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NEUROSCIENCE

G9a dictates neuronal vulnerability to inflammatory
stress via transcriptional control of ferroptosis

Nicola Rothammer', Marcel S. Woo', Simone Bauer’, Lars Binkle-Ladisch’, Giovanni Di Liberto?,
Kristof Egervari?, Ingrid Wagner?, Undine Haferkamp?, Ole Pless?, Doron Merkler?, Jan

Broder Engler'*t, Manuel A. Friese'*t

Neuroinflammation leads to neuronal stress responses that contribute to neuronal dysfunction and loss. However,
treatments that stabilize neurons and prevent their destruction are still lacking. Here, we identify the histone
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methyltransferase G9a as a druggable epigenetic regulator of neuronal vulnerability to inflammation. In murine
experimental autoimmune encephalomyelitis (EAE) and human multiple sclerosis (MS), we found that the G9a-
catalyzed repressive epigenetic mark H3K9me2 was robustly induced by neuroinflammation. G9a activity repressed
anti-ferroptotic genes, diminished intracellular glutathione levels, and triggered the iron-dependent programmed
cell death pathway ferroptosis. Conversely, pharmacological treatment of EAE mice with a G9a inhibitor restored
anti-ferroptotic gene expression, reduced inflammation-induced neuronal loss, and improved clinical outcome.
Similarly, neuronal anti-ferroptotic gene expression was reduced in MS brain tissue and was boosted by G9a inhi-
bition in human neuronal cultures. This study identifies G9a as a critical transcriptional enhancer of neuronal ferro-
ptosis and potential therapeutic target to counteract inflammation-induced neurodegeneration.

INTRODUCTION

Neuroinflammation is involved in several neurological and psychiatric
diseases, in which activation of brain-resident microglia (1) and in-
filtration of peripheral immune cells cause neuronal stress and injury
(2). As a prototypic neuroinflammatory disease, multiple sclerosis
(MS) is characterized by inflammatory lesions that cause damage to
the central nervous system (CNS) and lead to neuronal dysfunction
and clinical impairment (3). Although inflammatory activity de-
clines over the course of MS, persistent low-grade inflammation
and inflammation-independent progression of neurodegeneration
lead to continuous worsening of disability (4). In this regard, chronic
progressive MS is reminiscent of primary neurodegenerative diseases
that are accompanied by low-grade inflammation, such as Parkinson’s
or Alzheimer’s disease (5). However, at the stage of progressive neuro-
degeneration, immunosuppressive treatments that are effective in
the early inflammatory phase of MS mostly lose their efficacy.
Therefore, to deliver long-term benefits to patients suffering from
neuroinflammation, novel neuroprotective therapeutics with direct
action on neurons are urgently needed (6).

Neurodegeneration in MS has been attributed to the generation
of reactive oxygen and nitrogen species (7), mitochondrial dysfunc-
tion with impaired energy production (8), and glutamate excitotox-
icity that causes influx of calcium into neurons (9), resulting in
ionic dyshomeostasis and cell death (2). Similar pathways have been
picked up in recent single-cell transcriptomics analysis of MS post-
mortem brain samples. Affected neurons showed a strong up-regulation
of signatures associated with oxidative stress, mitochondrial dys-
function, and cell death pathways (10). However, the extraction of
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master regulators of neuronal maladaptation remains challenging (11).
As postmortem studies are inherently complicated by the fact that
available samples mostly represent late chronic stages of the disease,
we recently set out to investigate the neuronal stress response to
inflammation under tightly controlled conditions in the MS animal
model experimental autoimmune encephalomyelitis (EAE). To
generate a comprehensive inventory of neuronal adaptation during
inflammatory stress, we exploited translating ribosome affinity pu-
rification of spinal cord motor neurons that are directly affected in
EAE (12). As part of this study, we found inflammation-induced
dysregulation of neuronal proteostasis with toxic aggregation of the
presynaptic protein bassoon and we devised a therapeutic approach
to clear aggregates by proteasome activation (12). This complements
other strategies to ameliorate inflammatory neurodegeneration by
modulation of mitochondrial function (13), neuronal ion channels
(14-16), or glutamate receptors (17, 18). However, besides the phar-
macological appeal of targeting specific molecular pathways, neuro-
degeneration emerges as a multimodal process with many detrimental
cascades running in parallel (19). Therefore, shutting down the under-
lying maladaptive neuronal stress response as a whole may provide
greater and more consistent benefit, as it depends less on specific
pathways and their pathological contribution in a given situation.
There is growing recognition of an intrinsic neuronal stress re-
sponse that orchestrates neuronal adaptation and sets the course for
cellular survival or death (20). To reinstall neuronal homeostasis,
targeting transcriptional regulators is a highly promising approach
because of their broad impact on diverse regulatory cascades with
the potential to counteract pathophysiological deregulation in a
holistic sense (21). Aberrant gene transcription is a hallmark of
neurodegeneration and involves several factors that modulate neu-
ronal gene expression (22-24). These factors target various levels of
transcriptional regulation including chemical DNA modification,
local recruitment of the transcriptional machinery, and modulation
of chromatin accessibility, for example, by histone modifications
(25). Of these examples, epigenetic modifiers with enzymatic
activity are of particular interest because of their direct accessibility
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to modulation by small molecules (21). Targeting epigenetic regula-
tors might represent a viable approach to rebalance transcriptional
stress responses of neurons and improve clinical outcome.

Another point of convergence in neurodegenerative cascades is the
involvement of shared downstream pathways of programmed cell
death that provide additional opportunities for intervention. Neurons
can undergo diverse forms of cell death depending on the nature and
severity of the stressor (19). Under inflammatory conditions, neuronal
apoptosis has been described in retinal ganglion cells during EAE (26)
and tumor necrosis factor—o (TNF-0)-driven necroptosis was found
as an important mechanism of neuronal loss in MS (27, 28). More
recently, ferroptosis, an iron-dependent form of regulated cell death
(29), has been investigated in cancer development and neurodegen-
erative disorders (30). Hallmarks of ferroptosis are excessive perox-
idation of phospholipid membranes rich in polyunsaturated fatty
acids, inactivation of glutathione peroxidase 4 (GPX4), and reduced
levels of the intracellular antioxidant glutathione (31). Currently, only
circumstantial evidence connects ferroptosis to neuronal injury in
neuroinflammation. It has been shown that iron deposits and oxidized
phospholipids are increased in MS brains (32, 33), and reduced GPX4
levels have been reported in MS brains and in spinal cord neurons of
EAE mice (34). Also, secretion of ferritin heavy chain by oligodendro-
cytes has been recently identified as an antioxidative defense system
to counteract neuronal ferroptosis (35). Thus, it is conceivable that
ferroptosis plays an important role in neuronal loss during inflamma-
tion of the CNS.

In this study, we identified the inflammation-induced epigenetic
regulator euchromatic histone lysine N-methyltransferase 2 (EHMT?2;
also known as G9a) as a druggable candidate for neuroprotective in-
tervention. We demonstrate that the repressive dimethylation of his-
tone H3 lysine 9 (H3K9me2), which is catalyzed by G9a, is strongly
induced in neurons during neuroinflammation in EAE mice and MS
patients. Pharmacological inhibition of G9a revealed a robust neuro-
protective effect in neuronal cultures and during CNS inflammation
in vivo. Mechanistically, G9a dictates neuronal fate by driving ferro-
ptosis via epigenetic repression of anti-ferroptotic genes. Our findings
reveal G9a as a stress-induced epigenetic amplifier of neuronal ferro-
ptosis and highlight G9a inhibition as a neuroprotective therapy.

RESULTS

G9a-dependent H3K9me2 is induced by inflammation

and excitotoxicity

Because of their ability to regulate broad transcriptional programs,
epigenetic modifiers are an emerging class of therapeutic targets
with potential value for neuroprotective treatment. To identify epi-
genetic modifiers implicated in CNS inflammation, we leveraged a
neuronal translatome profiling dataset of inflamed spinal cord mo-
tor neurons of EAE mice (12) (GSE104899) and ranked deregulated
candidates by statistical significance (Fig. 1A). Among the top can-
didates, we focused on the histone methyltransferase G9a, encoded
by the gene Ehmt2 (Fig. 1B), because of its specific induction in
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Fig. 1. G9a-depedent H3K9me2 is induced by inflammation and excitotoxicity. (A) Gene expression heatmap of up- and down-regulated epigenetic modifiers in
inflamed motor neurons during acute EAE on day 15 (n =5 per group each pooled from three mice). (B) Normalized RNA sequencing expression of Ehmt2 in healthy and
inflamed motor neurons (DESeq2 false discovery rate; n=5 per group). (C) Flow cytometry of H3K9me2 levels in spinal cord neuronal nuclei from healthy and EAE mice
at indicated days after immunization [one-way analysis of variance (ANOVA) with Dunnett’s post hoc test; n =6 per group]. (D) Relative neuronal loss in spinal cords from
healthy and EAE mice at indicated days after immunization (one-way ANOVA with Dunnett’s post hoc test; n =6 per group). (E) H3K9me2 staining of brain sections from
MS NAGM, cortical MS lesions and control individuals with quantification in HuC/D cells (one-way ANOVA with Tukey’s post hoc test; controls: n =10, MS NAGM: n =4, MS
lesion: n=15). Scale bar, 80 um. (F) H3K9me2 staining of primary neurons 8 hours after 20 uM glutamate stimulation with quantification (two-tailed Student’s t test; n=8
control versus n =7 Glu). Scale bar, 50 um. (G) Cell viability time course of primary neurons stimulated with 20 uM glutamate with quantification of area under the curve
(AUQ) 19 hours after glutamate application (left, two-way ANOVA; right, two-tailed Student’s t test; n =4 independent experiments). Data are shown as mean values +
SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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inflamed motor neurons (fig. S1A) and the availability of specific inhib-
itors with in vivo efficacy (36, 37), enabling translational application.
We validated the induction of Ehmt2 by quantitative polymerase chain
reaction (QPCR) of sorted neuronal nuclei from inflamed spinal cords
of EAE mice (fig. S1, B and C). As an epigenetic regulator, a central
function of G9a is to catalyze the dimethylation of lysine-9 on core his-
tone 3 (H3K9me2), which results in local transcriptional repression. To
assess the catalytic activity of G9a in the context of CNS inflammation,
we measured H3K9me2 levels in neuronal nuclei in EAE in compari-
son to healthy spinal cords by flow cytometry. We found an increase of
H3K9me?2 levels in neuronal nuclei during acute (day 15) and chronic
(day 30) EAE but not before disease onset (day 11) (Fig. 1C). This
inflammation-dependent induction of H3K9me2 was accompanied by
neuronal loss, as quantified by the percentage of NeuN" neuronal nu-
clei in spinal cords of acute and chronic EAE mice (Fig. 1D and fig.
S1D). To assess the translatability of our mouse findings to human dis-
ease, we investigated the induction of H3K9me2 in MS brain tissue. Of
note, we observed a significant increase in H3K9me2 immunofluores-
cence signal in normal-appearing gray matter (NAGM) as well as in
cortical MS lesions compared to control brain tissue (Fig. 1E and table
S1), supporting an induction of G9a activity in MS brains.

To explore whether H3K9me2 induction might be a general feature
of stress-induced neurodegeneration, we applied glutamate to primary
cortical cultures as a model of excitotoxicity during neuroinflammation
(38, 39). Resembling the in vivo situation, glutamate exposure of prima-
ry cortical cultures led to an up-regulation of H3K9me?2 (Fig. 1F) that
was associated with decreased cell viability (Fig. 1G). Notably, stimula-
tion with other inflammatory mediators such as TNF-o or interferon-y
(IFN-y) did not increase H3K9me?2 levels (fig. S1E). Moreover, gluta-
mate stress did not result in significant changes of other repressive
(H3K9mel, H3K9me3, and H3K27me3) or permissive (H3K27ac) epi-
genetic marks, nor did it change the levels of DNA-methyltransferase 3a
(DNMT3a). Only H3K9mel, which is also catalyzed by G9a, showed a
trend toward being induced by glutamate exposure (fig. SIF).

To assess the upstream mechanism of H3K9me?2 induction during
glutamate toxicity, we applied AP5 or EGTA to block N-methyl-p-
aspartate (NMDA) receptors or prevent calcium influx from the
extracellular space, respectively. Both substances potently suppressed
the induction of H3K9me?2 in response to glutamate (fig. S1G), indi-
cating NMDA receptor-mediated calcium influx from the extracellu-
lar space as an inducer of increased G9a activity. Besides H3K9me2
levels, NMDA receptor blockage by AP5 also rescued cellular sur-
vival (fig. SIH). Together, both CNS inflammation in vivo and
glutamate excitotoxicity in neuronal cultures resulted in increased
G9a-dependent H3K9me?2 levels and neuronal loss.

G9a promotes neuronal damage during

glutamate-induced excitotoxicity

To further explore the impact of G9a and H3K9me2 on neuronal
survival during excitotoxicity, we established two strategies for G9a
perturbation, namely, genetic disruption in G9a"" ;Snap25-Cre neurons
and pharmacological inhibition by the small-molecule UNC0642
(40). Genetic disruption of G9a in primary cortical neuron cultures
resulted in 90% reduction of Ehmt2 mRNA (fig. S2A), 76% reduc-
tion of G9a protein, and 67% reduction of H3K9me?2 signal (Fig. 2A).
Inhibition of the catalytic domain of G9a by UNC0642 did not
change the G9a protein level but led to 45% reduction of H3K9me2
signal (Fig. 2B). Next, we investigated the potential of both pertur-
bations to modulate glutamate-mediated neuronal cell death. As
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experimental readouts, we used real-time measurements of cell via-
bility and toxic calcium overload in glutamate-stimulated primary
neuronal cultures. Genetic disruption of G9a in G9a™" ;Snap25-Cre
neurons led to increased neuronal viability (Fig. 2C) and reduced toxic
calcium accumulation in comparison to G94™ controls (Fig. 2D) that
was comparable to NMDA receptor blockage by AP5 (fig. S2B). To
evaluate the potential of pharmacological G9a inhibition, we pre-
treated neuronal cultures for 24 hours with 1 uM of the G9a-specific
small-molecule inhibitor UNC0642 and obtained a similar rescue of
cell viability and toxic calcium accumulation as seen for genetic G9a
disruption (Fig. 2, E and F, and fig. S2C). Moreover, we treated G94a-
deficient neurons from G9¢"/;Snap25-Cre mice with UNC0642 and
observed no additional rescue effect during glutamate stress (fig. S2,
D and E), supporting a specific action of UNC0642 on G9a function.
Together, G9a activity fostered toxic calcium overload and dimin-
ished neuronal survival after glutamate stress.

G9a potentiates oxidative stress in neurons

Since neuronal glutamate exposure as well as inflammatory chal-
lenges result in an excess of reactive oxygen species (ROS) (7, 41),
we next tested whether G9a activity might compromise neuronal
resistance to oxidative stress. First, we used CellROX green to mea-
sure oxidative stress in primary neuronal cultures after glutamate
exposure. While glutamate stimulation of G94¢™" controls resulted
in strong oxidative stress within 1 hour, genetic G9a disruption in
G9aﬂ/ﬂ;5nap25—Cre neurons led to a near-complete rescue to the
level of cultures without glutamate treatment (Fig. 3A). Similarly,
pretreatment with UNC0642 reduced the generation of ROS close
to baseline levels as seen without glutamate (Fig. 3B). To test G9a
perturbation in a dedicated model with extensive oxidative stress,
we performed acute hydrogen peroxide stimulation. We found that
both genetic G94a disruption in G9aﬂ/ﬂ;5nap25—Cre neurons and G9a
inhibition by UNC0642 rescued hydrogen peroxide-induced calcium
overload in comparison to respective controls (Fig. 3, C and D).
Notably, hydrogen peroxide treatment itself led to a pronounced
up-regulation of H3K9me2, indicating a vicious circle that further
drives oxidative stress, while UNC0642 treatment was still able to
overcome this effect (fig. S3A). We concluded that G9a exacerbates
oxidative stress and consecutive calcium overload.

G9a induces neuronal cell death via ferroptosis

As G9a perturbation supported neuronal viability, we hypothesized
a downstream effect of G9a in a central pathway of programmed
cell death. Therefore, we used dedicated compounds to induce dif-
ferent forms of programmed cell death that have been implicated in
neurodegeneration and oxidative stress and assessed their depen-
dence on G9a function. While neither apoptosis nor necroptosis
was affected by G9a perturbation, ferroptosis induced by either
erastin or RSL3 was partially rescued in G9a knockout neurons and
after G9a inhibition with UNCO0642 (Fig. 4, A and B). Moreover, we
measured G9a activity by quantification of H3K9me2 immunofluo-
rescence in response to the activation of the different cell death
pathways. Again, we did not observe any changes in H3K9me2
signal in apoptosis or necroptosis; however, ferroptosis induction
via erastin or RSL3 resulted itself in a significant up-regulation of
H3K9me2 (Fig. 4C). Similar to our finding after hydrogen peroxide
treatment, this suggests that G9a participates in a self-reinforcing
feedback loop, where G9a-dependent H3K9me2 supports ferropto-
sis and ferroptosis drives H3K9me2. Up-regulation of H3K9me2 in
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Fig. 2. G9a promotes neuronal damage during glutamate-induced excitotoxicity. (A and B) G9a and H3K9me?2 stainings of GQaﬂ/ﬂ;SnapZS—Cre [(A); two-tailed
Student’s t test, n =4 independent experiments] and UNC0642 pretreated primary neurons compared to respective controls with quantification [(B); two-tailed Student’s
t test, G9a: dimethyl sulfoxide (DMSO) n =7, UNC0642 n = 6, H3K9me2: DMSO n = 8, UNC0642 n = 7]. Scale bars, 20 um. (C) Cell viability of G9a™" versus G9a™":Snap25-Cre
primary neurons with time course (left; two-way ANOVA; n =4 independent experiments) and quantification of AUC (right; two-tailed Student'’s t test, n =4 independent
experiments). (D) Cytosolic calcium levels of glutamate-exposed G9a™" and G9aﬂ/ﬂ,‘5nap25—Cre primary neurons with quantification of AUC (two-tailed Student’s t test,
n=5 independent experiments). (E) Cell viability of DMSO- versus UNC0642-treated primary neurons with time course (left; two-way ANOVA; n = 3 independent experi-
ments) and quantification of AUC (right; two-tailed Student’s t test, n = 3 independent experiments). (F) Cytosolic calcium levels of glutamate-exposed primary neurons
treated with DMSO or UNC0642 with quantification of AUC (two-tailed Student’s t test, n =4 independent experiments). Data are shown as mean values + SEM. *P < 0.05,
**P <0.01, and ***P < 0.001.

response to ferroptosis induction could be effectively prevented by  potentiate the rescue effects of ferroptosis inhibition, suggesting a
UNCO0642 (fig. S3B). shared pathway of both interventions (Fig. 4E and fig. S3C).

To further elucidate the involvement of ferroptosis in glutamate- Last, we assessed whether G9a perturbation could increase the
induced cell death, we chose cyclooxygenase 2 (COX-2) as a widely  levels of glutathione, a key anti-ferroptotic effector molecule with
used biomarker of ferroptosis (42). Glutamate excitotoxicity led to  antioxidant function. While glutamate treatment reduced the levels
a markedly higher percentage of COX-2-positive cells, whereas  of glutathione in anmary neuronal cultures, both genetic G9a dis-
pharmacological G9a inhibition almost completely abolished its ~ ruption in G9¢™;Snap25-Cre neurons and pharmacological G9a
induction (Fig. 4D). As another way to explore the involvement of  inhibition by UNC0642 led to a partial rescue of glutathione levels
ferroptosis in glutamate excitotoxicity, we investigated the potential ~ (Fig. 4, F and G). In summary, these findings suggest a pro-ferroptotic
of ferroptosis inhibitors to rescue glutamate-induced calcium  function of G9a that can be counteracted by pharmacological inhi-
overload. Besides the antioxidant ferrostatin-1, the iron chelator a-  bition with UNC0642.
difluoromethylornithine (DFMO) and the lipophilic radical-trapping
antioxidant coenzyme Q10 rescued glutamate-induced calcium G9a amplifies neurodegeneration and represses
overload (Fig. 4E and fig. S3C), substantiating ferroptosis as a con-  anti-ferroptotic genes in CNS inflammation
tributor to glutamate excitotoxicity along with previously described ~ To explore the potential of pharmacological G9a inhibition as a
pathways including apoptosis (43) and necroptosis (44). Moreover, —neuroprotective treatment strategy in vivo, we injected EAE animals
pretreatment with the G9a inhibitor UNC0642 did not further once daily with UNC0642 (5 mg kg™' body weight) or vehicle
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" versus G9aﬂ/ﬂ;5nap25-Cre primary neurons with quan-

tification (one-way ANOVA with Tukey’s post hoc test; n=5 independent experiments). Scale bar, 40 um. (B) Oxidative stress levels (CellROX green reagent) in DMSO-
versus UNC0642-treated primary neurons with quantification (one-way ANOVA with Tukey’s post hoc test; n =10 independent experiments). Scale bar, 40 um.
(C) Cytosolic calcium levels of H,0,-exposed G9a™"" and G9aﬂ/ﬂ;5nap25—Cre primary neurons with quantification of AUC (two-tailed Student’s t test, n=6 independent
experiments). (D) Cytosolic calcium levels of H,0,-exposed primary neurons treated with DMSO or UNC0642 with quantification of AUC (two-tailed Student’s t test, n=5
independent experiments). Data are shown as mean values + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

control, starting at symptom onset. This dose was previously re-
ported to effectively reach the CNS without eliciting toxic side ef-
fects (40). In accordance with our in vitro findings, treatment with
UNCO0642 resulted in a significantly ameliorated EAE disease course
compared to vehicle-treated mice, which was particularly promi-
nent in the chronic phase of EAE (Fig. 5, A and B). UNC0642 treat-
ment further led to reduced neuronal loss in the spinal cord ventral
horn of chronic EAE mice (Fig. 5C), while immune cell infiltration,
microglia activation, and body weight changes were not altered
(Fig. 5D and fig. S4, A to E).

Next, we investigated the effect of UNC0642 in vivo treatment
on epigenetic silencing via H3K9me2 and the induction of ferroptosis.
The applied UNC0642 treatment regime inhibited H3K9me?2 induc-
tion and led to a complete normalization of H3K9me?2 levels in neu-
ronal nuclei of EAE animals (Fig. 5E). Moreover, we found increased
levels of the histopathological ferroptosis marker 4-hydroxy-2-nonenal
(4-HNE) in EAE (Fig. 5F), which was significantly reduced by
UNCO0642 treatment (Fig. 5G). We hypothesized that this effect
might be driven by derepression of anti-ferroptotic genes. To test
this hypothesis, we sorted NeuN" neuronal nuclei from the spinal
cords of healthy controls, EAE mice, and EAE mice treated with
UNCO0642 and assessed mRNA expression of ferroptosis-related
genes by qPCR. Notably, we observed that many of the genes with
anti-ferroptotic function showed a transcriptional suppression during
EAE (Fig. 5H and fig. S5A). Among them are Gpx4, encoding the
primary cellular defense system against ferroptosis by converting
lipid peroxides into nontoxic lipid alcohols (42), and Gclc, encoding
the glutamate-cysteine ligase catalytic subunit, the first rate-limiting
enzyme of glutathione synthesis (Fig. 5I) (31). Notably, UNC0642
treatment in EAE significantly boosted the expression of Gpx4 and
Gclc as well as Cbs, encoding cystathionine B-synthase, the first enzyme
of the transsulfuration pathway, an alternative way to fuel glutathi-
one production (45), and Nfe2l2, encoding nuclear factor erythroid
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2-related factor 2, a transcription factor that drives several antioxidant
genes including Gclc (Fig. 5I) (46). Moreover, multiple glutathione
S-transferases followed the same pattern, showing suppression in
EAE and derepression upon UNC0642 treatment (fig. S5A). Of note,
we also found several necroptosis-related transcripts (Tnf, Ripkl,
and Casp8) and proapoptotic Bax significantly induced in neurons
during EAE (fig. S5, B and C). Moreover, pro-necroptotic Mlkl and
pro-apoptotic Bad were induced in neurons by UNC0642 treatment
in EAE (fig. S5, B and C); however, due to their direction, these
changes cannot explain the UNC0642-mediated neuroprotection.
Together, these findings exemplify a strong impact of G9a-
mediated transcriptional regulation on the glutathione pathway. In
contrast, ferroptosis suppressor protein 1 (Fspl), a glutathione-
independent anti-ferroptotic molecule (47), showed no significant
regulation (fig. S5A). We concluded that G9a activity led to tran-
scriptional repression of anti-ferroptotic genes, many of which are
implicated in the generation of the intracellular antioxidant gluta-
thione. In line with these findings, we found a potent neuroprotective
effect of pharmacological G9a inhibition manifesting in increased neuro-
nal survival and improved clinical outcome in CNS inflammation.

Anti-ferroptotic GPX4 is suppressed in MS and induced by
G9a inhibition

To translate our findings, we investigated the expression level of the
main regulator of ferroptosis, GPX4, in human brain slices of MS
patients by RNAscope in situ hybridization. Compared to control
brains, we found a reduction of GPX4" dots per area of SNAP25"
neurons in NAGM and cortical lesions in brain sections of MS pa-
tients by comparing single neurons of four subjects per group
(Fig. 6A), reflecting the transcriptional repression of Gpx4 in the
EAE mouse model (Fig. 5, H and I). By summarizing GPX4 expres-
sion levels at a patient level, we observed a trend but no statistical
significance due to high interindividual variability and a limited
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Fig. 4. G9a induces neuronal cell death via ferroptosis. (A and B) Quantification of dead primary neurons with CellTox green reagent in response to induction of dif-
ferent cell death pathways in G9a™" versus G9a™":Snap25-Cre cultures [(A); two-tailed paired Student’s t test, n = 5 independent experiments] and cultures + UNC0642 [(B);
two-tailed paired Student’s t test, n = 6 independent experiments]. (C) H3K9me2 immunostaining of primary neurons after treatment with indicated compounds (repeated-
measures one-way ANOVA with Dunnett’s post hoc test; n = 8 independent experiments). (D) COX-2 immunostaining after glutamate stimulation of primary neurons
+ UNC0642 with quantification (one-way ANOVA with Tukey'’s post hoc test: n = 7 independent experiments). Scale bar, 40 um. (E) Cytosolic calcium levels after glutamate
treatment £ UNCO0642 with quantification. Primary neurons were stimulated 10 min before glutamate treatment with ferrostatin-1 (two-way ANOVA with Bonferroni’s
post hoc test, n=6 per group). (F and G) Glutathione (GSH) levels in G9a™" versus GQaﬂ/ﬂ;SnapZS-Cre [(F); two-tailed Student’s t test, n =3 independent experiments] or
UNCO0642-treated primary neurons [(G); two-tailed Student's t test, n =4 independent experiments] in response to glutamate. Data are normalized to untreated controls.

Data are shown as mean values + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. STS, staurosporine; TSZ, TNF-o + LCL-161 + Z-VAD-FMK.

number of subjects (fig. S6A). Furthermore, we detected a promi-
nent increase of H3K9me2 levels in response to erastin-induced
ferroptosis in neuronal cultures derived from human induced plu-
ripotent stem cells (hiPSCs), which was rescued by G9a inhibition
with UNCO0642 (Fig. 6B). This again reflected our observations in
murine neuronal cultures (Fig. 4C and fig. S3B) and corroborated
induction of G9a activity by ferroptosis and potent suppression by
UNCO0642 in human cells. Next, we investigated the transcriptional
regulation of ferroptosis-related genes by G9a. In line with our findings
in UNC0642-treated EAE mice, we found a significant up-regulation
of GPX4 and GCLC in response to G9a inhibition via UNC0642 in
erastin-treated human neurons (Fig. 6C and fig. S6B). Of note, the
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expression of SLC7A11, coding for the cystine/glutamate transporter
that provides the building blocks for glutathione synthesis, was also
highly up-regulated by G9a inhibition (Fig. 6C).

In summary, these results showed an induction of H3K9me2
and repression of GPX4 in neurons of MS patients. Both effects
could be reversed by pharmacological G9a inhibition in human
neuronal cultures. Together with the evidence from EAE and mu-
rine neuronal cell culture, our findings indicate a deleterious induc-
tion of neuronal G9a activity during neuroinflammation (Fig. 7).
The resulting increase of repressive H3K9me2 leads to epigenetic
silencing of key anti-ferroptotic genes including Gpx4, Gclc, and
Cbs, causing a depletion of glutathione, accumulation of ROS, and
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Fig. 5. G9a amplifies neurodegeneration and represses anti-ferroptotic genes in CNS inflammation. (A) Disease course of EAE mice treated with DMSO or UNC0642
(5mg kg™' body weight). Data are pooled from two independent experiments. DMSO, n = 24; UNC0642, n = 23. (B) Cumulative EAE score from days 15 to 30 (two-tailed
Mann-Whitney U test; DMSO, n = 24; UNC0642, n = 23). (C and D) Loss of NeuN* neurons [(C); two-tailed Mann-Whitney U test; n = 10 per group] and infiltration of CD3*
T cells [(D); two-tailed Mann-Whitney U test; n=10 per group] in the spinal cord of EAE mice + UNC0642 at day 30. Scale bars, 100 um. (E) Flow cytometry of H3K9me2
levels of spinal cord neuronal nuclei from healthy, EAE, and UNC0642-treated EAE mice (one-way ANOVA with Tukey’s post hoc test; n =4 mice each group). (F and
G) 4-HNE immunostaining of cervical spinal cords from healthy versus acute EAE (day 15) [(F); two-tailed Mann-Whitney U test; n=6 animals per group] and from chronic
EAE (day 30) after treatment with vehicle or UNC0642 (5 mg kg™" body weight) [(G); two-tailed Mann-Whitney U test; n = 12 animals per group]. Scale bars, 100 um. (H and
1) Gene expression data from sorted spinal cord neuronal nuclei of healthy, EAE, and UNC0642-treated EAE mice. n =5 mice per group (one-way ANOVA with Tukey's post
hoc test; n=4 to 5 per group). Data are shown as mean values + SEM. *P < 0.05 and **P < 0.01.

ultimately ferroptotic cell death. Epigenetic reset of neurons by G9a
inhibition counteracts this maladaptive cascade and improves neu-
ronal survival and clinical outcome (Fig. 7).

by mounting maladaptive stress responses that further compromise
their function and accelerate their destruction (20). Moreover, stable
epigenetic encoding of this maladaptive state might render neurons
more prone to subsequent challenges and incapable of autonomous
recovery (48). In this study, we specifically searched for epigenetic

DISCUSSION
Inflammation in the CNS puts neurons at risk for dysfunction and
degeneration. Paradoxically, neurons partly support their own demise
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modifiers that are affected by inflammation and ranked them by
statistical significance, listing Ehmt2 second after Kdm1b. We fo-
cused on the histone methyltransferase G9a, encoded by Ehmt2, as
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Fig. 6. Anti-ferroptotic GPX4 is suppressed in MS and induced by G9a inhibition. (A) RNAscope fluorescence in situ hybridization of GPX4 transcripts in brain sections
of control individuals and MS NAGM and cortical MS lesions (one-way ANOVA with Dunnett’s post hoc test; control, n=99,202 neurons; MS NAGM, n =229,718 neurons;
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(repeated-measures one-way ANOVA with Tukey’s post hoc test; n =3 independent experiments). Scale bar, 40 um. (C) mRNA expression levels of indicated genes from
hiPSC-neurons treated with erastin £ UNC0642 versus control (one-way ANOVA with Tukey’s post hoc test; n =3 to 4 per group). Data are shown as mean values + SEM.

*P <0.05,**P<0.01, and ***P < 0.001.

the most significant candidate with available specific and potent
small-molecule inhibitors, allowing to reset the deregulated tran-
scriptional state of inflamed neurons. This complements previous
investigations into deregulated neuronal candidates from other bi-
ological pathways, which we reported earlier (12, 13). We found
G9a to reshape neuronal gene expression in a way that promotes
ferroptosis, neuronal loss, and clinical disability. Pharmacological
inhibition of G9a rescued these detrimental effects and ultimately
resulted in improved clinical outcome. Our findings have profound
therapeutic implications for diseases involving inflammation-induced
neurodegeneration. This includes diseases with florid or low-grade
neuroinflammation like MS (49), infectious encephalitis (50),
Alzheimer’s disease (51), Parkinson’s disease (52), and neuropsy-
chiatric diseases like autism (53).

Uncovering the driving forces behind progressive neurodegen-
eration remains a major scientific challenge. An illustrative example
is MS, where the early inflammatory stage of the disease responds
well to immunomodulatory treatment, but once patients enter the
less inflammatory progressive stage, they elude therapeutic access
(11). One reason might be persistent, locally structured inflamma-
tion in or near the CNS that is not reached by immunomodulatory
drugs (54). However, another possibility is that neuronal stress re-
sponses triggered by inflammation do not completely resolve but
persist, making these neurons more vulnerable to future damage or
destruction (12, 55). In this context, transcriptional reprogramming
via stable epigenetic marks like histone modifications (56) or DNA
methylation (23) is a plausible underlying molecular mechanism.
Epigenetic dysregulation has been implicated in several neurode-
generative diseases including Huntington’s disease (57), Alzheimer’s
disease (58), and MS (25). As a result, histone methyltransferases
have become promising therapeutic targets in neurodegenerative
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activity in a self-reinforcing feedback loop. Pharmacological inhibition of G9a by
UNCO0642 counteracts these effects and results in neuroprotection.
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diseases (48). More broadly, epigenetic mechanisms are suspected
to shape acute and long-term gene expression dynamics to allow cel-
lular adaptation to environmental challenges and toxic stimuli (59).
It has been proposed that neurons can develop an epigenetic tran-
scriptional memory, whereby a transcriptional response to a stimu-
lus is predefined by a prior exposure (60). In this study, we detected
a consistent induction of the G9a-dependent epigenetic mark
H3K9me?2 in inflamed neurons in EAE mice and MS patients. This
H3K9me2 induction appeared to be persistent, as it was maintained
even in the chronic stage of EAE, in which inflammation already
declined. Moreover, in MS patients, H3K9me?2 induction affected
neurons across the whole CNS tissue including NAGM, suggesting a
generalized shift in the neuronal epigenetic state that is not limited to
neurons that are currently directly affected by inflammation. Similar-
ly, broad induction of H3K9me2 was found in the prefrontal cortex
of Alzheimer’s disease patients, possibly also driven by inflammation
(37). The widespread nature of H3K9me2 induction suggests that
large parts of the CNS could benefit from epigenetic normalization
by G9a inhibition. However, like our own exploratory analysis of
human autopsy material, this study relied on limited cohort sizes
requiring confirmation in larger numbers of individuals.

The potential of epigenetic therapy to modulate the transcrip-
tional state of cells is increasingly explored to counteract diverse
pathologies (61). The most prominent example is cancer therapy,
where various agents with effects on DNA methylation (62), histone
methylation (63), and histone acetylation (64) have provided bene-
fit in hematological malignancies and solid tumors in preclinical
and clinical trials. But also, in neurological and psychiatric diseases,
epigenetic-targeted therapies including G9a inhibition showed
promising results. For example, in a mouse model of Alzheimer’s
disease, G9a inhibition led to recovery of glutamate receptor ex-
pression and excitatory synaptic function and rescued impaired
memory performance (37). In Shank3-deficient mice, a model of
autism spectrum disorders, G9a inhibition rescued autism-like
social deficits and restored NMDA receptor-mediated synaptic
function (36). In both studies, the pathology resulted in elevated
H3K9me2 levels and disturbed transcriptional signatures, both of
which were counteracted by inhibiting G9a. Among several G9a in-
hibitors that have been used for CNS treatment (36, 37), UNC0642
was shown to have high potency, low cell toxicity, excellent selectiv-
ity, and favorable pharmacokinetic properties for in vivo applica-
tions (40). However, due to the vibrant drug development activity
of epigenetic modifiers for tumor therapy (65), it can be assumed
that neurological and psychiatric diseases will profit from repurpos-
ing of newly developed agents with further improved pharmacolog-
ical characteristics (66). This might also include enhanced kinetics
to cross the blood-brain barrier, especially since a subgroup of
UNCO0642-treated mice only showed limited phenotypic benefit in
EAE, most probably due to a protracted buildup of effective drug levels
in the CNS when starting the treatment at disease onset. However,
we chose this setup to focus on benefits in neuronal resilience and
minimize the risk of potential immunosuppressive effects during
immune cell priming. Of note, numbers and composition of the in-
filtrating immune cells were not affected by UNC0642 treatment.

In previous reports, beneficial effects of neuronal G9a inhibition
were mainly attributed to the restoration of synaptic protein expres-
sion (36, 37). Unexpectedly, in this study, we uncovered an addi-
tional role for G9a as a potent regulator of the nonapoptotic cell death
pathway ferroptosis (29). This notion is supported by improved
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neuronal survival associated with reduced levels of ferroptotic
markers, including 4-HNE (67) and COX-2 (42), upon interference
with G9a function. Furthermore, G9a inhibition rendered neurons
more resistant against oxidative stress induced by hydrogen perox-
ide and ferroptosis induced by RSL3 or erastin. Last, G9a inhibition
reduced ROS and elevated the level of the intracellular antioxidant
glutathione. Thus, we found G9a to be tightly involved in regulating
cellular redox homeostasis and ferroptotic cell death. These find-
ings allude to an epigenetic regulatory framework that modulates
ferroptosis susceptibility and contributes to ferroptosis-related pa-
thology. A pathological contribution of ferroptosis has been pro-
posed in several neurological diseases including neurodegenerative
disorders (30), stroke (68), and traumatic brain injury (69). More-
over, characteristic iron deposits, oxidized phospholipids (32, 33),
and reduced GPX4 levels have also been reported in MS and EAE
(34). Thus, besides anti-ferroptotic agents with predominantly anti-
oxidant properties that are currently under development (70), tar-
geting the upstream epigenetic regulation of ferroptosis might
represent an alternative therapeutic approach to modulate ferro-
ptosis in a wide range of pathologies.

Because of their pathophysiological relevance, molecular path-
ways involved in ferroptosis are of high interest for clinical transla-
tion. As a new player, FSP1 has been recently found to replenish
reduced ubiquinone (Q10), which counteracts ferroptosis by scav-
enging lipid peroxyl radicals and reducing lipid peroxidation (47).
This pathway complements the reduction of lipid peroxides by
GPX4, which is considered the main mechanism of cellular defense
against ferroptosis (30). The glutathione pool needed for GPX4
function is regenerated from cysteine that has been either imported
from the extracellular space via the cystine/glutamate transporter or
converted from intracellular homocysteine via the transsulfuration
pathway (45). Both the generation of glutathione and the conver-
sion of homocysteine critically depend on the function of the
rate-limiting enzymes GCLC and CBS, respectively. In this study,
we found a robust transcriptional suppression of all three anti-
ferroptotic key enzymes (GPX4, GCLC, and CBS) in nerve cells
during neuroinflammation in vivo, leaving neurons more prone to
degeneration. Notably, treatment with the G9a inhibitor UNC0642
completely rescued the transcriptional repression of GPX4, GCLC,
and CBS, as well as the transcription factor NRF2 that supports the
cellular antioxidant response (46). Corroborating this finding for
potential translational application, we also found an induction of
GPX4 and GCLC upon G9a inhibition in human neuronal culture.
Furthermore, G9a inhibition induced the anti-ferroptotic gene
SLC7A11 encoding the cystine/glutamate transporter. Reassuringly,
G9a can also be extracted as a driver of ROS and lipid peroxidation
from a recent genome-wide CRISPR screen in human neurons that
aimed to uncover pathways of chronic oxidative stress (71). Together,
this evidence supports the potential of G9a inhibition to suppress
ferroptosis also in human cells.

When thinking about the clinical application of G9a inhibition,
a cautionary note needs to be considered. A big advantage of G9a is
that its inhibition boosts the expression of several key anti-ferroptotic
genes and potentially other neuroprotective pathways without the
need to directly target them. On the other hand, this intended broad
effect on the transcriptional landscape can also confer unwanted
side effects, especially since pharmacological inhibitors of G9a are
not cell type specific and might affect gene expression in various
parts of the body. However, in contrast to cell culture experiments,
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G9a inhibition in vivo never completely suppressed the levels of
H3K9me2. In contrast, even at high doses, we did not detect H3K9me2
reduction in spinal cord, brain, or spleen. Only after pathological in-
duction of H3K9me2 in the EAE model, G9a inhibition resulted in a
reduction of H3K9me?2 to healthy baseline levels. This might indicate
that G9a inhibition is sufficient to restore but not unphysiologically
dampen H3K9me2 levels, representing a desirable pharmacological
feature. One possible explanation might be a higher stability of
H3K9me2 marks at “physiological” positions in the genome, which
might be favored by the local epigenetic chromatin landscape. Never-
theless, further studies are needed to mechanistically explore this ob-
servation and explicitly investigate potential organism-wide side
effects, especially since genetic G9a deletion has been shown to im-
pair learning and memory (72), potentially limiting the applicability
of this broad epigenetic intervention in clinical care. Moreover, dos-
ing schemes including optimal dosage, time point, and interval of
application need to be explored to identify a therapeutic setup with
potent neuroprotective effects but limited side effects. In an ideal
setting, the inhibitor would be able to restore physiological H3K9me2
levels in neurons after a short-term induction therapy, rendering
neurons more resistant to upcoming challenges. Such a therapy
might then be repeated at a given time interval.

The urgent clinical demand to counteract neurodegeneration by
genuine neuroprotective treatments continues unabated (11). Here,
we characterize G9a as a key driver of neuronal loss in inflammatory
neurodegeneration. By genetic and pharmacological perturbation of
G9a, we found that it destabilizes cellular redox homeostasis and pro-
motes ferroptosis through epigenetic repression of anti-ferroptotic
pathways. The G9a inhibitor UNC0642 showed beneficial effects on
neuronal survival in glutamate excitotoxicity and oxidative stress and
reduced neuronal loss and clinical impairment in the preclinical MS
model EAE. In conclusion, our findings highlight the potential value
of G9a inhibition to reset the maladaptive state of neurons by erasing
their epigenetic memories of inflammation. This approach might
prove valuable to deliver neuroprotection in inflammation-induced
neurodegeneration and other ferroptosis-dependent pathologies.

MATERIALS AND METHODS

Study design

The current study focuses on the investigation of the epigenetic regula-
tor G9a in inflammation-induced neurodegeneration and its down-
stream effects on the regulation of ferroptosis in MS and its mouse
model EAE. We first investigated the regulation of G9a during neu-
roinflammation in vivo and in vitro and tested the effect of G9a on
neuronal viability in glutamate-stressed primary neuronal cultures. To
identify the underlying pathway that regulates neuronal viability, we
examined different programmed cell death pathways and identified
ferroptosis as regulated by G9a. Next, we probed the therapeutic effica-
cy of pharmacological G9a inhibition in the EAE model and confirmed
the regulation of ferroptosis by neuronal gene expression analysis and
immunohistochemistry. Last, we translated our findings into human
MS by applying immunohistochemistry and RN Ascope in situ hybrid-
ization to MS autopsy brain samples and testing the regulation of
ferroptosis-related genes by G9a inhibition in hiPSC-derived neurons.

Mice
All mice, C57BL/6] wild-type (The Jackson Laboratory), G9a"* (73),
and G9aﬂ/ﬂ;5nap25-Cre (Strain #023525 from The Jackson Laboratory)
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were kept under specific pathogen—free conditions in the central
animal facility of the University Medical Center Hamburg-Eppendorf
(UKE). We used adult female mice in the age of 6 to 16 weeks. All
animal experimental procedures were in accordance with institu-
tional guidelines and conformed to the requirements of the German
Animal Welfare Act. Ethical approvals were obtained from the State
Authority of Hamburg, Germany (approval no. 122/17).

Experimental autoimmune encephalomyelitis

Mice were immunized subcutaneously as previously described (17)
with 200 ug of MOGs3s_s5 peptide (Schafer-N) in complete Freund’s
adjuvant (CFA) (Difco, catalog no. DF0639-60-6) containing
Mycobacterium tuberculosis (4 mg ml™) (Difco, catalogno. DF3114-33-8).
In addition, 300 ng of pertussis toxin (Calbiochem, catalog no.
CAS70323-44-3) was injected intraperitoneally on the day of im-
munization and 48 hours later. Animals were scored daily for clinical
signs by the following system: 0, no clinical deficits; 1, tail weakness;
2, hindlimb paresis; 3, partial hindlimb paralysis; 3.5, full hindlimb
paralysis; 4, full hindlimb paralysis and forelimb paresis; 5, premor-
bid or dead. Animals reaching a clinical score of >4 were euthanized
according to the regulations of the local Animal Welfare Act (17).
Where indicated, animals were injected intraperitoneally with UNC0642
(5 mg kg™") (Sigma-Aldrich, catalog no. SML 1037) starting from
the day of disease onset. We used littermate controls in all EAE ex-
periments. UNCO0642 was prediluted in dimethyl sulfoxide (DMSO),
and the final injection contained 10% DMSO + UNC0642 and 90%
Dulbecco’s phosphate-buffered saline (DPBS; PAN-Biotech). The
investigators were blind to the treatment in the EAE experiments.

Candidate gene identification

We previously generated an RNA sequencing dataset of spinal cord
motor neuronal translatomes during CNS inflammation in the EAE
model (Gene Expression Omnibus: GSE104899) (12). We reanalyzed
this dataset focusing on known epigenetic regulators (dbEM—a
database of epigenetic modifiers) that were differentially expressed
in inflamed versus healthy motor neurons. Differential expression
analysis was performed with DESeq2 (v.1.14.1), calling genes with a
minimal twofold change and false discovery rate—adjusted P < 0.05
differentially expressed.

hIPSC-derived neurons

hiPSCs (ZIPi013-B) (74) were maintained under feeder-free condi-
tions on Matrigel (Corning)-coated plates in mTeSR1 medium
(STEMCELL Technologies, catalog no. 85850). For neuronal induc-
tion, iPSCs were dissociated with Accutase and seeded at a density
of 3 x 10° cells per well on AggreWell800 plates [10,000 cells per
embryoid body (EB), STEMCELL Technologies] in SMADi Neural
Induction Medium (SMADi NIM; STEMCELL Technologies, cata-
log no. 08582) supplemented with 10 uM Y-27632 (STEMCELL
Technologies, catalog no. 72302). On day 6, EBs were harvested and
cultivated on Matrigel-coated plates in SMADi NIM for 12 days.
Newly formed neural rosettes were manually picked and cultured
for another 4 days. To release neural precursor cells (NPCs), neural
rosettes were dissociated with Accutase and maintained for several
passages at high density in Neural Progenitor Medium (STEMCELL
Technologies, catalog no. 05833) on Matrigel-coated plates. hiPSC-
derived NPCs were differentiated into neurons as previously de-
scribed (75, 76) with some modifications. Briefly, NPCs were seeded
at a density of 1 x 10 cells/cm” in Neural Progenitor Medium onto
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Matrigel-coated plates. After 24 hours, the medium was replaced by
neural differentiation medium (day 0 of differentiation) composed
of Neurobasal Plus medium (Gibco, catalog no. A3582901) con-
taining 1x B-27 Plus Supplement (Gibco, catalog no. A3582801), 1x
N2 Supplement-A (STEMCELL Technologies, catalog no. 07152),
1x MEM nonessential amino acids (Gibco, catalog no. 11140050),
laminin (1 ug ml™") (Sigma-Aldrich, catalog no. 12020), 1 uM dibutyryl-
cAMP (adenosine 3',5'-monophosphate) (STEMCELL Technolo-
gies, catalog no. 73882), L-ascorbic acid (10 ng ml™) (STEMCELL
Technologies, catalog no. 72132), brain-derived neurotrophic fac-
tor (10 ng ml™}) (STEMCELL Technologies, catalog no. 78005), and
glial-derived neurotrophic factor (10 ng ml™) (STEMCELL Tech-
nologies, catalog no. 78058). To promote a glutamatergic neuronal
cell type, 5 uM cyclopamine (STEMCELL Technologies, catalog no.
72072) was additionally added to the medium during the first week
of differentiation. On day 14, the cells were detached using Accutase
and reseeded onto 96-well poly-L-ornithine-/laminin-coated plates
suited for confocal microscopy. Thereafter, cells were maintained
in neural differentiation medium supplemented with CultureOne
(Gibco, catalog no. A3320201) for up to 30 weeks to increase maturity.

Primary mouse neuronal cultures

Primary neuronal cultures were prepared as previously described
(17). Briefly, pregnant C57BL/6] or G9aﬂ/ﬂ;3nap25-Cre mice were
euthanized. To ensure comparability between genotypes, only em-
bryos from heterozygous breedings were used. Brainstem tissue of
each embryo for genotyping was reserved, cortices were isolated
and dissociated, and cells were plated at a density of 1 x 10° cells per
1 cm? on poly-p-lysine-coated wells (5 uM; Sigma-Aldrich, catalog
no. A-003-M). If not stated otherwise, cells were maintained in
Neurobasal Plus medium (supplemented with B-27 Plus, penicillin,
streptomycin, and r-glutamine; Gibco, catalog no. A3582901) at
37°C, 5% CO,, and a relative humidity of 98% and treated with 1 pM
cytarabine (Sigma-Aldrich, catalog no. BP383) at 1 day in vitro (div)
to inhibit glial cell proliferation. If no cytarabine was applied, cells
were maintained in Primary Neuron Basal Medium (supplement-
ed with neural cell survival factor, gentamycin, and r-glutamine;
Lonza). Throughout, cultures after 14 to 23 div were used for ex-
periments. The G9a inhibitor UNC0642 was used in a concentra-
tion of 1 uM, and cultures were pretreated 24 hours before further
experimental procedures.

Chemicals
Chemicals used in vitro are listed in table S2 including function,
supplier, catalog number, and concentration.

Human immunohistochemistry

Human CNS tissue was fixed with 4% paraformaldehyde (PFA) and
embedded in paraffin as described previously (77), and 2-um-thin
sections were cut. Tissue sections were deparaffinized, and antigen
retrieval [Marmite Pascal tris-EDTA (pH 9.0), 125°C, 30 s] was per-
formed. To prevent unspecific binding of primary antibody, tissues
were incubated with normal goat serum (10% in PBS) before over-
night incubation with a mouse immunoglobulin G2a (IgG2a) anti-
H3K9me2 (1:200; Abcam, ab1220) and a mouse IgG2b anti-HuC/D
(1:100; Invitrogen, A-21271) antibody. Autofluorescence was re-
moved (Merck, catalog no. 2160), and primary antibodies were vi-
sualized using goat anti-mouse IgG2a Alexa Fluor 488 (Invitrogen,
A21131) and goat anti-mouse IgG2b Alexa Fluor 647 (Life, A21242)
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(seetable S3 forantibodies). Nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI) (Invitrogen, D3571). All steps were per-
formed at room temperature. Stained sections were scanned using
the Pannoramic 250 FLASH II (3DHISTECH) Whole Slide Scanner
at a resolution of 0.221 um per pixel. Their use for scientific purposes
was in accordance with institutional ethical guidelines and approved
by the ethics committee of the University of Geneva (Switzerland).
Informed consent was obtained from subjects, in accordance with
approval of the local ethical committee.

RNAscope in situ hybridization

We performed RNAscope Fluorescent Multiplex V2 [Advanced
Cell Diagnostic (ACD), catalog no. 323100] according to the manu-
facturer’s standard protocol for PFA-fixed tissue. The human probes
Hs-GPX4 (ACD, catalog no. 456851) and Hs-SNAP25 (ACD, 518851)
were commercially available from ACD. RNAscope human samples
were scanned using the Pannoramic 250 FLASH II (3DHISTECH)
Digital Slide Scanner at x20 magnification. GPX4" SNAP25" neurons
were quantified by a blinded experimenter using a custom-made
script, which was based on Cognition Network Language (Definiens
Cognition Network Technology; Definiens Developer XD software).

Mouse immunohistochemistry

For histopathology of EAE mice, spinal cord tissue was fixed, de-
calcified, dehydrated, cast in paraffin, and stained according to
the standard procedures of the UKE Mouse Pathology Facility as
previously described (17). The tissue was stained with hematoxylin
(blue color) for orientation, followed by immunolabeling, that
was visualized using the avidin-biotin complex technique with
3,3’-diaminobenzidine (brown stain). Slides were analyzed with a
NanoZoomer 2.0-RS digital slide scanner and NDP.view2 software
(Hamamatsu). CD3-positive cells were quantified in the white mat-
ter tract of the spinal cord using a customized counting mask with
Fiji (Image]). NeuN" cells (neurons) were manually counted in the
ventral horn outflow tract of the spinal cord. Area of 4-HNE and
Ibal stainings were analyzed with a customized mask using Fiji
(Image]). See table S3 for antibody specifications. Analysis was
standardized across all conditions. At least three images were ana-
lyzed per animal, and the mean per animal was used for subsequent
statistical comparisons.

Immunocytochemistry

Immunocytochemistry was performed as described previously (14).
hiPSC neurons and mouse neurons were cultivated on 12-mm-
diameter coverslips or in 96-well plates suited for confocal micros-
copy, fixed with 4% PFA, and incubated in 10% normal donkey
serum (NDS) containing 0.25% Triton X-100, and subsequently,
immunolabeling was performed. Immunostainings were imaged with
a Zeiss LSM 700 confocal microscope.

RealTime-Glo cell viability assay

RealTime-Glo (Promega, catalog no. G9711) MT cell viability assay
was performed as previously described (17). Briefly, the substrate and
NanoLuc Enzyme were mixed together, added to neuronal cultures,
and then incubated for 5 hours for equilibration of luminescence
signal before respective treatments were applied. Luminescence was
acquired with a Spark 10M multimode microplate reader (Tecan) at
37°Cand 5% CO, every 30 min over a total time period of 24 hours.
At least five technical replicates per condition were used. For analysis,
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every well’s data point was normalized to its last value before the
stressor was added and then normalized to the mean of the control
wells for every time point using a customized MATLAB script. Thereby,
normalization accounted for well-to-well seeding variability.

Cell death induction

Primary neurons were subjected to dedicated compounds initiating
either apoptosis (staurosporine, STS), necroptosis (TNF-a + LCL-161 +
Z-VAD-FMK, or shikonin), or ferroptosis (RSL3, or erastin) for
48 hours in G9aﬂ/ﬂ;8nap25—Cre cultures, or cultures were pretreated
for 24 hours with 1 uM UNC0642. Together with the cell death-
inducing compounds, CellTox Green Cytotoxicity Assay (Promega)
was added to primary neurons 1:2000. Before fixation with 4% PFA,
cells were counterstained with Hoechst 3342. Neurons were imaged
on a Zeiss LSM 700 confocal microscope using x20 magnification.
Dyeing cells were identified with Fiji (Image]) by their bright green
nuclear fluorescence and quantified as percentage of total cells,
measured by the number of Hoechst-positive nuclei.

Real-time PCR

RNA was extracted using the RNeasy Mini Kit (Qiagen) and subse-
quently reverse-transcribed to complementary DNA with the Re-
vertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Gene ex-
pression was analyzed by real-time PCR performed in the ABI
Prism 7900 HT Fast Real-Time PCR System (Applied Biosystems)
using TagMan Gene Expression Assays (Thermo Fisher Scientific;
listed in table S4). Gene expression was calculated as 27" relative
to Tbp as the endogenous control.

Calcium imaging

Calcium recordings were performed as previously described (17).
Primary neuronal cultures were seeded on Ibidi 60 p-Dish Quad
(catalog no. 80411) plates. Cultures were infected with an adeno-
associated virus 7 (AAV7) containing pAAV-Syn-GCamp6f-WPRE-
SV (Addgene 100837) at 7 to 10 div with a 20,000-fold multiplicity
of infection. AAV particles were produced according to the stan-
dard procedures of the UKE vector facility. Images were acquired
with a confocal LSM 700 laser scanning confocal microscope (Zeiss)
every 0.48 s with a x20 magnification in an imaging chamber main-
taining 37°C and 5% CO,. Infected cultures were imaged in the re-
spective culture medium. Before applying the indicated chemicals,
5 to 10 min of baseline activity was recorded. At the end of the re-
cording, 8 uM ionomycin was applied to induce the maximum cel-
lular calcium response that was used for normalization. Specific
assay details and concentrations can be found in the respective fig-
ure legends or table S2. For data analysis, mean fluorescence values
of every cell were measured using Fiji software [National Institutes of
Health (NIH)] and normalized to the maximal calcium response after
ionomycin challenge. For each cell, mean area under the curve (AUC)
of the calcium response was calculated using a custom R script.

Oxidative stress detection

For the detection of oxidative stress in response to glutamate treat-
ment, CellROX green reagent (Thermo Fisher Scientific) was used.
Neuronal cultures were stimulated with 20 uM glutamate for a total
incubation time of 1 hour. CellROX reagent was added to the wells
in a 5 uM final concentration after 30 min of glutamate stress.
Hoechst 33342, a cell-permeant nuclear counterstain, was added for
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10 min. Cells were washed two times with PBS before image acqui-
sition. The cells were subsequently imaged on a Zeiss LSM 700 con-
focal microscope using x20 magnification. Immunofluorescence of
nuclear CellROX dye was quantified using Fiji (Image]).

Glutathione measurement

GSH-Glo Glutathione assay (Promega) was used as described by the
manufacturer. Primary cortical neurons were cultured in a 96-well
plate and stimulated with glutamate for 2 hours. Cells were washed
with PBS and GSH-Glo reagent was added to the wells for 30 min at
room temperature, followed by the addition of luciferin detection
reagent. After 15 min, luminescence was detected using a Spark
10M multimode microplate reader (Tecan).

Neuronal nuclei isolation and cell sorting

Nuclei of mouse spinal cords were isolated with the Nuclei Isolation
Kit (Sigma-Aldrich, catalog no. NUC101) according to the manu-
facturer’s protocol with minor modifications. Briefly, mice were
sacrificed with CO; and perfused with cold PBS. Whole spinal cords
were removed and mechanically dissociated with a scalpel on a petri
dish placed on a cooled metal block. Tissue was added to 2 ml of EZ
buffer (Sigma-Aldrich, catalog no. NUC101) and further dissociated
using a glass douncer (Sigma-Aldrich, D9063). After 5-min incuba-
tion on ice, the homogenate was centrifuged (500, 5 min, 4°C) and
the pellet was washed in 2 ml of EZ buffer, followed by two washing
steps in nuclei incubation buffer (340 mM sucrose, 2 mM MgCl,,
25 mM KCl, 65 mM glycerophosphate, 5% glycerol, 1 mM EDTA,
1% bovine serum albumin). Nuclei were filtered using a 30-pum filter
and directly stained with primary labeled NeuN antibody (ab190565,
Abcam) and propidium iodide. NeuN" nuclei were sorted using a
BD FACSAria IIT cell sorter (BD Biosciences). RNA for real-time
PCR was processed as described above.

Neuronal nuclei isolation and flow cytometry

Nuclei of mouse spinal cords were isolated as described above. After
filtering of the homogenate, nuclei were fixed with methanol for
10 min on ice, followed by two washing steps with nuclei incubation
buffer. For intranuclear staining, nuclei were permeabilized with
nuclei incubation buffer supplemented with 0.5% Triton X-100 for
15 min on ice. After blocking with nucleus incubation buffer and
10% NDS, primary antibody was added for 1 hour at room tem-
perature, followed by a washing step and subsequent incubation in
secondary antibody for 30 min at room temperature. Immunofluo-
rescence was acquired on an LSR II FACS analyzer (BD Biosciences).
Data analysis was performed with the Flow]o v.10 analysis software
(FlowJo LLC).

Isolation of CNS-infiltrating immune cells

and flow cytometry

Following procedures as previously described (12), mice were per-
fused intracardially with ice-cold PBS immediately after sacrifice to
remove blood from the intracranial vessels. The brain and spinal
cord were prepared with sterile instruments, minced with a scalpel,
and incubated with agitation in RPMI 1640 (PAA) containing col-
lagenase A (1 mg ml™") (Roche) and recombinant ribonuclease-free
deoxyribonuclease I (0.1 mg ml™) (Roche) for 45 min at 37°C. Tissue
was triturated through a 100-um cell strainer and washed with PBS
(pellet was centrifuged at 300g for 10 min at 4°C). The homogenized
tissue was resuspended in 30% isotonic Percoll (GE Healthcare) and
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carefully underlaid with 78% isotonic Percoll. After gradient centrif-
ugation (1500g for 30 min at 4°C), CNS-infiltrating immune cells were
recovered from the gradient interphase and washed in ice-cold
PBS. Single-cell suspensions were stained in the presence of 123count
eBeads (Thermo Fisher Scientific). The antibodies and the respec-
tive antigen, host species, supplier, catalog number, clone, and dilu-
tion are listed in table S3. Data were acquired on an LSR II FACS
analyzer (BD Biosciences). Data analysis was performed with the
FlowJo v.10 analysis software (FlowJo LLC).

Statistical analysis

The statistical analyses applied during the bioinformatics analysis
are detailed in the respective sections of the article. Flow cytometric
data were analyzed by using FlowJo (LLC). Images were analyzed using
Fiji software (NIH). Experimental data obtained from RealTime-Glo
cell viability assay were analyzed with a customized MATLAB script,
and calcium imaging data were processed using a customized R script.
Further experimental data were analyzed with the Prism 9 software
(GraphPad Software) for Mac and are presented as means + SEM. Unless
otherwise stated, differences between two experimental groups were
determined using an unpaired, two-tailed Student’s ¢ test; differences
between three or more experimental groups were determined using
one-way analysis of variance (ANOVA) with Tukey’s post hoc test;
differences between two or more experimental groups under multi-
ple conditions or over time were analyzed using two-way ANOVA
with Tukey’s post hoc test. Statistical analysis of the clinical scores
in the EAE experiments was performed by applying a Mann-Whitney
U test to the cumulative score of each individual animal. Significant
results are indicated by *P < 0.05, **P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm5500

View/request a protocol for this paper from Bio-protocol.
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