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Mitochondrial activity tunes nociceptor resilience to
excitotoxicity
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1Department of Physiology, University of California, San Francisco; San Francisco, 94158, USA

2Department of Medicine, Biochemistry and Molecular Genetics, Northwestern University
Feinberg School of Medicine, Chicago, IL 60611

3Lead Contact

SUMMARY:

The capsaicin receptor, TRPV1, mediates the detection of noxious chemical and thermal stimuli
by nociceptors, primary sensory neurons of the pain pathway. Overactivation of TRPV1 leads

to cellular damage or death through calcium entry and excitotoxicity. We have exploited

this phenomenon to conduct a systematic analysis of excitotoxicity through a genome-wide
CRISPRI screen, thereby revealing a comprehensive network of regulatory pathways. We show
that decreased expression of mitochondrial electron transport chain (ETC) components protects
against capsaicin-induced toxicity and other challenges by mitigating both calcium imbalance
and the generation of mitochondrial reactive oxygen species via distinct pathways. Moreover,
we confirm the regulatory roles of the ETC in sensory neurons through gain-of-function and
loss-of-function experiments. Interestingly, TRPV1* sensory neurons maintain lower expression
of ETC components and can better tolerate excitotoxicity and oxidative stress compared to other
sensory neuron subtypes, implicating ETC tuning as an intrinsic cellular strategy that protects
nociceptors against excitotoxicity.

In brief

Excitation enables neuronal function; however, over-excitation and calcium overload can be
deadly. This study reveals a cellular resilience program in which reduced expression of electron
transport chain components protects against excitotoxic death, as seen in pain-sensing primary
afferent neurons (nociceptors).

Graphical Abstract
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INTRODUCTION

Excitotoxicity describes the phenomenon whereby neurons are killed or injured following
overactivation of excitatory receptors leading to calcium overload. This process is
traditionally and most extensively studied in the context of glutamate-evoked toxicity in
the central nervous system (CNS), which is implicated in ischemia and neurodegenerative
disorders such as Alzheimer’s and Parkinson’s disease.2 Although excitotoxicity is
associated with many disease conditions in the peripheral nervous system (PNS), its
underlying mechanisms and contributions to neuropathology have received comparatively
less attention and are thus less well understood.

Primary afferent nociceptors are a subset of peripheral sensory neurons that detect harmful
(noxious) stimuli and transmit this information to the central nervous system to initiate
pain sensations. Hyperexcitation of these neurons can result in chronic pain and/or afferent
degeneration, as exemplified in cases of hereditary painful neuropathies caused by rare
gain-of-function mutations in voltage-gated sodium channels.3-> Hyperexcitability and
degeneration are also observed in more common conditions associated with neuropathic
pain, such as diabetes or post-herpetic neuralgia (shingles),6-8 but in such cases the link
between hyperexcitability, excitotoxicity, and degeneration is less well established, in part
reflecting a lack of mechanistic insight into cellular pathways underlying exitotoxic injury
and death of nociceptors.

Cell. Author manuscript; available in PMC 2026 March 11.
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Capsaicin, the main pungent ingredient in *hot” chili peppers, is neurotoxic for a major
subclass of sensory nociceptors that express its receptor, the excitatory TRPV1 ion
channel.®-12 TRPV1 is highly permeable to calcium ions,13 and, in this way, analogous to
NMDA-type glutamate receptors, which play a key role in excitotoxicity of CNS neurons.1:2
Prolonged or repetitive exposure to capsaicin effectively kills TRPV1* nociceptors or

their afferent terminals, underlying its paradoxical use as a topical analgesic for treating
certain types of chronic neuropathic pain, such as those associated with viral infection or
diabetes 814

Beyond its role as a receptor for pungent spices, TRPV1 is also activated by heat and
inflammatory agents that drive pain hypersensitivity and excitotoxic stress, underlying
its important role in both acute and persistent pain.1>:16 Recent studies have linked
TRPV1-dependent degeneration to corneal nerve damage in dry-eye-disease, further
underscoring the importance of understanding how inflammation or other maladaptive
conditions can promote peripheral nerve injury through activation of TRPV1 or other
excitatory mechanisms.

While capsaicin has classically been used to selectively excite and Kill nociceptors, even
yeast cells can acquire vulnerability to capsaicin if they ectopically express 7RPV1,9:18
suggesting the involvement of a conserved cell death pathway that can be systematically
interrogated using facile non-neural cell culture models. With this in mind, we designed an
unbiased, genome-wide CRISPRI screen to identify factors that influence capsaicin-evoked
death in immortalized mammalian cells. Foremost among these ‘hits’ are components of
the mitochondrial electron transport chain (ETC), suppression of which protects against
capsaicin-induced excitotoxicity in both TRPV1* cell lines and adult mouse sensory
neurons. Pharmacologic and genetic experiments suggest that ETC suppression boosts cell
resilience by two parallel pathways: reducing mitochondrial reactive oxygen species (ROS)
and hence oxidative stress and modulating calcium overload. Interestingly, we find that
TRPV1* nociceptors from adult mice express ETC components at lower levels compared
to other sensory neurons, conferring greater resilience to cell death due to calcium or

ROS overload. Furthermore, we show that ETC suppression is protective against a broad
range of excitotoxic insults. We therefore propose that tuning of aerobic respiration helps
nociceptors mitigate risk associated with injury and other noxious events. These insights
into cellular mechanisms controlling nociceptor excitotoxicity are relevant to understanding
neuropathological consequences of diabetes, chemotherapy, and other conditions that disrupt
normal, protective pain sensation.

Genome-wide CRISPRI screen reveals the ETC as a regulator of capsaicin-evoked death

Although many pathways have been suggested to account for TRPV1-mediated cell

death, it is generally agreed that calcium influx is a required factor.11:19 Indeed, capsaicin-
induced death of TRPV1-expressing HEK293T cells was abrogated by chelating or
excluding extracellular Ca2*, demonstrating a similar requirement for Ca2* influx in

this heterologous system (Figure 1A). Moreover, both 7rpvI-EGFP' neurons (taken

from Ty(Trpvi-EGFP)MA208Gsat/Mmcd mouse? and henceforth referred to as TRPV1*
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neurons, Figure S1) and TRPV1* HEK293T cells showed similar morphological features of
necrosis in response to capsaicin (Figure 1B and Video S1 and S2). This capsaicin-induced
toxicity was not ameliorated by small molecule inhibitors of apoptosis, autophagy, or other
distinct cell death modalities such as ferroptosis, necroptosis, pyroptosis and parthanatos
(Figure S2),21 compelling us to take a more comprehensive and unbiased approach to
identifying pathways involved in capsaicin-evoked excitotoxicity.

Being able to recapitulate capsaicin-evoked death in an immortalized mammalian cell line
enabled us to achieve this goal by conducting a genome-wide chemical genetic screen
(Figure 1C).9:18 For this purpose, we engineered a TRPV1* K562 clonal cell line expressing
the required CRISPRi machinery (Figure S3A).22 These cells were transduced with a well-
validated genome-scale single-guide RNA (sgRNA) library that targets 18905 genes with 5
sgRNAs/gene and 1895 non-targeting (NT) sgRNA controls.23 Samples were collected from
two biological replicates at the outset of the experiment (T0) and from either untreated or
capsaicin treated cells at day 14, the experimental endpoint (Figure 1C and S3B). The effect
of knocking down each gene on cellular survival was quantified by the relative abundance
of targeting SJRNASs to NT controls for each gene.?2 Using a 1% false discovery rate
(FDR), we identified 1815 genes that regulated capsaicin-induced cell death by comparing
untreated and capsaicin treated sample groups, and 2044 genes involved in cell growth by
comparing TO and untreated sample groups (Table S1 and S2). Among genes found to
regulate capsaicin-induced cell death, 393 were regarded as “strong hits” with the absolute
product of LogoFC and —Log1oP > 4.

Among these “strong” candidate regulators, significant enrichment was seen in pathways
that directly affect levels of TRPV1 on the cell surface by controlling membrane protein
synthesis or intracellular protein transport, thereby validating the screen (Figure 1D and
1E). For example, knocking down a component of the endoplasmic reticulum membrane
protein complex (EMC) led to reduced capsaicin toxicity by inhibiting the biogenesis

of membrane proteins that include TRP channel family members (Figure 1E, 1F, and
11).2425 |n contrast, knocking down flotillin (FLOT)-1, a protein that mediates clathrin- and
caveolin-independent endocytosis,26:27 exacerbated capsaicin-induced cell death. In addition
to validating our screen, these ‘hits’ suggest that cell death is mediated through activation of
TRPV1 channels at the cell surface. Consistent with this, we found that a cell-impermeant
TRPV1 activator (the DkTx spider toxin)28 also confers cellular toxicity (Figure S3C).

The most enriched pathway identified in this screen highlights the electron transport chain
(ETC) and its role in aerobic respiration (Figure 1D-1G, and Table S1). Specifically,
knocking down expression of numerous components (25) or assembly factors (11) of the
ETC strongly suppressed capsaicin-induced cell death (out of 393 “strong hits”). Our finding
is somewhat counterintuitive and thus surprising since disruption of the ETC and resulting
metabolic consequences are usually deleterious to cell health. Indeed, this conventional role
of the ETC is confirmed by the control arms of our screen in which sgRNAs targeting

the ETC were depleted at the untreated endpoint compared to TO (Figure 1H). In contrast,
we found that ETC disruption was beneficial in the presence of capsaicin, rescuing cells
from capsaicin-evoked lethality (Figure 1G). Taken together, these results suggest that our

Cell. Author manuscript; available in PMC 2026 March 11.
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CRISPRI screen has revealed a regulatory strategy in which perturbation of the ETC weighs
resilience to excitotoxic insult against the cell’s overall metabolic needs.

To validate involvement of the ETC, we chose to examine stable knock-down clones
targeting the mitochondrial complex | subunit, NDUFCJ, because it scored highly as a
rescue hit against capsaicin-induced toxicity yet had minimal effect on cell growth (Figure
1G and 1H). Indeed, knocking down NDUFC1 protected cells against capsaicin-induced
toxicity with minimal effects on growth (Figure 11, 1J and S3D). In contrast, knocking down
NDUFCI in parental cells that did not express 7RPVI showed no survival difference, ruling
out any off-target effect of capsaicin treatment in NDUFC1-deficient cells (Figure S3E). To
further corroborate this unexpected link between ETC suppression and excitotoxicity, we
tested the effect of ETC inhibition on capsaicin-induced cell death using a collection of
well-defined small molecule inhibitors. Pretreatment with the complex | inhibitor, piericidin
A (PierA) (1-10 nM), suppressed toxicity by capsaicin (Figure 1K). Similar protective
effects were observed with low concentrations of the complex 111 inhibitor, antimycin A
(AA, at 10 nM) (Figure 1K), and two other complex | inhibitors, rotenone and phenformin
(Figure S3F-S3I). High concentrations of these inhibitors can promote apoptosis, but as
previously reported,2® only mild decreases in growth rates were observed at the relatively
low concentrations that were protective against capsaicin lethality.

ETC regulates sensory neuron resilience to capsaicin-induced death

Our observations with TRPV1-expressing non-neuronal cell models prompted us to ask
whether vulnerability of sensory neurons to capsaicin-induced death is also determined by
their level of ETC expression. To test this directly, we manipulated ETC expression in
mouse sensory neurons using orthogonal genetic strategies. To achieve loss-of-function, we
conditionally ablated Naufs4 or Ugcrg (complex | or 111 component respectively)39:31 from
TRPV1 lineage neurons ( 7rpvZ€®),32 which reduced their viability while also imparting
protection against capsaicin, as assessed in primary cultures of sensory neurons from dorsal
root ganglia (DRG) (Figure 2A-2C and S4). This dual effect is consistent with both the
essential role of the ETC for neuronal survival past 7 weeks of age 30 and the protective
effect of reduced ETC expression that we observe when cells are challenged with capsaicin.

To achieve gain-of-function, we ectopically expressed Ppargc1band Esrrato boost ETC
biogenesis in cultured DRG neurons. These genes encode transcription co-factors PGC1p
and ERR a, which were chosen over other known ETC regulatory factors because they

are both screen hits (Table S1).33:34 Indeed, sensory neurons that overexpressed Ppargcib,
Esrra, or both were significantly more sensitive to capsaicin-induced lethality compared to
those transduced with empty vector (EV) controls, while the percentage of TRPV1* neurons
remained unchanged (Figure 2D-2F). Therefore, increasing ETC biogenesis weakened the
resilience of TRPV1* nociceptors to excitotoxicity. Together, these data show that ETC
expression level dictates resilience against capsaicin-evoked excitotoxic cell death, whether
assessed with proliferating non-neural cell lines or post-mitotic sensory neurons (Figure
11,1K, 2, and S3F-S3lI).

Cell. Author manuscript; available in PMC 2026 March 11.
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Metabolic regulation of capsaicin-evoked calcium overload

To understand how ETC suppression protects cells from capsaicin-evoked death, we set

out to investigate core functions of the ETC. The ETC is central to numerous cellular
pathways, especially mitochondrial and cellular metabolism through production of ATP via
oxidative phosphorylation (OXPHOS), which also recycles electron carriers (NAD* and
FAD) required for macromolecular synthesis. To delineate effectors downstream of the ETC,
we carried out mechanistic analyses using proliferating TRPV1* cell lines.

Because increasing ETC biogenesis with the transcription factors PGC1p and ERRa made
neurons more vulnerable to capsaicin-induced toxicity, one might expect a similar outcome
when OXPHOS is enhanced through other means. Indeed, we found that cells were
sensitized to capsaicin-induced death when cellular respiration was increased by reducing
glycolysis (Figure 3A).35 Consistent with this, the mRNA splicing factor, LUC7L2, was
also a sensitizing hit in our CRISPRi screen (Table S1), loss of which shifts metabolism
from glycolysis to oxidative phosphorylation.36 We next asked whether capsaicin application
changes the ATP-to-ADP ratio in TRPV1* HEK293T. Using the ratiometric fluorescent
biosensor PercevalHR37, we found no such effect (Figure 3B). Moreover, long-term imaging
of cells undergoing capsaicin-evoked necrosis showed no change of PercevalHR signal
throughout this process up until cell lysis (Movie S3). Taken together, these data indicate
that a change in cellular ATP does not play a critical role in either capsaicin-evoked cell
death or the protection afforded by ETC suppression.

Given the critical role of calcium in capsaicin-evoked excitotoxicity (Figure 1A), we asked
whether there is a connection between calcium influx and ETC suppression. We found
that NDUFC1 knockdown or PierA treatment resulted in a partial reduction of capsaicin-
evoked CaZ* influx (Figure 3C and 3D), suggesting that ETC suppression can alleviate
calcium overload. One possible mechanisms for downregulating TRPV1-mediated calcium
influx would be to diminish levels of TRPV1 channels on the cell surface. Because the
bulk reservior of TRPV1 channels is intracellular (whether assessed in sensory neurons

or transfected cells), quantifying cell surface localization by standard immunofluorescence
staining is not possible. Instead, we leveraged our observation that FLOT1 regultes cell
surface localization of TRPV1. Indeed, epistasis analysis of FLOT1 knockdown in K562
cells supports a relationship between ETC regulation of TRPV1-mediated Ca?* influx and
channel trafficking (Figure SS5A-C).

To decouple metabolic pathways downstream of the ETC, we added pyruvate and uridine

to the culture medium, which is known to rescue proliferation of cells that lack a

functional ETC.38-40 We found that adding pyruvate and uridine circumvented the decrease
in capsaicin-evoked Ca2* influx caused by ETC suppression following either NDUFCI
knockdown or PierA treatment (Figure 3C, 3D). Moreover, adding pyruvate alone was
sufficient to reverse the PierA effect (Figure S5D), demonstrating involvement of a pyruvate-
dependent process in regulating calcium influx.

Because the main role of pyruvate when added to ETC deficient cells is to regenerate
NAD™* 40 we asked whether direct manipulation of [NAD*]/[NADH] ratio can affect
capsaicin lethality. Using a NADH oxidase from Lactobacillus brevis (LONOX),4!

Cell. Author manuscript; available in PMC 2026 March 11.
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we found that capsaicin-induced toxicity is exacerbated when LONOX is targeted to

the mitochondria (mito LONOX) but not the cytoplasm (cyto LONOX) (Figure 3E). As

mito LONOX was reported to double cellular [NAD*]/[NADH] whereas cyto LONOX has
no such effect,! our data suggest that increasing [NAD*]/[NADH], especially in the
mitochondria, exacerbates capsaicin-induced toxicity. This is consistent with the protection
towards capsaicin-induced lethality afforded by suppressing ETC function and its effect

on lowering [NAD*]/[NADH].4% Moreover, our CRISPRi screen identified SLC25A51,
the mammalian mitochondrial NAD* transporter,*2 as a strong protective hit (Table S1),
consistent with the protective effect of lowering [NAD*]/[NADH] in the mitochondria.
Taken together, these data suggest that decreased [NAD*]/[NADH] contributes to the
rescue effect of ETC suppression by alleviating calcium overload through flotillin-dependent
decrease of cell surface TRPV1 - a process that can be overridden by pyruvate addition.

Interestingly, treatment with ETC inhibitors provided significant protection against
capsaicin-evoked death even when cells were supplemented with pyruvate and uridine
(Figure 3F-3H and S5E-S5H). Similarly, knocking out ETC components protected DRG
neurons from capsaicin lethality when cultured in medium containing both pyruvate and
uridine (Figure 2A-2C). Together, these results suggest the presence of another, NAD*-
independent protective mechanism that is orthogonal to calcium regulation. Going forward,
we included pyruvate and uridine in our experiments to isolate and characterize this NAD™-
independent mechanism of cellular resilience.

Capsaicin- and ETC-dependent transcriptional changes

To identify the NAD*-independent component of ETC rescue, we took an unbiased
transcriptome-based approach by comparing cellular responses to capsaicin (with pyruvate
and uridine supplementation) in the absence or presence of PierA. We reasoned that

if a factor mediates capsaicin-induced toxicity, then its expression may be altered by
capsaicin treatment, and this change should be dampened by PierA. Pair-wise analysis
between vehicle and capsaicin treated samples showed prominent transcriptional changes
in “capsaicin responsive genes” after 4 hours of treatment (Figure 4A and Table S3). Gene
ontology analyses showed that transcription factors were the dominant class of differentially
expressed genes, many of which are known to respond to calcium and / or various forms
of cellular stress. Importantly, PierA pretreatment dampened the transcriptional changes
observed for these capsaicin-responsive genes (Figure 4B).

Cross-referencing top capsaicin-responsive transcription factors with the CRISPRi screen
hits revealed one candidate encoding a small DNA binding protein called MAFF, whose
expression is upregulated upon capsaicin treatment and dampened by PierA (Table S1 and
S3, Figure 4B). MafF is recruited to antioxidant response elements during oxidative stress
and either activates or represses transcription, depending on its binding partners.#3 Although
MafF can also bind to calcium-responsive elements, our profiling was carried out in the
presence of pyruvate to minimize the NAD™ / calcium-dependent component (Figure 3C
and 3D). Indeed, knocking down MAFF mitigated capsaicin-induced cell death without
affecting Ca2* influx (Figure 4C and 4D). Moreover, BACH1, a transcriptional repressor
that is known to interact with MAFF,*3 emerged as a mild hit from both our CRISPRIi
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screen and differential expression dataset. Indeed, knocking down BACH1 also protected
cells from in capsaicin-evoked toxicity, confirming the protective effect of interfering with
this antioxidant transcriptional response pathway (Figure S51).We therefore focused on
elucidating the relationship between ETC suppression and oxidative stress as the other likely
component of capsaicin-evoked excitotoxicity.

ETC suppression boosts resilience by lowering oxidative stress

As electrons pass down the ETC, they occasionally leak prematurely and generate reactive
oxygen species (ROS) such as superoxide anions (O,°") and hydrogen peroxide (H,05).4445
To examine the effect of capsaiain on mitochondrial ROS generation, we utilized two
parallel approaches. One involved targeting a ratiometric fluorescent H,O, biosensor,
HyPer7,%6 to the mitochondrial matrix of TRPV1* HEK293T cells, which revealed a steady
increase of H,0, in response to capsaicin that plateaued within 30 min (Figure 5A). No
response was observed when vehicle was added to TRPV1+* HEK293T cells or to parental
lines not expressing 7TRPVI (Figure 5A). As a second approach, we analyzed the intensity of
mitoSOX, a mitochondrially targeted fluorescent indicator of superoxide, by flow cytometry.
Consistent with the HyPer7 data, capsaicin elicited a dramatic increase of mitoSOX intensity
in a TRPV1-dependent manner (Figure S6A). Moreover, omitting extracellular Ca?* during
capsaicin treatment prevented the increase of mitochondrial HyPer7 and mitoSOX signals,
supporting the critical role of Ca2* influx in both ROS generation and excitotoxicity (Figure
5B, S6B, and S6K).245

The mitochondrial calcium uniporter (MCU) has been proposed to regulate glutamate
toxicity.2 By constructing a TRPV1* MCU-deficient cell line,4” we found that MCU is
dispensable for capsaicin-induced cell death (Figure S6C). Consistent with this, SgRNAs
that target MCU components did not emerge as hits in our CRISPRi screen (Table S1).
Moreover, capsaicin-induced Ca2*-dependent increase of ROS was also evident in cells
that lacked MCU (Figure S6D), consistent with its dispensable role in capsaicin-evoked
cell death. These data suggest that Ca?* flux across the mitochondrial inner membrane
is not critical for capsaicin-evoked ROS generation and lethality, or that calcium enters
mitochondria to generate ROS through a MCU-independent mechanism, such as via
the Ca/H exchanger LETM1 or Ca/Na exchanger NCLX in the mitochondrial inner
membrane.48:49

We next asked if ETC suppression affects capsaicin-evoked ROS generation. Indeed,
pretreating cells with PierA or AA (supplemented with pyruvate and uridine) diminished the
capsaicin-induced increase in HyPer7 and mitoSOX signals and rescued survival (Figure 5C,
S6H, S61, and S6K). Although AA is known to evoke ROS generation at high concentrations
(1-100 puM), no significant change in baseline HyPer7 ratio was observed before the
addition of capsaicin in cells pretreated with low doses (10-20 nM) of AA used here

(Figure 1K, 3G, and 5C). In any case, these data suggest that reduced generation of ROS
constitutes the NAD*-independent mechanism by which ETC suppression protects against
calcium overload and excitotoxicity. In support of this hypothesis, we found that pretreating
cells with M40403, a superoxide dismutase (SOD) memetic, prior to capsaicin application
dampened the increase of HyPer7 and mitoSOX signals and rescued capsaicin-induced cell
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death without altering calcium dynamics (Figure 5D-5F, S6E, S6F, and S6K). A similar
protective effect was observed with mitoTEMPO, another mitochondrial-targeted SOD
memetic (Figure S6G). These results were complimented by the identification of SOD1

as a sensitizing hit in our CRISPRIi screen (Table S1). Thus, we conclude that capsaicin Kills
cells by increasing generation of mitochondrial ROS.

To further characterize mechanisms underlying capsaicin-evoked ROS generation, we tested
the effect of two small molecule inhibitors, SIQEL1.1 and S3QEL2, which specifically
suppresses O,"~ or H,0, generation from one of two major ETC sites without affecting
OXPHOS.45:50.51 |nterestingly, capsaicin-induced ROS generation and cell death were
abrogated by S3QEL2 but not SIQEL1.1, suggesting that ROS is produced by site Illgo on
complex 111 (Figure 5F-5H, S6J, and S6K). As site 1l1oo faces the inner membrane space,
this is consistent with the identification of the inner membrane / cytosolically localized
SOD1, but not matrix localized SOD2, as a sensitizing hit from our CRISPRi screen. To
ask whether this mechanism is conserved in neurons, we pretreated DRG culture with
S3QEL2 prior to capsaicin treatment and observed diminished neuronal death compared

to vehicle controls (Figure 51). Taken together, these data substantiated oxidative stress as

a mediator of capsaicin-evoked excitotoxicity that is conserved between mitotic cells and
neurons. Moreover, preventing Ca2*-induced ROS production constitutes the main protective
mechanism afforded by ETC suppression (Figure 5J).

Generalization to other modalities of excitotoxicity

Using the robust and facile model of capsaicin-induced excitotoxicity, we have shown that
cellular resilience can be gained by diminishing activity of the ETC. Does tuning of the ETC
enhance resilience to other modalities of excitotoxicity? We addressed this question by first
asking if the DKTx spider toxin, a persistent and cell-impermeant TRPV1 agonist,8 can kill
TRPV1™ proliferating cells. This was observed to be the case (Figure 6A and S3C), and
DkTx-evoked death was ameliorated by pretreatment with PierA (Figure 6B). Thus, ETC
suppression provides protection against TRPV1-mediated excitotoxicity independent of the
mode of channel activation.

Charcot-Marie-Tooth disease type 2C (CMT2C), a degenerative condition of peripheral
neurons, is linked to mutations in another TRP channel, TRPV4.52 When expressed
heterologously, the disease-associated gain-of-function mutant, R289C, can trigger cell
death by increasing calcium influx through TRPV4 (Figure 6C).52 Indeed, we found that
expression of TRPV4 R289C, but not wildtype TRPV4, was toxic to transfected HEK293
cells, and death was ameliorated by S3QEL2 (Figure 6D). Furthermore, persistent activation
of wildtype TRPV4 by the selective agonist, GSK101,%3 also promoted excitotoxic death,
which was similarly mitigated by S3QEL2 or AA (Figure 6E-6G). We noted that GSK101
in combination with the GOF mutation R289C produced significant lethality such that
rescue by S3QEL2 and AA were less effective overall (Figure 6F and 6G).

Finally, to represent another category of physiological challenge experienced by sensory
afferents, we examined the effect of a-hemolysin (Hla), a prototypic pore-forming pro-
algesic toxin of Staphylococcus aureus that preferentially elicits calcium responses in
TRPV1* neurons through a TRPV1-indpendent mechanism.>*> We found that chelating
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Ca%* with EGTA protected K562 cells from Hla-evoked Iytic cell death (Figure 6H and 61),
as did pretreatment with PierA, M40403, or S3QEL2 (Figure 6J-6L). Thus, suppressing
the ETC and reducing oxidative stress protects cells from Hla-induced toxicity. Together,
these findings demonstrate that ETC suppression is generally protective against distinct
instigators of cell death that elicit persistent elevation of intracellular Ca2* and subsequent
ROS overload.

are inherently more resilient to excitotoxicity

TRPV1* nociceptors are targeted by a wide variety of noxious stimuli, as exemplified

by DkTx and Hla toxins described above. We therefore wondered whether these or other
excitotoxic insults have exerted evolutionary pressure on this subset of sensory neurons,
resulting in differential vulnerability compared to other sensory neuron subpopulations. To
test this hypothesis, we used a calcium ionophore (ionomycin) to elict sustained calcium
influx in all neurons cultured from dissociated mouse DRG. Time-lapse imaging showed
that media containing 10 uM ionomycin and 10 mM Ca?* induced cellular swelling

and necrosis (Figure 7A, Video S4). To our particular interest, TRPV1* sensory neurons
consistently fared better against this broadly acting excitotoxic challenge, demonstrating
their greater resilience compared to other sensory subtypes (Figure 7A and S7A). We
found the same to be true in response to oxidative stress where TRPV1* neurons showed
preferential survival following exposure to the mitochondrial ROS generator mitoParaquat
(mitoPQ) (Figure 7B).%6

In light of the ETC resilience model that we propose here, we reanalyzed a published
RNAseq dataset for expression of ETC components by different sensory neuron subtypes.>’
Interestingly, we found that these components, as well as Esrra, Ppargelband other
transcription factors that govern ETC biogenesis, are expressed at lower levels in TRPV1*
neurons compared to other sensory subtypes (Figure 7C). Indeed, this was confirmed at

the protein level, where lower amounts of two ETC components was observed in TRPV1*
neurons as quantified by immunohistochemical analysis of both dorsal root and trigeminal
ganglia (Figure 7D and S7B). Consistent with lower ETC expression, TRPV1* sensory
neurons were more resilient to apoptosis induced by high concentrations of ETC inhibitors,
suggesting less relative dependency on the ETC (Figure 7E). Furthermore, TRPV1* sensory
neurons showed significantly lower basal ROS levels with fewer highly stressed outliers as
measured with the ROS sensitive dye, mitoNeoD®8 (Figure 7F and S7C).

DISCUSSION

Neurons are post-mitotic and thus the consequences of death are dire compared to
proliferative cells. Primary afferent sensory neurons can regenerate their peripheral
terminals, a process that is dependent on local calcium transients as well as energy provided
by mitochondria,>-62 but nerve terminal regeneration is predicated on survival of the soma,
underscoring the importance of regulating mitochondrial function to suit these survival and
regenerative activities. Our comprehensive chemical genetic and pharmacologic dissections
now supports an unexpected aspect of mitochondrial function in which ETC tuning in
sensory neurons fosters resilience. Our investigation began by using capsaicin as a model,
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but we also show that this conclusion pertains to other forms of excitotoxic and oxidative
insults (Figure 6, 7A and 7B).

While previous studies have implicated mitochondria and ROS in excitotoxicity, our
findings bring a different perspective to this area by viewing the problem from the
standpoint of cellular resilience mechanisms that buffer such insults. Specifically, we
propose that TRPV1* sensory neurons establish a metabolic ‘sweet spot’ in which
reducing ETC expression protects them from excitotoxicity while accommodating energetic
demands of maintaining electrical excitability over long and arborized processes that
innervate distant receptive fields. This balancing act between environmental resilience

and cellular metabolism may limit the extent to which these neurons are protected in
pathological situations that lead to painful neuropathy, including disorders such as diabetes
that alter metabolic homeostasis.® It will also be interesting to determine whether low

ETC expression, which is protective under normal physiological conditions, will render
nociceptors more vulnerable in maladaptive scenerios.

Metabolic tuning as a regulatory mechanism

Given its critical role in ATP production and NAD* regeneration, impairing ETC activity
generally has negative consequences for cellular health, as we observed with both
proliferating cell models and neurons (Figure 1H and 2B).30 However, we show that
maintaining low ETC activity can be beneficial in the face of excitoxicity, revealing
interesting parallels to other physiologically challenging scenarios. For example, knocking
down expression of ETC components delays aging in many model organisms.63-65 Another
more extreme example was recently described for early oocytes, which eliminate their
complex | altogether to avoid ROS accumulation during dormancy, when energy expenditure
is presumably minimal.86 Furthermore, the idea that ETC activity plays a regulatory role is
consistent with recent observations that species-specific developmental rates are determined
by mitochondrial function and metabolic rate.57:68 While the abovementioned studies
focused on steady state ROS production, our study highlights the role of ETC suppression

in regulating calcium-dependent ROS generation, which is especially relevant to excitoxicity
and pathological conditions that accompanied painful neuropathies.

We also uncovered an unexpected regulatory effect of the ETC on calcium overload.
Specifically, we found that pyruvate addition can negate the effect of ETC regulation on
calcium overload but not ROS, implying that these outcomes represent distinct modulatory
pathways (Figure 3C, 3D, 3F-3H, and 5C). Based on hits from our CRISPRi screen,

we explored FLOT 1-dependent endocytosis as a potential mechanism that underlies the
pyruvate-dependent downregulation of TRPV1-mediated calcium influx (Figure SSA-S5C).
Flotillins are known to mediate the assembly and endocytosis of large protein complexes
that reside in sphingolipid/cholesterol rich microdomains on the plasma membrane.26:27
As many ion channels, including Kv2.1, have been reported to cluster and/or localize to
lipid rafts,5%-"1 this pathway may act broadly, beyond TRPV1, to regulate cell surface
expression of signaling molecules that control excitability of primary afferent nociceptors.
Interestingly, previous studies have shown that changes in pyruvate/lactate regulation can
alter the excitability of peripheral or central neurons,’273 and SUMOylation has been
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proposed as one such downstream mechanism that regulates TRPV1 activation.”? Further
analysis of endocytic and other pathways in relation to pyruvate and lactate metabolism
may provide further insights into how and why dysregulated metabolic conditions, such as
obesity or diabetes, are associated with chronic pain syndromes.

ETC tuning in different sensory subtypes

We show that a major class of nociceptors maintains lower ETC expression compared to
other sensory subtypes, granting them greater resilience against excitotoxic and oxidative
stress (Figure 7). We speculate that several factors, including ion channel physiology,
pathogen tropism, and cellular properties, may be driving this difference among sensory
neuron subtypes.

The TRPV1 ion channel has biophysical properties that may uniquely dispose cells to
excitotoxicity. Compared to other excitatory ion channels in peripheral sensory neurons,
TRPV1 is highly Ca2* permeable (5-10 times more than Piezos, P2Xs, and other TRP
channels expressed in the DRGs)13:74-76 and desensitizes much more slowly through a
process that likely involves endocytosis’’ thus conferring a higher risk of calcium overload.
Additionally, inflammatory mediators potentiate TRPV1 activation, further increasing the
risk of excitotoxicity under maladaptive conditions.15:16

Tropism of pathogens and toxins may also contribute to selective pressure that drives
differential resilience. As noted above, Hla secreted by Staphylococcus aureus preferentially
attacks TRPV1* neurons to induce calcium influx, action potential firing, and pain
sensation.>455 We showed that ETC tuning can enhance resilience against such toxin-
evoked calcium overload (Figure 6H-6L). TRPV1* neurons are now recognized to intiaite
or orchestrate a range of efferent functions, such as innate immunity8, tissue repair,

and organismal metabolism,”8:79 via the peripheral release of neuropeptides. Enhanced
resilience that protects the integrity of these neurons may be beneficial for maintaining key
physiological processes beyond pain sensation.

At the same time, nociceptors may have lower energic demands as they usually fire
non-repetitively or at much lower frequency compared to other subtypes, including
mechanoreceptors.>’ For example, AB low threshold fibers that specialize in detecting
high-frequency vibratory stimuli can fire at over 500 Hz.80 As calcium influx during action
potential firing is more transient and reduced compared to that associated with TRPV1
activation, excitoxicity during high frequency firing is likely less of a risk and outweighed
by the higher ETC activity needed to support the energetic needs of these light touch
neurons. Thus, different sensory neuron subgroups may adjust their metabolic states to suit
their diverse functional roles.

While our findings suggest that lower ETC expression is an intrinsic characteristic of adult
nociceptors, it remains to be determined whether this metabolic set point is established
during development or tuned in response to physiologic or environmental challenges. For
example, does this set point depend on the expression and activation of ion channels such as
TRPV1 or other receptors that define the properties of the nociceptor? Furthermore, while
we have shown that manipulating ETC activity in a range of cell types (both neural and
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non-neural) protects against calcium-mediated excitotoxicity, still at issue is whether this
represents an intrisic program that different cell types use to enhance resilience in vivo.

Mechanisms of capsaicin-induced excitotoxicity

All previous studies on TRPV1-mediated excitotoxicity agree that, akin to glutamate
toxicity, calcium overload is a key step leading to cell death. We demonstrated that calcium
overload causes massive ROS production from Illog of the mitochondrial ETC, which is
directly responsible for cell death (Figure 5D-51). Although we do not pinpoint the exact
ROS species involved, the effective rescue of lethality using SOD memetics (Figure 5E and
S6G) and our identification of SODL1 as a sensitizing hit suggest that O,*~ may be the most
relevant culprit. As O, is converted to H,O, by SODs in cells, we noted overlapping hits
between our screen and other CRISPR and shRNA screens that used exogenously added
H,0, to induce oxidative stress.81 Conversely, genes or pathways unique to our screen may
play a role in the detoxification of O,"~ and warrant further investigation.

Downstream of ROS generation, we identified the transcription factors, MafF and its
binding partner BACH1, as regulators of capsaicin-evoked cell death. Our data suggest that
disinhibiting the downstream target of MAFF-BACH1 promotes resilience to excitotoxicity.
Given their roles in oxidative stress response, future characterizations of their targets may
reveal executioner(s) of excitotoxic cell death. Interestingly, expression of MAFF in brain
endothelial cells was recently shown to be age-dependent.82 As aging is a major risk factor
of painful neuropathy, it will be interesting to ask if changes in MAFF expression contribute
to decreased resilience during aging.

Capsaicin-induced death as a generalizable model of excitotoxicity

Our studies started with a reductionist model of capsaicin-evoked cell death in cultured
proliferating cell lines, which allowed us to uncover ETC tuning as a conserved

protective mechanism that we have explored in both human cell lines (HEK293T and
K562) and mouse sensory neurons. Moreover, ETC tuning effectively protects against
distinct challenges, ranging from a pathogenic pore-forming toxin to gain-of-function
channelopathies associated with CMT2C (Figure 6). Our mechanistic analyses further
revealed that calcium-dependent ROS generation from site 11l of the ETC is a conserved
instigator of cell death for each of these cell types and excitotoxic challenges (Figure 5G—I,
6D, 6F, and 6L).

Consistent with our model, a recent study has shown that S3QEL2, but not SIQEL1.1, is
protective against NMDA receptor-dependent toxicity of hippocampal neurons,3 suggesting
that divergent models of excitotoxicity may encompass common elements. At the same
time, other studies have implicated different sources of superoxide generation,2 including
nitric oxide synthase (NOS), NADPH oxidases (NOXs), or different modes of cell death
(e.g., parthanatos or ferroptosis).84:8% Going forward, our approach of leveraging a genome-
wide chemical genetic screen provides an unbiased strategy for identifying comprehensive
networks of regulators that can be further analyzed to reveal both common and unique
pathways contributing to excitotoxicity.
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Limitations of the study

This study focuses on cellular resilience to excitotoxic cell death. Based on genetic and
pharmacologic data, we propose that one resilience pathway involves a pyruvate-dependent
regulation of membrane protein trafficking. A more definitive characterization of the
underlying mechanism will require further genetic and biochemical analyses of relevant
membrane trafficking machinery, such as the flottilins, EMC, and other proteins that have
emerged from our CRISPRI screen, in neurons as well as non-neural cells. Future work

is also needed to examine the relevance of these mechanisms to excitotoxic injuries at
peripheral terminals, where SARM1 and calpain play a role in axon degeneration of PNS
neurons.86:87 Moreover, how this resilience pathway is affected by pathological conditions
that involves systemic metabolic dysregulations, such as diabetes, is required to better
understand the involvement of excitotoxicity in painful neuropathies. Related to this, our
observations on differential ETC expression are gleaned from mouse models, but currently
available human DRG datasets do not have deep enough coverage of the relevant genes to
draw direct comparisons to human physiology or disease.

STAR METHOD
RESOURCE AVAILABILITY

Lead contact: Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, David Julius (david.julius@ucsf.edu).

Material availability: Requests for cell lines and plasmids generated in this study should
be directed to and will be fulfilled by David Julius (david.julius@ucsf.edu) or Lin Yuan
(lin.yuan@ucsf.edu).

Data and code availability

. CRISPRI screen results and RNAseq data are available in this paper’s
supplemental information. Raw and processed datasets are deposited in the
NCBI Gene Expression Omnibus (GEO) with accession number GSE302928.
Other data reported in this study will be shared by the lead contact upon request.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT SUBJECT DETAILS

Mice: All experiments performed in this study were approved by the Institutional Animal
Care and Use Committee (IACUC) of University of California San Francisco (UCSF).
Experiments followed the ethical guidelines outlined in the NIH Guide for the care and

use of laboratory animals. 7g(Trov1-EGFP)MAZ08Gsat/Mmcd transgenic mouse line was
generated by the MMRRC (#033029-UCD). Naufs4™f was acquired from The Jackson
Laboratory.30 Ugcrg 7 and Trpv1€"e were generated as previously described and deposited
with The Jackson Laboratory.31:32 Mice were housed under 12:12 light-dark cycle with ad
libitum access to food and water. Both males and females were used in this study and no
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difference was noticed between them. No notable differences in body size were observed
across genotypes.

Primary adult mouse DRG culture: Primary DRG cultures from adult mice were

used in Figure 1B, 2, 51, 7A-B, 7E-F, S1B, S7A and S7C. DRG neurons were dissected
from adult mice of both genders between 6 — 24 weeks of age. Dissected DRGs were
collected into Leibovitz’s L-15 medium (Thermo Fischer Scientific) on ice and dissociated
by two steps of enzymatic digestions. DRGs were digested in 40 U/ml papain (Worthington
Biochemical) for 15 min at 37°C in calcium- and magnesium-free (CMF) HBSS (UCSF
Media Productions), followed by a second digestion with 3 mg/ml collagenase (Worthington
Biochemical), 4 mg/ml dispase Il (Sigma-Aldrich), and 0.5 mg/ml DNasel (Sigma-Aldrich)
in CMF HBSS. Enzymes were deactivated by addition of 10% horse serum (UCSF media
Productions) and triturated in 0.5 mg/ml DNasel in CMF HBSS. DRG neurons were
enriched from debris and support cells by passing through a 100 uM strainer. For long-term
cultures (Figure 2D—F), cells were further purified by centrifugation through a discontinuous
Percoll (Sigma-Aldrich) gradient consisting of 1 ml 12.5% Percoll in 0.5 mg/ml DNasel in
CMF HBSS, 2 ml 25% Percoll in 0.5 mg/ml DNasel in CMF HBSS, and 1 ml 50% Percoll
in CMF HBSS for 20 min at 800 xg with slow deceleration. The interphase between 25%
and 50% Percoll was collected and washed with 10 ml CMF HBSS twice by centrifugation
at 300xg for 5 min. All centrifugation steps were performed at 4°C. DRG neurons were
cultured in Ham’s F-12 Nutrient Mix which contains 1 mM pyruvate in its formulation
(Thermo Fischer Scientific) with 10% horse serum, 50 ng/ml Nerve Growth Factor 7S
(Millipore Sigma), 5 uM FdU (Millipore Sigma), 5 uM uridine (Millipore Sigma) (DRG
media), on Poly-D-lysine (Sigma-Aldrich) and laminin (Invitrogen) coated surfaces. For
experiments that compared TRPV1+ and TRPV1- populations (Figure 7A-B, 7E-F, STA
and S7C), 50 ng/ml BNDF (STEMCELL technologies) was added to the DRG media. DRG
culture was fed every 2 days with fresh DRG media.

Generation and culture of immortalized cell lines: All cell cultures were maintained
at 37°C with 5% CO2 in sterile humidified incubators. HEK293T cells were cultured in
DMEM (UCSF Media Productions) with 10% Bovine Calf Serum (Hyclone) and used in
Figure 1A-B, 3B, 5A-E, 5G-H, 6D, 6F-G, S2A, S3C, S3H, S6A-B, S6E-F, and S6H-K.
K562 cells were cultured in RPMI (Thermo Fisher Scientific) with 10% Fetal Bovine Serum
(FBS, Peak Serum) and 1% Pen strep (UCSF Media Production) and used in Figure 1C—K,
3C-G, 4, 6B, 61-L, S2B-D, S3A-B, S3D-G, S3lI, S5, and S6G. For Figure 3A, K562

cells were cultured in glucose-free RPMI (Thermo Fisher Scientific) supplemented with
10% dialyzed FBS (Sigma-Aldrich) and indicated concentrations of glucose or galactose.
Wildtype and MCU KO MEF cells were generous gifts from Dr. Yuriy Kirichok*” and were
cultured in DMEM with 10% FBS and used in Figure S6C-D.

Stable HEK293T, K562, and MEF cell lines were generated from parental cell lines
transduced with lentivirus carrying TRPV1, empty vector (EV), or cyto/mito LONOX with
a fluorescent marker: pLenti+GFP-TRPV1 was used to make HEK293T TRPV1; pLenti+
TRPV1-IRES-mApple was used to make K562 TRPV1 and MEF wt or Micul KO TRPV1;
pLenti+ IRES-mApple was used to make MEF wt or or Micul KO EV clonal cell lines;
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pWPI-IRES-GFP, cyto or mito LOINOX-IRES GFP were used to make K562 TRPV1 EV,
cyto, or mito LOINOX-IRES GFP stable lines respectively). In general, cells were transduced
with lenti virus carrying the abovementioned transgenes, after which fluorescent cells were
enriched using Fluorescence Activated Sorting with SONY SH800 (Sony Biotechnology)

at the UCSF Laboratory for Cell Analysis (LCA). Single cell clones were isolated by
plating on 96 well plates and selected clones were further amplified. TRPV1 clones were
functionally selected based on their response to capsaicin as assessed by Fura-2 AM
imaging. K562 clones were derived from dCas9-KRAS stable cells (parental)22 and the
expression of dCas9-KRAS in TRPV1 expressing clones was also confirmed by transducion
with sgRNAs targeting CD81 and confirmed with surface staining of APC anti-human CD81
antibody (BioLegend, 349509, 1:100) followed by flow cytometry on an Attune NxT flow
cytometer (Thermo Fisher Scientific) at the UCSF LCA. Stable knockdown clones were
obtained after lentiviral transduction of individual targeting and NT sgRNAs followed by
puromycin (2 pg/ml, Thermo Fisher Scientific) selection.

METHOD DETAILS

Compound treatment: Small molecules were reconstituted with DMSO with the
following exceptions: CP-456733 and DFO were dissolved in water. Cells were treated

as detailed below, all concentrations are of the final solution. FigurelA: Survival of TRPV1*
HEK?293T cells after exposure to DMSO or 3 uM capsaicin for 5 hours in 0 or 2 mM EGTA
(left) or in Ringer’s solutions without Ca* or Mg?* or with NMDG™* substituting Na*
(right) was measured and normalized to vehicle controls. Figurell: Survival of knockdown
clones after 24-hour treatment of DMSO or 0.2 pM capsaicin was measured. FigurelK:
Survival of TRPV1* K562 cells that received pretreatment of PierA for 72 hours or AA for
48 hours prior to a 24-hour exposure to 0.4 pM capsaicin was measured and normalized to
vehicle conditions (not shown). Figure 2C: 100 pM capsaicin for 24 hours. Figure 2F: 20
UM or 2 uM capsaicin for 24 hours. Figure 3A: TRPV1+ K562 cells grew with indicated
concentrations of glucose and galactose for 72 hours days and treated with 0.2 M capsaicin
or DMSO control. Figure 3C,D,F,G: TRPV1* K562 cells were pretreated with 4 nM PierA
for 72h, or 10 nM AA for 48 hours, and supplemented with 1 mM pyruvate (Pyr) and

50 pg/ml uridine (Uri). Figure 3E-G: 24-hour treatment of capsaicin at E: 0.1 pM; F and

G: 0.2 uM. Figure 4A-B: K562 cells were pretreated with either vehicle or 4 nM PierA
supplemented with 1 mM pyruvate and 50 pug/ml uridine for 3 days, then treated with
vehicle or 0.4 uM capsaicin for 4 hours. Figure 4D: 1 uM capsaicin for 24 hours. Figure

5C: pretreating cells with 40 nM PierA or 20 nM AA supplemented with 1 mM pyruvate
and 50 pg/ml uridine for 72 hours prior to HyPer7 assay. Figure 5D,E: 50 uM M40403 for
30 minutes followed by HyPer7 assay (D) or a 5-hour exposure of 6.25 UM capsaicin (E).
Figure 5G-I: pretreat cells with 15 pM S1QELL.1, 50 uM S3QELZ2, or vehicle for 6 hours
followed by HyPer7 assay (G) or an overnight exposure of 0.4 uM capsaicin (H) or 100

UM capsaicin with 2 mM CacCl, followed by a 24-hour recovery (1). Figure 6B: Survival

of TRPV1* K562 cells pretreated with 4 nM PierA supplemented with 1 mM pyruvate and
50 pg/ml uridine for 72 hours followed with 1.4 uM DKTx or vehicle treatment overnight.
Figure 6D,F,G: HEK293T cells transiently transfected with EV, TRPV4 WT, or R289C were
pretreated with vehicle or 50 uM S3QEL2 for 6 hours (D,F) or 20 nM AA for 48 hours (G)
before adding vehicle (D,G) or 10 uM GSK101(F,G) with 2 mM CaCl, overnight. Figure
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61-L: Viability of K562 cells against 0.74 ug/ml Hla (I, K, L) or 5 ug/ml Hla (J) was
assessed when cells were co-treated with 2 mM EGTA (1), pretreated with 4 nM PierA for
72 hours (J), 50 pM M40403 (K) or 50 uM S3QEL2 (L) for 6 hours. Figure 7A: 10 uM
ionomycin with 10 mM CaCl2 for 2 hours. Figure 7B: 10 pM mitoPQ for 48 hours or 3.3
UM for 72 hours. Figure 7E: 3-day treatment of 400 nM PierA or 200 nM AA.

Note on capsaicin concentrations: For heterologous expression systems, most of the
experiments were carried out at concentrations of capsaicin close to LD50 (~0.2 uM) (Figure
S3A). For neurons, lethality requires higher doses, and we empirically determined the best
concentration to optimize the rescue or sensitizing effect of various treatments.

Supplemental figures: treatment conditions are indicated in the corresponding legends,
including Figure S2, which used small molecule inhibitors of various cell death modalities
(Z-VAD-FMK, ALLN, necrostatin-1, GSK872, U1026, E64D, AEBSF, cyclosporine A,
Bafilomycin, TROLOX, IM-93, DFO, NSA, CP-456733, Liproxstatin-1, Ferrostatin-1, and
ABT-888).

Time-lapse imaging for capsaicin or ionomycin toxicity: For capsaicin-induced
toxicity, cultured primary sensory neurons or transfected HEK293T cells were imaged
overnight in a temperature, humidity, and CO, controlled chamber on a Nikon inverted
widefield fluorescent microscope at the Center for Advanced Light Microscopy (CLAM)
at UCSF. An hour of baseline video was taken prior to the addition of capsaicin (Sigma-
Aldrich) or vehicle. Images were acquired every 10 min at multiple locations of the
chambered slide. For ionomycin-induced toxicity, primary DRG culture was imaged at 5
min / frame at multiple locations in duplicated wells. After 15 minutes (3 frames), 10 uM
ionomycin or DMSO with 10 mM CaCl, was added and imaged for another 2 hours. The
number of TRPV1-EGFP* or TRPV1-EGFP~ neurons that survived treatment were counted
manually, and statistics were tabulated using Excel (Microsoft) and graphed using Prism
(GraphPad).

Molecular Cloning: Human TRPV1 cDNA was subcloned into pLenti+IRES mApple
vector (generous gift from Dr. Martin Kampmann at UCSF), which was used to generate
TRPV1* immortalized cell lines. Mouse Pgc1b (Addgenel031) and mouse Esrra (Addgene
172152) were subcloned into pLenti IRES mApple vector for overexpression experiments.
Individual sgRNAs (top scoring targeting sgRNAs or NT controls) were cloned from
custom oligos (Integrated DNA Technologies) containing protospacers detailed in the

Key Resources Table using an annealing protocol (https://weissman.wi.mit.edu/crispr/)
into pU6+ Eflalpha Puro-T2A-GFP (Addgene 111596). LONOX and mito LONOX were
subcloned from pUC57 vectors (Addgene 75285, 74448)4! into pWPI IRES-EGFP vector
(Addgene 12254). Site-directed mutagenesis was used to introduce R289C into human
TRPV4 or to delete spytag from pEXP5-aHL_spytag_his (Addgene 205343)92 before Hla
purification. XL1-blue competent cells were used for all cloning described above.

Lentiviral production, transduction, and storage: Early passage HEK293T
cells were used to package lentivirus: they were transfected using Transit Lenti
transfection reagent (Mirus Bio) and Opti-MEM (GIBCO), boosted with ViralBoost
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(Alstem, Inc) 24 hours after transfection, and harvested 48 hours post-transfection.
K562 cells were transduced by “spinfection” for 2 hours (https://weissman.wi.mit.edu/
crispria_cell_line_primer/). For neurons, harvested virus was concentrated 7-fold by
precipitating with Lentivirus Precipitation Solution (Alstem, Inc) and reconstituted with
DRG media. DRG culture was transduced on DIV2, fed every 2 days, and treated with
capsaicin or vehicle on DIV9. Virus was stored at —80°C and used within 2 months.

CRISPRI screen: A genome-wide single-guide RNA (sgRNA) library hCRISPRi-v2
top523 was amplified using MegaX DH10B T1R Electrocomp cells and packaged into
lentivirus as previously described?? (https://weissman.wi.mit.edu/crispr/). TRPV1* CRISPRi
K562 cells were transduced with library virus at a multiplicity of infection (MOI) <1 (22%
transduction efficiency 2 days post-transduction) and a coverage of >1000 cells/sgRNA,
which was maintained throughout the experiment. Replicates were maintained separately in
spinner flasks for the course of the screen. Two days post-transduction, cells were selected
with 0.75 pg/ml puromycin for 2 days, resulting in 80-90% positive cells. After 24 hours

of recovery from puromycin, a sample was collected from two biological replicates (TO0),
and remaining samples were further split into groups that received no treatment (NT) or
pulsed capsaicin treatment (CAP). Cells were counted and split daily over the course of 14
days. CAP group received pulsed treatment of 0.2 uM (LD50) capsaicin until CAP cells
had undergone 5-6 fewer doublings than UT cells.%3 Genomic DNA was isolated from TO,
NT, and CAP samples using NucleoSpin Blood XL kit (Macherey-Nagel) and prepared for
sequencing on an lllumina HiSeq4000 as previously described.?2 Sequencing reads were
aligned and counted using a previously described MAGeCK based pipeline.®! Data were
graphed using RStudio and the ggplot2 and EnhancedVolcano packages.

Viability assays for immortalized cell lines: Viability of immortalized cell lines was
performed in 96 well plate format according to manufacturers’ protocols and measured using
a Biotek H4 plate reader (Agilent). For all experiments, 3-6 replicated samples of each
condition were used. To establish standard curves under each condition (parental, TRPV1*,
or KD cell lines; vehicle or highest concentration of pretreatment drugs), triplicated

samples of counted cells (Countess Il, Thermo Fisher Scientific) under each condition were
generated on the same plate of each experiment. Estimated cell numbers were calculated
when they were within linear range of the standards of the corresponding conditions. K562
cells were plated on 96 well plates with white walls and treated with capsaicin, DkTx, or Hla
overnight. CellTiter-Glo (Promega G7570) was used to estimate total cell number (Figure

11, 1K, 3A, 3E-3G, 4D, 6B, 61-6L, S2B-D, S3A, S3D-G, S3I, S5C, S5F-H, S6G, and

S6J). Lactate dehydrogenase (LDH) assays (Thermo Scientific C20300) were performed on
the media supernatant taken after an overnight capsaicin treatment (Figure S5E). HEK293T
cells were plated on Poly-D-Lysine coated 96 well plates with black walls, 5 hours after
capsaicin or DKTx or 16 hours after GSK101 treatment, cell numbers were estimated using
alamarBlue (Thermo Scientific DAL1025) fluorescence (Figure 1A, S2A, S3C, S3H, S6C
and S61) or cyQUANT Direct Cell (Thermo Scientific C35011) fluorescence to identify
nuclei of live cells (Figure 5, 5H, 6D, 6F, 6G and S6J). Data were obtained from the plate
reader using Gen5 (Agilent), analyzed using Excel (Microsoft), and graphed with Prism 10
(GraphPad Software).
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Immunoblotting: Cell lysate was extracted with PBST (0.5% Triton) with protease
inhibitor cocktail (Roche) at 4°C for 30 min and supernatant was taken after centrifuging

at 4°C 300g for 5 min. Proteins were resolved on 5-15% gels (bioRAD) and transferred
onto PVDF membrane (0.2um). For small molecular proteins, blots were fixed in 4%

PFA for 30 min at RT, prior to blocking. This was followed by standard immunoblotting
procedures and developed with ECL plus, ECL femto (Thermo Fisher Scientific), and
imaged using a ChemiDoc Imager (Bio-Rad Laboratories). Primary antibodies: rabbit
anti-Ndufcl (Invitrogen, PA5-68240, 1:500), mouse anti-beta actin (Sigma-Aldrich, AC-15,
1:2000).

Calcium imaging and analysis: Fura-2 AM imaging was performed as previously
described?*. Briefly, cells were washed with Ringer’s solution (140 mM NaCl, 5 mM KCl,

2 mM MgCly, 2 mM CaCly, 10 mM HEPES and 10 mM glucose, pH 7.4 with NaOH;
290-300 mOsm kg1) once and loaded with 10 pg/ml Fura-2 AM (Thermo Fisher Scientific)
in Ringer’s solution containing 0.02% Pluronic F- 127 (Thermo Fisher Scientific) at room
temperature in the dark for 1 hour. Following another wash with Ringer’s solution, they
were immediately imaged on an inverted microscope with 340 and 380 nm excitation
(Sutter, Lambda LS illuminator) at a time interval of 2s. MetaFluor (Molecular Devices)
was used for image acquisition and analyses. For Figure 3C-D, 4C, S5A-B, S5D, and

S6F, 30-50 random K562 or HEK293T cells were selected from each video to analyze

their response (emission ratio of 340/380) to indicated concentrations of capsaicin (for
example, half maximum response was elicited by 33 nM capsaicin) and 10 uM ionomycin.
Baseline (Fg) was calculated as the average 340/380 ratio prior to drug application, and

AF was calculated as the stable 340/380 emission ratio after drug applications subtracted

by the Fg. Response to capsaicin was presented as a fraction of maximum response to
ionomycin: AFcap / AF onomycin- FOr Figure 2, 51, 7E, and S1B, Fura-2 AM loaded DRG
culture were used to determine TRPV1*%. Ringer’s was added to control for activation of
mechanosensitive neurons, followed by the addition of 10 pM capsaicin, and finally high-K*
Ringer’s solution (same as Ringer’s except with 5 mM NaCl and 140 mM KClI) to identify
neurons.

Neurotoxicity assays: DRG cultures were plated on laminin (Invitrogen) coated 18-well
chamber slides (ibidi GmbH, Cat No. 81816). On or after DIV2, primary DRG culture
media was replaced with fresh media containing vehicle or compound treatments of
indicated concentrations and durations. Capsaicin or vehicle treatments were supplemented
with 2 mM CaCl, and incubated overnight, after which cells were washed with PBS,
replaced with DRG media, and recovered for at least 24 hours before performing Fura-2 AM
imaging to determine the percentage of TRPV1* neurons (TRPV1*%) in each condition.
TRPV1*% was calculated from the number of neurons that responded to 10 uM capsaicin
out of the number of neurons responding to high extracellular K*. This was reported in
Figures 2B, 2E, 51, 7B and 7E. Percentage of TRPV1* neuron that survived capsaicin or
mitoPQ treatment (X) was calculated from the TRPV1*% after vehicle (Y) or capsaicin
treatment (Z) under the same genetic or pretreatment conditions, where X = Z(100 - Y)/
Y(100 — 2)% (see Figure S4) and was used for Figure 2C, 2F, 51, 7B, and 7E. Videos

were collected from at least 3 technical replicates (n) of each condition per biological
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replicate (N). Technical replicates from the same condition of each biological replicate were
aggregated into a single data point. This assay was devised because plate reader assays were
unsuitable due to the small quantity of DRG neurons per animal, neuronal heterogeneity,
and the presence of proliferating support cells. We also found that assays, such as propidium
iodide staining, that mark nuclei of dead cells to be inaccurate because nuclei are often
missing from necrotic cells. Due to variable percentage of TRPV1* and baseline toxicity
across biological replicates, we paired our analyses within each independent experiment.

RNAseq: TRPV1* K562 cells were pretreated with vehicle or 4 nM PierA for 72 hours

in the presence of 1 mM pyruvate and 50 pg/ml uridine followed by vehicle or 0.4 uM
capsaicin treatment for 4 hours. There were 3 technical replicates of each condition, each
replicate used 1.6 million cells. RNA was extracted using RNeasy Micro kit (Qiagen) and all
replicates had RIN = 10 (Agilent Bioanalyzer). Library preparation, sequencing (llumina),
and sequence alignment were carried out by Novogene Corporation Inc. Differential
expression analyses, data visualization, and cross referencing to our CRISPRi screen were
performed using RStudio with DESeq2, ggplot2, and EnhancedVolcano. RStudio with
ComplexHeatmap was used to reanalyze and graph published dataset.>’

HyPer7, PercevalHR, and mitoNeoD imaging and analysis: HEK293T cells

were transfected with mitochondrial-targeted HyPer7 (Addgene 136470),46 or PercevalHR
(Addgene 49082).37 Live cells were imaged on an inverted Nikon Ti microscope at 37°C
with CO5 using NIS-Elements at UCSF CALM. HyPer7 was excited at 380 nm and 480 nm,
and emission was collected at 525 nm over 45 min with 1 min intervals using a 40x objective
(Figure 5). PercevalHR was excited at 480nm and 400nm, and emission was collected at
525nm over 13 min with 1min interval (Figure 3B) or 5 hours with 10 min intervals (Movie
S3). In a typical independent experiment, 5 videos were obtained from each well, and each
experimental condition was duplicated in two wells. Videos were analyzed using the NIS-
Elements (v5.4) to obtain HyPer7 or PercevalHR ratio (F = fluorescent intensity of emission
signals excited by 480nm/380nm for Hyper7 and 480nm/400nm for PercevalHR) of each
cell over time. Hyper7 response to 20 uM capsaicin and 200 uM hydrogen peroxide (H205),
or Perceval response to 10 pM capsaicin and 3.3 mM IAA was calculated by RStudio using
the formula AF/Fq for HyPer7 and AF/(Fjaa-Fg) for PercevalHR where Fy is the average

of the baseline timepoints (before capsaicin addition) and AF = F; - Fg at each time points.
Primary DRG cultures from 7g(Trpv1-EGFP)MAZ08Gsat/Mmcd mice were stained with 10
puM mitoNeoD for 15 min in Ringer’s and replace with fresh DRG media after washing. Live
DRG neurons were imaged with bright field, GFP, and MitoNeoD (excited at 562 nm and
emission was collected at 632 nm). Images were analyzed using a segmentation Al trained
with bright field images of DRG neurons in NIS-Elements (v5.4) where GFP and mitoNeoD
intensities of each neuron were obtained. Prism 10 was used for graphing and statistics.
Summary data presented were from at least 3 independent experiments.

MitoSOX assay: Parental or TRPV1* HEK293T cells were plated on 12-well plates

and grown to 70% confluence on the day of capsaicin treatment. A fresh aliquot of
lyophilized mitoSOX (Thermo Scientific) was reconstituted in DMSO and used at the final
concentration of 50 UM during the last 20 min of capsaicin or vehicle treatment. Cells were
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harvested on ice, centrifuged at 300xg for 5 min, and cell pellets were washed with PBS.
Washed cells were resuspended in PBS with 10% FBS and analyzed on an Attune NxT

flow cytometer (Thermo Fisher Scientific, UCSF LCA). Flow cytometry data were analyzed
using FlowJo (FlowJo LLC) and Prism (GraphPad Software). Gating was determined using
no mitoSOX and vehicle treatment controls and used for all samples of the same experiment.

Hla expression and purification: Recombinant Hla was expressed and purified as
previously described.%2 Briefly, pEXP5-aHL-6xHis was expressed in Rosetta2 DE3 pLysS
Competent Cells grown in MagicMedia (Invitrogen, K6803) for 8 hours at 37°C. Cells were
sonicated in 50 mM Tris pH8, 200mM NaCl, 10 mM Imidazole and Protease Inhibitor
Cocktail (Roche). Hla was purified with Ni-NTA (GE, 30230), washed with 20 mM
Imidazole, eluted with 300 mM Imidazole, and dialyzed into 10 mM HEPES pH7.6 and
140 mM NaCl for storage and assays.

Immunohistochemistry: TGs and DRGs were acutely harvested into ice-cold L-15
medium and transferred into 4% paraformaldehyde for overnight fixation. After washes

with phosphate-buffered saline (PBS, Quality Biological, 119-069-491), the ganglia were
allowed to settle in 30% sucrose (SigmaAldrich, S7903) at 4°C and were then cryopreserved
in Tissue-Tek O.C.T. Compound (Sakura Finetek USA) for sectioning at 10 um thickness.
Sections were washed with PBST (i.e., PBS containing 0.3% Triton X-100 [Sigma-Aldrich,
T8787]) and incubated with blocking buffer (PBST containing 10% bovine serum albumin
(BSA) (Sigma-Aldrich A2153) and 10% normal goat serum (NGS) (Thermo Fisher
Scientific, 16-210-064) at room temperature for 1 hour. Subsequently, sections were
incubated with primary antibodies in PBST 1% BSA 1% NGS at 4°C overnight. Following 3
washes, the sections were incubated with secondary antibodies (Thermo Fisher Scientific) in
blocking buffer at room temperature for 1 hr. Finally, the sections were washed and mounted
with Fluoromount-G (SouthernBiotech, 0100-01). Images were taken on a Nikon inverted
widefield fluorescent microscope (UCSF CALM). The same parameters were used to collect
images of the same experiment. To quantify ETC expression, mean fluorescent intensities

of TRPV1* cells and their closest neighboring TRPV1~ cells were measured using Fiji.
Primary antibodies: rabbit anti-TRPV1 (Alomone Labs, ACC-030, 1:400), chicken anti-GFP
(abcam, AB13970, 1:1000), rabbit anti-Ndufs4 (Millipore Sigma, HPA003884, 1:100),
rabbit anti-Cox6 (Millipore Sigma HPA014295; 1:100).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in GraphPadPrism. Specific tests are listed in the
corresponding figure legends. Normality was assessed with the Shapiro-Wilk test (small
samples), the D’ Agostino-Pearson omnibus K2 test (moderate to large samples), and/or

the Anderson-Darling test, as appropriate. Data that met normality and equal-variance
assumptions were analyzed with unpaired or paired two-tailed t-tests, or with one- or
two-way ANOVA followed by the indicated multiple-comparison correction. Non-normal
data were analyzed with the Mann-Whitney U test or the Kruskal-Wallis test followed by
the appropriate post-hoc correction. All data are presented as mean + standard deviation
(SD). ‘n” denotes technical replicates; ‘N’ denotes biological replicates (individual animals).
Significance levels: n.s., not significant; P < 0.05; P < 0.01; P < 0.001; P < 0.0001.

Cell. Author manuscript; available in PMC 2026 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al. Page 22

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank A. Akopian for providing the 7g(TrpvI-EGFP)MA208Gsat/Mmcd mouse line, and J. Weissman and M.
Kampmann for CRISPRI cell lines and reagents. We thank A. Samelson, J. Nunez, M. Shurtleff, and M. Jost for
advice on the CRISPRI screen, N Ingolia for providing computational resources for sequencing analyses, and Y.
Kirichok for WT and KO MCU cell lines. We thank Y. Kirichok, K. Birsoy, J. Nikkanen, K. Yackle, R. Nicoll and
members of the Julius lab for discussion and critical reading of the manuscript. We appreciate technical support
and advice from UCSF core facilities: S. EImes (UCSF LCA NIH Cancer Center Support Grant P30CA082103), N.
Struurman, D. Larsen, K. Herrington and S.Y. Kim (UCSF CALM), and E. Chow and D. Martinez (UCSF CAT).
This work was supported by a Warren Alpert Distinguished Scholar Fellowship, a Larry L. Hillblom Foundation
Fellowship and a UCSF Cardiovascular Research Institute T32 Fellowship to L.Y.; and grants from the National
Institute of Health (P01AG049665 to N.S.C and R35 NS105038 to D.J.).

REFERENCE

1. Choi DW (2020). Excitotoxicity: Still Hammering the Ischemic Brain in 2020. Front. Neurosci 14,
579953. 10.3389/fnins.2020.579953. [PubMed: 33192266]

2. Plotegher N, Filadi R, Pizzo P, and Duchen MR (2021). Excitotoxicity Revisited: Mitochondria
on the Verge of a Nervous Breakdown. Trends Neurosci 44, 342-351. 10.1016/j.tins.2021.01.001.
[PubMed: 33608137]

3. Faber CG, Hoeijmakers JGJ, Ahn HS, Cheng X, Han C, Choi JS, Estacion M, Lauria G, Vanhoutte
EK, Gerrits MM, et al. (2012). Gain of function NaV1.7 mutations in idiopathic small fiber
neuropathy. Annals of Neurology 71, 26-39. 10.1002/ana.22485 [PubMed: 21698661]

4. Faber CG, Lauria G, Merkies 1SJ, Cheng X, Han C, Ahn H-S, Persson A-K, Hoeijmakers JGJ,
Gerrits MM, Pierro T, et al. (2012). Gain-of-function Nav1.8 mutations in painful neuropathy. P
Natl Acad Sci Usa 109, 19444-19449. 10.1073/pnas.1216080109

5. Han C, Yang Y, Greef B.T.A.d., Hoeijmakers JGJ, Gerrits MM, Verhamme C, Qu J, Lauria
G, Merkies 1SJ, Faber CG, et al. (2015). The Domain Il S4-S5 Linker in Nav1.9: A Missense
Mutation Enhances Activation, Impairs Fast Inactivation, and Produces Human Painful Neuropathy.
Neuromol Med 17, 158-169. 10.1007/s12017-015-8347-9

6. Feldman EL, Nave K-AA, Jensen TS, and Bennett DLHLH (2017). New Horizons in
Diabetic Neuropathy: Mechanisms, Bioenergetics, and Pain. Neuron 93, 1296-1313. 10.1016/
j.neuron.2017.02.005 [PubMed: 28334605]

7. @rstavik K, Namer B, and of ..., S. R (2006). Abnormal function of C-fibers in patients with
diabetic neuropathy. 10.1523/JNEUROSCI.2659-06.2006.

8. Hadley GR, Gayle JA, Ripoll J, Jones MR, Argoff CE, Kaye RJ, and Kaye AD (2016). Post-herpetic
Neuralgia: a Review. Curr. Pain Headache Rep 20, 17. 10.1007/s11916-016-0548-x. [PubMed:
26879875]

9. Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, and Julius D (1997). The
capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389, 816-824.
10.1038/39807 [PubMed: 9349813]

10. Jancs6 G, Kiraly E, and Jancs6-Gébor A (1977). Pharmacologically induced selective degeneration
of chemosensitive primary sensory neurones. Nature 270, 741-743. 10.1038/270741a0 [PubMed:
593396]

11. Jancso G, Savay G, and Kiraly E (1978). Appearance of histochemically detectable ionic
calcium in degenerating primary sensory neurons. Acta Histochem. 62, 165-169. 10.1016/
s0065-1281(78)80082-8. [PubMed: 104522]

12. Wood JN, Winter J, James IF, Rang HP, Yeats J, and Bevan S (1988). Capsaicin-induced ion
fluxes in dorsal root ganglion cells in culture. The Journal of neuroscience : the official journal of
the Society for Neuroscience 8, 3208-3220. 10.1523/JNEUROSCI.08-09-03208.1988. [PubMed:
3171675]

Cell. Author manuscript; available in PMC 2026 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

Page 23

Owsianik G, Talavera K, Voets T, and Nilius B (2006). PERMEATION AND SELECTIVITY OF
TRP CHANNELS. Annu. Rev. Physiol 68, 685-717. 10.1146/annurev.physiol.68.040204.101406.
[PubMed: 16460288]

Chung M-K, and Campbell JN (2016). Use of Capsaicin to Treat Pain: Mechanistic and
Therapeutic Considerations. Pharm 9, 66. 10.3390/ph9040066.

Julius D (2013). TRP channels and pain. Annual review of cell and developmental biology 29,
355-384. 10.1146/annurev-cellbio-101011-155833.

Baral P, Udit S, and Chiu IM (2019). Pain and immunity: implications for host defence. Nature
Reviews Immunology 19, 433-447. 10.1038/s41577-019-0147-2.

Pizzano M, Vereertbrugghen A, Cernutto A, Sabbione F, Keitelman IA, Shiromizu CM, Aguilar
DV, Fuentes F, Giordano MN, Trevani AS, and Galletti JG (2024). Transient Receptor Potential
Vanilloid-1 Channels Facilitate Axonal Degeneration of Corneal Sensory Nerves in Dry Eye. The
American Journal of Pathology, 2023.2008.2021.554143. 10.1016/j.ajpath.2024.01.015.

Myers BR, Bohlen CJ, and Julius D (2008). A Yeast Genetic Screen Reveals a Critical Role for the
Pore Helix Domain in TRP Channel Gating. Neuron 58, 362—-373. 10.1016/j.neuron.2008.04.012.
PMID-18466747 [PubMed: 18466747]

Chard PS, Bleakman D, Savidge JR, and Miller RJ (1995). Capsaicin-induced neurotoxicity in
cultured dorsal root ganglion neurons: Involvement of calcium-activated proteases. Neuroscience
65, 10991108. 10.1016/0306-4522(94)00548-j [PubMed: 7617165]

Patil MJ, Hovhannisyan AH, and Akopian AN (2018). Characteristics of sensory neuronal groups
in CGRP-cre-ER reporter mice: Comparison to Nav1.8-cre, TRPV1-cre and TRPV1-GFP mouse
lines. PLOS ONE 13, e0198601. 10.1371/journal.pone.0198601. [PubMed: 29864146]

Galluzzi L, Vitale I, Aaronson SA, and ..., A.- JM (2018). Molecular mechanisms of
cell death: recommendations of the Nomenclature Committee on Cell Death 2018. 10.1038/
s41418-017-0012-4.

Gilbert LA, Horlbeck MA, Adamson B, Villalta JE, Chen Y, Whitehead EH, Guimaraes C, Panning
B, Ploegh HL, Bassik MC, et al. (2014). Genome-Scale CRISPR-Mediated Control of Gene
Repression and Activation. Cell 159, 647-661. 10.1016/j.cell.2014.09.029 [PubMed: 25307932]

Horlbeck MA, Gilbert LA, Villalta JE, Adamson B, Pak RA, Chen Y, Fields AP, Park CY, Corn JE,
Kampmann M, and Weissman JS (2016). Compact and highly active next-generation libraries for
CRISPR-mediated gene repression and activation. eLife 5. 10.7554/eLife.19760

Shurtleff MJ, I1tzhak DN, Hussmann JA, Oakdale NTS, Costa EA, Jonikas M, Weibezahn J,
Popova KD, Jan CH, Sinitcyn P, et al. (2018). The ER membrane protein complex interacts
cotranslationally to enable biogenesis of multipass membrane proteins. eLife 7, e37018. 10.7554/
elife.37018 [PubMed: 29809151]

Talbot BE, Vandorpe DH, Stotter BR, Alper SL, and Schlondorff JS (2019). Transmembrane
insertases and N-glycosylation critically determine synthesis, trafficking and activity of the
nonselective cation channel TRPC6. J Biol Chem, jbc.RA119.008299. 10.1074/jbc.ra119.008299.
Glebov OO, Bright NA, and Nichols BJ (2006). Flotillin-1 defines a clathrin-independent
endocytic pathway in mammalian cells. Nat Cell Biol 8, 46-54. 10.1038/ncb1342 [PubMed:
16341206]

Kwiatkowska K, Matveichuk OV, Fronk J, and Ciesielska A (2020). Flotillins: At the Intersection
of Protein S-Palmitoylation and Lipid-Mediated Signaling. Int J Mol Sci 21, 2283. 10.3390/
ijms21072283. [PubMed: 32225034]

Bohlen CJ, Priel A, Zhou S, King D, Siemens J, and Julius D (2010). A bivalent tarantula toxin
activates the capsaicin receptor, TRPV1, by targeting the outer pore domain. Cell 141, 834-845.
10.1016/j.cell.2010.03.052 [PubMed: 20510930]

To T-L, Cuadros AM, Shah H, Hung WHW, Li Y, Kim SH, Rubin DHF, Boe RH, Rath S, Eaton
JK, etal. (2019). A Compendium of Genetic Modifiers of Mitochondrial Dysfunction Reveals
Intra-organelle Buffering. Cell 179, 1222-1238.e1217. 10.1016/j.cell.2019.10.032. [PubMed:
31730859]

Quintana A, Kruse SE, Kapur RP, Sanz E, and Palmiter RD (2010). Complex | deficiency due

to loss of Ndufs4 in the brain results in progressive encephalopathy resembling Leigh syndrome.
Proc National Acad Sci 107, 10996-11001. 10.1073/pnas.1006214107

Cell. Author manuscript; available in PMC 2026 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 24

Martinez-Reyes I, Cardona LR, Kong H, Vasan K, McElroy GS, Werner M, Kihshen H, Reczek
CR, Weinberg SE, Gao P, et al. (2020). Mitochondrial ubiquinol oxidation is necessary for tumour
growth. Nature 585, 288-292. 10.1038/s41586-020-2475-6 [PubMed: 32641834]

Cavanaugh DJ, Chesler AT, Jackson AC, Sigal YM, Yamanaka H, Grant R, O’Donnell D, Nicoll
RA, Shah NM, Julius D, and Basbaum Al (2011). Trpv1 Reporter Mice Reveal Highly Restricted
Brain Distribution and Functional Expression in Arteriolar Smooth Muscle Cells. The Journal of
Neuroscience 31, 5067-5077. 10.1523/jneurosci.6451-10.2011 [PubMed: 21451044]

Sonoda J, Mehl IR, Chong L-W, Nofsinger RR, and Evans RM (2007). PGC-1p controls
mitochondrial metabolism to modulate circadian activity, adaptive thermogenesis, and hepatic
steatosis. Proc National Acad Sci 104, 5223-5228. 10.1073/pnas.0611623104

Singh BK, Sinha RA, Tripathi M, Mendoza A, Ohba K, Sy JAC, Xie SY, Zhou J, Ho JP, Chang C.
y., et al. (2018). Thyroid hormone receptor and ERRa coordinately regulate mitochondrial fission,
mitophagy, biogenesis, and function. Sci Signal 11, eaam5855. 10.1126/scisignal.aam5855.
[PubMed: 29945885]

Rossignol R, Gilkerson R, Aggeler R, Yamagata K, Remington SJ, and Capaldi RA (2004). Energy
Substrate Modulates Mitochondrial Structure and Oxidative Capacity in Cancer Cells. Cancer Res.
64, 985-993. 10.1158/0008-5472.can-03-1101. [PubMed: 14871829]

Jourdain AA, Begg BE, Mick E, Shah H, Calvo SE, Skinner OS, Sharma R, Blue SM, Yeo

GW, Burge CB, and Mootha VK (2021). Loss of LUC7L2 and U1 snRNP subunits shifts

energy metabolism from glycolysis to OXPHOS. Molecular Cell 81, 1905-1919.e1912. 10.1016/
j.molcel.2021.02.033 [PubMed: 33852893]

Tantama M, Martinez-Francois JR, Mongeon R, and Yellen G (2013). Imaging energy status in

live cells with a fluorescent biosensor of the intracellular ATP-to-ADP ratio. Nat Commun 4, 2550.
10.1038/ncomms3550. [PubMed: 24096541]

King MP, and Attardi G (1989). Human cells lacking mtDNA: repopulation with exogenous
mitochondria by complementation. Science 246, 500-503. 10.1126/science.2814477 [PubMed:
2814477]

Birsoy K, Wang T. Chen, Walter W, Freinkman E, Abu-Remaileh M, and Sabatini, David M
(2015). An Essential Role of the Mitochondrial Electron Transport Chain in Cell Proliferation Is to
Enable Aspartate Synthesis. Cell 162, 540-551. 10.1016/j.cell.2015.07.016 [PubMed: 26232224]

Sullivan Lucas B., Gui Dan Y., Hosios Aaron M., Bush Lauren N., Freinkman E, and Vander
Heiden, Matthew G (2015). Supporting Aspartate Biosynthesis Is an Essential Function of
Respiration in Proliferating Cells. Cell 162, 552-563. 10.1016/j.cell.2015.07.017. [PubMed:
26232225]

Titov DV, Cracan V, Goodman RP, Peng J, Grabarek Z, and Mootha VK (2016). Complementation
of mitochondrial electron transport chain by manipulation of the NAD*/NADH ratio. Science 352,
231-235. 10.1126/science.aad4017. [PubMed: 27124460]

Luongo TS, Eller JM, Lu M-J, Niere M, Raith F, Perry C, Bornstein MR, Oliphint P, Wang L,
McReynolds MR, et al. (2020). SLC25A51 is a mammalian mitochondrial NAD+ transporter.
Nature 588, 174-179. 10.1038/s41586-020-2741-7. [PubMed: 32906142]

Kannan MB, Solovieva V, and Blank V (2012). The small MAF transcription factors MAFF,
MAFG and MAFK: Current knowledge and perspectives. Biochimica Et Biophysica Acta Bba -
Mol Cell Res 1823, 1841-1846. 10.1016/j.bbamcr.2012.06.012.

Sena Laura A., and Chandel Navdeep S. (2012). Physiological Roles of Mitochondrial

Reactive Oxygen Species. Molecular Cell 48, 158-167. 10.1016/j.molcel.2012.09.025. [PubMed:
23102266]

Brand MD (2020). Riding the tiger — physiological and pathological effects of superoxide and
hydrogen peroxide generated in the mitochondrial matrix. Crit. Rev. Biochem. Mol. Biol 55, 592—
661. 10.1080/10409238.2020.1828258. [PubMed: 33148057]

Pak VV, Ezerina D, Lyublinskaya OG, Pedre B, Tyurin-Kuzmin PA, Mishina NM, Thauvin M,
Young D, Wahni K, Gache SAM, et al. (2020). Ultrasensitive Genetically Encoded Indicator for
Hydrogen Peroxide Identifies Roles for the Oxidant in Cell Migration and Mitochondrial Function.
Cell Metab. 31, 642-653.e646. 10.1016/j.cmet.2020.02.003. [PubMed: 32130885]

Cell. Author manuscript; available in PMC 2026 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 25

Garg V, Suzuki J, Paranjpe I, Unsulangi T, Boyman L, Milescu LS, Lederer WJ, and Kirichok Y
(2021). The mechanism of MICU-dependent gating of the mitochondrial Ca2+ uniporter. eLife 10,
€69312. 10.7554/elife.69312 [PubMed: 34463251]

Petersen CE, Sun J, Silva K, Kosmach A, Balaban RS, and Murphy E (2023). Increased
mitochondrial free Ca2+ during ischemia is suppressed, but not eliminated by, germline deletion of
the mitochondrial Ca2+ uniporter. Cell Rep. 42, 112735. 10.1016/j.celrep.2023.112735. [PubMed:
37421627]

Nita I, Caspi Y, Gudes S, Fishman D, Lev S, Hersfinkel M, Sekler I, and Binshtok AM (2016).
Privileged crosstalk between TRPV1 channels and mitochondrial calcium shuttling machinery
controls nociception. Biochimica Et Biophysica Acta Bba - Mol Cell Res 1863, 2868-2880.
10.1016/j.bbamcr.2016.09.009.

Brand Martin D., Goncalves Renata L.S., Orr Adam L., Vargas L, Gerencser Akos A., Borch
Jensen, M., Wang Yves T., Melov S, Turk Carolina N., Matzen Jason T., et al. (2016).

Suppressors of Superoxide-H202 Production at Site 1Q of Mitochondrial Complex | Protect
against Stem Cell Hyperplasia and Ischemia-Reperfusion Injury. Cell Metab. 24, 582-592.
10.1016/j.cmet.2016.08.012. [PubMed: 27667666]

Orr AL, Vargas L, Turk CN, Baaten JE, Matzen JT, Dardov VJ, Attle SJ, Li J, Quackenbush DC,
Goncalves RLS, et al. (2015). Suppressors of superoxide production from mitochondrial complex
I11. Nat. Chem. Biol 11, 834-836. 10.1038/nchembio.1910. [PubMed: 26368590]

Landouré G, Zdebik AA, Martinez TL, Burnett BG, Stanescu HC, Inada H, Shi Y, Taye AA, Kong
L, Munns CH, et al. (2010). Mutations in TRPV4 cause Charcot-Marie-Tooth disease type 2C. Nat
Genet 42, 170-174. 10.1038/ng.512 [PubMed: 20037586]

Thorneloe KS, Sulpizio AC, Lin Z, Figueroa DJ, Clouse AK, McCafferty GP, Chendrimada

TP, Lashinger ESR, Gordon E, Evans L, et al. (2008). N-((1S)-1-{[4-((2S)-2-{[(2,4-
Dichlorophenyl)sulfonyl]amino}-3-hydroxypropanoyl)-1-piperazinyl]carbonyl}-3-methylbutyl)-1-
benzothiophene-2-carboxamide (GSK1016790A), a Novel and Potent Transient Receptor Potential
Vanilloid 4 Channel Agonist Induces Urinary Bladder Contraction and Hyperactivity: Part I. J.
Pharmacol. Exp. Ther 326, 432—-442. 10.1124/jpet.108.139295. [PubMed: 18499743]

Blake KJ, Baral P, Voisin T, Lubkin A, Pinho-Ribeiro F, Adams KL, Roberson DP, Ma YC, Otto
M, Woolf CJ, et al. (2018). Staphylococcus aureus produces pain through pore-forming toxins and
neuronal TRPV1 that is silenced by QX-314. Nat Commun 9, 37. 10.1038/541467-017-02448-6.
[PubMed: 29295977]

Chiu IM, Heesters BA, Ghasemlou N, Hehn CA, Zhao F, Tran J, Wainger B, Strominger A,
Muralidharan S, Horswill AR, et al. (2013). Bacteria activate sensory neurons that modulate pain
and inflammation. Nature 501, 52. 10.1038/nature12479. [PubMed: 23965627]

Robb EL, Gawel JM, Aksentijevi¢ D, Cochemé HM, Stewart TS, Shchepinova MM, Qiang

H, Prime TA, Bright TP, James AM, et al. (2015). Selective superoxide generation within
mitochondria by the targeted redox cycler MitoParaquat. Free Radic. Biol. Med 89, 883-894.
10.1016/j.freeradbiomed.2015.08.021. [PubMed: 26454075]

Zheng Y, Liu P, Bai L, Trimmer JS, Bean BP, and Ginty DD (2019). Deep Sequencing of
Somatosensory Neurons Reveals Molecular Determinants of Intrinsic Physiological Properties.
Neuron. 10.1016/j.neuron.2019.05.039.

Shchepinova MM, Cairns AG, Prime TA, Logan A, James AM, Hall AR, Vidoni S, Arndt S,
Caldwell ST, Prag HA, et al. (2017). MitoNeoD: A Mitochondria-Targeted Superoxide Probe. Cell
Chem. Biol 24, 1285-1298.e1212. 10.1016/j.chembiol.2017.08.003. [PubMed: 28890317]
Ghosh-Roy A, Wu Z, Goncharov A, Jin Y, and Chisholm AD (2010). Calcium and Cyclic AMP
Promote Axonal Regeneration in Caenorhabditis elegans and Require DLK-1 Kinase. The Journal
of Neuroscience 30, 3175-3183. 10.1523/jneurosci.5464-09.2010 [PubMed: 20203177]

Tang NH, Kim KW, Xu S, Blazie SM, Yee BA, Yeo GW, Jin Y, and Chisholm AD (2020). The
mRNA Decay Factor CAR-1/LSM14 Regulates Axon Regeneration via Mitochondrial Calcium
Dynamics. Curr Biol 30, 865-876.e867. 10.1016/j.cub.2019.12.061 [PubMed: 31983639]
Courchesne SL, Karch C, Pazyra-Murphy MF, and Segal RA (2011). Sensory Neuropathy
Attributable to Loss of Bcl-w. The Journal of Neuroscience 31, 1624-1634. 10.1523/
jneurosci.3347-10.2011. [PubMed: 21289171]

Cell. Author manuscript; available in PMC 2026 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 26

Misko A, Jiang S, Wegorzewska I, Milbrandt J, and Baloh RH (2010). Mitofusin 2 Is Necessary
for Transport of Axonal Mitochondria and Interacts with the Miro/Milton Complex. The Journal of
Neuroscience 30, 4232-4240. 10.1523/jneurosci.6248-09.2010. [PubMed: 20335458]

Dillin A, Hsu A-L, Arantes-Oliveira N, Lehrer-Graiwer J, Hsin H, Fraser AG, Kamath RS,
Ahringer J, and Kenyon C (2002). Rates of Behavior and Aging Specified by Mitochondrial
Function During Development. Science 298, 2398-2401. 10.1126/science.1077780 [PubMed:
12471266]

Copeland JM, Cho J, Lo T, Hur JH, Bahadorani S, Arabyan T, Rabie J, Soh J, and Walker DW
(2009). Extension of Drosophila Life Span by RNAI of the Mitochondrial Respiratory Chain. Curr
Biol 19, 1591-1598. 10.1016/j.cub.2009.08.016 [PubMed: 19747824]

Dell’Agnello C, Leo S, Agostino A, Szabadkai G, Tiveron C, Zulian A, Prelle A, Roubertoux

P, Rizzuto R, and Zeviani M (2007). Increased longevity and refractoriness to Ca2+-dependent
neurodegeneration in Surfl knockout mice. Hum Mol Genet 16, 431-444. 10.1093/hmg/dd1477
[PubMed: 17210671]

Rodriguez-Nuevo A, Torres-Sanchez A, Duran JM, Guirior CD, Martinez-Zamora MA, and

Boke E (2022). Oocytes maintain ROS-free mitochondrial metabolism by suppressing complex

I. Nature, 1-6. 10.1038/s41586-022-04979-5

Diaz-Cuadros M, Miettinen TP, Skinner OS, Sheedy D, Diaz-Garcia CM, Gapon S, Hubaud

A, Yellen G, Manalis SR, Oldham WM, and Pourquié O (2023). Metabolic regulation

of speciesspecific developmental rates. Nature 613, 550-557. 10.1038/s41586-022-05574-4.
[PubMed: 36599986]

Ilwata R, Casimir P, Erkol E, Boubakar L, Planque M, Lépez IMG, Ditkowska M, Gaspariunaite V,
Beckers S, Remans D, et al. (2023). Mitochondria metabolism sets the species-specific tempo of
neuronal development. Science 379, eabn4705. 10.1126/science.abn4705. [PubMed: 36705539]
Zhang J, Carver Chase M., Choveau Frank S., and Shapiro Mark S. (2016). Clustering and
Functional Coupling of Diverse lon Channels and Signaling Proteins Revealed by Super-resolution
STORM Microscopy in Neurons. Neuron 92, 461-478. 10.1016/j.neuron.2016.09.014. [PubMed:
27693258]

Nirenberg VA, and Yifrach O (2020). Bridging the Molecular-Cellular Gap in Understanding lon
Channel Clustering. Front. Pharmacol 10, 1644. 10.3389/fphar.2019.01644. [PubMed: 32082156]
Liu R, Yang G, Zhou M-H, He Y, Mei Y-A, and Ding Y (2016). Flotillin-1 downregulates

K+ current by directly coupling with Kv2.1 subunit. Protein Cell 7, 455-460. 10.1007/
$13238-016-0276-3. [PubMed: 27221754]

Agarwal N, Taberner FJ, Rojas DR, Moroni M, Omberbasic D, Njoo C, Andrieux A, Gupta P,

Bali KK, Herpel E, et al. (2020). SUMOylation of Enzymes and lon Channels in Sensory Neurons
Protects against Metabolic Dysfunction, Neuropathy, and Sensory Loss in Diabetes. Neuron 107,
1141- 1159.e1147. 10.1016/j.neuron.2020.06.037. [PubMed: 32735781]

Rossa ADL, Laporte MH, Astori S, Marissal T, Montessuit S, Sheshadri P, Ramos-Fernandez

E, Mendez P, Khani A, Quairiaux C, et al. (2022). Paradoxical neuronal hyperexcitability in a
mouse model of mitochondrial pyruvate import deficiency. eLife 11, e72595. 10.7554/elife.72595.
[PubMed: 35188099]

Virginio C, North RA, and Surprenant A (1998). Calcium permeability and block at homomeric
and heteromeric P2X2 and P2X3 receptors, and P2X receptors in rat nodose neurones. J. Physiol
510, 27-35. 10.1111/j.1469-7793.1998.027bz.x. [PubMed: 9625864]

Coste B, Murthy SE, Mathur J, Schmidt M, Mechioukhi Y, Delmas P, and Patapoutian A (2015).
Piezol ion channel pore properties are dictated by C-terminal region. Nat Commun 6, 7223.
10.1038/ncomms8223. [PubMed: 26008989]

Wang L, Zhou H, Zhang M, Liu W, Deng T, Zhao Q, Li Y, Lei J, Li X, and Xiao B (2019).
Structure and mechanogating of the mammalian tactile channel PIEZO2. Nature 573, 225-229.
10.1038/s41586-019-1505-8. [PubMed: 31435011]

Sanz-Salvador L, Andrés-Borderia A, Ferrer-Montiel A, and Planells-Cases R (2012). Agonist-
and Ca2+-dependent Desensitization of TRPV1 Channel Targets the Receptor to Lysosomes for
Degradation. J Biol Chem 287, 19462-19471. 10.1074/jbc.m111.289751. [PubMed: 22493457]

Cell. Author manuscript; available in PMC 2026 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Page 27

Scott-Solomon E, and Hsu Y-C (2022). Neurobiology, Stem Cell Biology, and Immunology: An
Emerging Triad for Understanding Tissue Homeostasis and Repair. Annual Review of Cell and
Developmental Biology 38, 419-446. 10.1146/annurev-cellbio-120320-032429.

Riera CE, and Dillin A (2016). Emerging Role of Sensory Perception in Aging and Metabolism.
Trends in Endocrinology & Metabolism 27, 294-303. 10.1016/j.tem.2016.03.007. [PubMed:
27067041]

Turecek J, and Ginty DD (2024). Coding of self and environment by Pacinian neurons in

freely moving animals. Neuron 112, 3267-3277.e3266. 10.1016/j.neuron.2024.07.008. [PubMed:
39116877]

Dubreuil MM, Morgens DW, Okumoto K, Honsho M, Contrepois K, Lee-McMullen B, Traber G,
Sood RS, Dixon SJ, Snyder MP, et al. (2020). Systematic Identification of Regulators of Oxidative
Stress Reveals Non-canonical Roles for Peroxisomal Import and the Pentose Phosphate Pathway.
Cell Rep. 30, 1417-1433.e1417. 10.1016/j.celrep.2020.01.013. [PubMed: 32023459]

Ximerakis M, Holton KM, Giadone RM, Ozek C, Saxena M, Santiago S, Adiconis X, Dionne

D, Nguyen L, Shah KM, et al. (2023). Heterochronic parabiosis reprograms the mouse brain
transcriptome by shifting aging signatures in multiple cell types. Nat. Aging 3, 327-345. 10.1038/
$43587-023-00373-6. [PubMed: 37118429]

Li S, Wang J, Andersen JV, Aldana BI, Zhang B, Prochownik EV, and Rosenberg PA (2025).
Misprogramming of glucose metabolism impairs recovery of hippocampal slices from neuronal
GLT-1 knockout mice and contributes to excitotoxic injury through mitochondrial superoxide
production. J. Neurochem 169, €16205. 10.1111/jnc.16205. [PubMed: 39193789]

Fatokun AA, Dawson VL, and Dawson TM (2014). Parthanatos: mitochondrial-linked mechanisms
and therapeutic opportunities. Brit J Pharmacol 171, 2000-2016. 10.1111/bph.12416. [PubMed:
24684389]

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, Patel DN, Bauer AJ,
Cantley AM, Yang W, et al. (2012). Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell
Death. Cell 149, 1060-1072. 10.1016/j.cell.2012.03.042. [PubMed: 22632970]

Figley MD, and DiAntonio A (2020). The SARM1 axon degeneration pathway: control of the
NAD+ metabolome regulates axon survival in health and disease. Curr Opin Neurobiol 63, 59-66.
10.1016/j.conb.2020.02.012. [PubMed: 32311648]

Wang S, Wang S, Asgar J, Joseph J, Ro JY, Wei F, Campbell JN, and Chung M-K (2017).

Ca2+ and calpain mediate capsaicin-induced ablation of axonal terminals expressing transient
receptor potential vanilloid 1. J Biol Chem 292, 8291-8303. 10.1074/jbc.m117.778290. [PubMed:
28360106]

Kam T-1, Mao X, Park H, Chou S-C, Karuppagounder SS, Umanah GE, Yun SP, Brahmachari

S, Panicker N, Chen R, et al. (2018). Poly(ADP-ribose) drives pathologic a-synuclein
neurodegeneration in Parkinson’s disease. Sci New York N Y 362, eaat8407. 10.1126/
science.aat8407.

Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, Abdusamad M, Rossen J, Joesch-Cohen
L, Humeidi R, Spangler RD, et al. (2022). Copper induces cell death by targeting lipoylated TCA
cycle proteins. Science 375, 1254-1261. 10.1126/science.abf0529. [PubMed: 35298263]
Horlbeck MA, Xu A, Wang M, Bennett NK, Park CY, Bogdanoff D, Adamson B, Chow ED,
Kampmann M, Peterson TR, et al. (2018). Mapping the Genetic Landscape of Human Cells. Cell
174, 953-967.€922. 10.1016/j.cell.2018.06.010. [PubMed: 30033366]

Tian R, Gachechiladze MA, Ludwig CH, Laurie MT, Hong JY, Nathaniel D, Prabhu

AV, Fernandopulle MS, Patel R, Abshari M, et al. (2019). CRISPR Interference-Based

Platform for Multimodal Genetic Screens in Human iPSC-Derived Neurons. Neuron. 10.1016/
j.neuron.2019.07.014.

Stranges PB, Palla M, Kalachikov S, Nivala J, Dorwart M, Trans A, Kumar S, Porel M, Chien

M, Tao C, et al. (2016). Design and characterization of a nanopore-coupled polymerase for
single-molecule DNA sequencing by synthesis on an electrode array. Proc National Acad Sci 113,
E6749-E6756. 10.1073/pnas.1608271113.

Jost M, Chen Y, Gilbert LA, Horlbeck MA, Krenning L, Menchon G, Rai A, Cho MY, Stern

JJ, Prota AE, et al. (2017). Combined CRISPRi/a-Based Chemical Genetic Screens Reveal

Cell. Author manuscript; available in PMC 2026 March 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuan et al.

Page 28

that Rigosertib Is a Microtubule-Destabilizing Agent. Molecular Cell 68, 210-223.e216. 10.1016/
j.molcel.2017.09.012 [PubMed: 28985505]

94. Yue WWS, Yuan L, Braz JM, Basbaum Al, and Julius D (2022). TRPV1 drugs alter core
body temperature via central projections of primary afferent sensory neurons. eLife 11. 10.7554/
elife.80139

Cell. Author manuscript; available in PMC 2026 March 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuan et al.

Page 29

Highlights
A genome-wide screen identifies pathways regulating excitotoxicity

Electron transport chain (ETC) is a major determinant of resilience to
excitotoxicity

Reducing oxidative stress and calcium entry underlie this protective
mechanism

Nociceptors have lower ETC expression and greater resilience to
excitotoxicity
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Figure 1. Genome-wide CRISPRI screen reveals the ETC as a regulator of capsaicin-evoked
death.
(A) Survival of TRPV1* HEK293T cells following capsaicin or vehicle treatment under

different ionic conditions: (left) Extracellular calcium was either chelated with EGTA,
(right) indicated ions were dropped out of Ringer—s solutions that cells were in throughout
the viability assay.

(B) Representative images of DRG neurons from 7g(Trpv1-EGFP)MAZ08Gsat/Mmcd mice
(top, Figure S1) and HEK293T cells transfected with plasmids containing GFP-TRPV1 and
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mCherry (bottom) from time-lapsed imaging following the addition of capsaicin in minutes
above each image. TRPV1* neurons and cells showed features of necrosis, including soma
swelling and the eventual rupture of plasma membrane. Scale bars: 10 um.

(C) K562 cells engineered with TRPV1 and CRISPRi machinery were transduced with

a genome-wide sgRNA viral library. Duplicated samples were collected before treatment
(TO) and after 14 days of no or pulsated capsaicin (LD50) treatment and sequenced for

the abundance of barcoded sgRNAs. Volcano plot shows the relative abundance of all
targeted genes and non-targeting controls when comparing capsaicin (CAP) to untreated
(UT) samples.

(D) Most enriched Gene Ontology (GO) terms of CRISPRIi screen hits of CAP compared to
UT.

(E-G) Strong hits in the endocytic (blue), membrane protein biogenesis (green) and ETC
(orange) pathways are illustrated in cartoons and highlighted on volcano plots.

(H) ETC hits from (G) is highlighted on the volcano plot that compares the relative
abundance of sgRNAs from UT to TO.

(1) Knocking down indicated genes with two sgRNAs leads to protection (EMC2, NDUFC1)
or sensitization (FLOT1) against capsaicin (LD50) comparing to non-targeting controls (NT)
clones. Two sgRNAs of each target gene and NT controls were used to make stable clones,
and the capsaicin survival was normalized to vehicle control of each clone (vehicle controls
are not shown here, see full figure in Figure S3).

(J) Immunoblotting of lysates from NDUFCI knockdown clones made from two different
sgRNAs and a NT control. Actin was used as loading control.

(K) Survival following capsaicin treatment was determined from cells pretreated with
indicated concentrations of ETC inhibitors PierA or AA.

For B,F,G, n = 3 technical replicates representative of at least 3 independent experiments.
Data are meanz SD. One-way ANOVA Tukey’s or Dunnett’s multiple comparisons tests.
**3%% P<0.0001.
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Figure 2. ETC regulates sensory neuron resilience to capsaicin-induced death.

(A) Schematics illustrates experimental design of (B,C).

(B,C) DRG cultures from littermates of the indicated genotypes were treated with vehicle or
capsaicin. Percentage of TRPV1* neurons in vehicle treated conditions and the percentage
of TRPV1* neurons survived capsaicin treatment were calculated from the number of
TRPV1" and total neurons at end points using Fura-2 AM assays (Figure S4). N=7 or 5
pairs of animals for Naufs4 or Ugcrg flox, calculated from least 3 technical replicates per

animal.
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(D) Schematics illustrates experimental design of (E,F).

(E-F) Primary DRG neurons were transduced with lentivirus carrying empty vector (EV) or
indicated genes and treated with vehicle or capsaicin. Similar assay as (B,C). N = biological
replicates, calculated from at least 3 technical replicates.

Data are mean per animal and lines connect the same animal in C and F. Error bars are SD.
(B,E) Unpaired 2-tailed t-test. (C,F) Paired 2-tailed t-tests where each animal / biological
replicate (N) were paired due to baseline variation; *P<0.05; **P<0.01; ***P<0.001;
****P<(,0001.

Cell. Author manuscript; available in PMC 2026 March 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuan et al.

A

Capsaicin Survival (%)

1.0

0.0

AF Cap /aF lonomycin

Capsaicin Survival (%)

05 4

Page 34
B .
Baseline  Capsaicin IAA 1AA
!-1 Capsaicin
100 c ¥ * § %
E : &
n_ -~
o o
° 2l =
o
o : :| 3
S § O rye——
70 & g -1
10 8775 5 = S
Glucose (mM) 6 2 55 98
0 13255 Galactose (mM) Time (min)
D E
k%
; Fokokok | | ns | kK hs /\; . |—|ns
* ns 5 101 < ]
[ [ z 1 NADH NAD* T 90 - dJo
- £ ] -
5 1 {- Pyruvate LA Lactate 3 %07
w 051 LDH c 70
1 A < 1 S
3 ] B 60 -
4 © 1 LONOX s
O ol]8. 8.8 s. NADH ———> NAD* & so-ti
4. 8..9¢. 9. . 8. 5. .&.. Pl 4 _ _g
T T T T T ’ 5 2
NT 1 2 NT 1 2 NDUFCT ST E'er”tjri
= -+ + + Pyr,Ur ME
G H
Fokokk KKKk Kokokok KKk
: | [ \’: : [ [
100 — = 100
4 ®© 4
2
>
50 50 2+
] § i { ETC
8 1 Ca2+
o i
o] 5 o Voo
- + - + PierA -+ -+ AA ”
- -+ + Pyr Uri - -+ + Py Ui Death '

Figure 3. Metabolic regulation of capsaicin-evoked calcium overload.
(A) Capsaicin-induced toxicity in TRPV1* K562 cells that had grown with indicated

concentrations of glucose and galactose for 72 hours.

(B) ATP/ADP of HEK293T was measured with PercevealHR (psudocolored rainbow scale;
F = Ex480/Ex400) in response to 10 pM capsaicin at T3 and 3.3 mM IAA at Tg (revealing
max response)3’. Normalized ATP/ADP (AF/AF aa) of each cell was plotted. Averaged
kinetics in green. No difference in capsaicin response between parent and TRPV1™ cells.
Scale bar: 10 um.

(C,D) Calcium response was measured as change in Fura-2 AM ratio in response to
capsaicin (33nM) as a fraction of maximum response to 10 pM ionomycin in (C) TRPV1*
K562 knockdown clones of NDUFCI (using 2 different sgRNA) and a non-targeting (NT)
control or (D) TRPV1* K562 cells following the indicated pretreatment.
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(E) Pyruvate accepts electrons from NADH to produce lactate and NAD™*, a coupled redox
reaction catalyzed by lactate dehydrogenase (LDH) that supports the proliferation of ETC-
deficient cells*0. Oxidation of NADH to NAD™ can be carried out by ZANOX.4! Viability

of K562 stable lines that expressed empty vector, cyto, or mitoLONOX after capsaicin
treatment and normalized to vehicle control.

(F,G) Following indicated pretreatments, survival against capsaicin was determined by
normalizing cell number to vehicle controls of each condition.

(H) Schematic summary: ETC suppression imparts protection by reducing calcium overload,
which can be negated by increased pyruvate (and thus NAD*/NADH). ETC suppression

is still protective of capsaicin toxicity in the presence of pyruvate, revealing an alternative
rescue mechanism.

Data are mean+ SD *P<0.05, ** P<0.01, ****P<0.0001. (A,E-G): One-way ANOVA with
Dunnett’s (A,E) or Tukey’s (F,G) multiple comparisons test. n = 3 technical replicates,
representative of at least 3 independent experiments. (C,D): Kruskal-Wallis test with Dunn’s
multiple comparisons test. n = (C) 150; or (D) >=107 cells from 3 independent experiments.
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Figure 4. Capsaicin and ETC dependent transcriptional changes.
(A) Schematic of RNAseq experiment. RNAseq analyses were performed on 3 replicates

of each condition. Differentially expressed genes of capsaicin versus vehicle treatments
following (top) vehicle or (bottom) PierA pretreatment were plotted. Transcription factors
are colored purple.

(B) Relative expression of top 100 significantly different genes in response to capsaicin
was plotted based on the Z score of normalized counts (rlog transformation of the DEseq2
package).

(C,D) K562 cells that stably expressed NT or MAFFtargeting SgRNAs were tested for their
calcium response to capsaicin (C) and viability after capsaicin treatment was quantified and
normalized to vehicle (D).

Data are meanz SD. (C): Mann-Whitney U test. n = 150 cells from 3 independent
expriments;

(D): unpaired 2-tailed t-test. n = 3 technical replicates, representative of 3 independent
experiments. *** P<0.001.
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Figure 5. ETC suppression boosts resilience by lowering oxidative stress.
(A-D,G) Mitochondrial ROS generation kinetics in HEK293T cells. Capsaicin (20 pM) was

added at 3 min and H,O, (200 uM) at 42 min to elicit maximum response under indicated
conditions. Representative images of the same cells at Tq (before), T4o (max capsaicin
response), and T4g5 (max H,O» response) are shown in pseudo color of HyPer7 ratio (F

= ex480/ex380, rainbow scale). Normalized HyPer7 ratio (AF/Fp) over time of each cell
are plotted for a representative experiment. Averaged capsaicin response of experimental
replicates are summarized and quantified by area under curve (AUC). Scale bars: 10 pm.
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(A) Capsaicin or vehicle was added to parental (TRPV1™) or TRPV1* cells.

(B) Capsaicin-evoked HyPer7 response in cells imaged in regular or calcium free Ringer’s.
(C) Cells pretreated with ETC inhibitors PierA or AA (with pyruvate and uridine) were
examined.

(D,E) HyPer7 response (D) and viability (E) of cells pretreated with a SOD memetics
M40403.

(F) Schematic summary: M40403 detoxifies O*~; SIQEL1.1 and S3QEL2 block ROS
production via sites I and Iigo on complex I and 111 respectively without affecting
OXPHOS.

(G,H) Cells pretreated with vehicle, SIQEL1.1, or S3QEL2 were treated with capsaicin and
their HyPer7 response (F) and survival (G) were examined.

(1) Percentage of TRPV1* neurons and their survival after capsaicin treatment following
S3QEL2 or vehicle pretreatment (Figure S4).

(J) Schematic summary: Ca2* influx through TRPV1 leads to mitochondrial ROS generation
and cell death. ETC suppression protects cells by decreasing capsaicin-evoked ROS
generation.

Data are meanz SD. (B-D,G): two-way ANOVA (B,D) with Dunnett’s multiple comparisons
(C,G). N=(B,C) 4; or (D,G) 3 as number of independent experiments (see Figure S6K).
(E): 2-tailed unpaired t-test. (H): one-way ANOVA with Dunnett’s multiple comparisons
test. (E,H) n = 3 technical replicates, representative of at least 3 independent repeats. (1I):
2-tailed paired t-test; N = 5 independent experiments. *P<0.05, **P<0.01,*** P<0.001,
**** P<0.0001.
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Figure 6. Generalization to other modalities of excitotoxicity.

(A) The spider toxin DKTx (pink) activates TRPV1 by binding to the extracellular loops,
making it a distinct agonist from vanilloids including capsaicin.

(B) Survival against DkTx was tested in K562 cells pretreated with PierA or vehicle.

(C) Wildtype (WT) TRPV4 is closed in the absence of agonists. Disease-associated gain-of-

function mutation R269C opens the channel and results in excitotoxicity without agonists.

(D,F,G) HEK293T cells transfected with TRPV4 WT, R269C, or empty vector (EV) control,
were pretreated with vehicle or indicated ETC inhibitors (S3QEL2 or AA) prior to addition

of vehicle (D) or TRPV4 agonist GSK101 (F,G).

(E) Both TRPV4 WT and R269C are activated by GSK101 (green).

(H) S aureus secretes Hla (brown) that forms heptameric nanopores on plasma membrane
and permeates Ca?* at physiological extracellular concentrations (2 mM)

(I-L) Survival against Hla was tested in K562 cells co-treated with EGTA (F) or pre-treated

with pre-treated with PierA (G), M40403 (H), S3QELZ2 (1), or vehicle controls.
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Data are mean + SD. (B,G,|-L): 2-tailed paired t-test. (D,F): One-way ANOVA with Sidak’s
multiple comparisons test. *P<0.05, **P<0.01,*** P<0.001, **** P<0.0001.
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Figure 7. Nociceptors are more resilient to excitotoxicity.
(A) Representative images of DRG neurons taken from 7g(7rpvI1-EGFP)MA208Gsat/

Mmecd mice undergoing necrosis after ionomycin addition. Survival of TRPV1(GFP)* or
TRPV1(GFP)™ after ionomycin treatment were quantified from microscopy videos. Scale
bar: 10 pm.

(B, E) Relative survival of TRPV1* vs TRPV1™ neurons against mitoPQ (B) or high dosages
of PierA or AA (E) were revealed by shifting percentages of TRPV1* neurons.

(C) Normalized expression level (rlog) among different sensory subgroups were plotted as
Z scores for genes encoding TRPV1, ETC components identified by the CRISPRi screen,
transcription factors of ETC biogenesis, and mitochondrial genes that were not screen hits
as controls. Heatmap was generated using a published dataset, where sensory subtypes
sequenced were non-peptidergic nociceptor (NPN), peptidergic nociceptor (NP), C-LTMR
(C), A8-LTMR (A8), AB-(RA, SAL, or Field)-LTMR (AB-1-3), proprioceptor (P).57

(D) Representative images of DRG sections from TRPV1-GFP mice (Figure S1)
immunolabeled with antibodies that target ETC components (NDUFS4 or COX6C) and
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GFP. Labeling intensities of ETC components in TRPV1(GFP)* were quantified and
compared TRPV1(GFP)™ neurons. Scale bars: 10 um.

(F) Basal ROS level of TRPV1* or TRPV1™ neurons was measured by mitoNeoD intensity
(left) and percentage of highly stressed outliers were calculated (right).

(A,D,F) Data are mean per animal and lines connect the same animal. N = 6,6,4 animals.
(A,D) Two-way ANOVA (F) Paired t-test was performed on the mean intensity. Outliers
were identified with the ROUT method (Q=1%), and represented as a percentage of total
number of cells. Data of each animal see Figure S5. (B,E) Data are mean per animal with
SD. N =6 animals, calculated from at least 3 technical replicates per animal. Unpaired
2-tailed t-test. *P<0.05; **P<0.01; **** P<0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

rabbit anti-TRPV1 (1:400, IHC) Alomone Labs ACC-030
chicken anti-GFP (1:1000, IHC) Abcam AB13970
rabbit anti-Ndufs4 (1:100, IHC) Millipore Sigma HPA003884
rabbit anti-Cox6 (1:100, IHC) Millipore Sigma HPA014295
rabbit anti-Ndufcl (1:500, WB) Invitrogen PA5-68240
mouse anti-beta actin (1:2000, WB) Sigma-Aldrich AC-15
Bacterial and virus strains

E. coli. XL1-Blue Competent Cells UC Berkeley QB3 MacroLab | N/A

E colf. Rosetta2 DE3 pLysS Competent Cells UC Berkeley QB3 MacroLab | N/A

E. coli. MegaX DH10B T1R Electrocomp Cells Invitrogen C640003
Chemicals, peptides, and recombinant proteins

RPMI 1640 Medium, HEPES Thermo Fisher Scientific 22400071
RPMI 1640 Medium, no glucose Thermo Fisher Scientific 11-879-020
Fetal Bovine Serum PEAK PS-FB1
Bovine Calf Serum HyClone SH30072.03
Fetal Bovine Serum, Dialyzed Sigma-Aldrich F0392
Natural Mouse Laminin Invitrogen 23017015
Papain Worthington Biochemical LS003126
Collagenase, Type 2 Worthington Biochemical LS004176
Dispase Il Sigma-Aldrich D4693
Deoxyribonuclease 1, 285 %, 2400 Kunitz units/mg (DNase I) Sigma-Aldrich DN25

L-15 Leibovitz media with L-glutamine Cytiva SH30525.01
Horse Serum Refiltered-Heat-inactivated UCSF Media Productions CCFAWO001

Ham’s F-12 Nutrient Mix Sigma-Aldrich 51651C-1000ML
Nerve Growth Factor-7S from murine submaxillary gland Millipore Sigma NO0513

Human Recombinant BDNF STEMCELL Technologies 78005
5-Fluoro-2’-deoxyuridine (FdU) Millipore Sigma F0503

Uridine Millipore Sigma U3003
Capsaicin, 295%, from Capsicum sp. Sigma-Aldrich M2028

Piericidin A Cayman Chemical Company | 15379; CAS 2738-64-9
Antimycin a from Streptomyces sp. Sigma-Aldrich A8674; CAS 1397-94-0
lodoacetic acid (IAA) Sigma-Aldrich 14386 CAS 64-69-7
Sodium Pyruvate Sigma-Aldrich 792500

Hydrogen peroxide solution, 30 % (w/w) in H20, contains stabilizer Sigma-Aldrich H1009

M40403 (Imisopasem Manganese)

Cayman Chemical Company

31112; CAS 218791-21-0

S1QEL1.1

Sigma-Aldrich

SML1948; CAS 897613-29-5

S3QEL 2

Sigma-Aldrich

SML1554; CAS 890888-12-7
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REAGENT or RESOURCE SOURCE IDENTIFIER
DKTx Bohlen et al.,28 N/A
GSK101 Cayman Chemical Company | 17289; CAS 942206-85-1
Recombinant Staphylococcus aureus Hla This study N/A
Icg)_rllomycin, 298% (HPLC), From Streptomyces conglobatus, Lyophilized Sigma-Aldrich 19657; CAS 56092-81-0
i
mitoPQ Sigma-Aldrich SML3152; CAS 1821370-28-8
Fura-2 AM Thermo Fisher Scientific F1201
Pluronic F-127 Invitrogen P3000MP

MitoNeoD MedKoo Bioscience, Inc. 563761; CAS 2375088-89-2
Z-VAD-FMK R&D Systems FMKO001
ALLN Millipore Sigma 208719
Necrostatin-1 Tocris 2324
GSK872 Cayman Chemical Company | 23300
uU0126 Tocris 1144
E64D Tocris 4545
AEBSF Cayman Chemical Company | 14321
Cyclosporine A Tocris 1101
Bafilomycin Tocris 1334
TROLOX Tocris 6002
IM-93 Cayman Chemical Company | 28794
Deferoxamine Mesylate (DFO) Millipore Sigma 252750
Necrosulfonamide (NSA) Cayman Chemical Company | 20844
CP-456773 Millipore Sigma PZ0280
Liproxstatin-1 Cayman Chemical Company | 17730
Ferrostatin-1 Cayman Chemical Company | 17729
ABT-888 Cayman Chemical Company | 11505
Rotenone Sigma-Aldrich R8875
Phenformin Cayman Chemical Company | 14997
mitoSOX Thermo Scientific M36008
mitoTEMPO Sigma-Aldrich SMLO0737
Critical commercial assays

CellTiter-Glo® Luminescent Cell Viability Assay Promega G7570
alamarBlue™ Cell Viability Reagent Thermo Scientific DAL1025
CyQUANT™ Direct Cell Proliferation Assay Thermo Scientific C35011
CyQUANT™ LDH Cytotoxicity Assay Kit Thermo Scientific C20300
NucleoSpin Blood XL kit Macherey-Nagel 740950

Deposited data

CRISPRI screen and RNAseq

This study

GEO: GSE302928

Experimental models: Cell lines
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GCCCCCGCCAGGCTCCCGAG

REAGENT or RESOURCE SOURCE IDENTIFIER
HEK293T ATCC CRL-11268
HEK293T TRPV1 This study N/A
K562-dCas9-KRAB Gilbert et al.?? N/A
K562-dCas9-KRAB TRPV1 This study N/A
K562-dCas9-KRAB TRPV1 (NT-1) This study N/A
K562-dCas9-KRAB TRPV1 (NT-2) This study N/A
K562-dCas9-KRAB TRPV1 (EMC2 KD-1) This study N/A
K562-dCas9-KRAB TRPV1 (EMC2 KD-2) This study N/A
K562-dCas9-KRAB TRPV1 (FLOT1 KD-1) This study N/A
K562-dCas9-KRAB TRPV1 (FLOT1 KD-2) This study N/A
K562-dCas9-KRAB TRPV1 (NDUFC1 KD-1) This study N/A
K562-dCas9-KRAB TRPV1 (NDUFC1 KD-2) This study N/A
K562-dCas9-KRAB (NT-1) This study N/A
K562-dCas9-KRAB (NDUFC1 KD-1) This study N/A
K562-dCas9-KRAB (NDUFC1 KD-2) This study N/A
K562-dCas9-KRAB TRPV1 ev-IRES-GFP This study N/A
K562-dCas9-KRAB TRPV1 cytoLbNOX-IRES GFP This study N/A
K562-dCas9-KRAB TRPV1 mitoLbNOX-IRES GFP This study N/A
K562-dCas9-KRAB TRPV1 (MAFF KD) This study N/A
K562-dCas9-KRAB TRPV1 (BACH1 KD) This study N/A

MEF Garg et al.*’ N/A

MEF (Micul KO) Garg et al.*’ N/A

MEF EV This study N/A

MEF TRPV1 This study N/A

MEF (Micul KO) EV This study N/A

MEF (Micul KO) TRPV1 This study N/A
Experimental models: Organisms/strains

Mouse: Tg(TrpvI-EGFP)MA208Gsat/Mmcd MMRRC #033029-UCD
Mouse: B6.129S4- Naufs4"™Roa|) ( Nalufs4™1) Quintana et al.3° JAX: 026963
Mouse: Ugcrg "1 Martinez-Reyes et al.3! JAX: 038729
Mouse: B6.129- Trpy1imicre)5bm)y ( Trpy1€re) Cavanaugh et al.®? JAX: 017769
Mouse: C57BL/6J JAX JAX: 000664
Oligonucleotides

Protospacer for sgRNA cloning of nt00239: This study N/A
GATTGTCACTTTAGATCTGT

Protospacer for sgRNA cloning: nt00242: GTTGAATTACAGTTCGACGG This study N/A
Protospacer for sgRNA cloning: NDUFC1: This study N/A
GGAAAGGGGACGCAGCAAGG

Protospacer for sgRNA cloning: NDUFC1: This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Protospacer for sgRNA cloning: EMC2: GACGGGCCAAGCTGAGGTGG This study N/A
Protospacer for sgRNA cloning: EMC2: GCCATCTTCCCAGAACCTAG This study N/A
Protospacer for sgRNA cloning: FLOT1: GGCCGTGGCGGATGCAGACT | This study N/A
Protospacer for sgRNA cloning: FLOT1: This study N/A
GGCAGCAACGGGGTGCGGCA
Protospacer for sgRNA cloning: MAFF: GGAGCGGAGGGGAGACTGAC | This study N/A
Protospacer for sgRNA cloning: BACH1: This study N/A
GGGCGGCGGAGGACAATACG
Recombinant DNA
pLenti+ TRPV1-IRES-mApple This study N/A
pLenti+GFP-TRPV1 This study N/A
human Genome-wide CRISPRI-v2 library Horlbeck et al.23 Addgene:83969

pU6+ sgRNA Eflalpha Puro-T2A-GFP

Horlbeck et al.%°

Addgene:111596

GW1-PercevalHR

Tantama et al.37

Addgene:49082

pWPI IRES-GFP Didier Trono Addgene:12254

PWPI cyto LINOX-IRES-GFP This study N/A

pWPI mitoLONOX-IRES-GFP This study N/A

pCS2+MLS-HyPer7 Pak et al 46 Addgene: 136470

pLenti+ Pgargclb—IRES-mApple This study N/A

pLenti+ Esrra-IRES-mApple This study N/A

pcDNAS5_hTRPV4 This study N/A

pcDNA5_hTRPV4 R269C This study N/A

pEXP5-aHL _his This study N/A

Software and algorithms

MetaFluor Molecular Devices https://
www.moleculardevices.com/
products/cellular-imaging-
systems/high-content-analysis/
metamorph-microscopy

Prism10 GraphPad https://www.graphpad.com/

FlowJo10 FlowJo https://www.flowjo.com/

NIS-Elements v5.4

Nikon Instruments Inc.

https://
www.microscope.healthcare.ni
kon.com/products/software/
nis-elements

MAGeCK-iNC Tian et al 9! https://kampmannlab.ucsf.edu/
mageck-inc
R and RStudio Posit https://posit.co/download/

rstudio-desktop/

DESeq2 (R package) Bioconductor https://bioconductor.org/
packages/release/bioc/html/
DESeqg2.html

ggplot2 (R package) CRAN https://ggplot2.tidyverse.org/

EnhancedVolcano (R package)

Bioconductor

https://bioconductor.org/
packages/release/bioc/html/
EnhancedVolcano.html
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https://bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html
https://bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html
https://bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html

1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

ComplexHeatmap (R package)

Bioconductor

https://bioconductor.org/
packages/release/bioc/html/
ComplexHeatmap.html

Genb

Agilent

https://www.agilent.com/en/
product/microplate-
instrumentation/microplate-
instrumentation-control-
analysis-software/imager-
reader-control-analysis-
software

Fiji — ImageJ

NIH

https://
www.ncbi.nlm.nih.gov/pmc/
articles/PMC3855844/

Other

Microscopy chamber slides

ibidi

18 well: 81816; 8 well: 80806
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https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software
https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software
https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software
https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software
https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software
https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software
https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software
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