic analysis of TRPM2 depleted cells reconstituted with wild type TRPM2
or E960D and treated with 0.3 uM doxorubicin for 24 hours was performed (n = 6 replicates/group). ATP, GTP,
GSH, glutamine, NAD", NADP*, and Acetyl CoA were fully restored by expression of wild type TRPM2, but
not with E960D. *p < 0.05, ** < 0.01, ¥** < 0.001, **** < 0.0001, one-way ANOVA.

express high levels of TRPM2, which preserves cell viability by maintaining mitochondrial function, cellular bio-
energetics, and modulating ROS**-2*>2, TRPM2 inhibition has been shown to significantly increase ROS through
mechanisms including decreased expression of transcription factors HIF-1/2acand CREB and enzymes involved
in the mitochondrial electron transport chain, leading to increased mitochondrial ROS?*?>%. Here, TRPM2 is
demonstrated to modulate cellular ROS levels by regulating Nrf2, expression of enzymes involved in the antioxi-
dant response downstream of Nrf2, and antioxidant cofactors glutathione, NADPH, and NADH. TRPM2 inhibi-
tion enhances death in cancer by impairing cellular antioxidant defenses and increasing ROS to cytotoxic levels.
A major finding here is that TRPM2 function is involved in maintaining GSH, NADPH, and NADH levels.
Cells under oxidative stress have a continuous need for regeneration of GSH and NADPH, and when TRPM2 is
depleted, these cofactors are significantly reduced, particularly after oxidative stress. GSH is the most abundant
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Figure 6. Expression of wild type TRPM2 but not E960D restores expression of Nrf2 and antioxidant enzymes,
and Nrf2 nuclear translocation in TRPM2 depleted cells. SH-SY5Y TRPM2-KO cells were stably transfected
with empty vector (KO-v), wild type TRPM2 (KO-FL), or E960D (KO-E960D). Scrambled controls were
transfected with empty vector (Scr-v). Cells were treated with 0.3 uM doxorubicin for 24 hours. (a) Western
blotting was performed with antibodies to TRPM2-C, Nrf2, proteins which regulate Nrf2 (IQGAP1, Keapl),
antioxidant enzymes regulated by Nrf2 (PRX3, GSTP1, GSR1), SOD2, proteins involved in NADH and
NADPH generation (ALDH1L2, MTHFD1, MTHFD2, MTHFR, G6PD), proteins involved in GSH synthesis
(GLS, GCLM), c-Myc, and actin. Two experiments were performed and representative Western blots are
shown. Intensify of bands was quantitated with Li-Cor technology. Blots were normalized by comparing
bands to each protein’s average scrambled control. Normalized means + SEM for each protein and group from
two experiments are shown (n=4). (b) Cells lysates were separated into cytoplasmic and nuclear fractions
and Western blots were probed with antibodies to IQGAP1 and Nrf2. Lamin A/C (nuclear) and GAPDH
(cytoplasmic and nuclear) were probed to demonstrate quality of fractionation. Representative Western blots
from three experiments are shown. Mean + SEM of densitometry measurements from the three normalized
to Scr-v control is shown on the right (n = 3). For (a) and (b), *indicates p < 0.05, ** < 0.01, *** < 0.001,

AR <0.0001, one-way ANOVA.
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Figure 7. Reconstitution of Nrf2 fully restores GSH and GTP and partially restores cell viability, ATP, NADH,
and NADPH levels in TRPM2 depleted cells. SH-SY5Y cells in which TRPM2 was depleted (KO-1 and KO-2)
were stably transfected with Nrf2 (KO-Nrf2) or empty vector (KO-v), and scrambled controls cells with empty
vector (Scr-v). (a) Cells were treated with media or 0.3 uM doxorubicin for 24 or 48 hours. Cell viability was
measured with XTT, and ATP, GSH, NAD*, NADH, NADP™, and NADPH were quantitated with biochemical
assays. Representative results from three experiments are shown. *p < 0.0056, significance determined with the
Bonferroni Correction, two-way ANOVA. (b) Metabolomic analysis of TRPM2 depleted cells reconstituted with
Nrf2 and treated with doxorubicin for 24 hours was performed (n = 6 replicates/group). Levels of ATP were
partially restored, and GTP and GSH fully restored by expression of Nrf2. *p < 0.05, ** < 0.01, *** < 0.001,
*H4% <0.0001, one-way ANOVA.

antioxidant cofactor in the cell and is utilized by many enzymes which process ROS*. NADPH is required to
drive glutathione and thioredoxin antioxidant pathways and NADPH-producing enzymes are a rate-controlling
step in H,O, scavenger flux**. Peroxiredoxins (PRXs) and glutathione peroxidases (GPXs) detoxify H,0, to water
and in the process GSH is oxidized to GSSG. Oxidized GSSG is reduced back to GSH by glutathione reductase
(GR), which converts NADPH to NADP™. Glutathione transferases are enzymes which conjugate glutathione to
toxic electrophilic substances, making them less reactive and consuming GSH in the process. In our experiments,
the GSH concentration and ratio of GSH/GSSG were significantly reduced in TRPM2 depleted cells after dox-
orubicin treatment, indicating reduced conversion of GSSG back to GSH. There was also significant reduction
in NADP*, NADPH, NADY, and NADH in TRPM2 depletion compared to control cells, and the decrease in
NADPH and NADH was greater after oxidative stress. Decreased NADPH may contribute to failure to regenerate
GSH from GSSG. Reduction in these key cofactors significantly impairs the antioxidant response.

Another finding is that in TRPM2 depleted cells, expression of the transcription factor Nrf2 is reduced. Nrf2
regulates expression of more than 200 genes involved in antioxidant defense including antioxidant enzymes and
those involved in GSH, NADPH, and NADH generation and glutathione metabolism. The decrease in Nrf2 con-
tributes to reduced expression of antioxidant enzymes, lower levels of cofactors and increased ROS. Reduction in
antioxidant enzymes included SOD2, which converts superoxide anion to H,O, in mitochondria, GPX4, PRX1
and PRX3, which convert H,O, to water, and the glutathione transferase GSTP1. In addition, reduced glutathione
reductase (GSR1) in the KO results in decreased reduction of GSSG and less regeneration of GSH.

NADPH production, particularly in mitochondria, is critical in maintaining glutathione and other scaven-
gers in a reduced state. Three of the enzymes involved in NADPH/NADH generation were reduced in TRPM2
depleted cells, ALDH1L2, MTHFD1, and MTHFD2%. Of these, MTHFD?2 is known to be regulated by Nrf2 and
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Figure 8. Reconstitution of TRPM2 and Nrf2 modulates ROS in TRPM2 depletion. (a) SH-SY5Y cells depleted
of TRPM2 and transfected with empty vector (KO-1-v), wild type TRPM2 (KO-1-FL), or the E960D pore
mutant (KO-1-E960D) were loaded with MitoSOX Red and studied at baseline and 24 hours after treatment
with 0.3 pM doxorubicin. Scrambled control cells were transfected with empty vector (Scr-1-v). Intensity

of MitoSOX fluorescence was quantitated with confocal microscopy. Representative fields of untreated or
doxorubicin treated cells are shown. Means &= SEM fluorescence intensity of a minimum of 100 cells in at least
10 fields in each group was quantified. Results from a representative experiment of two are shown on the right.
(b) SH-SY5Y cells depleted of TRPM2 were transfected with empty vector (KO-1-v) or Nrf2 (KO-1-Nrf2). Cells
were loaded with MitoSOX Red and studied as described in a and results from a representative experiment of
three is shown. (a,b) *indicates p < 0.05, ** < 0.01, *** < 0.001, one-way ANOVA. (c) Schema of impact of
TRPM2 inhibition on antioxidant response and ROS levels in neuroblastoma. TRPM2 inhibition or depletion
lowers calcium entry. Nrf2 is reduced by down modulation of IQGAP1 and downstream enzymes involved in
glutamine/GSH production, antioxidant defense, and folate and the pentose phosphate pathways are decreased.
This leads to decreased antioxidant cofactors and impaired antioxidant response, increasing susceptibility to
chemotherapeutic agents and decreasing cell survival and tumor growth.

MTHFDI by c-Myc; ALDHI1L2 is decreased in TRPM2 depletion by mechanisms unknown at present. Changes
in NADPH/NADH regenerating enzymes play a critical role in the decreased NADPH/NADH and the increased
ROS found in TRPM2 depletion, and restoration by TRPM2 and Nrf2 expression confirmed the importance of
TRPM2 in this pathway.

Nrf2 activation is controlled at multiple levels including transcription, translation, subcellular localization,
and through post-translational pathways including Nrf2 stabilization®. We did not detect a decrease in Nrf2
mRNA in TRPM2-depleted cells, suggesting that that the reduction in Nrf2 expression was not on a transcrip-
tional basis. To explore other mechanisms through which TRPM2 regulates Nrf2, we examined modulation of
Nrf2 stability by two key regulators IQGAPland Keap1. The third major finding of this work is that the Nrf2 reg-
ulatory protein IQGAP1 is reduced in TRPM2 depletion. Nrf2 protein is short-lived and rapidly degraded by the
ubiquitin-proteasome pathway, and stabilization alone may enhance nuclear accumulation. IQGAP1 is a GTPase
activating protein which interacts with and stabilizes Nrf2 through a calcium dependent pathway*. Translocation
of Nrf2 and the Nrf2/IQGAP complex into the nucleus increases with intracellular calcium, resulting in enhanced
Nrf2 target gene transcription, whereas silencing of IQGAP1 results in decreased Nrf2 and Nrf2 target gene
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expression®. In TRPM2-depleted cells, the decrease in calcium entry following oxidative stress and in IQGAP1
contribute to significantly reduced Nrf2 nuclear protein. The role of calcium entry is shown here because trans-
fection of TRPM2 in the TRPM2 KO restores IQGAP1 and Nrf2 nuclear localization but the calcium pore mutant
E960D does not. Of note, higher expression of IQGAP, as seen in TRPM2 expressing cells, has also been reported
to contribute to tumor proliferation, invasion, and angiogenesis®*->%. Mechanisms responsible for the reduction in
IQGAPI1 mRNA and in c-Myc identified here, and in CREB transcription factor identified previously in TRPM2
depletion, are under investigation. Keap1, a substrate for a Cul3-containing E3 ubiquitin ligase, is a key regulator
of Nrf2*¢*8, Under basal conditions, Nrf2 forms a complex with Keap1, promoting Nrf2 polyubiquitination and
proteasomal degradation, and maintaining Nrf2 at low levels. Disruption of Keap1-Nrf2 interaction increases sta-
bility of Nrf2 and its level. In addition, Keap1 is oxidized in the presence of increased oxidative stress, as occurs in
the TRPM2 KO, which decreases association of Keapl with the Cul3-dependent E3 ubiquitin ligase and reduces
Keap1-dependent Nrf2 ubiquitination and degradation®. Here, in TRPM2 depleted cells, Keapl was down regu-
lated, which would be expected to increase Nrf2, but Nrf2 was decreased. This suggests that the decrease in Keap1
was insufficient to enhance Nrf2 levels and other modulating factors such as decreased IQGAP1 predominate.
In The RegNetwork: Regulatory Network Repository (www.regnetworkweb.org/), FOXO3 is predicted to regu-
late Nrf2 expression. FOXO3 is downstream of HIF-1/2c and reduced in TRPM2 depleted cells under oxidative
stress?>?>%, In addition, Myc regulates both Keap1 and Nrf2 transcription (RegNetwork). However, the decrease
in these two transcription factors was not found to reduce Nrf2 mRNA here.

GSH is one of the most important antioxidants in the cell. In TRPM2 depleted cells, glutamine and GSH
levels are decreased. The low levels of GSR1 in the KO, resulting in less reduction of GSSG to GSH, contribute to
the decrease in GSH. Less GSH generation may also have a role. Glutamine input is the rate limiting step in glu-
tathione synthesis, and glutamine levels are reduced in TRPM2 depleted cells. Glutamine enters the cell through
transporters, although many aspects of glutamine transport are unknown®. Glutamine transport may not play
arole, or the increase in the transporter xCT in TRPM2 depleted cells after doxorubicin may be compensatory
for the decrease in glutamine. Both Nrf2 and ATF4 regulate expression of xCT; with suppression of Nrf2 in KO
cells, the increase in xCT expression in depleted cells is likely modulated by other transcriptional (ATF4), post-
transcriptional, or posttranslational mechanisms®!. In TRPM2 depletion, the decrease in glutamine and enzymes
involved in synthesis of GSH contribute to reduced GSH levels, as well as to reduced ATP and GTP**’. These
enzymes include GLS, GCLC, GCLM, GSS, and GSR1 regulated by Nrf2*# and GLS and GLUD1 by c-Myc®.

Decrease in both glutamine and GTP was demonstrated in TRPM2 depletion by metabolomics analysis.
Glutamine is a key amino acid which is important in energy generation, is a nitrogen source for synthesis of
nucleic acids, participates in cellular redox homeostasis, and has a role in rapid cell proliferation®. Glutamine
metabolism is a recognized target in cancer therapy*>**. Reduced GTP has been reported to impair cancer cell
growth by decreasing ribosomal RNA synthesis through inhibition of transcription initiation factor I, which
recruits RNA polymerase to the ribosomal DNA promoter®. Reduction in GTP has been shown to decrease inva-
sive activity of breast cancer, which was restored by exposure of cells to guanosine or GTP®. Decreased levels of
these two metabolites by TRPM2 depletion identifies additional pathways through which TRPM2 may modulate
cancer progression.

To confirm that off target effects of knockout technology are not responsible for the findings observed in
TRPM2 depleted cells, TRPM2 expression was reconstituted. Cell proliferation and viability were restored to
that in scrambled control cells by TRPM2 but not the pore mutant. Also, GSH, NAD*/NADH, NADP*/NADPH,
ATP, GTP, glutamine and low ROS levels were restored by TRPM2 but not by constructs with a mutated calcium
pore, demonstrating that reduced cofactor levels in TRPM2 depleted cells were mediated through decreased
TRPM2-mediated calcium entry. Reconstitution of TRPM2 depleted cells with Nrf2 fully restored GSH and GTP
and partially restored cell viability, NADH, NADPH and ATP levels, and reduced ROS. These results demonstrate
the important role of Nrf2 in modulation of oxidative stress and survival by TRPM2.

In summary, TRPM2 has a critical role in preserving cell survival after oxidative injury by maintenance of the
antioxidant response and cofactors GSH, NADPH, and NADH regulated by Nrf2 (Fig. 8c). Taken together with
previous findings, TRPM2 expression promotes cell viability and modulates mitochondrial metabolism, cellular
energetics, autophagy, glutamine metabolism and redox balance simultaneously, which make it an intriguing
potential drug target in cancer.

Methods

Depletion of TRPM2 with CRISPR and generation of stably transfected neuroblastoma cell
lines. Generation of TRPM2 CRISPR KO and scrambled control SH-SY5Y cells was described previously?2.
RT-PCR and Western blotting of TRPM2 in neuroblastoma cell lines confirmed TRPM2 depletion. Absence of cal-
cium current in the TRPM2 KO and in the E960D TRPM2 pore mutant in SH-SY5Y cells was reported previously?.

Cell proliferation assay. Transfected cell lines or cells in which TRPM2 was deleted with CRISPR were
cultured in media with 250 ug/ml G418 and/or 0.5 ug/ml puromycin. Cell proliferation was assessed by measure-
ment at OD y94nm/600nm Using XTT (2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide)
cell proliferation assay (Trevigen Inc., Gaithersburg, MD) following the manufacturer’s instructions®>*. In some
experiments, cells were treated with doxorubicin (Fresenius, Kabi USA, LLC, Lake Zurich, IL) for specified dura-
tions during cell culture.

GSH, NADP*/NADPH, NAD*/NADH and ATP quantitation. GSH and GSSG concentrations were
measured with the GSH/GSSG-Glo™ assay kit (Promega V6612, Madison, WI). NADP+/NADPH levels were
quantified using the NADP/NADPH-Glo™ Assay kit (Promega G9082, Madison, WI). NAD*/NADH levels were

SCIENTIFIC REPORTS |

(2019) 9:14132 | https://doi.org/10.1038/s41598-019-50661-8


https://doi.org/10.1038/s41598-019-50661-8
http://www.regnetworkweb.org/

www.nature.com/scientificreports/

measured with the NAD/NADH-Glo™ assay kit (Promega G0972, Madison, WI). ATP levels were measured
with the Cell Titer-Glo Luminescence Cell Viability Assay Kit (Promega, Madison, WI)*.

Immunoblot analysis. Western blotting was performed as described previously?? on protein lysates
from xenograft tumors and cells cultured in vitro. Equivalent amounts of protein were loaded in each lane.
Blots were probed with the following antibodies: anti-TRPM2-C (1:1000; Bethyl Laboratories, Montgomery,
TX)%, anti-ALDH1L2 (1:1000; Abcam, Cambridge, MA), anti-GAPDH (1:10,000; Cell Signaling Technology
INC., Danvers, MA), anti-GCLC (1:1000; Abcam), anti-GCLM (1:500; Abcam), anti-GLS (1:500; Abcam),
anti-GLUD (1:1,000; Cell Signaling Technology), anti-G6PD (1:1000, Cell Signaling Technology), anti-GSR1
(1:1000; Abcam), anti-GSS (1:500; Santa Cruz Biotechnology, Dallas, TX), anti-GSTP1 (1:3,000; Cell Signaling
Technology), anti-GPX4 (1:3000; Abcam), anti-IQGAP1 (1:1000; Abcam), anti-Keap1 (1:1,000; Cell Signaling
Technology), anti-MTHFD1 (1:1000; Proteintech, Lower Merion Township, PA), anti-MTHFD?2 (1:1,000;
Cell Signaling Technology), anti-MTHFR (1:1000; Abcam), anti-c-Myc (1:1000; Abcam), anti-Nrf2 (1:250;
Cell Signaling Technology), anti-PRX1 (1:1000; Abcam), anti-PRX3 (1:10,000; Abcam), anti-xCT/SLCA11
(1:1,000; Cell Signaling Technology), anti-SOD2 (1:3000; Abcam), and anti-Actin (1:10,000; Sigma, St. Louis,
M). Some experiments were performed with Li-Cor technology and the remainder with Western blotting and
ECL. For Western blotting with ECL, blots were washed and incubated with appropriate horseradish peroxidase
(HRP)-conjugated antibodies (1:2000; Amersham GE Healthcare, Pittsburgh, PA). Signals were detected with
enhanced chemiluminescence (ECL). Intensity of bands was quantitated with densitometry. Some blots were
then stripped and reprobed with secondary antibody and ECL after stripping. After it was determined that results
were negative, and blots were reprobed with another antibody to measure the total protein. For Li-Cor (Lincoln,
NE), proteins on blotted membranes were visualized using secondary antibodies conjugated to IRDye 800CW or
IRDye 680RD (Donkey anti-rabbit, 1:20,000, or Donkey anti-mouse, 1:20,000) and the Odyssey CLx fluorescence
scanner, according to manufacturer’s instructions®. All the bands were analyzed with Image Studio. Images for
western blots were prepared with Adobe Illustrator. Because expression was examined for a large number of pro-
teins, a number of the blots were cut before probing around the molecular weights expected for each protein. The
full-length probed blots displayed in the figures are shown in Supplemental Fig. 3.

Subcellular fractionation. Cytosolic and nuclear fractionation was performed using Thermo Scientific
(Rockford IL) NE-PER Nuclear and Cytoplasmic Extraction Reagents according to the manufacturer’s protocol.

Generation of Ca?*"impermeable E960D TRPM2 mutant.  E960D was created using wild type TRPM2
in pcDNA3.1V5/His vector as a template, Quick Change kit (Stratagene) and the following primers: forward
5'-CTCATCCACAACGACCGCCGGGTGGAC-3/, reverse 5'-TCCACCCGGCGGTCGTTGT GGATGAG-3'.
1-2 pl of 50 pl PCR reaction was used for transformation of competent DH5« (Invitrogen). Clones were verified
by digestion of DNA with restriction enzymes and by sequencing.

Reconstitution of TRPM2 and Nrf2 Function in TRPM2 depleted cells. In TRPM2 reconstitution
experiments, SH-SY5Y cells in which TRPM2 was depleted with CRISPR were transfected with wild type TRPM2
subcloned into pcDNA3.1/V5 plasmid, TRPM2 pore mutant E960D subcloned into the same plasmid****2, or
empty vector using the Neon Transfection System following the manufacturer’s instructions. Scrambled SH-SY5Y
control cells were transfected with empty vector. Single cell clones of stably transfected cells were selected with
0.5 ug/ml puromycin and/or 600 pg/ml G418 (Geneticin, an analogue of neomycin; Gemini Bio-Products, West
Sacramento, CA) and maintained in culture with 0.5 pg/ml puromycin and/or 250 pg/ml G418 as appropriate.
Wild type Nrf2 constructs for reconstitution experiments in the TRPM2 KO were purchased from Addgene
(Cambridge, MA), subcloned into pcDNA3.1/V5 plasmid, and transfected as described for TRPM2.

Measurement of ROS. To measure ROS, SH-SY5Y cells, untreated or treated with doxorubicin (0.3 pM)
for 24 hours, were loaded with MitoSOX Red and live cell ROS measurements taken with confocal microscopy
(Leica AOBS SP8 laser scanning confocal microscope; Leica Microsystems, Heidelberg, Germany) as described
previously?.

Xenograft tumors expressing TRPM2 isoforms. To obtain xenograft tumors for molecular analysis,
athymic Nude-FOXn1™ female mice (Harlan Laboratories, Inc, Indianapolis, IN) were injected in one flank with
1.5 x 107 SH-SY5Y cells stably depleted of TRPM2 or control scrambled control cells. Approximately 8-10 mice per
group were used in each experiment. Tumor length and width were measured twice weekly over 6-7 weeks. At the
completion of each experiment, tumors were harvested, weighed, and frozen for analysis. Significantly reduced pro-
liferation in TRPM2-depleted xenograft tumors compared to control cells was observed as reported previously*2.

Metabolomic analysis. Metabolomic analysis was performed using liquid chromatography coupled with
mass spectroscopy as described”.

RT-PCR of Nrf2 and IQGAP1. RNA was prepared from neuroblastoma cells using RNeasy kit (Qiagen,
Hilden, Germany). cDNA was prepared using the Super Script kit (Invitrogen by Life Technologies).
RT-PCR was performed using primers purchased from Applied Biosystems TagMan@gene Expression assay
(NFE2L2-Hs00975961; IQGAP1-Hs008965951; TBP-Hs00427620) and StepOne plus Real Time PCR system
(Applied Biosystems). Reactions were run in triplicates. The PCR results were analyzed using Expression Suite
software (LifeTechnologies) as relative mRNA level of cycle threshold (CT) value using scrambled CRISPR/cas9
neuroblastoma cell line as a calibrator as described previously**.
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Statistics. Al results are expressed as mean + SEM. For analysis of protein expression levels as a function of
group (Scr, KO) and doxorubicin exposure time, two-way ANOVA was used. A commercially available software
package (JMP Pro 13.0; SAS Institute, Cary, NC) was utilized. For other analyses, Student paired, unpaired T-tests
or one-way ANOVA were used as indicated. p < 0.05 was taken as statistically significant unless specified.

Institutional guidelines.  All protocols, procedures, and experiments applied to the mice in this study were
approved by the Institutional Animal Care and Use Committee of the Pennsylvania State University College
of Medicine. All Methods in this protocol and experiments were performed in accordance with institutional
guidelines and regulations and meet Pennsylvania State University College of Medicine Biological Safety and
Recombinant DNA requirements.

Data Availability
The data generated during and/or analyzed in the current study are available from the corresponding author on
reasonable request.

References

1. Indo, H. P. et al. Role of Mitochondrial Reactive Oxygen Species in the Activation of Cellular Signals, Molecules, and Function.
Handb Exp Pharmacol 240, 439-456, https://doi.org/10.1007/164_2016_117 (2017).

2. DeBerardinis, R. J. & Chandel, N. S. Fundamentals of cancer metabolism. Sci Adv 2, €1600200, https://doi.org/10.1126/
sciadv.1600200 (2016).

3. Hole, P. S., Darley, R. L. & Tonks, A. Do reactive oxygen species play a role in myeloid leukemias? Blood 117, 5816-5826, https://doi.
org/10.1182/blood-2011-01-326025 (2011).

4. Abdul-Aziz, A., MacEwan, D. J., Bowles, K. M. & Rushworth, S. A. Oxidative stress responses and NRF2 in human leukaemia. Oxid
Med Cell Longev 2015, 454659, https://doi.org/10.1155/2015/454659 (2015).

5. Tonelli, C., Chio, L. I. C. & Tuveson, D. A. Transcriptional Regulation by Nrf2. Antioxid Redox Signal 29, 1727-1745, https://doi.
org/10.1089/ars.2017.7342 (2018).

6. Schumacker, P. T. Reactive oxygen species in cancer cells: live by the sword, die by the sword. Cancer Cell 10, 175-176 (2006).

7. Trachootham, D., Alexandre, J. & Huang, P. Targeting cancer cells by ROS-mediated mechanisms: a radical therapeutic approach?
Nat Rev Drug Discov 8, 579-591 (2009).

8. Nilius, B., Owsianik, G., Voets, T. & Peters, J. A. Transient receptor potential cation channels in disease. Physiol Rev 87, 165-217
(2007).

9. Duncan, L. M. et al. Down-regulation of the novel gene melastatin correlates with potential for melanoma metastasis. Cancer Res 58,
1515-1520 (1998).

10. Aarts, M. et al. A key role for TRPM?7 channels in anoxic neuronal death. Cell 115, 863-877 (2003).

11. Nagamine, K. et al. Molecular cloning of a novel putative Ca2+ channel protein (TRPC7) highly expressed in brain. Genomics 54,
124-131 (1998).

12. Hara, Y. et al. LTRPC2 Ca2+-permeable channel activated by changes in redox status confers susceptibility to cell death. Mol Cell 9,
163-173, https://doi.org/10.1016/S1097-2765(01)00438-5 (2002).

13. Miller, B. A. & Zhang, W. TRP Channels as Mediators of Oxidative Stress. Adv Exp Med Biol 704, 531-544, https://doi.
org/10.1007/978-94-007-0265-3_29 (2011).

14. Perraud, A. L. et al. Accumulation of free ADP-ribose from mitochondria mediates oxidative stress-induced gating of TRPM2 cation
channels. ] Biol Chem 280, 6138-6148, https://doi.org/10.1074/jbc.M411446200 (2005).

15. Kolisek, M., Beck, A., Fleig, A. & Penner, R. Cyclic ADP-ribose and hydrogen peroxide synergize with ADP-ribose in the activation
of TRPM2 channels. Mol Cell 18, 61-69, https://doi.org/10.1016/j.molcel.2005.02.033 (2005).

16. Orfanelli, U. et al. Identification of novel sense and antisense transcription at the TRPM2 locus in cancer. Cell Res 18, 1128-1140
(2008).

17. Park, Y. R. et al. Data-driven Analysis of TRP Channels in Cancer: Linking Variation in Gene Expression to Clinical Significance.
Cancer Genomics Proteomics 13, 83-90 (2016).

18. Zeng, X. et al. Novel role for the transient receptor potential channel TRPM2 in prostate cancer cell proliferation. Prostate Cancer
Prostatic Dis 13, 195-201 (2010).

19. Zhao, L. Y. et al. The overexpressed functional transient receptor potential channel TRPM2 in oral squamous cell carcinoma. Sci Rep
6, 38471, https://doi.org/10.1038/srep38471 (2016).

20. Chen, S. J. et al. A splice variant of the human ion channel TRPM2 modulates neuroblastoma tumor growth through hypoxia-
inducible factor (HIF)-1/2alpha. ] Biol Chem 289, 36284-36302, https://doi.org/10.1074/jbc.M114.620922 (2014).

21. Miller, B. A. TRPM2 in Cancer. Cell Calcium 80, 8-17, https://doi.org/10.1016/j.ceca.2019.03.002 (2019).

22. Bao, L. et al. Depletion of the Human Ion Channel TRPM2 in Neuroblastoma Demonstrates Its Key Role in Cell Survival through
Modulation of Mitochondrial Reactive Oxygen Species and Bioenergetics. J Biol Chem 291, 24449-24464, https://doi.org/10.1074/
jbc.M116.747147 (2016).

23. Chen, S.]. et al. Role of TRPM2 in cell proliferation and susceptibility to oxidative stress. Am J Physiol Cell Physiol 304, C548-560,
https://doi.org/10.1152/ajpcell.00069.2012 (2013).

24. Klumpp, D. et al. Targeting TRPM2 Channels Impairs Radiation-Induced Cell Cycle Arrest and Fosters Cell Death of T Cell
Leukemia Cells in a Bcl-2-Dependent Manner. Oxid Med Cell Longev 2016, 8026702, https://doi.org/10.1155/2016/8026702 (2016).

25. Almasi, S. et al. TRPM2 channel-mediated regulation of autophagy maintains mitochondrial function and promotes gastric cancer
cell survival via the JNK-signaling pathway. ] Biol Chem 293, 3637-3650, https://doi.org/10.1074/jbc.M117.817635 (2018).

26. Koh, D. W. et al. Enhanced cytotoxicity in triple-negative and estrogen receptorpositive breast adenocarcinoma cells due to
inhibition of the transient receptor potential melastatin-2 channel. Oncol Rep 34, 1589-1598, https://doi.org/10.3892/0r.2015.4131
(2015).

27. Miller, B. A. et al. The second member of transient receptor potential-melastatin channel family protects hearts from ischemia-
reperfusion injury. Am J Physiol Heart Circ Physiol 304, H1010-1022, https://doi.org/10.1152/ajpheart.00906.2012 (2013).

28. Hoffman, N. E. et al. Ca(2)(+) entry via Trpm?2 is essential for cardiac myocyte bioenergetics maintenance. Am J Physiol Heart Circ
Physiol 308, H637-650, https://doi.org/10.1152/ajpheart.00720.2014 (2015).

29. Miller, B. A. et al. TRPM2 channels protect against cardiac ischemia-reperfusion injury: role of mitochondria. J Biol Chem 289,
7615-7629, https://doi.org/10.1074/jbc.M113.533851 (2014).

30. Hermosura, M. C. et al. Altered functional properties of a TRPM2 variant in Guamanian ALS and PD. Proc Natl Acad Sci USA 105,
18029-18034 (2008).

31. Gao, G. et al. TRPM2 mediates ischemic kidney injury and oxidant stress through RACI. ] Clin Invest 124, 4989-5001, https://doi.
org/10.1172/JCI76042 (2014).

SCIENTIFIC REPORTS |

(2019) 9:14132 | https://doi.org/10.1038/s41598-019-50661-8


https://doi.org/10.1038/s41598-019-50661-8
https://doi.org/10.1007/164_2016_117
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1182/blood-2011-01-326025
https://doi.org/10.1182/blood-2011-01-326025
https://doi.org/10.1155/2015/454659
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1016/S1097-2765(01)00438-5
https://doi.org/10.1007/978-94-007-0265-3_29
https://doi.org/10.1007/978-94-007-0265-3_29
https://doi.org/10.1074/jbc.M411446200
https://doi.org/10.1016/j.molcel.2005.02.033
https://doi.org/10.1038/srep38471
https://doi.org/10.1074/jbc.M114.620922
https://doi.org/10.1016/j.ceca.2019.03.002
https://doi.org/10.1074/jbc.M116.747147
https://doi.org/10.1074/jbc.M116.747147
https://doi.org/10.1152/ajpcell.00069.2012
https://doi.org/10.1155/2016/8026702
https://doi.org/10.1074/jbc.M117.817635
https://doi.org/10.3892/or.2015.4131
https://doi.org/10.1152/ajpheart.00906.2012
https://doi.org/10.1152/ajpheart.00720.2014
https://doi.org/10.1074/jbc.M113.533851
https://doi.org/10.1172/JCI76042
https://doi.org/10.1172/JCI76042

www.nature.com/scientificreports/

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Manna, P. T. et al. TRPM2-mediated intracellular Zn2+ release triggers pancreatic beta-cell death. Biochem J 466, 537-546, https://
doi.org/10.1042/BJ20140747 (2015).

Mortadza, S. S., Sim, J. A., Stacey, M. & Jiang, L. H. Signalling mechanisms mediating Zn2+--induced TRPM2 channel activation and
cell death in microglial cells. Sci Rep 7, 45032, https://doi.org/10.1038/srep45032 (2017).

Gorrini, C., Harris, I. S. & Mak, T. W. Modulation of oxidative stress as an anticancer strategy. Nat Rev Drug Discov 12, 931-947,
https://doi.org/10.1038/nrd4002 (2013).

Kim, J. H. et al. Identification and functional studies of a new Nrf2 partner IQGAP1: a critical role in the stability and transactivation
of Nrf2. Antioxid Redox Signal 19, 89-101, https://doi.org/10.1089/ars.2012.4586 (2013).

Jaramillo, M. C. & Zhang, D. D. The emerging role of the Nrf2-Keap1 signaling pathway in cancer. Genes Dev 27, 2179-2191, https://
doi.org/10.1101/gad.225680.113 (2013).

Kansanen, E., Kuosmanen, S. M., Leinonen, H. & Levonen, A. L. The Keap1-Nrf2 pathway: Mechanisms of activation and
dysregulation in cancer. Redox Biol 1, 45-49, https://doi.org/10.1016/j.redox.2012.10.001 (2013).

Hayes, J. D. & Dinkova-Kostova, A. T. The Nrf2 regulatory network provides an interface between redox and intermediary
metabolism. Trends Biochem Sci 39, 199-218, https://doi.org/10.1016/j.tibs.2014.02.002 (2014).

Altman, B. ], Stine, Z. E. & Dang, C. V. From Krebs to clinic: glutamine metabolism to cancer therapy. Nat Rev Cancer 16, 749,
https://doi.org/10.1038/nrc.2016.114 (2016).

Holley, S. L. et al. Differential effects of glutathione S-transferase pi (GSTP1) haplotypes on cell proliferation and apoptosis.
Carcinogenesis 28, 2268-2273, https://doi.org/10.1093/carcin/bgm135 (2007).

Stanton, R. C. Glucose-6-phosphate dehydrogenase, NADPH, and cell survival. [UBMB Life 64, 362-369, https://doi.org/10.1002/
iub.1017 (2012).

Sun, J., Wang, B., Hao, Y. & Yang, X. Effects of calcium dobesilate on Nrf2, Keapl and HO-1 in the lenses of D-galactose-induced
cataracts in rats. Exp Ther Med 15, 719-722, https://doi.org/10.3892/etm.2017.5435 (2018).

Cheng, D., Wu, R., Guo, Y. & Kong, A. N. Regulation of Keap1-Nrf2 signaling: The role of epigenetics. Curr Opin Toxicol 1, 134-138,
https://doi.org/10.1016/j.cotox.2016.10.008 (2016).

Lee, T. D, Yang, H., Whang, J. & Lu, S. C. Cloning and characterization of the human glutathione synthetase 5’-flanking region.
Biochem J 390, 521-528, https://doi.org/10.1042/BJ20050439 (2005).

Dang, C. V,, Le, A. & Gao, P. MYC-induced cancer cell energy metabolism and therapeutic opportunities. Clin Cancer Res 15,
6479-6483, https://doi.org/10.1158/1078-0432.CCR-09-0889 (2009).

Bhutia, Y. D. & Ganapathy, V. Glutamine transporters in mammalian cells and their functions in physiology and cancer. Biochim
Biophys Acta 1863, 2531-2539, https://doi.org/10.1016/j.bbamcr.2015.12.017 (2016).

Hofmann, T., Schaefer, M., Schultz, G. & Gudermann, T. Subunit composition of mammalian transient receptor potential channels
in living cells. Proc Natl Acad Sci USA 99, 7461-7466 (2002).

Xia, R. et al. Identification of pore residues engaged in determining divalent cationic permeation in transient receptor potential
melastatin subtype channel 2. ] Biol Chem 283, 27426-27432, https://doi.org/10.1074/jbc.M801049200 (2008).

Glasauer, A., Sena, L. A,, Diebold, L. P, Mazar, A. P. & Chandel, N. S. Targeting SOD1 reduces experimental non-small-cell lung
cancer. J Clin Invest 124, 117-128, https://doi.org/10.1172/JCI71714 (2014).

Raj, L. et al. Selective killing of cancer cells by a small molecule targeting the stress response to ROS. Nature 475, 231-234, https://
doi.org/10.1038/nature10167 (2011).

Shaw, A. T. et al. Selective killing of K-ras mutant cancer cells by small molecule inducers of oxidative stress. Proc Natl Acad Sci USA
108, 8773-8778, https://doi.org/10.1073/pnas.1105941108 (2011).

Hirschler-Laszkiewicz, I. et al. The human ion channel TRPM2 modulates neuroblastoma cell survival and mitochondrial function
through Pyk2, CREB, and MCU activation. Am J Physiol Cell Physiol 315, C571-C586, https://doi.org/10.1152/ajpcell.00098.2018
(2018).

Fukuda, R. et al. HIF-1 regulates cytochrome oxidase subunits to optimize efficiency of respiration in hypoxic cells. Cell 129,
111-122, https://doi.org/10.1016/j.cell.2007.01.047 (2007).

Dey, S., Sidor, A. & O’Rourke, B. Compartment-specific Control of Reactive Oxygen Species Scavenging by Antioxidant Pathway
Enzymes. ] Biol Chem 291, 11185-11197, https://doi.org/10.1074/jbc.M116.726968 (2016).

Maddocks, O. D., Labuschagne, C. F. & Vousden, K. H. Localization of NADPH production: a wheel within a wheel. Mol Cell 55,
158-160, https://doi.org/10.1016/j.molcel.2014.07.001 (2014).

White, C. D., Brown, M. D. & Sacks, D. B. IQGAPs in cancer: a family of scaffold proteins underlying tumorigenesis. FEBS Lett 583,
1817-1824, https://doi.org/10.1016/j.febslet.2009.05.007 (2009).

Jadeski, L., Mataraza, J. M., Jeong, H. W,, Li, Z. & Sacks, D. B. IQGAP1 stimulates proliferation and enhances tumorigenesis of
human breast epithelial cells. ] Biol Chermn 283, 1008-1017, https://doi.org/10.1074/jbc.M708466200 (2008).

Johnson, M., Sharma, M. & Henderson, B. R. IQGAP1 regulation and roles in cancer. Cell Signal 21, 1471-1478, https://doi.
org/10.1016/j.cellsig.2009.02.023 (2009).

Zhang, D.D,, Lo, S. C,, Cross, J. V., Templeton, D. J. & Hannink, M. Keapl1 is a redox-regulated substrate adaptor protein for a Cul3-
dependent ubiquitin ligase complex. Mol Cell Biol 24, 10941-10953, https://doi.org/10.1128/MCB.24.24.10941-10953.2004 (2004).
Scalise, M., Pochini, L., Galluccio, M., Console, L. & Indiveri, C. Glutamine Transport and Mitochondrial Metabolism in Cancer Cell
Growth. Front Oncol 7, 306, https://doi.org/10.3389/fonc.2017.00306 (2017).

Koppula, P,, Zhang, Y., Shi, J., Li, W. & Gan, B. The glutamate/cystine antiporter SLC7A11/xCT enhances cancer cell dependency on
glucose by exporting glutamate. ] Biol Chem 292, 14240-14249, https://doi.org/10.1074/jbc.M117.798405 (2017).

Miller, D. M., Thomas, S. D., Islam, A., Muench, D. & Sedoris, K. c-Myc and cancer metabolism. Clin Cancer Res 18, 5546-5553,
https://doi.org/10.1158/1078-0432.CCR-12-0977 (2012).

Choi, Y. K. & Park, K. G. Targeting Glutamine Metabolism for Cancer Treatment. Biomol Ther (Seoul) 26, 19-28, https://doi.
org/10.4062/biomolther.2017.178 (2018).

Li, T. & Le, A. Glutamine Metabolism in Cancer. Adv Exp Med Biol 1063, 13-32, https://doi.org/10.1007/978-3-319-77736-8_2
(2018).

Nguyen le, X. T. et al. Regulation of ribosomal RNA synthesis in T cells: requirement for GTP and Ebp1. Blood 125, 2519-2529,
https://doi.org/10.1182/blood-2014-12-616433 (2015).

Kollareddy, M. et al. Regulation of nucleotide metabolism by mutant p53 contributes to its gain-of-function activities. Nat Commun
6, 7389, https://doi.org/10.1038/ncomms8389 (2015).

Roehm, N. W,, Rodgers, G. H., Hatfield, S. M. & Glasebrook, A. L. An improved colorimetric assay for cell proliferation and viability
utilizing the tetrazolium salt XT'T. ] Immunol Methods 142, 257-265 (1991).

Zhang, W. et al. A novel TRPM2 isoform inhibits calcium influx and susceptibility to cell death. ] Biol Chem 278, 1622216229,
https://doi.org/10.1074/jbc.M300298200 (2003).

Ramaswamy, K. et al. Peptidomimetic blockade of MYB in acute myeloid leukemia. Nat Commun 9, 110, https://doi.org/10.1038/
$41467-017-02618-6 (2018).

Cook, J. A. et al. Mass Spectrometry-Based Metabolomics Identifies Longitudinal Urinary Metabolite Profiles Predictive of
Radiation-Induced Cancer. Cancer Res 76, 1569-1577, https://doi.org/10.1158/0008-5472.CAN-15-2416 (2016).

SCIENTIFIC REPORTS |

(2019) 9:14132 | https://doi.org/10.1038/s41598-019-50661-8


https://doi.org/10.1038/s41598-019-50661-8
https://doi.org/10.1042/BJ20140747
https://doi.org/10.1042/BJ20140747
https://doi.org/10.1038/srep45032
https://doi.org/10.1038/nrd4002
https://doi.org/10.1089/ars.2012.4586
https://doi.org/10.1101/gad.225680.113
https://doi.org/10.1101/gad.225680.113
https://doi.org/10.1016/j.redox.2012.10.001
https://doi.org/10.1016/j.tibs.2014.02.002
https://doi.org/10.1038/nrc.2016.114
https://doi.org/10.1093/carcin/bgm135
https://doi.org/10.1002/iub.1017
https://doi.org/10.1002/iub.1017
https://doi.org/10.3892/etm.2017.5435
https://doi.org/10.1016/j.cotox.2016.10.008
https://doi.org/10.1042/BJ20050439
https://doi.org/10.1158/1078-0432.CCR-09-0889
https://doi.org/10.1016/j.bbamcr.2015.12.017
https://doi.org/10.1074/jbc.M801049200
https://doi.org/10.1172/JCI71714
https://doi.org/10.1038/nature10167
https://doi.org/10.1038/nature10167
https://doi.org/10.1073/pnas.1105941108
https://doi.org/10.1152/ajpcell.00098.2018
https://doi.org/10.1016/j.cell.2007.01.047
https://doi.org/10.1074/jbc.M116.726968
https://doi.org/10.1016/j.molcel.2014.07.001
https://doi.org/10.1016/j.febslet.2009.05.007
https://doi.org/10.1074/jbc.M708466200
https://doi.org/10.1016/j.cellsig.2009.02.023
https://doi.org/10.1016/j.cellsig.2009.02.023
https://doi.org/10.1128/MCB.24.24.10941-10953.2004
https://doi.org/10.3389/fonc.2017.00306
https://doi.org/10.1074/jbc.M117.798405
https://doi.org/10.1158/1078-0432.CCR-12-0977
https://doi.org/10.4062/biomolther.2017.178
https://doi.org/10.4062/biomolther.2017.178
https://doi.org/10.1007/978-3-319-77736-8_2
https://doi.org/10.1182/blood-2014-12-616433
https://doi.org/10.1038/ncomms8389
https://doi.org/10.1074/jbc.M300298200
https://doi.org/10.1038/s41467-017-02618-6
https://doi.org/10.1038/s41467-017-02618-6
https://doi.org/10.1158/0008-5472.CAN-15-2416

www.nature.com/scientificreports/

Acknowledgements

This work was supported in part by the National Institutes of Health Grants R01-GM117014; Hyundai Hope
on Wheels Scholar Grant; and the Four Diamonds Fund of the Pennsylvania State University. The content is the
responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.

Author Contributions

L.B. performed many experiments, analyzed data, and contributed to writing the manuscript. EE. performed data
analysis, assisted in figure preparation, and contributed to manuscript design. C.S.E. and J.P.L. performed initial
GSH measurements and Western blots. I.H.L. assisted with preparation and analysis of TRPM2 depleted and
mutant clones and with subcellular fractionation. SJC established the TRPM2 CRISPR knockout and scrambled
SH-SY5Y cell lines. K.A.K. performed xenograft experiments. H.G.W. assisted with design of CRISPR deletion
strategy, constructs, and analysis. A.D.P. designed and directed metabolomics experiments. J.Y.C. assisted in
project conception and in data analysis and manuscript design. B.A.M. conceived and coordinated the study,
participated in experimental design and data analysis, and wrote the paper. All authors reviewed the final version
of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-50661-8.

Competing Interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
B’

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:14132 | https://doi.org/10.1038/s41598-019-50661-8


https://doi.org/10.1038/s41598-019-50661-8
https://doi.org/10.1038/s41598-019-50661-8
http://creativecommons.org/licenses/by/4.0/

	The Human Transient Receptor Potential Melastatin 2 Ion Channel Modulates ROS Through Nrf2

	Results

	TRPM2 modulates levels of the antioxidant cofactors GSH, NADPH, and NADH. 
	TRPM2 is an important modulator of Nrf2 expression and enzymes involved in the antioxidant response. 
	IQGAP1 and Keap1 are decreased in TRPM2 depleted cells. 
	Reduced glutamine contributes to decreased GSH levels in TRPM2 depleted cells. 
	Wild type TRPM2 but not the pore mutant E960D reconstitutes cell viability, GSH, NAD+/NADH, and NADP+/NADPH in TRPM2 deplet ...
	Nrf2 fully reconstitutes GSH and partially restores cell viability and antioxidant cofactors in TRPM2 depletion. 
	ROS are reduced by reconstitution of TRPM2 and Nrf2. 

	Discussion

	Methods

	Depletion of TRPM2 with CRISPR and generation of stably transfected neuroblastoma cell lines. 
	Cell proliferation assay. 
	GSH, NADP+/NADPH, NAD+/NADH and ATP quantitation. 
	Immunoblot analysis. 
	Subcellular fractionation. 
	Generation of Ca2+-impermeable E960D TRPM2 mutant. 
	Reconstitution of TRPM2 and Nrf2 Function in TRPM2 depleted cells. 
	Measurement of ROS. 
	Xenograft tumors expressing TRPM2 isoforms. 
	Metabolomic analysis. 
	RT-PCR of Nrf2 and IQGAP1. 
	Statistics. 
	Institutional guidelines. 

	Acknowledgements

	Figure 1 GSH, NADP+/NADPH, and NAD+/NADH levels are significantly reduced in TRPM2 depleted cells.
	Figure 2 Nrf2, downstream antioxidant enzymes, and IQGAP1 are reduced in TRPM2 depleted cells following doxorubicin.
	Figure 3 Nrf2, downstream antioxidant enzymes, and IQGAP1 are reduced in TRPM2 depleted xenografts.
	Figure 4 Decreased glutamine levels contribute to reduced GSH in TRPM2 depleted cells.
	Figure 5 Wild Type TRPM2 but not the pore mutant E960D reconstitutes cell viability, ATP, GSH, NAD+, NADH, NADP+, and NADPH levels in TRPM2 depleted cells.
	Figure 6 Expression of wild type TRPM2 but not E960D restores expression of Nrf2 and antioxidant enzymes, and Nrf2 nuclear translocation in TRPM2 depleted cells.
	Figure 7 Reconstitution of Nrf2 fully restores GSH and GTP and partially restores cell viability, ATP, NADH, and NADPH levels in TRPM2 depleted cells.
	Figure 8 Reconstitution of TRPM2 and Nrf2 modulates ROS in TRPM2 depletion.




