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ARTICLE INFO ABSTRACT

Keywords: Different dopaminergic (DA) neuronal subgroups exhibit distinct vulnerability to stress, while the underlying
Dopaminergic neurons mechanisms are elusive. Here we report that the transient receptor potential melastatin 2 (TRPM2) channel is
Vulnerability

preferentially expressed in vulnerable DA neuronal subgroups, which correlates positively with aging in Par-
kinson’s Disease (PD) patients. Overexpression of human TRPM2 in the DA neurons of C. elegans resulted in
selective death of ADE but not CEP neurons in aged worms. Mechanistically, TRPM2 activation mediates FZO-1/
CED-9-dependent mitochondrial hyperfusion and mitochondrial permeability transition (MPT), leading to ADE
death. In mice, TRPM2 knockout reduced vulnerable substantia nigra pars compacta (SNc¢) DA neuronal death
induced by stress. Moreover, the TRPM2-mediated vulnerable DA neuronal death pathway is conserved from
C. elegans to toxin-treated mice model and PD patient iPSC-derived DA neurons. The vulnerable SNc DA neuronal
loss is the major symptom and cause of PD, and therefore the TRPM2-mediated pathway serves as a promising
therapeutic target against PD.

TRPM2
Parkinson’s Disease

1. Introduction Homo sapiens and rodents (Schultz, 2007; Ungless and Grace, 2012). A
majority of DA neurons located in the ventral midbrain (VM) are pro-

Dopaminergic (DA) neurons play an important role in the regulation duced in the basal region of the midbrain during embryonic develop-

of voluntary movement, emotion and reward in vertebrates, including ment. Midbrain DA neurons are classified into three anatomically and
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functionally distinct clusters, termed the retrorubral area (RR), the
substantia nigra pars compacta (SNc) and the ventral tegmental area
(VTA), with SNc and VTA consisting most of the DA neurons (Anderegg
etal., 2015). Similarly, DA neurons in Caenorhabditis elegans (C. elegans),
a canonical model organism used to investigate mechanisms of human
diseases, are composed of three anatomically distinct subtypes,
including two Anterior DEirid (ADE), four CEPhalic sensory (CEP), and
two Posterior Deirid (PDE) neurons. These three subtypes of ciliated DA
neurons function redundantly in modulating decreased moving speed
behavior in response to food and mechanosensation (Sawin et al., 2000).
Therefore, the diversity among DA neuronal subgroups is conserved
from model animals to human.

DA neuron subtypes share the common DA neuronal markers, such as
tyrosine hydroxylase (TH) and dopa decarboxylase (DDC) required for
dopamine synthesis, but some DA neuron clusters exhibit greater sus-
ceptibility to damage by stress than others, with a well-known example
being that the degeneration of DA neurons in the SNc, but not those in
the VTA, is most prominent in the brains of Parkinson’s Disease (PD)
patients (Damier et al., 1999; Hirsch et al., 1988). Exposure to the
metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a
neurotoxin known to induce PD-like phenotypes, results in preferential
loss of SNc neurons in mice (Di Salvio et al., 2010; Liss et al., 2005). A
previous study also showed that some but not all DA neurons degenerate
in transgenic Drosophila expressing a-synuclein (Feany and Bender,
2000), suggesting that differential vulnerability is conserved across
species. C. elegans is a widely used model organism to examine the
mechanisms driving human neurodegenerative diseases (Fang et al.,
2019; Sorrentino et al., 2017), but whether DA neurons in this model
organism display differential vulnerability to stress remains unknown.

In the last few decades, a consensus has been reached that the se-
lective vulnerability of SNc neurons is mainly caused by their high
bioenergetic demands, such as pacemaking activity (Surmeier, 2007),
high DA- and iron-related toxicity (Hare and Double, 2016;
Segura-Aguilar et al., 2014), and possessing a highly complex axonal
arborization (Bolam and Pissadaki, 2012; Matsuda et al., 2009; Pacelli
et al., 2015; Parent and Parent, 2006). So far, the molecular mechanism
responsible for the differential vulnerability of DA neuron clusters is
however largely unclear. Recent studies taking advantages of tran-
scriptomics have attempted to identify the marker genes and uncovered
cellular heterogeneity of DA neurons (Chung et al., 2005; Grimm et al.,
2004; Kamath et al., 2022; Tiklova et al., 2019), which is crucial for
understanding the molecular cascades underpinning the selective
vulnerability of DA neurons. For example, invulnerable VTA DA neurons
are enriched with transcripts for neuroprotective proteins like PACAP,
BMP (MPTP-resistance), ANP (anti-oxidative stress) and PARM-1
(anti-apoptosis) (Grimm et al., 2004). SnRNA-seq analysis of DA neu-
rons from postmortem human SNc indicates the AGTR1-positive DA
neurons located in the ventral tier of SNc are highly vulnerable (Kamath
et al.,, 2022). However, the functions of the differentially expressed
genes in mediating vulnerability have not yet been experimentally
verified.

Here we have found that the expression of TRPM2 channel shows a
positive correlation with aging and it is preferentially enriched in
vulnerable DA neurons, raising the possibility that TRPM2 mediates the
vulnerability of DA neurons. To test this hypothesis, we constructed a
transgenic C. elegans strain with human TRPM2 (hTRPM2) specifically
expressed in DA neurons. Interestingly, hTRPM2 expression selectively
confers vulnerability to ADE rather than CEP neurons. Mechanistically,
TRPM2 is preferentially activated by ADP-ribose (ADPR) and reactive
oxygen species (ROS) that promotes ADPR production via poly(ADPR),
polymerase (PARP) and poly(ADPR) glycohydrolase (PARG) in ADE
neurons and promotes mitochondrial hyperfusion via the FZO-1/CED-9-
complex, leading to ADE neuronal death. The TRPM2 channel also
mediates the vulnerability of SNc DA neurons in MPTP-induced PD mice
through Mfn2/Bcl-2, the homologues of worm FZO-1/CED-9. Further-
more, blockage of the TRPM2-mediated DA neuronal death pathway
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prevents the demise of DA neurons differentiated from sporadic PD
(SPD) patient-specific induced pluripotent stem cells (iPSC). Taken
together, these findings uncover TRPM2 as an important mechanism
mediating the vulnerability of DA neurons that is conserved across
different species.

2. Results
2.1. TRPM2 is enriched in vulnerable DA neuron clusters

A previous study conducted single-cell transcriptome sequencing in
iPSC-differentiated DA neurons and characterized the composition and
cell-type specific responses to genetic and cytotoxic stress (ArrayExpress
Accession Number: E-MTAB-9154) (Fernandes et al., 2020). We
re-analyzed the data from untreated- and rotenone-treated groups and
categorized the differentiated neurons into six clusters (DAn1-6) (Fig. 1
A), and the DAnl cluster shows significant neuronal loss (Fig. 1B),
indicating its vulnerability. The G-protein gated inwardly-rectifying K*
channel subunit (GIRK2, encoded by KCNJ6 gene) is reported to be the
marker gene of SNc DA neurons, and calbindin (encoded by CALB1
gene) is the marker of VTA neurons in mammalian brains (Thompson
et al., 2005). Our results showed that GIRK2 rather than calbindin is
abundantly expressed in the vulnerable DAn1 cluster (Fig. 1 C and D),
suggesting that the iPSC-derived DAnl neuron cluster may be as
vulnerable as the SNc DA neurons in human brain. Previous studies have
demonstrated that SNc neurons rather than VTA neurons maintain high
levels of oxidative stress and Ca®" entry activity, which is suggested to
play a vital role in determining the vulnerability of SNc DA neurons
(Guzman et al., 2010). Thus, we examined the expression and distri-
bution of transient receptor potential (TRP) ion channels that are known
to be capable of detecting alterations in cellular redox status and
mediating Ca?* influx, including TRPM2, TRPC5 and TRPA1l (Jiang
et al., 2018; Maddox et al., 2018; Takahashi et al., 2011). The results
showed that only TRPM2 is preferentially enriched in the vulnerable
DAn1 cluster (Fig. 1E). To further verify this finding, we also analyzed
the expression of TRPM2 based on three other public databases. The
TRPM2 expression profile in the midbrain obtained from the Human
Protein Atlas Dataset (www.proteinatlas.org) showed that the expres-
sion of TRPM2 in the SNc region is higher than in the VTA region,
regardless of gender (Supplementary Fig. 1A-C). We also analyzed the
expression of TRPM2 in SNc neurons from a single-cell transcriptomic
atlas of human SNc in PD patients (Wang et al., 2022). The results
suggest that TRPM2 expression displays a positive correlation with
aging in PD patients (Fig. 1 F and G). A recent study has identified a
subpopulation of vulnerable DA neurons (AGTR1- and SOX6-positive)
based on single-cell sequencing of human ventral tier SNc DA neurons
(Fig. 1H, NCBI GEO Accession Number: GSE178265) (Kamath et al.,
2022). We found that GIRK2 and TRPM2 rather than calbindin are more
enriched in this vulnerable neuron cluster (Fig. 1I-K). To verify these
RNA-seq-based data, we detected the expression of TRPM2 in mouse
midbrain via RNA-scope. The results indicate that the mRNA level of
TRPM2 in aged mice is indeed significantly higher in the ventral tier of
SNc DA neurons than that in VTA (Fig. 1 L and M), consistent with the
above-described results from RNA-seq-based analysis. The
Ca?*-permeable TRPM2 channel is known as an oxidative stress sensor
for it is activated by ROS via the PARP/PARG/ADPR axis in synergy with
cat (Huang et al., 2018; Wang et al., 2018; Yu et al., 2019; Yu et al.,
2017; Yu et al., 2021). Therefore, we propose TRPM2 as a mechanism
mediating DA neuronal vulnerability to stress.

2.2. Ectopic expression of hTRPM2 in C. elegans induces selective DA
neuronal degeneration

There is no homologue of TRPM2 in C. elegans, and previous studies
did not observe preferential loss of DA neurons in various neuro-
degeneration models of C. elegans carrying genetic mutation, or upon
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Fig. 1. TRPM2 is enriched in vulnerable DA neuron clusters.
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a-synuclein overexpression or treatment with toxins (Chikka et al.,
2016; Lakso et al., 2003; Nagarajan et al., 2014). To explore whether
TRPM2 indeed endows the DA neurons with vulnerability in worms, we
constructed C. elegans strains independently and specifically expressing
hTRPM2 and DsRed fluorescent protein in DA neurons under the control
of Pdat-1 promoter (Supplementary Fig. 2A-D). Interestingly, following
TRPM2 expression, ADE, PDE neurons and CEP neurons showed
completely different phenotypes. Both ADE and PDE neurons in
hTRPM2-expressing worms exhibited substantial neurodegeneration,
characterized by progressive loss of the process carrying bubbles and the
cell body within 7 days from adult day 1 (Fig. 2A-B and Supplementary
Fig. 2F and F). In contrast, CEP neurons from the same worms remained
unaffected, even on adult day 7 and day 10 (Fig. 2 A and B and Sup-
plementary Fig. 2 G). Thus, only ADE and PDE in C. elegans become
highly vulnerable as a result of TRPM2 expression. Due to an age-related
increase in autofluorescence of the gut that severely confounds the
quantification of PDE neurons, we focused on the ADE and CEP neurons
in the following studies.

To determine whether the selective vulnerability of DA neurons in
C. elegans conferred by ectopic expression of hTRPM2 arose from the
difference in hTRPM2 channel function in ADE and CEP neurons, we
conducted in vivo electrophysiological recordings of hTRPM2-mediated
currents in response to application of a saturation concentration of
ADPR and Ca?" used in previous studies (Singatulina et al., 2019; Vyas
et al., 2014). ADE and CEP neurons from hTRPM2-expressing worms
responded to administration of ADPR/Ca®" with similar current am-
plitudes (Supplementary Fig. 2H and I), indicating that TRPM2 is
functionally expressed at a similar level in ADE and CEP neurons. In
contrast with expression of the wildtype (WT)-hTRPM2, expression of
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the hTRPM2 mutant carrying E960Q in the pore region that reduces the
Ca?"-permeability or R1433A in the C-terminal containing
ADPR-binding pocket (Xia et al., 2008; Yu et al., 2017) dramatically
reduced ADE neuronal death (Fig. 2C-E), albeit similar expression of
TRPM2 in these two mutant strains, suggesting that induction of selec-
tive degeneration of ADE DA neurons by ectopic expression of hTRPM2
is dependent on the channel activity.

We also treated worms with MPP™, the neurotoxic MPTP that in-
hibits NAD(H)-linked mitochondrial oxidation at the level of complex I
of the electron transport system (Nicklas et al., 1987). The results
showed that treatment with MPP* exacerbated ADE neuronal death in
TRPM2-expressing worms in comparison to WT worms (Supplementary
Fig. 2 J), while cause similar toxic effect on CEP neurons(Supplementary
Fig. 2 J). These results suggest it is ADE rather than CEP that contributes
to the vulnerability of DA neurons.

TRPM2 is a Ca®"-permeable channel mediating Ca®" influx and, as
introduced above, intracellular Ca®" is an important factor responsible
for TRPM2 activation. To verify the role of Ca" in h\TRPM2 expression-
induced ADE neuron degenerating pathway, we firstly measured the
cytosolic Ca%* level in ADE and CEP neurons on day 1 using GCaMP3
(Xu and Chisholm, 2014). The results showed that the cytosolic Ca%*
level was much higher in ADE neurons than CEP neurons in
hTRPM2-expressing worms (Supplementary Fig. 3 A). Application of the
Ca?" chelator BAPTA-AM significantly suppressed ADE neuronal death
in hTRPM2-expressing worms (Supplementary Fig. 3C and D),
providing further evidence to suggest the critical engagement of Ca?*
overload in hTRPM2 expression-induced ADE neurodegeneration. We
next examined the ROS level, which not only induces TRPM2 activation,
but also results in neuronal damage during pathogenesis (Di et al., 2011;

TRPM2 channel
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Fig. 2. Ectopic expression of hTRPM2 in C. elegans induces selective DA neuron degeneration.
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Fanczal et al., 2020). By using Hyper, a ROS sensor (Markvicheva et al.,
2011), we observed that the ROS level in ADE neurons was considerably
higher than that in CEP neurons in hTRPM2-expressing worms (Sup-
plementary Fig. 3B). Additionally, treatment with the ROS scavenger
N-acetyl cysteine (NAC) modestly suppressed ADE neuronal death in
hTRPM2-expressing worms (Supplementary Fig. 3 C and D). Taken
together, these observations demonstrate that the selective vulnerability
of ADE neurons upon hTRPM2 expression arises in part from the
elevated levels of Ca®" and ROS that activate hTRPM2 to drive neuronal
death.
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2.3. TRPM2 contributes to the vulnerability of SNc DA neurons in PD
mice

To further validate the role of TRPM2 in mediating DA neuron
vulnerability in mammalian animals, we used MPTP- and rotenone
(Rot)-induced mouse PD models. Our results showed that treatment with
MPTP induced degeneration of SNc without effect on VTA DA neurons in
WT mice (Fig. 3A-B), and TRPM2 knockout (TRPM2-KO) significantly
suppressed MPTP-induced loss of SNc DA neurons (Fig. 3A-B), con-
firming that TRPM2 is critical for mediating DA neuron vulnerability.
Moreover, stereotaxic injection of rotenone into one side of the SNc
region in mice led to apomorphine-induced rotation and decreased
rotarod time (Fig. 3C-E), which mimics the behavior of PD patients.
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Fig. 3. TRPM2 contributes to the vulnerability of SNc DA neurons to stress in mice.
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Furthermore, progressive dopaminergic axon degeneration was
observed in the striatum a month following injection in the WT mice
(Fig. 3C, F and G). Consistently, these motor deficits and pathological
changes were significantly attenuated in the TRPM2-KO mice (Fig. 3D-
G), further supporting that TRPM2 mediates SNc¢ DA neuronal death.
These results demonstrate that TRPM2-mediated vulnerability of SNc
DA neurons is conserved across species.

2.4. TRPM2 induces ADE death through FZO-1/CED-9-mediated
mitochondrial hyperfusion

We next examined whether TRPM2 induced ADE neuronal death
through the core apoptosis machineries, including EGL-1, CED-9 (anti-
apoptosis), CED-4 and CED-3 (Fig. 4 A) (Ellis and Horvitz, 1986). The
hTRPM2-expressing worms were cross-bred with various mutant strains
with loss-of-function ced-4 (nl1162)/apoptotic protease activating
factor-1 (Apaf-1), egl-1 (n1084n3082)/BH-3, ced-3 (n717)/caspase, or
gain-of-function ced-9 (n1950)/Bcl-2 that have been shown to prevent
canonical apoptosis (Hengartner and Horvitz, 1994). Among these
mutants, only loss-of-function ced-4 in hTRPM2-expressing worms led to
significant attenuation of ADE neuronal death (Fig. 4B and C and Sup-
plementary Fig. 3E and F). Surprisingly, the loss-of-function ced-9
(n2812) mutant dramatically suppressed ADE neuron degeneration in
hTRPM2-expressing worms, while the gain-of-function ced-9 mutant
failed to protect ADE neurons (Fig. 4B and C). These results indicate that
hTRPM2 induced ADE neuronal death through CED-4 and CED-9.

Mitochondrial dysfunction is a well-known initiating factor in
apoptosis and has paramount importance in stress-induced DA neuro-
degeneration. It was reported that mitochondria-located Bcl-2 family
proteins play critical roles in regulating mitochondrial dynamics (Lu
et al., 2011; Rolland et al., 2009). Thus, we next sought to explore the
intriguing role of CED-9 by further investigating its contribution to
mitochondrial dysfunction in the ADE neurons of hTRPM2-expressing
worms. Confocal microscopy revealed that mitochondria in the ADE
neurons showed increased mitochondrial length compared to those in
the CEP neurons in the hTRPM2-expressing worms as well as in the WT
worms (Fig. 4D and E). This finding was further corroborated by the
3-dimensional reconstruction analysis of mitochondrial morphology
determined by using scanning electron microscopy (Fig. 4D), indicating
mitochondrial hyperfusion or fission defect in hTRPM2-expressing ADE
neurons. The mitochondrial morphology in hTRPM2-expressing worms
was largely restored by the loss-of-function ced-9 (n2812) mutation
(Fig. 4E and F), confirming that CED-9 contributes to hTRPM2-induced
mitochondrial fusion/fission defects in ADE neurons.

Previous studies have reported that CED-9 promotes mitochondrial
fission by interacting with EGL-1 and DRP-1, or mediates mitochondrial
fusion by interacting with CED-4 and FZO-1 in C. elegans (Lu et al., 2011;
Rolland et al., 2009). Nonetheless, such a mechanism remains debat-
able, for another study showed no involvement of CED-9 in mitochon-
drial dynamics (Breckenridge et al., 2009). Here, our data showed that
there is no protective effect when the hTRPM2-expressing worms were
cross-bred with the EGL-1 mutant strain (Supplementary Fig. 3E and F),
suggesting that EGL-1/CED-9-mediated mitochondrial fission is not
critically involved in ADE neuronal death. In contrast, knockdown of
fz0-1 rather than drp-1 mitigated ADE neuron degeneration in the
hTRPM2-expressing worms (Fig. 4 G and H). Consistently, expression of
a CED-9-binding domain of FZO-1 (AA346-595, containing a coiled-coil
domain) attenuated ADE neuron degeneration in the
hTRPM2-expressing worms, which likely resulted from competitive
blockade of the FZ0O-1/CED-9-mediated mitochondrial fusion (Fig. 4 G
and H). These results support that mitochondrial hyperfusion mediated
by the FZO-1/CED-9 complex plays a vital role in hTRPM2
expression-induced ADE neuron degeneration.

It has been reported that mitochondrial hyperfusion causes mito-
chondrial permeability transition (MPT) (Papanicolaou et al., 2011),
resulting in cell death. Therefore, we examined whether MPT is involved
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in TRPM2-mediated neuronal death. Deletion of cyn-1 which encodes
the regulatory component of MPT in C. elegans reduced ADE neuronal
death in the TRPM2-expressing worms (Supplementary Fig. 3E and F).
Moreover, blocking the MPT pore opening with cyclosporin A (CsA)
improved the viability of ADE neurons (Supplementary Fig. 3 C and D).
These results indicate that the FZ0-1/CED-9 complex formation driven
by TRPM2 activation induces mitochondrial hyperfusion and that MPT
contributes to ADE neuronal death in the hTRPM2-expressing worms.

To further determine whether such a novel role of the FZO-1/CED-9
complex in mediating DA neuronal death is conserved in mammalian
animals, we analyzed the Mfn2/Bcl-2 (the homologue of FZO-1/CED-9
in mice) interactions in MPTP-treated PD mouse model. Using a Prox-
imity Ligation Assay (PLA), we showed that TRPM2-KO significantly
attenuated MPTP-induced Mfn2/Bcl-2 interactions in the SNc but not
the VTA DA region (Fig. 41 and J), supporting the notion that TRPM2-
induced Mfn2/Bcl-2 interaction is critical for selective SNc DA
neuronal death. These results indicate that TRPM2-mediated Mfn2/Bcl-
2 interaction indeed conservatively mediates the vulnerability of SNc
DA neurons to stress in mice.

2.5. The PARP-1/PARG/ADPR axis mediates TRPM2 activation to
induce selective ADE death

The above-described results show that hTRPM2 plays a novel role in
determining DA neuron vulnerability, and we further investigated how
TRPM2 selectively mediates ADE neuronal death using hTRPM2 trans-
genic C. elegans. ADPR acts as the major endogenous ligand of the
TRPM2 channel, which is mainly synthesized by PARP, particularly
PARP-1, and PARG responding to DNA damage (Fig. 5A) (Qi et al.,
2019; Vyas et al., 2014). To determine whether preferential TRPM2
activation is responsible for ADE death in C elegans, we firstly investi-
gated the potential roles of PARP-1 and PARG in hTRPM2-induced se-
lective ADE neuronal death. Overexpression of worm PARP-1 in DA
neurons caused ADE cell death in WT animals and exacerbated ADE
neuronal death in hTRPM2-expressing animals (Fig. 5B-C). Notably, it
also resulted in significant CEP neuronal death (Fig. 5B-C). Consistently,
knockdown of parp-1 or parg-1 dramatically suppressed ADE neuronal
death in hTRPM2-expressing worms (Fig. 5B-C). Moreover, treatment
with either the PARP-1 inhibitor PJ-34 (Szabo et al., 2002) or the PARG
inhibitor PDD (Raghunatha et al., 2020) reduced ADE neuronal death in
hTRPM2-expressing worms (Fig. 5B and D). These results support that
TRPM2 activation is critical for DA neuronal vulnerability. Currently,
there is no probe for monitoring the ADPR level and, to explore whether
ADPR production plays a role in TRPM2-mediated ADE death, we
overexpressed worm NDX-6 (the homologue of human NUDT9), which
hydrolyzes ADPR to adenosine monophosphate (AMP) and ribose
5’-phosphate (Fig. 5 A). The results showed that NDX-6 overexpression
reduced ADE death in the hTRPM2-expressing worms (Fig. 5B and C),
suggesting the importance of ADPR production in TRPM2-mediated ADE
neuronal death. Collectively, these results support the notion that the
PARP-1/PARG-1/ADPR axis is important for the vulnerability of
hTRPM2-expressing ADE neurons in worms.

2.6. The TRPM2-mediated neuronal death pathway is conserved in iPSC-
derived DA neurons from a SPD patient

To further determine whether the role TRPM2 plays in mediating DA
vulnerability in both C. elegans and mice is preserved in PD pathogen-
esis, we turned to DA neurons differentiated from iPSCs, a well-
established cell model for PD research. Using the floor-plate-based
midbrain DA neuronal differentiation strategy (Fasano et al., 2010; Ke
et al., 2020), we differentiated iPSCs from a sporadic PD (SPD) patient
and healthy control into TH-positive DA neurons with ~80% efficiency
(Supplementary Fig. 4A-C). Such differentiated iPSC-DA neurons also
expressed GIRK2 while calbindin was barely detected (Supplementary
Fig. 4B). Both evoked action potentials and voltage-dependent Na™*
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Fig. 4. TRPM2 induces ADE death through FZO-1/CED-9-mediated mitochondrial hyperfusion.
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Fig. 5. The PARP-1/PARG-1/ADPR axis-mediated TRPM2 activation induces selective ADE death.

channel currents were detected in the differentiated DA neurons by
using whole-cell recording (Supplementary Fig. 4D and E).

Importantly, the viability of SPD iPSC-derived DA neurons was
improved by treatment with the TRPM2 inhibitors, ACA or A1l0
(Fig. 6 A), indicating that TRPM2 function contributes to DA neurons
death. We further used a range of inhibitors to determine the role of
PARP-1/PARG/ADPR axis in the viability of SPD iPSC-derived DA
neurons. As anticipated, inhibition of PARP-1 by treatment with PJ-34
reduced poly(ADPR) formation, whereas inhibition by PARG with
PDD increased the poly(ADPR) level (Supplementary Fig. 5 A). Consis-
tently, both PJ-34 and PDD significantly improved the viability of SPD
iPSC-derived DA neurons (Fig. 6B-C). In line with the results from our
C. elegans PD model, we observed Ca?* overload in DA neurons derived
from SPD patient-specific iPSC (Supplementary Fig. 5 A and C), which
was partially attenuated by treatment with the inhibitors of the PARP-1/
PARG/TRPM2 signaling axis, including PJ-34, PDD, ACA or A10 (Sup-
plementary Fig. 5D and E). We also observed mitochondrial hyperfusion
in iPSC-derived DA neurons from a SPD patient, but not the healthy
control, which was again rescued by treatment with the inhibitors
described above (Fig. 6D-E). These results indicate the conserved actions
of the PARP-1/PARG/ADPR axis in triggering TRPM2 activation as well
as its downstream Ca®" toxicity and mitochondrial hyperfusion in
mediating DA neuron death in human SPD cell model.

We further examined whether the TRPM2/FZO-1/CED-9 axis is
conserved, and contributes to mitochondrial hyperfusion and MPT, in
SPD patient iPSC-derived DA neurons. CED-9 was reported to interact
with the coiled-coil domain of FZO-1 (Lu et al., 2011; Rolland et al.,

2009). We aligned the C. elegans FZO-1 sequence with human Mfn2 and
synthesized a polypeptide (PEP) corresponding to the coiled-coil domain
(AA391-434) of the human Mfn2 (Fig. 7 A). Using the PLA assay, we
showed that PEP treatment strongly inhibited the interaction between
the Mfn2 and Bcl-2 in basal condition in SH-SY5Y cells (Fig. 7B and C).
MPP"-treated cells exhibited enhanced Bcl-2 and Mfn2 interactions as
demonstrated through an increased number of puncta, which was
inhibited by treatment with PEP (Fig. 7B-C). This is consistent with our
observations on the effects of PEP on rescuing neuronal viability
(Fig. 7D), hyperfused mitochondrial morphology (Fig. 6D-E), down-
regulating the Mfn2/Bcl-2 interaction (Fig. 6F-G) and intracellular Ca®*
in SPD patient iPSC-derived DA neurons (Supplementary Fig. 5D and E).
Likewise, inhibition of TRPM2, PARP-1 or PARG activity all significantly
suppressed the Mfn2/Bcl-2 interactions in DA neurons from the SPD
patient iPSC-derived DA neurons compared to healthy control
(Fig. 6F-G). Therefore, our results from a SPD patient iPSC-derived DA
neurons are consistent with those in C. elegans and mouse models,
further supporting the role of Mfn2/Bcl-2-mediated mitochondrial
hyperfusion in DA neuronal death across species.

3. Discussion

In this study, we provide clear evidence that TRPM2 plays an
important role in mediating the vulnerability of DA neurons using
comprehensive cross-model analysis. We have demonstrated that
TRPM2 and its novel associated signaling pathways contribute to ROS
and Ca?*-dependent mitochondrial hyperfusion, which further results in
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selective DA neuron degeneration in C. elegans and mouse models, as
well as leading to PD patient iPSC-derived DA neuronal dysfunction. We
have also revealed that inhibition of either TRPM2 directly or its asso-
ciated signaling pathways conservatively improved mitochondrial
function, thereby contributing to the survival of vulnerable DA neurons
under stress (Fig. 8). These results demonstrate that TRPM2 serves as a
critical executor in vulnerable DA neurons by sensing ROS and raising
the intracellular Ca?" level to tightly control DA neuronal destination.

TRPM2 as a unique gatekeeper for ROS and Ca?t homeostasis in
vulnerable DA neurons across species.

Dopaminergic neurons are classified into different subtypes
contributing to their heterogeneity, some of which exhibit vulnerability
to external stimuli. A typical example of DA neuron vulnerability is the
degeneration of midbrain DA neurons within the SNc region in PD.
Postmortem results from PD patients have revealed that the ROS level is
significantly higher while the glutathione level is much lower than that
of healthy people (Blesa et al., 2015; Ferrer et al., 2011). There is also
evidence suggesting that the Ca?* homeostasis plays a critical role in
SNc DA neuronal death (Liss and Striessnig, 2019). Benefiting from
previously reported single-cell RNA-seq data, we for the first time
identified TRPM2, which is activated in response to intracellular ROS
and Ca2+, is selectively enriched in vulnerable DA neurons (Fig. 1).
Genetic mutations, a-synuclein transgenes, or toxin treatment have
previously been reported to result in non-selective DA neuronal death in
C. elegans (Lakso et al., 2003; Mor et al., 2020; Nagarajan et al., 2014).
Through ectopic expression of hTRPM2 channel in the DA neurons of
C. elegans, we found that there is the heterogeneity of DA neurons in
C. elegans. In addition, we detected that the levels of both ROS products
and Ca?* in the ADE neurons are higher than that in the GEP neurons of
hTRPM2-expressing worms during development (Supplementary Fig
3A-B), and treatments with ROS scavenger and Ca®* chelator in
TRPM2-expressing worms reduced selective ADE death (Supplementary
Fig3C-D), which further supports the theory that both ROS and Ca®* are
required for TRPM2-mediated neuronal death. In PD mouse models, our
results confirmed that TRPM2-KO protected vulnerable SNc DA neurons
from early death (Fig. 3A-B). Moreover, the viability of SPD
iPSC-derived DA neurons was significantly improved by treatment with
TRPM2 inhibitors (Fig. 6 A). So, it appears highly likely that TRPM2
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serves as a redox sensor, and that its selective activation via

2*_permeable channels may act as a key player in the manifestation of
oxidative stress and Ca" dyshomeostasis in susceptible DA neurons.
Ultimately, this process leads to neuronal degeneration and death as a
result of persistent oxidative stress and disrupted Ca?t homeostasis.

Recently, SNc DA neurons have been reported to maintain a state of
high-level oxidative stress during autonomous pacemaking, while VTA
neurons do not (Guzman et al., 2010). SNc¢ DA neuron-specific L-type
Ca?* channels are reported to be involved in autonomous pacemaking
activity which results in mitochondrial oxidative stress (Guzman et al.,
2010). And the Ca®* buffering capacity has been shown to be signifi-
cantly lower in SNc DA neurons (Foehring et al., 2009). These vulner-
able DA neurons even do not express Ca’-binding proteins like
calbindin as in VTA DA neurons (Mouatt-Prigent et al., 1994). The large
axonal arborization, with their high ATP requirements, often seen in SNc
may also contribute to this high oxidative stress state (Matsuda et al.,
2009). In this way, exposure to additional mild stress may tip the SNc
neurons over the edge into degeneration. This evidence sheds light on
the vital role of oxidative stress and Ca?* overload in mediating the
vulnerability of SNc DA neurons to stress. It takes a long time for DA
neurons to degenerate in PD, and the subsequent executors of DA
neuronal death due to increased levels of ROS and Ga®" are largely
unclear. Our findings suggest that TRPM2 is well positioned to function
as the executor that drives the vulnerability of DA neurons upon expo-
sure to oxidative stress and Ca®>" dyshomeostasis in these neurons. It is
interesting to clarify the signal cascade governing the relationships be-
tween autonomous pacemaking activity and TRPM2 activity in SNc DA
neurons in the future.

3.1. CED-4/CED-9 mediates DA neuronal death through MPT

We observed that the morphology of ADE neurons was accompanied
by progressive degeneration of the cell body and processes in the
TRPM2-expressing worms, likely related to apoptosis. It is well known
that the EGL-1/CED-9/CED-4/CED-3 signaling cascade is a canonical
apoptosis pathway (Ellis and Horvitz, 1986). The apoptosis machinery
was originally discovered in C. elegans and well-conserved in other
species (Metzstein et al., 1998). EGL-1, CED-4 and CED-3 have been
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Fig. 8. TRPM2 as a conserved gatekeeper determines the vulnerability of DA neurons by mediating ROS sensing and calcium dyshomeostasis.

reported to promote apoptosis while CED-9 inhibits apoptosis (Metz-
stein et al., 1998). To our surprise, loss of function of CED-4, but not
CED-3 or EGL-1, partially attenuated the ADE neuronal death in the
TRPM2-expressing worms. Moreover, loss-of-function rather than
gain-of-function of CED-9 strongly suppressed ADE neuronal death,
suggesting that a non-classical cell death pathway is mediated by CED-4
and CED-9. In line with our findings, previous studies suggest that both
CED-4 and CED-9 regulate cell death through non-canonical apoptosis
pathways during development in C. elegans. For example, CED-4 plays a
critical role in icd-1 RNAi-induced cell death, and both loss-of-function
of CED-3 and gain-of-function of CED-9 failed to prevent this process
(Bloss et al., 2003). Our finding presents the first line of evidence to
show that a CED-4/CED-9-dependent, non-canonical apoptosis pathway
is employed in certain stress conditions. Interestingly, a previous study
reported that CED-9 acts as the intracellular interacting target of hepa-
titis B virus (HBV) protein to induce Ca®* overload, MPT and cell death
in C. elegans (Geng et al., 2012), but how CED-9 induces MPT is still
unknown. In our study, we found that both a cyn-1 loss-of-function
mutation and MPT pore blocker CsA strongly suppressed ADE
neuronal death in the TRPM2-expressing worms. MPT opening has been
linked to neuronal death by various mechanisms, including excitotox-
icity, neurotoxicity, apoptosis and necrosis (Bonora et al., 2022;
Perez-Pinzon et al., 2012). Previous studies have reported MPT opening
as a consequence of mitochondrial damage resulting in DA neuronal
death in PD (Thomas et al., 2012). In mammals, Bcl-2 also plays a central
role in regulating MPT during cell apoptosis (Chipuk et al., 2010).
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Therefore, our findings show that TRPM2 is selectively activated by ROS
and Ca" in ADE neurons, which engage CED-9/CED-4 to trigger MPT
and result in ADE neuronal death in the TRPM2-expressing worms.

3.2. CED-9(Bcl-2)/FZ0-1(Mfn-2) mediated mitochondrial hyperfusion is
required for TRPM2-dependent vulnerability of DA neurons

Mitochondrial networks have been reported to undergo severe
imbalance upon ROS- or Ca?*-induced stress (Chung et al., 2016; Mal-
partida et al., 2021). Previous studies suggest that mitochondrial dy-
namics are related to MPT induction under stressful conditions (Thomas
et al., 2012). Emerging evidence indicates that mitochondrial dysfunc-
tion is closely associated with the pathogenesis of sporadic and familial
PD. Treatment with a-synuclein or pre-formed fibrils (PFFs) was re-
ported to inhibit mitochondrial fusion, resulting in DA neuronal damage
(Kamp et al., 2010). In contrast, two iPSC lines- (derived from PD pa-
tients with PARK2/Parkin and PINK1 mutations) differentiated DA
neurons show a greater proportion of enlarged mitochondria (Chung
et al., 2016). Abnormally fused swollen mitochondrial morphology has
also been seen in mtDNA-deficient SH-SY5Y cells repopulated with
mitochondria from sporadic PD and Alzheimer’s Disease (AD) (Trimmer
et al., 2000). Moreover, deletion of both Mfn2 and Drpl, which are
responsible for mitochondrial fusion and fission respectively, caused DA
neuronal death (Berthet et al., 2014; Pham et al., 2012), although it is
still debatable whether hyperfission or hyperfusion of mitochondria
results in loss of DA neurons in PD. Surprisingly, by using fluorescent



P. Ye et al.

probes and 3D-electronic microscopy, we found that hyperfused mito-
chondria are increased in the hTRPM2-expressing worms but not in the
WT worms (Fig. 4D-E). Moreover, knockdown of FZO-1 dramatically
reduced ADE neuronal death in the TRPM2-expressing worms
(Fig. 4G-H), suggesting that TRPM2 promotes FZO-1-mediated hyper-
fusion. As expected, we observed that mitochondrial hyperfusion in the
hTRPM2-expressing worms was inhibited by expressing loss of function
of CED-9 or the CED-9 binding domain of FZO-1 (Fig. 4F-H), supporting
a key role of CED-9 in promoting mitochondrial fusion, dependent on
the CED-4 and FZO-1 complex (Lu et al., 2011). In line with our finding,
previous studies observed that in C. elegans, CED-9 acts as a molecular
switch to regulate mitochondrial fission/fusion balance by interacting
with FZO-1 or DRP-1 under certain conditions (Lu et al., 2011; Rolland
et al., 2009), and that CED-9 overexpression promoted mitochondrial
fusion in human cell lines (Delivani et al., 2006). Conversely, others
argue that CED-9 is not involved in controlling mitochondrial dynamics
in C. elegans (Breckenridge et al., 2009).

Consistent with the findings in C. elegans, we observed that DA
neurons differentiated from iPSC derived from SPD patient exhibited
mitochondrial hyperfusion, which was restored by inhibition of the
PARP-1/PARG/TRPM2 and, more importantly, by treatment with the
polypeptide disrupting the Bcl-2/Mfn2 interaction (Fig. 6D-E). We also
found that the Bcl-2/Mfn2 interaction was increased in the SNc region in
MPTP-induced PD mice (Fig. 41-J). Furthermore, TRPM2-KO attenuated
the Bcl-2/Mfn2 interaction in vulnerable SNc DA neurons in PD mice
(Fig. 41-J). There is evidence that Ca®" oscillation is required for
increased mitochondrial fusion in the heart (Eisner et al., 2017). How-
ever, it is unclear how TRPM2 activation triggers the interaction of
CED-9 (Bcl-2) with FZO-1 (Mfn2) in vulnerable DA neurons. TRPM2 is
located in the plasma membranes and membranes of mitochondria and
lysosomes, all of which play key roles in controlling intracellular Ca®*
homeostasis in a variety of cells (Malko and Jiang, 2020). It is interesting
to investigate how TRPM2-mediated increase in the intracellular Ca®*
level triggers the CED-9(Bcl-2)/FZ0-1(Mfn2) interaction in DA neurons
in the future. As we showed in worms and mice, our results from using
iPSC-differentiated human DA neurons support a similar mechanism is
critically involved in determining the vulnerability of human neuronal
death and, nonetheless, further studies are required to strengthen this
finding.

3.3. TRPM2 mediates the vulnerability of DA neurons via the PARP-1/
PARG/ADPR axis

As the major endogenous ligand of TRPM2, ADPR is mainly pro-
duced by coordinated actions of PARP-1 and PARG, mechanisms
important for repairing DNA damage. Our electrophysiological results
showed that ADPR-induced hTRPM2 channel currents did not differ
between ADE and CEP neurons in the hTRPM2-expressing worms
(Supplementary Fig 2H-I). Genetic knockdown of parp-1 and parg-1
expression in worms or treatment with PJ-34 and PDD dramatically
suppressed ADE neuron degeneration in the hTRPM2-expressing worms.
Conversely, overexpression of parp-1 in DA neurons not only led to ADE
neuronal death in both WT and hTRPM2-expressing worms, but also
induced degeneration of CEP neurons in hTRPM2-expressing worms.
These results clearly indicate that PARP-1 is responsible for TRPM2-
mediated ADE death in the TRPM2-expressing worms. There is evi-
dence that PARP-1 plays a critical role in PD pathogenesis by regulating
poly(ADPR)-induced aggregation of a-synuclein or through apoptosis-
inducing factor (AIF)/migration inhibitory factor (MIF)-dependent
chromatinolysis (Kam et al., 2018; Wang et al., 2016; Wang et al., 2011).
Our findings not only support that PARP-1 is crucial for SNc DA neu-
rodegeneration in PD but also reveal a novel mechanism for PARP-1 in
mediating the vulnerability of DA neurons. Future studies are necessary
to better understand the potential relationships between poly
(ADPR)-induced a-synuclein aggregation and TRPM2 in regulating the
vulnerability of DA neurons in PD.
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While pathological a-synuclein PFF activates PARP-1 and causes SNc
DA neural death via parthanatos in PD (Kam et al., 2018; Wang et al.,
2016; Wang et al., 2011), the role of PARG in PD remains poorly defined.
Our results showed that inhibition of PARG suppressed loss of ADE
neurons in the TRPM2-expressing worms (Fig. 5B-D) and dysfunction of
SPD iPSC-derived DA neurons (Fig. 6 and Supplementary Fig 5). In
addition, overexpression of NDX-6 that catalyzed ADPR hydrolysis
significantly reduced loss of ADE neurons in the hTRPM2-expressing
worms (Fig. 5B-C). These results provide consistent evidence to show
for the first time that the PARP-1/PARG-1/ADPR signaling axis is
required for TRPM2-mediated vulnerability of DA neurons. Finally, we
noted that the TRPM2 channel is functionally expressed in worm ADE
and CEP neurons at a similar level, based on our electrophysiological
results (Supplementary Fig 2H-I), the TRPM2 mRNA expression level
was higher in vulnerable SNc¢ DA neurons in mammals (Fig. 1 and
Supplementary Fig 1), further supporting the notion that TRPM2 is a key
mechanism for discriminately causing DA neuronal death.

In conclusion, we have revealed that TRPM2 acts as a novel mediator
or amplifier to mediate the vulnerability of DA neurons. By sensing the
intracellular ROS and Ca?*, TRPM2 results in mitochondrial hyper-
fusion by enhancing the Bcl-2/Mfn2 interaction and MPT that ultimately
leads to DA neuron degeneration during PD pathogenesis.

(A) UMAP of iPSC-differentiated DA neurons. (B) Percentage of
different neuron clusters in control and rotenone-treated groups. (C)
UMAP of KCNJ6 expression. (D) UMAP of CALBlexpression. (E) The
expression abundance of human TRPM2, TRPC6 and TRPA1 in different
neuron clusters from the “Ctrl” group. (F) The expression of TRPM2 in
neurons from single-cell transcriptomic data of PD patients’ SNc. Stu-
dent’s t-test. (G) Scatterplot depicting the correlation between age and
TRPM2 expression level in SNc neurons of PD patients from the upper
panel. (H) UMAP showing 10 transcriptionally distinct subpopulations
based on snRNA-seq of human SNc DA neurons nucleus. The highly
vulnerable DA neuron cluster “SOX6_AGTR1” is marked in pink. (I-K)
Scatterplot and boxplot showing the expression of KCNJ6 (GIRK2),
Calbindin (CALB1) and TRPM2. (L) Representative fluorescent RNA-
scope images showing the expression of TRPM2 (red puncta) in
TH ' (green) neurons from the ventral tier of SNc and VTA region in mice
at 10- and 40- weeks stage. Blue is DAPI staining. Scale bar = 20 pm. (M)
Quantification of TRPM2 mRNA based on the number of red puncta per
TH-positive neurons. Two-way ANOVA with Holm-Sidak’s multiple
comparisons test (n = 3). The average number of puncta of each mouse
was calculated from 6 spaced-out brain sections (one slice every six of
spanning the whole SNc from bregma —2.7 mm to —4.04 mm from front
to back in space ) .

(A) Representative confocal images showing ADE and CEP DA neu-
rons in WT and hTRPM2-expressing worms on adult day 1, day 4 and
day 7. Scale bar = 20 ym. (B) Quantification of ADE and CEP DA neu-
rons in WT and hTRPM2-expressing worms. Error bars represent mean
+ s.e.m. P values are from Two-way ANOVA with Holm-Sidak’s multiple
comparisons test. (C) Diagram illustrating the membrane arrangement
of the hTRPM2 channel subunit. The loss-of-function E960Q mutation is
within the pore region between transmembrane (TM) segments S5 and
S6. The loss-of-function R1433A mutation is located in the ADPR-
binding domain in the C-terminus. (D) Representative confocal images
showing ADE and CEP DA neurons in worms expressing indicated
hTRPM2 mutants. (E) Quantification of ADE DA neurons in worms
expressing human WT TRPM2, TRPM2(E960Q) and TRPM2(R1433A)
mutants. Error bars represent mean =+ s.e.m. P values are from Dunnett’s
multiple comparisons test following one-way ANOVA.

(A) DA neurons in WT and TRPM2-KO mice after treatment with
MPTP or vehicle. Confocal images showing the expression of TRPM2 in
TH-positive DA neurons in the SNc and VTA regions. Scale bar = 50 um;
scale bar for zoomed-in view = 20 um. (B) Quantification of TH-positive
neurons in the SNc region. Scale bars = 50 um or 200 um. Two-way
ANOVA with Holm-Sidak’s multiple comparisons test. Data expressed
as mean =+ s.e.m. n = 6-9. (C) Schematic summarizing rotenone (Rot)-
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induced PD mouse model and experimental designs. (D) TRPM2-KO
reduced APO-induced rotation behaviors in the first and second weeks
after treatment with Rot. Data expressed as mean =+ s.e.m. n = 9-13.
Two-way ANOVA with Holm-Sidak’s multiple comparison test. (E)
Right, results of Rot-treated PD mice on the rotarod test. Data expressed
as mean =+ s.e.m. n = 9-13. Two-way ANOVA with Holm-Sidak’s mul-
tiple comparisons test. (F) Representative confocal images showing TH-
immunoreactive (TH™) fibers in the striatum from 4 different groups of
mice treated with Rot. Scale Bar for zoomed region = 20 pm. Scale Bar
of the central images = 1000 pm. (G) Quantification of TH™ fibers on the
lesioned or unlesioned side of the striatum. Data expressed as mean =+ s.
e.m.n = 5, 7. Two-way ANOVA with Holm-Sidak’s multiple comparison
test.

(A) Key regulators of apoptosis in C. elegans with human homologues
in red. (B) Representative confocal images showing WT and
hTRPM2-expressing worms carrying ced-3 (n717), ced-4 (n1162),
ced-9 (n1950, gain-of-function) and ced-9 (n2812, loss-of-function)
mutations. Scale bar = 20 pm. (C) Quantification of ADE neurons
in the panel B experiment. One-way ANOVA with Dunnett’s
multiple comparisons test. (D) Representative confocal images,
SEM images and SEM 3D-reconstruction images showing mito-
chondria in ADE and CEP neurons in WT and hTRPM2-expressing
worms. Confocal images: scale bar =2 pum. SEM: scale bar
= 500 nm. 3D SEM: scale bar = 1 ym. (E) Statistical analysis of
the ratio of longer axis/short axis of mitochondria based on
confocal images. One-way ANOVA with Dunnett’s multiple
comparisons test. (F) Confocal images showing the effect of ced-9
loss-of-function mutation on mitochondrial morphology in ADE
and CEP neurons in WT and hTRPM2-expressing worms. Scale
bar = 2 um. (G) Representative confocal images showing the ef-
fects of drp-1 RNAI, fzo-1 RNAI, drp-1 (280—502) overexpression
and fzo-1 (346—595) overexpression on ADE and CEP neurons in
WT and hTRPM2-expressing worms. Scale bar =20 um. (H)
Quantification of ADE neurons in the panel G experiment. Two-
way ANOVA with Holm-Sidak’s multiple comparisons test. (I)
Positive PLA signals (red spots) show the interaction of Bcl-2 and
Mfn2 in WT and TRPM2- knockout mice after treatment of MPTP
or vehicle. Scale bar = 5 um. (J) Quantification of the number of
PLA spots indicating the Mfn2/Bcl-2 interaction in the SNc and
VTA regions. Data expressed as mean =+ s.e.m. n = 4, 5. Two-way
ANOVA with Holm-Sidak’s multiple comparisons test.

(A) A schematic showing the key enzymes involved in ADPR syn-
thesis and metabolism. The TRPM2 channel is activated by ADPR and
Ca%". (B) Representative confocal images showing WT and hTRPM2-
expressing worms with parp-1 overexpression, parp-1 knockdown,
parg-1 knockdown, ndx-6 overexpression, and treated with PJ-34 or
PDD. Scale bar = 20 pym. (C) Quantification of ADE and CEP neurons in
the panel B experiment. Two-way ANOVA with Holm-Sidak’s multiple
comparison test. (D) Quantification of ADE neurons in the panel B
experiment (PJ-34 and PDD treatment). One-way ANOVA with Dun-
nett’s multiple comparison test.

(A) Summary of the effects of treatment with ACA (0.5 pM), A10
(0.6 pM) on the viability of iPSC-derived DA neurons from a SPD patient.
Data expressed as mean =+ s.e.m. P values are from one-way ANOVA
with Holm-Sidak’s multiple comparison test. (B) Summary of the effect
of treatment with PJ-34 (2 pM) on the viability of iPSC-derived DA
neurons from a SPD patient. Data expressed as mean + s.e.m. P value is
from Student’s t-test. (C) Summary of the effect of treatment with PDD
(1 pM) on the viability of iPSC-derived DA neurons from a SPD patient.
Data expressed as mean + s.e.m. P value is from Student’s t test. (D)
Statistical analysis of the relative length of mitochondria branches. Data
expressed as mean =+ s.e.m.; P values are from One-way ANOVA with
Dunnett’s multiple comparison test. (E) Representative confocal images
showing mitochondrial networks in SPD patient iPSC-derived DA
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neurons treated with PJ-34, PDD, A10, ACA or PEP. Scale bar = 20 ym.
(F) Positive PLA signals (red spots) showing the interaction of Bcl-2 and
Mfn2 in human iPSC-derived DA neurons determined via PLA assay.
Scale bar = 5 ym. (G) Quantification of the number of PLA spots indi-
cating the Mfn2/Bcl-2 interaction in human iPSC-derived DA neurons.
Data expressed as mean + s.e.m. One-way ANOVA with Holm-Sidak’s
multiple comparison test.

(A) Schematic showing the localization of the coiled-coli domains in
worm FZO-1 and human Mfn2. (B) Representative confocal images
showing that PEP (10 pM) inhibited the interaction of Bcl-2 and Mfn2 in
SH-SY5Y cells after treatment with MPP™ or vehicle. The red fluores-
cence puncta indicate the interaction of Mfn2 and Bcl-2 detected by PLA.
Scale bar = 5 um. (C) Quantification of red puncta in panel B. Data
expressed as mean =+ s.e.m. n = 6-9. Two-way ANOVA with Holm-
Sidak’s multiple comparison test. (D) The viability of iPSC-derived DA
neurons from a SPD patient and those treated with PEP Data expressed
as mean =+ s.e.m. P values are from one-way ANOVA with Holm-Sidak’s
multiple comparison test.

Graphical representation of the key findings. TRPM2 channel is
preferentially activated in vulnerable DA neuron groups in different
models, and activated by the PARP-1/PARG/ADPR axis in response to
stress, leading to Ca®* overload, oxidative stress, interaction of Mfn2/
Bcl-2 (FZO-1/CED-9 in C. elegans) and mitochondrial hyperfusion, and
ultimately vulnerability of DA neurons.

4. Materials and methods

4.1. Key resources table

Reference or Source Identifier or Catalog

Number

Reagent/Resource

Experimental Models

C57BL/6 J (M. musculus) Jackson Lab B6.129P2Gpr37tm1Dgen/

J

C57BL/6 J-TRPM2-KO
(M. musculus)

N2

kanls15[Pdat-1::s12::
DsRed2b+Punc-122::
GFP]

kanls16[Pdat-1::
hTRPM2::s12:
DsRed+Punc-122::GFP]

kanls17 [Pdat-1::hTRPM2
(E960Q)::sl2::
DsRed+Punc-122::GFP]

kanls18 [Pdat-1::hTRPM2
(R1433A)::s12::
DsRed+Punc-122::GFP]

kanls15; kanEx773[Pdat-
1::parp-1 + Plin-44::
mCherry]

kanls16; kanEx773[Pdat-
1::parp-1 + Plin-44::
mCherry]

kanlIs15; kanEx885[Phsp-
16.2::parp-1 RNAi-
sense-+ Phsp-16.2::parp-
1 RNAi-sense+Plin-44::
mCherry

kanls16; kanEx885[Phsp-
16.2::parp-1 RNAi-
sense+ Phsp-16.2::parp-
1 RNAi-antisense+Plin-
44::mCherry]

kanls15; kanEx886[Phsp-
16.2::parg-1 RNAi-
sense-+ Phsp-16.2::parg-
1 RNAi-antisense+Plin-
44::mCherry]

kanls16; kanEx886[Phsp-
16.2::parg-1 RNAi-

Zou et al. (2013)

CGC
This study

ST348
ST1964

This study ST1963

This study ST2285

This study ST2283

This study ST3243

This study ST3244

This study ST3102

This study ST3103

This study ST3104

This study ST3105

(continued on next page)
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(continued) (continued)
Reagent/Resource Reference or Source Identifier or Catalog Reagent/Resource Reference or Source Identifier or Catalog
Number Number
sense+ Phsp-16.2::parg- Antibodies
1 RNAi-antisense+Plin- Mouse anti Tyrosine Millipore Cat # MAB318
44::mCherry] Hydroxylase (TH)
kanls15; kanEx721[Pdat- This study ST3054 Rabbit anti MAP2 Proteintech Cat # 1749001-1-1AP
1::ndx-6 +Plin-44:: Goat anti Girk2 Abcam Cat # Ab65096
mCherry] Rabbit anti PARP1 Cell Signaling Cat # 9542
kanls16; kanEx721[Pdat- This study ST3055 Technology
1::ndx-6 +Plin-44:: Mouse anti poly(ADPR) Enzo Cat # ALX-804-220
mCherry] Mouse anti p-tubulin Abclonal Cat # WH119842
cyn-1 (tm4171) V CGC ST3263 Rabbit anti TRPM2 Abcam Cat # Ab96785
kanls15; cyn-1 (tm4171) This study ST2936 Mouse anti Bcl-2 Santa Cruz Cat # sc-7382
v Rabbit anti Mfn2 Abcam Cat # Ab124773
kanls16; cyn-1 (tm4171) This study ST2937 Anti-Oct4 Abcam Cat # Ab19857
v Anti-Tra-1-60 Abcam Cat # Ab19288
ced-3 (n717) IV CGC MT1522 Anti-Nanog Abcam Cat # Ab109250
kanls15; ced-3 (n717) IV This study ST1956 Anti-SOX-2 Abcam Cat # Ab97959
kanls16; ced-3 (n717) IV This study ST2304 Chemicals, Enzymes
ced-4 (n1162) 1II CGC MT2547 and other reagents
kanls15; ced-4 (n1162) Il This study ST1951 DAPI SouthernBid Cat # 0100-02
kanls16; ced-4 (n1162) III  This study ST1950 A10 ((E)— 2-(3-(4- Provided by Liangren
ced-9 (n2812) III /hT2 CGC CU3693 (Pyridin-3-yl)phenyl) Zhang’s Lab, State Key
kanls15; ced-9 (n2812) Il This study ST2076 acrylamido)benzoic Laboratory of Natural
/hT2 Acid) and Biomimetic Drugs,
kanls16; ced-9 (n2812) Il This study ST2078 School of
/hT2 Pharmaceutical
ced-9 (n1950) III CGC MT4770 Sciences, Peking
kanls15; ced-9 (n1950) III  This study ST2312 University
kanls16; ced-9 (n1950) III  This study ST2318 ACA (N-(p- MCE Cat # 110683-10-8
egl-1 (n1084n3082) V CGC MT8735 amylcinnamoyl)
kanls16; egl-1 This study ST231 anthranilic acid)
(n1084n3082) V PJ-34 hydrochloride MCE Cat # HY-13688
N2; kanEx646[Pdat-1:: This study ST3035 PDD 00017273 MCE Cat # HY-108360
mitogfp+Plin-44:: PEP DENTRIPHARM Cat # 200430-102
mCherry] Rotenone Sigma Cat # R8875
kanIs19 [Pdat-1::TRPM2::  This study ST3040 MPTP Sigma Cat # M0896
sl2::mitogfp+Plin-44:: MPP* Sigma Cat # D048
mCherry] Apomorphine National Institutes for Cat # LNBH-4GT3
kanls15; kanEx813[Pdat- This study ST2848 hydrochloride Food and Drug Control
1::miniSOG-+Plin-44:: BAPTA-AM MCE Cat # HY-100545
mCherry] ADPR Sigma Cat # A0752
kanls16; kanEx813[Pdat- This study ST2849 NAC (N- Acetylcysteine) MCE Cat # HY-B0215
1::miniSOG-+Plin-44:: Software
mCherry] Include version where
kanls15; kanEx844[Phsp- This study ST2776 applicable
16.2::drp-1 RNAi- Fiji https://fiji.sc/
sense+ Phsp-16.2::drp-1 Graphpad Prism https://www.graphpad.
RNAi-antisense+Plin- com/
44::mCherry] Other
kanls16; kanEx844[Phsp- This study ST2777 Duolink-PLA Sigma Cat # DUO92008
16.2::drp-1 RNAI- Cell Titer Glo Assay Promega Cat # PR-G7571
sense+ Phsp-16.2::drp-1 In-Fusion HD Cloning Kit ~ Takara Cat # 639649
RNAi-antisense+Plin- Fluo-4 AM ThermoFisher Cat # F14201
44::mCherry] Mitotracker ThermoFisher Cat # M22425
kanlIs15; kanEx845[Phsp- This study ST3146
16.2::fz0-1 RNAI-
sense+ Phsp-16.2::fz0-1
RNAi-antisense+Plin-
44:mCherry] 5. Methods and Protocols
kanls16; kanEx845[Phsp- This study ST3147
16.2::fz0-1 RNAi-
sense+ Phsp-16.2::fz0-1 5.1. C. elegans
RNAi-antisense+Plin-
44::mCherry] 5.1.1. Maintenance of C. elegans
kan_’ff" kanEx920[Pdat-  This study 5T2929 Worms were cultured under standard conditions on nematode
;’l'irzszgfi fyOJZ)Jr growth medium (NGM) plates at 20 °C, fed with OP50 as previously
kanls16; kanEx920[Pdat-  This study ST2930 described (Corsi et al., 2015). Strains used in this study were listed in
1::drp-1 (280-502)+ Reagents and Tools table.
Plin-44::mCherry]
kanls15; kanEx921[Pdat- This study ST2931 . .
1foo1 (346.595) 1 5.2. Generation of C. elegans strains
Plin-44::mCherry]
kanls16; [parp-1- This study ST3103 The coding sequence of human TRPM2 was cloned into the plasmid

GFP11x7]; Ex[Pdat-1::
GFP 1-10]

(continued on next column)
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Pdat-1::s12::DsRed2b under the control of Pdat-1 promoter, and the sl2
sequence and DsRed2b were retained as a positive mark of hTRPM2
expression. For hTRPM2 and WT (with DsRed2b specifically expressed
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in DA neurons only) transgenic C. elegans construction, the plasmids
(50 ng/pL) together with 10 ng/pL co-marker Punc-122-GFP were
injected into the gonad of young adult worm. The offspring with
DsRed2b expression were isolated for integrated strains construction.
Arrays were integrated into the genome with trimethylpsoralen/ultra-
violet (TMP/UV) mutagenesis. Extrachromosomal array transgenic an-
imals were made by gonad injection of constructed plasmids at
40-50 ng/pL with 10 ng/pL co-injection marker (Plin-44-mCherry). We
selected WT and hTRPM2-expressing worms that express similar fluo-
rescent intensities of DsRed2b for experiments.

5.3. Neurodegeneration Assay

Animals were immobilized on 2% agarose pads in M9 buffer with
12 mM levamisole (TCI, T1215). Representative images were obtained
on Olympus FV1000 confocal microscope at 60x magnification, the
heads of the worms were observed and captured for better imaging of
ADE and CEP neurons using a 546 nm excitation laser, and Z stacks were
processed with FV10-ASW 4.2 Viewer. ADE and CEP neurons with
visible soma and continuent process were counted as survival neurons
and each worm were checked by two independent researchers.

5.4. Quantitation of neruonal Calcium and ROS level

To measure calcium and ROS level via genetic GCaMP3 and Hyper
fluorescent probe respectively, the coding sequence of probes were
cloned into the plasmids under the control of Pdat-1 promoter. Then the
probe plasmids and the comaker (Plin-44-mCherry) were injected into
the gonad of young adult worms. We acquired images using the confocal
microscopy with 488 nm and 546 nm excitation using a 60x objectives
(Olympus, FV1000). To quantify calcium and ROS level (Fsgg), we
measured average fluorescence of neuronal cell bodies. The baseline
fluorescence F4gg background Was obtained by averaging fluorescence of
head epidermis. The normalized calcium and ROS level was calculated
as (F488-F488-background)/ (F546-F546»background)~

5.5. Electrophysiology

Day 2 adult worms were glued on the surface of Sylgard-coated
coverslips using cyanoacrylate-based glue. A dorsolateral incision was
made using sharp glass pipettes to expose the head-located dopamine
neurons. Whole-cell current recordings were performed on a fluorescent
microscope (Olympus, BX51W1) using an EPC-10 amplifier and Patch-
master software (HEKA). The extracellular solution (ECS) contained
145 mM NacCl, 2.5 mM KCl, 5 mM CaCl,, 1 mM MgCl,, 20 mM glucose,
pH 7.3. The intracellular solution (ICS) contained 145 mM K-gluconate,
2.5 mM KCl, 0.25 mM CaCly, 5 mM MgCl,, 5 mM EGTA, 10 mM HEPES,
10 mM glucose, 5 mM Na2ATP and 0.5 mM NaGTP, pH 7.2. The
membrane potential was held at — 70 mV. 1 mM ADPR and 10 uM
CaCl2 were added to ICS when tested for ADPR and Ca?t coordinated
activation of TRPM2 and 20 uM ACA was added to the ECS. The data
were processed with Igor software (WaveMetrics).

5.6. Neuronal RNAi

As the neurons of C. elegans are not susceptible to systematic feeding
RNAi (Calixto et al., 2010; Firnhaber and Hammarlund, 2013), we
conduct injection RNAi with mixed gene fragments in sense and anti-
sense orientation under Phsp-16.2 promoter, for its time-specific initia-
tion and neuronal RNAI effect (Esposito et al., 2007; Hamakawa and
Hirotsu, 2017; Tavernarakis et al., 2000). The sense and antisense
fragments of the target gene were injected at 40 ng/pL each with
10 ng/pL co-injection marker (Plin-44-mCherry). Young L4 worms were
heat-shocked at 35 °C for 30 min every day and then incubated at 20 °C
until day 7 in adulthood for neuronal counting.
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5.7. Drug treatment

Detailed information about the antibodies, drugs and commercial kit
used in this study were listed in Reagents and Tools table. All drugs were
dissolved at high concentration as stock solutions. PJ-34 (Sigma,
P4365), PDD (Adipogen Life Sciences AG-CR1-3646-M005), NAC
(Sigma, A9165), BAPTA-AM (Sigma, A1076) were dissolved in DMSO or
H20 to make 10 mM stock solutions respectively. Drugs were added to
the bacterial lawn of seeded NGM plates, and the drug NGM plates were
allowed to dry for several hours. For drug treatment, L4 worms were
transferred to the drug plates. Considering the drug effect decline,
worms were transferred to other fresh-made drug plates every 2 days.

5.8. SEM and 3D reconstruction

The SEM preparation of worms was conducted as previously
described (Shu et al., 2011) with some modifications. To better deter-
mine the location of ADE and CEP neurons, every worm was observed
with a confocal microscope (Olympus FV1000) first to determine the
distance from the anterior to the cell body of the target neurons ac-
cording to the DsRed2b fluorescence. Worms were then removed into
PCR tubes for SEM sample preparation. Worms were fixed with 2% PFA
and 1% glutaraldehyde in pH 7.4 0.1 M sodium cacodylate (CAS) buffer
for 2h, and the cuticle was sharply cut to allow diffusion of 4%
glutaraldehyde fixing buffer for better fixing overnight. Worms were
washed with CAS buffer 3 times and removed into diaminobenzidine
(DAB) buffer to allow the diffusion of DAB into the head for 480 nm
intense light photooxidation together with bubbled oxygen for 5 min.
Worms were washed 3 times with CAS buffer and post-fixed in 2%
osmium tetroxide in 0.1 M CAS buffer for 30 min on ice, and washed
three times with ddH20. 1% aqueous uranyl acetate was used to stain
worms for 1 h at 4 °C, followed by washing with ddH20 3 times again.
The samples were dehydrated in a graded ethanol series (30%, 50%,
70%, 90%, 100%) for 30 min in each step. Worms were washed with a
1:1 mixture of acetone and methanol, pure acetone twice, respectively.
The samples were soaked in mixture of 3:7, 7:3, 1:0 resin and acetone in
order for 12 h, 24 h and 48 h, respectively. Finally, the samples were put
in a vacuum oven at 65 °C for 48 hr. The position of worms was adjusted
parallel to the sample well to locate the neurons. The resin samples were
cut at micrometer grade to the desired area according to the recorded
distance before, and images of each thin section (10 nm) were collected
on Nova Nano 450 (Thermo, FEI). The serial images were aligned and
reconstructed using Amira software (Thermo Fisher Scientific). Finally,
manual segmentation was performed to label the boundaries of photo-
oxidated DAB-stained mitochondria for 3D reconstruction.

5.9. Mice

The Trpm2 — /— male mice (8-10 weeks of age, 22-25 g) were bred
in Zhejiang University after being introduced from University of Leeds,
where the transgenic mice were generated (Zou et al., 2013). They were
group-housed in a controlled environment (21 + 2 °C, 12-hr light/dark
cycle) with free access to food and water. The ethical standards of the
experiments were in accordance with the guidelines of the institutional
Animal Care and Use Committee of Zhejiang University. Efforts were
made to minimize the number of animals used and their discomfort.

5.10. MPTP-induced mouse model of PD

Mice were randomly divided into vehicle and MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) groups. The MPTP group was
intraperitoneally injected with 25 mg/kg/day of MPTP for five consec-
utive days as described previously (Jackson-Lewis and Przedborski,
2007; Wei et al., 2020), whereas the control mice were injected with
equal volume of a standard suspension vehicle (0.9% NaCl, w/v)
(Jackson-Lewis and Przedborski, 2007; Tatton and Kish, 1997). Mice
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were sacrificed 6 days following the last injection, upon completion of
rotarod tests. The animals were perfused with 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4) and coronal cryo-sections at a thickness
of 20 um were prepared for immunofluorescence staining.

5.11. Stereotaxic surgery (Rotenone-induced mouse model of PD

We used animal surgery procedures as described in detail in our
previous studies with minor modifications (Fang et al., 2021). In short,
mice were deeply anesthetized with 1.5% pelltobarbitalum natricum
(6 ml/kg, i.p.) and placed in a stereotaxic frame (Refworld, Shenzhen,
China). A total of 2.5 pg rotenone (R8875, Sigma-Aldrich, St. Louis, MO,
USA) (1 pg/pL, dissolved in 5%DMSO+5%cremophor+90%vehicle)
was infused into the left SNc (Bregma point: lateral (L)= 1.2 mm;
antero-posterior(AP)= —3.1 mm; and dorso-ventral (DV)= 4.5 mm) and
MFB (Bregma point: lateral (L)= 1.1 mm; antero-posterior(AP)= —
1.2 mm; and dorso-ventral (DV)= 5.1 mm) at a flow rate of 1 pL/min by
a micro-infusion apparatus (Refworld, Shenzhen, China).
Sham-operated mice received an equal volume of the vehicle only.

5.12. Tyrosine hydroxylase (TH) immunofluorescence staining

The midbrain SNc and striatum were cut coronally on a frozen sliding
microtome (Leica, Wetzlar, Germany) at 20 um. Slices were collected
and processed for TH immunofluorescence staining. In brief, brain slices
were blocked in 3% BSA with 1% TBST for 2 hr at room temperature.
After the blocking step, brain slices were incubated overnight with anti-
tyrosine hydroxylase antibody (clone LNC1; MAB318, Sigma) (1:5000)
at 4 °C with 1% BSA in 0.3% PBST. On next day, brain slices were
washed in PBS three times, for 5 min each time, and then incubated in
fluorescent-conjugated goat antibody to mouse IgG-H&L for 2 hr. We
analyzed multiple slices (one slice every four of spanning the whole SNc
from bregma —2.7 mm to —4.04 mm) for TH staining neuron counting.
Fluorescence images were captured using an Olympus VS120 micro-
scope, with10X and 20X objectives. Subsequent quantification and
analysis of the images were performed in CellSens Dimension.

5.13. Rotarod test

Mouse motor coordination was evaluated using a rotarod apparatus
(Bieri et al., 2019). Mice were trained on 3 consecutive days for 300 s at
a constant speed of 5 rpm/min to acclimate them to the rotarod appa-
ratus. For the testing, the rotarod test was conducted at a uniformly
accelerating speed from 5 to 30 r/min in 300 s, and the latency to fall
was recorded for 3 trials, and the rod and chambers were wiped with
70% ethanol between trials.

5.14. Apomorphine-induced rotations

The animals were habituated to the environment for 30 min. Then,
the mice were tested in response to apomorphine (0.5 mg/kg; i.p.)
initially on the 7th and 14th day. Consistent with our previous standard
(Zhou et al., 2019), Rotations (360°, in short axis) were counted. The
recording continued for 60 min

5.15. iPSC

5.15.1. DA neuron differentiation

Floor plate (FP)-cell-based DA neuron induction was performed as
previously described (Fedele et al., 2017; Ke et al., 2020). Briefly,
human iPSCs were first digested with accutase and plated on
matrigel-coated plates, and were cultured with FP cell induction me-
dium N1 (containing SB431542 (10 pM) and LDN193189 (100 nM),
SHH-C24 (100 ng/ml), FGF8 (100 ng/ml), and purmorphamine (2 pM))
from day O to day 5. The culture medium was gradually switched to N2
medium from day 5 to day 11 by mixing N1 and N2 in a ratio of 75%
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(N1): 25% (N2) on days 5 and 6, 50% (N1): 50% (N2) on days 7% and
8%, and 25% (N1): 75% (N2) on days 9 and 10, 100% (N2) on day 11.
N1 medium (50 ml) contains 41 ml Knockout DMEM, 7.5 ml Knockout
serum replacement, 0.5 ml GlutaMAX, 0.5 ml NEAAs, and 0.5 ml pen-
icillin/streptomycin. N2 medium (50 ml) contained 48.5 ml DMEM/F12
with HEPES buffer/Neural basal, 0.5 ml N2 supplement, 0.5 ml Gluta-
MAX, and 0.5 ml penicillin/streptomycin. On day 11, FP cells were
passaged for expansion and cryopreservation. After expansion of 6
passages, FP cells were disaggregated with accutase and plated to freshly
matrigel-coated plates, and the medium was changed to DA induction
medium containing NB/B27 supplemented with, GDNF (PeproTech,
20 ng/ml), BDNF (PeproTech, 20 ng/ml), 0.2 mM ascorbic acid (Sig-
ma-Aldrich), DAPT (10 nM; Tocris), cAMP (10 pM, Sigma-Aldrich), and
transforming growth factor p3 (1 ng/ml; R&D). And then, cells were
dissociated using accutase and diluted to 5 x 105 /ml, and then replated
on dishes precoated with poly-D-lysine hydrobromide (PDL) and lami-
nin in DA differentiation medium until the desired maturation stage.

5.16. Drug treatment of iPSC-derived dopamine neurons

All drugs (PJ-34, PDD, ACA, A10 and synthetic polypeptide (PEP,
Dentripharm)) were dissolved at 10 mM as stock solutions. The differ-
entiated DA neurons were treated with the drugs at day 15 after the
maturation of DA neurons at appropriate concentration and drug-
containing culture medium was changed every 4 days.

5.17. Western blotting

Briefly, neurons in culture were collected and lysed with pre-cold
50 pL of RIPA buffer containing 1% PMSF and 1% cocktail (Thermo-
Fisher). Cells were resuspended and ultrasonicated, followed by
centrifugation at 12500 g for 20 min at 4 °C. The supernatant was
collected and the concentration of each sample was determined using a
BCA assay kit (Beyotime Biotechnology) before they were mixed with 5x
loading buffer for sample preparation and electrophoresis. The intensity
of the bands was analyzed using Image Studio Lite software.

5.18. PLA assay

To detect the direct interaction between Bcl-2 and Mfn2, PLA assay
was conducted according to the standard protocol of DuolinkTM in situ
Detection Reagents (Sigma Aldrich). Differentiated DA neurons on day
18, SH-SY5Y cells, and mouse brain sections of were fixed with 4% PFA
first. Briefly, samples were incubated in a blocking solution for 60 min at
37 °C and washed twice. Anti-Bcl-2 (Santa Cruz, sc-7382) and anti-Mfn2
(Abcam, ab124773) antibodies were diluted with Duolink Antibody
Diluent and added to the samples and incubated overnight at 4 °C. Next,
samples were washed three times with Wash Buffer A and 1:5 diluted
PLUS MINUS PLA probes in antibody diluent were applied and incu-
bated at 37 °C for 1 hr. The probes were washed with Wash Buffer A and
the ligation solution was added and incubated at 37 °C for 30 min. After
washing, amplification solution was added and incubated at 37 °C for
100 min. The samples were washed with Wash Buffer B, and Duolink
InSitu Mounting Medium with DAPI was added to samples. The samples
were used for confocal imaging (Zeiss, LSM 880 with Airyscan).

5.19. Ca** flow cytometry

The Ca®* probe Fluo-4 (Invitrogen, Fluo-4, AM, F14201) was dis-
solved in extracellular working solution (ECS, containing 130 mM NaCl,
4.6 mM KCl, 2 mM MgCl2, 10 mM HEPES, 5 mM D-Glucose, 100 uM
EGTA). The probe solution was pre-heated at 37 °C and added to the
wells and incubated for 60 min. The probe solution was discarded and
the cells were washed with ECS twice. Another 300 pL-ECS was added to
the wells for further incubation for 30 min. ECS was discarded again and
cells were digested with pre-heated Accutase for 5 min at 37 °C. The ECS
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was discarded and the cells were re-suspended in ECS for flow cytometry
experiment (Beckman, DxFLEX). The data were processed with FlowJo
10 software.

5.20. Mitochondria imaging

Mitochondrial morphology was determined upon stained with
MitoTracker. Briefly, differentiated DA neurons at day 18 were stained
with 500 nM MitoTracker Red (Thermo, M22425) in culture medium for
30 min at 37 °C. Cells were then washed with DPBS. To ensure the
desired dopamine neurons were observed, Girk2 antibody (Proteintech,
21647-1-1AP) was used to label vulnerable DA neurons after fixation
with PFA were stained with Girk2 antibody for 12 hrs and with second
antibody for 12 hrs. The samples were washed three times, and 50%
glycerol was added for fluorescent protection. The stained neurons were
observed with a confocal microscope (Zeiss, LSM880 with Airy scan, NA
100 nm, 63x oil). The branch length of mitochondria was analyzed with
Image J software.

5.21. Immunofluorescence staining

In brief, cells plated on dishes were fixed in 4% paraformaldehyde for
20 min at room temperature , and then cells were blocked in 3% BSA
with 0.5% TBST ( PBS containing 0.5% Triton X-100 ) for 1 hr at room
temperature after washed with PBS. After the blocking step, cells were
incubated overnight with anti-Oct-4 antibody (ab19857, abcam)
(1:1000), anti-Tra-1-60 antibody (ab16288, abcam) (1:1000), anti-
Nanog antibody (ab109250, abcam)(1:1000), anti-SOX-2 antibody
(ab97959, abcam)(1:500) at 4 °C with 1% BSA in 0.1% PBST. On next
day, cells were washed in PBS three times, for 5 min each time, and then
incubated in secondary antibody (Goat anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488 (A32723,
Invitrogen, 1:1000)/Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Sec-
ondary Antibody, Alexa Fluor 546 (A11010, Invitrogen, 1:1000).
Finally, cells were washed in PBS three times, mounting medium con-
taining DAPI was added for imaging. Fluorescence images were
captured using Zeiss LSM 880 with Airyscan with 20X objectives.

5.22. Statistical analysis

Data are processed with GraphPad Prism 8 software and expressed as
mean =+ s.e.m. Quantitative data distributions were tested for normality
using Shapiro-Wilk’s test. One-way ANOVA or Two-way ANOVA and
appropriate post hoc test were used to compare multiple groups. Two-
tail student’s t-test was used to reveal a significant individual differ-
ence between two groups, and Manny-Whitney test was used instead if
the data did not meet the normal distribution. Significance was defined
as P < 0.05 in all statistical analyses.
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