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SUMMARY
Neuroinflammation and dysregulated energy metabolism are linked to motor neuron degeneration in
amyotrophic lateral sclerosis (ALS). The egl-9 family hypoxia-inducible factor (EGLN) enzymes, also known
as prolyl hydroxylase domain (PHD) enzymes, are metabolic sensors regulating cellular inflammation and
metabolism. Using an oligonucleotide-based and a genetic approach, we showed that the downregulation of
Egln2 protectedmotor neurons andmitigated the ALS phenotype in two zebrafishmodels and amousemodel
of ALS. Single-nucleus RNA sequencing of the murine spinal cord revealed that the loss of EGLN2 induced an
astrocyte-specific downregulation of interferon-stimulated genes, mediated via the stimulator of interferon
genes (STING)protein. Inaddition,we found that thegeneticdeletionofEGLN2 restored this interferon response
in patient induced pluripotent stem cell (iPSC)-derived astrocytes, confirming the link between EGLN2 and
astrocytic interferon signaling. In conclusion, we identified EGLN2 as a motor neuron protective target
normalizing the astrocytic interferon-dependent inflammatory axis in vivo, as well as in patient-derived cells.
INTRODUCTION

The egl-9 family hypoxia-inducible factor (EGLN) enzymes

EGLN1, -2, and -3, also known as prolyl hydroxylase domain

(PHD)-containing enzymes PHD2, -1, and -3, respectively, are

oxygen sensors andmaster regulators of the response to hypox-

ia.1 Next to oxygen, a-ketoglutarate, ferrous iron (Fe2+), and as-

corbic acid are also required co-factors, while other tricarboxylic

acid cycle intermediates inhibit EGLN activity.2–4 As a result,
Cell Reports 43, 114719, Septem
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EGLNs also function as metabolic sensors and can respond

accordingly via a range of cell- and context-specific targets.5

The canonical target of the EGLN enzymes is hypoxia-inducible

factor (HIF)a.6,7 During normoxia, EGLN enzymes target HIFa for

proteasomal degradation through hydroxylation. Under hypoxic

conditions, EGLN enzymes lose their ability to hydroxylate HIF,

which leads to HIF stabilization and the transcription of HIF

targets that play a role in a variety of pathways, including cellular

metabolism.8 Interestingly, genetic ablation of the EGLN2
ber 24, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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enzyme has been shown to protect skeletal muscle9 and hepa-

tocytes10 against oxidative stress via the activation of a HIF tran-

scriptomic response. Moreover, the downregulation of EGLN2

protected cortical neurons against oxidative stress in models

for stroke through metabolic rewiring independent from HIF.11

In addition, IkB kinase (IKKb) is a well-known HIF-independent

target of EGLN2.12 As a result, EGLN2 regulates, via IKKb, the

activity of the nuclear factor kappa-light-chain-enhancer of acti-

vated B cells (NF-kB) pathway, playing a central role in the

cellular inflammatory response.11–13

Oxidative stress, metabolic dysfunction, and neuroinflamma-

tion are hallmarks of amyotrophic lateral sclerosis (ALS),14 a fatal

neurodegenerative disorder characterized by the degeneration of

upper and lower motor neurons in the motor cortex, brainstem,

and spinal cord. Signs of elevated levels of oxidative stress are

found in postmortem brain and spinal cord tissue from patients

with sporadic ALS.15,16 Also, defects in energy metabolism, the

main cellular source of reactive oxygen species (ROS),17 are

well known in ALS models and patients with ALS and correlate

with disease progression in the latter.18,19 Interestingly, com-

pounds that provide protection against hypoxic stress, via the in-

duction of a HIF1a transcriptional response, increased the sur-

vival of ALS mice.20,21 Moreover, HIF-induced transcription of

vascular endothelial growth factor (VEGF) has also been shown

to be involved in motor neuron survival,22 and the delivery of

VEGF in vivoand in vitroprovidesprotectionagainstmotor neuron

degeneration.23,24 In addition to the metabolic defects, neuroin-

flammation also plays a crucial role in ALS pathology. The neuro-

inflammatory response in ALS, characterized by microglial and

astroglial activation, T lymphocyte infiltration, and elevated

levels of pro-inflammatory cytokines,25 is shown to be present

in models and patients26–28 and correlates with disease progres-

sion in the latter.29 Moreover, an increase in the activation of NF-

kB has been observed in astrocytes and microglia from patients

with ALS and ALS models.30,31 Besides its role in energy

metabolism,9–11 EGLN2 also plays a central role in NF-kB

signaling,11–13 making EGLN2 a unique target that is involved in

the cellular regulation of two of the main hallmarks of ALS.

In this study, we showed that the downregulation of Egln2miti-

gatedmotor neuron degeneration in transgenicmouse and zebra-

fishmodels of ALS. Single-nucleusRNA sequencing (snRNA-seq)

of the spinal cord of early symptomatic ALSmice revealed that the

loss of EGLN2 induced a downregulation of stimulator of inter-

feron genes (STING)-induced gene expression in astrocytes.

This link between EGLN2 and the astrocytic interferon response

was strengthened by our finding that in patient induced pluripo-

tent stem cell (iPSC)-derived astrocytes, the ablation of EGLN2

also restored the levels of interferon-stimulated genes. Therefore,

we propose EGLN2 as an ALS target protecting motor neurons in

different in vivo models for ALS and describe a link between

EGLN2 and astrocytic interferon signaling.

RESULTS

Downregulation of egln2 rescues the motor axonopathy
in ALS zebrafish
To explore the role of EGLN2 in ALS, we targeted Egln2 in two

ALS zebrafish models. These zebrafish models, in which we in-
2 Cell Reports 43, 114719, September 24, 2024
jected human mutant SOD1G93A (SOD1G93A) and 91 copies of

C9orf72 sense repeat (91S) RNA, develop a motor axonopathy

with a decreased axonal length and an increased percentage

of abnormally branched axons (Figures 1C–1E, S1A, and S1B).

The downregulation of egln2 was achieved by injecting an anti-

sense oligonucleotide morpholino (AMO) that targets the exon

2/intron 2 splice junction of egln2, resulting in the removal of

exon 2 (Figures 1A and 1B) without affecting the mRNA levels

of egln1a and -b and egln3 (Figures S1C–S1E). Co-injection

with the egln2 AMO in both SOD1G93A and 91S zebrafish almost

completely rescued the motor axon abnormalities, increasing

the axonal length and decreasing the abnormal branching of

the motor axons (Figures 1C–1E, S1A, and S1B). Lemmens

et al. previously demonstrated that the upregulation of Vegf

could rescue the motor axonopathy induced by mutant

SOD1.32 However, the egln2 AMO did not affect the expression

of vegfaa (Figure S1F) in SOD1G93A zebrafish, suggesting that the

motor neuron protective effect is independent from this Hif

target. These results demonstrated how targeting Egln2, using

an oligonucleotide-based approach, protects motor neurons in

a C9 and SOD1 in vivo model for ALS.

Deletion of Egln2 prolongs survival and mitigates motor
neuron degeneration in SOD1G93A mice
To investigate whether targeting EGLN2 also protects motor

neurons in a more complex model system for ALS, we crossed

Egln2 knockout mice (Egln2�/�)33 with ALS mice expressing

mutant human SOD1G93A.34 Egln2 mRNA expression in the

spinal cord was reduced by 55% in SOD1G93A/Egln2+/�

compared to SOD1G93A/Egln2+/+ mice and was not detectable

in SOD1G93A/Egln2�/� mice (Figure S2A). Deletion of Egln2 did

not cause any compensatory upregulation of Egln1 or Egln3 at

the mRNA level (Figures S2B and S2C), nor did it affect human

SOD1 expression in the spinal cord of SOD1G93A mice (Fig-

ure S2D). The age at disease onset, defined by a reduction in

body weight of 10% and reduced rotarod performance, was

not altered by the deletion of Egln2 (Figures 2A and 2B). How-

ever, homozygous, but not heterozygous, deletion of Egln2

significantly prolonged the mean survival of SOD1G93A mice

from 147 ± 2 days for SOD1G93A/Egln2+/+ mice to 157 ± 3 days

for SOD1G93A/Egln2�/� mice (Figure 2C). As a result, disease

duration, defined as the number of days between disease onset

and the humane endpoint, increased by 44% in SOD1G93A/

Egln2�/� mice (Figure 2D).

To investigate whether the observed survival benefit was

linked to a mitigation of motor neuron degeneration, we quanti-

fied the neurons in the ventral horn of early symptomatic mice

at 110 days of age (post-natal day [P]110). The number of re-

maining neurons in the ventral horn of SOD1G93A/Egln2�/�

mice was higher compared to SOD1G93A/Egln2+/+ mice (Figures

2E and 2F). This neuroprotective effect was more pronounced

for large motor neurons (>400 mm2: +63%) compared to smaller

neurons (250–400 mm2: +44%, 150–200 mm2: +47%, 200–

250 mm2: +48%) (Figures 2E and 2F). To investigate whether

the loss of EGLN2 also protected neuromuscular junction

(NMJ) innervation, we quantified this in the gastrocnemius mus-

cle at P110. Innervation of the NMJs in the gastrocnemius mus-

cle was better preserved in SOD1G93A/Egln2�/� mice compared



Figure 1. Egln2 downregulation rescues

motor axonopathy in SOD1G93A zebrafish

(A) Schematic representation of the splice-block

antisense oligonucleotide morpholino (AMO) that

targets the exon 2-intron 2 (E2I2) junction in ze-

brafish egln2 pre-mRNA, resulting in a differentially

spliced egln2.

(B) Validation of the AMO-induced splice defect

using RT-PCR. Wild-type (WT) egln2 cDNA in 30 h

post-fertilization (hpf) non-injected (NI) and control

(ctrl) AMO or alternative splice product induced

by E2I2 splice-blocking AMO, indicated by the

arrowhead.

(C) Representative images of synaptic vesicle

glycoprotein 2a (SV2) staining at 30 hpf in zebrafish

injected with SOD1WT RNA, SOD1G93A RNA, and

SOD1G93A RNA with egln2 AMO. Scale bar, 50 mm.

(D) Quantification of the axonal length.

(E) Quantification of the percentage of abnormally

branched axons.

Data represent mean ± SEM with individual

values shown (N = 8 experiments, each with 15

zebrafish per group). Statistical analyses were

performed in (D) by a one-way ANOVA with Si-

dak’s multiple comparison test and in (E) with

the Kruskal-Wallis test with Dunn’s multiple

comparison test (*p < 0.05, ***p < 0.001, and

****p < 0.0001).
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to SOD1G93A/Egln2+/+ mice (Figure 2G). Together, these results

showed that the loss of EGLN2mitigatedmotor neuron degener-

ation in early symptomatic SOD1G93A mice. In addition, this was

observed in the absence of changes in blood vessel density or an

effect on the expression level of HIF target genes in lumbar spinal

cord tissue (Figures S2E–S2G), suggesting that the motor

neuron protective effect of Egln2 deletion in SOD1G93A mice, in

line with the zebrafish data, was independent from these HIF

targets.

Overall, these data indicate that knocking out Egln2 has a pos-

itive effect on the ALS phenotype of the SOD1G93Amousemodel,

slowing down the disease progression, increasing motor neuron

survival, and increasing muscle innervation.

Egln2 deletion induces a decrease in astrocytic
interferon signaling in SOD1G93A spinal cord
To gain insight into the cell-specific pathways underlying the

beneficial effect of Egln2 downregulation, we performed

snRNA-seq on the lumbar spinal cord of P110 SOD1G93A/

Egln2+/+ and SOD1G93A/Egln2�/�mice. We transcriptionally pro-

filed a total of 42,278 nuclei (quality control; Table S1) and iden-

tified 35 distinct nucleus clusters accounting for the different

neuronal and non-neuronal cell types present in the murine

spinal cord (Figure 3; Table S2). Cluster 35 (in purple) was

identified as the motor neuron cluster, as this cluster specifi-

cally expressed known motor neuron markers35–43 (Slc18a3,

Slc5a7, Nefl, Nefm, Nefh, Uchl1, Ubb, Prph), including

Stmn2,44,45 which was confirmed to co-localize specifically
Cell Rep
with large synaptophysin-positive neu-

rons in the ventral horn of the lumbar spi-

nal cord using RNAscope in situ hybridi-
zation44,45 (Figure S3; Table S2). All clusters, including the

motor neuron cluster, contained nuclei of all six samples (Fig-

ure S4), which allowed us to study the effect of Egln2 deletion

on cluster-specific gene expression.

Differentially expressed gene (DEG) analysis on all 35 clusters

revealed an overall total of 724 upregulated DEGs and 1,653

downregulated DEGs in SOD1G93A/Egln2�/� versus SOD1G93A/

Egln2+/+ clusters (Table S3). Gene Ontology (GO) enrichment

analysis of the up- and downregulated DEGs revealed that the

deletion of Egln2 induced a transcriptomic change in a range

of biological processes in neuronal and non-neuronal cells (Ta-

ble 1). In the motor neuron cluster, genes related to synapse or-

ganization, ion transport, neurogenesis, and cell adhesion were

downregulated upon loss of EGLN2 (Table 1). While these

included a number of genes that were linked to ALS before,46–51

no potential mechanism of action emerged. Interestingly, we

also observed a downregulation of the translocator protein

(Tspo)52 (Table S3), which has been proposed as a biomarker

for neuroinflammation.53 Because of their central role in ALS-

linked neuroinflammation,25 we next focused on the microglia

and astrocytes. While GO analysis did not detect any biologically

relevant effect of Egln2�/� on inflammatory pathways in micro-

glia, we did observe a downregulation of interferon-stimulated

genes in the SOD1G93A/Egln2�/� astrocyte cluster marked by

several known astrocyte markers54 (including Aqp4, Aldh1l1,

Gfap, Agt, Apoe, Glul, Slc1a3, and Aldoc) (Figure 4A). This type

of response can be provoked by the GMP-AMP synthase

(cGAS)/STING pathway, regulating the innate immune response
orts 43, 114719, September 24, 2024 3



Figure 2. Egln2 deletion prolongs survival and mitigates motor neuron degeneration in SOD1G93A mice

(A) Probability of disease onset assessed by a body weight reduction of 10%. SOD1G93A/Egln2+/+ N = 16, SOD1G93A/Egln2+/� N = 15, and SOD1G93A/Egln2�/�

N = 13.

(B) Probability of disease onset assessed by a reduction of the performance time on the rotarod below 150 s. SOD1G93A/Egln2+/+ N = 16, SOD1G93A/Egln2+/�

N = 15, and SOD1G93A/Egln2�/� N = 13.

(C) Probability of survival; humane endpoint defined as loss of righting reflex within 20 s. SOD1G93A/Egln2+/+ N = 18, SOD1G93A/Egln2+/� N = 15, and SOD1G93A/

Egln2�/� N = 18.

(D) Disease duration defined as days between disease onset and humane endpoint. SOD1G93A/Egln2+/+ N = 16, SOD1G93A/Egln2+/� N = 15, and SOD1G93A/

Egln2�/� N = 13.

(E) Representative thionin staining of neurons in the lumbar spinal cord of SOD1G93A/Egln2+/+ and SOD1G93A/Egln2�/� mice at P110. Ventral horn indicated in

black. Scale bar, 150 mm.

(F) Quantification of number of neurons in the ventral horn of SOD1G93A/Egln2+/+ and SOD1G93A/Egln2�/� mice normalized to 300,000 mm2 of ventral horn and

categorized per size.

(G) Percentages of innervated and denervated neuromuscular junctions (NMJs) in SOD1G93A/Egln2+/+ and SOD1G93A/Egln2�/� mice at P110.

Data represent mean ± SEMwith individual values shown (NR 4mice per group). Statistical analyses were performed in (A)–(C) by log-rank Mantel-Cox, in (D) by

a one-way ANOVAwith Tukey’s multiple comparison, in (F) by a two-way ANOVAwith Sidak’s multiple comparison test, and in (G) by an unpaired t test (*p < 0.05

and **p < 0.01).
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to cytosolic double-stranded DNA (dsDNA), resulting in the ca-

nonical activation through TANK-binding kinase 1 (TBK1) and

interferon regulatory factor 3 (IRF3) or non-canonical NF-kB

activation (Figure 4B). Gene set enrichment analysis (GSEA)

suggested that the expression of these genes was reduced via

the canonical cGAS/STING pathway and not via a reduction

of NF-kB activation, which even showed a trend toward enrich-

ment in the upregulated gene set of SOD1G93A/Egln2�/� astro-

cytes (Figure 4C). While not reaching significance in the GSEA,

we observed a reduction in STING protein expression, marking

decreased cGAS/STING pathway activation, in glial fibrillary

acidic protein (GFAP)-positive cells of the ventral horn of

SOD1G93A/Egln2�/� mice compared to SOD1G93A/Egln2+/+

mice (Figures 4D and 4E).

As a result, these data showed that the deletion of Egln2

reduced the expression of neuroinflammation marker Tspo in

motor neurons while at the same time decreasing the cGAS/

STING-induced pro-inflammatory interferon response in astro-

cytes, suggesting that Egln2 deletion reduces the astrocytic

interferon-dependent inflammatory axis.

EGLN2 deletion normalizes the expression of
interferon-stimulated genes in ALS patient-derived
astrocytes
To further explore the direct effect of loss of EGLN2 on astro-

cytes from patients with ALS, EGLN2 was deleted in iPSCs

derived from a patient with ALS carrying a SOD1A4V mutation57

using CRISPR-Cas9 (Figure S5). To study the effect of loss

of EGLN2 on patient-derived astrocytes, we differentiated

SOD1A4V/EGLN2�/� and SOD1A4V iPSCs together with isogenic

control (SOD1A4A) iPSCs, which were genetically corrected for

the SOD1A4V mutation,57 into astrocytes (Figures 5A and S6A).

RNA-seq analysis revealed that the transcriptome of SOD1A4V/

EGLN2�/� astrocytes was more similar to the transcriptome of

isogenic SOD1A4A astrocytes compared to SOD1A4V astrocytes

(Figure S6B), indicating that EGLN2 deletion rescued ALS-

induced defects in these cells. To identify the pathways that

are rescued upon loss of EGLN2 in astrocytes, DEG analyses be-

tween the different astrocyte lines were performed (Table S4).

676 genes were differentially expressed in both SOD1A4V versus

SOD1A4A astrocytes and SOD1A4V/EGLN2�/� versus SOD1A4V

astrocytes (Figure 5B). From these 676 overlapping DEGs, 511

DEGs were downregulated in SOD1A4V versus SOD1A4A astro-

cytes and upregulated in SOD1A4V/EGLN2�/� versus SOD1A4V

astrocytes (Figure 5C), indicating that the expression of these

genes was rescued upon loss of EGLN2. This gene set mainly

included genes linked to the interferon response, including the

ones that were found to be downregulated in the snRNA-seq

analysis (Figure 5D). As a result, this showed that in monocul-

tured patient astrocytes, EGLN2 deletion increased the expres-

sion of interferon-stimulated genes, while these were downregu-
Figure 3. Single-nucleus transcriptomics reveals neuronal and non-ne

(A) Uniform manifold approximation and projection (UMAP) plot visualizing 42,27

SOD1G93A/Egln2�/� mice. SOD1G93A/Egln2+/+ N = 3 and SOD1G93A/Egln2�/� N

scriptomics data.

(B–G) Individual nuclei colored by expression for classical markers for (B) ast

(F) neurons, and (G) motor neurons using SCope.
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lated in astrocytes from SOD1G93A/Egln2�/� mice. Moreover,

GSEA suggested that the effect of EGLN2 knockout on the inter-

feron response could be driven by an activation of the canonical

cGAS/STING-TBK1-IRF3 and non-canonical NF-kB pathways

(Figure 5E).

The interferon response plays a crucial role in pro-inflamma-

tory signaling, and while astrogliosis and microgliosis are pre-

sent in SOD1G93A mice at P110,58 this is not the case in these hu-

man astrocyte monocultures (Figure 6A). To investigate whether

the lack of neuroinflammatory stimuli could explain the differ-

ence in the effects on the interferon genes, we provoked an in-

flammatory response, marked by the previously described

markers,59 in our iPSC-derived astrocytes by treatment with a

pro-inflammatory microglia-derived cocktail of tumor necrosis

factor alpha (TNF-a), interleukin (IL)-1a, and C1q (TIC)60 (Fig-

ure 6A). SOD1A4V astrocytes showed a greater transcriptional

response to the TIC treatment compared to SOD1A4A (Figure 6B)

and SOD1A4V/EGLN2�/� astrocytes (Figure 6C). Remarkably,

the latter two showed a similar response to the TIC treatment,

as no differences in the gene expression affected by the treat-

ment were observed between SOD1A4A and SOD1A4V/

EGLN2�/� astrocytes (Figure 6D). Following the same approach

as described above to identify the pathways that are rescued by

EGLN2 knockout (Figures 6E and 6F), we found that SOD1A4V

astrocytes still expressed lower levels of interferon-stimulated

genes after treatment with the TIC cocktail, which could again

be rescued by the loss of EGLN2 (Figures 6G; Table S4). Finally,

we also compared the differences in expression levels of

interferon-stimulated genes between SOD1A4V and SOD1A4A as-

trocytes to publicly available ALS patient-derived astrocyte

RNA-seq datasets.61–65 However, we did not find a clear overlap

between the expression patterns (Table S5).

In conclusion, we showed that SOD1A4VALS patient-derived

astrocytes present an altered interferon-dependent inflamma-

tory response and that this response could be rescued by the

deletion of EGLN2, supporting the link between EGLN2 and

the astrocytic interferon response. As a result, our study high-

lights EGLN2 as a potential ALS target that protects motor neu-

rons and normalizes the interferon response in ALS astrocytes.

DISCUSSION

In this study, we identified EGLN2 as motor neuron protective

target using several in vivo ALS models, snRNA-seq, and pa-

tient-derived iPSCs. We showed that targeting egln2 using an

AMO in both SOD1-and C9-ALS zebrafish protected the motor

neurons, leading to a rescue of ALS-induced motor axonopathy.

Moreover, in a more complex model of ALS, the SOD1G93A

mouse model, genetic deletion of Egln2 also mitigated the ALS

phenotype by protecting motor neurons and prolonging survival.

snRNA-seq revealed that the loss of EGLN2 induced an
uronal cell clusters in SOD1G93A spinal cord

8 nuclei isolated from the lumbar spinal cord of P110 SOD1G93A/Egln2+/+ and

= 3. The annotation of different clusters is based on publicly available tran-

rocytes, (C) Schwann cells, (D) microglia, (E) myelinating oligodendrocytes,



Table 1. GO analysis on DEGs from SOD1G93A/Egln2�/� versus SOD1G93A/Egln2+/+ lumbar spinal cord at P110

Biological process GO term Cell type Top 5 DEGs

Upregulated

Immune/defense response GO: 0042119; GO: 0036230;

GO: 0031349; GO: 0031347

excitatory neurons Mmp12, Syk, Anxa1, Serping1, Ctss

Synapse assembly GO: 0007416; GO: 0034329;

GO: 0034330; GO: 0050808

perivascular

macrophages

Ctnna2, Nrxn3, Adgrl3, Lrrtm4, Nrg1

Action potential GO: 0001508 perivascular

macrophages

Grik2, Kcnc2, Dpp6, Dmd, Cntnap2

Cell adhesion GO: 0098742; GO: 0098609;

GO: 0007155; GO: 0022610

perivascular

macrophages

Robo2, Ctnna2, Tenm2, Nrxn3, Ninj1

Translation GO: 0002181 motor neurons Rpl30, Rps15, Rpl28, Rpl37a, Rpl22L1

Downregulated

Synapse assembly/

transmission

GO: 0048167; GO: 0050804;

GO: 0099177; GO: 0007268;

GO: 0098916; GO: 0099537;

GO: 0099536

myelinating

oligodendrocytes

Glra2, Kcnh1, Sv2b, Akap12, Erc2

Synapse assembly/

transmission

GO: 0099558; GO: 0034331; GO: 0050808;

GO: 0034330; GO: 0060078; GO: 0042391;

GO: 0007416; GO: 0034329; GO: 0051966;

GO: 0050804; GO: 0099177; GO: 0007268;

GO: 0098916; GO: 0099537; GO: 0099536;

GO: 0050807; GO: 0050803; GO: 1901890

peripheral glial cells Arhgap6, Syn1, Rgs7, Fgf13, Slc4a4

Synapse assembly/

transmission

GO: 0051963 lymphocytes Adgrb3, Mdga2, Negr1, Grid2

Synapse assembly/

transmission

GO: 1905606; GO: 0099174; GO: 1901888;

GO: 0050807; GO: 0050803; GO: 0007416;

GO: 0034329; GO: 0034330; GO: 0050808;

GO: 0051965; GO: 1901890; GO: 0051962;

GO: 0051960; GO: 0050804; GO: 0099177;

GO: 0042391

motor neurons Dcc, Grik2, Nrg3, Nrp1, Fxyd1

Ion transport GO: 0043269; GO: 0034762 myelinating

oligodendrocytes

Kcnh1, Ano6, Kcnip4, Kcnc2, Jph3

Ion transport GO: 0032412; GO: 0022898; GO: 0032409;

GO: 0034762; GO: 0034765; GO: 0043269;

GO: 1904062

peripheral glial cells Kcnh1, Ano6, Kcnip4, Kcnc2, Jph3

Ion transport GO: 1904062; GO: 0034765 motor neurons Asic2, Fxyd1, Pde4d, Dpp10, Dmd

Oxidative metabolism GO: 0006091; GO: 0006119; GO: 0006754;

GO: 0009060; GO: 0009141; GO: 0009142;

GO: 0009145; GO: 0009199; GO: 0009201;

GO: 0009205; GO: 0009206; GO: 0015980;

GO: 0015986; GO: 0019646; GO: 0022900;

GO: 0022904; GO: 0042773; GO: 0042775;

GO: 0042776; GO: 0045333; GO: 0046034

neurons Slc1a3, Ndufa7, Hspa8, S100b, Uqcr11

Viral response GO: 0045071; GO: 0045069; GO: 1903900;

GO: 0050792; GO: 0048525; GO: 0051607;

GO: 0009615; GO: 0140546

astrocytes Cxcl10, Oasl1, Isg15, Rsad2, Ifit1

Cell death GO: 0042981; GO: 0043067; GO: 0010941 astrocytes Cxcl10, Igfbp3, Ier3, Fcgr2b, Rac3

Cell death GO: 1902255; GO: 1901798; GO: 0010942 neurons Tac1, Unc13b, Rps15, Snca, Rpl26

Translation GO: 0002181; GO: 0006412; GO: 0043043;

GO: 0043604; GO: 0006518; GO: 0043603;

GO: 0034645; GO: 0008016; GO: 0044271;

GO: 1901566

neurons Vdr, Galnt5, Mlycd, Mrpl49, S100a10

Action potential GO: 0001508 peripheral glial cells Cacna1c, Grin2b, Gria1, Kcnd2, Cntnap2

(Continued on next page)
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Table 1. Continued

Biological process GO term Cell type Top 5 DEGs

Neurogenesis GO: 0051962; GO: 0051960; GO: 0048812;

GO: 0120039; GO: 0048858; GO: 0031175;

GO: 0048666; GO: 0030182; GO: 0048699;

GO: 0022008; GO: 0048667; GO: 0007420;

GO: 0007417; GO: 0010975; GO: 0120035;

GO: 0031344

peripheral glial cells Hmga2, Fgf13, Cit, Grin2b, Dner

Neurogenesis GO: 0001764; GO: 0048699; GO: 0022008;

GO: 0010975; GO: 0120035; GO: 0031344

motor neurons Tafa1, Asic2, Dcc, Nrp1, Cntnap2

Cell adhesion GO: 0098742; GO: 0098609; GO: 0007155 motor neurons Dcc, Nrp1, Cntnap2, Ctnnd2, Il1rapl1

GO analysis performed using PANTHER (PANTHERGObiological process complete; *p < 0.05, Fischer’s exact test with Bonferroni correction for mul-

tiple testing).
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astrocytic downregulation of interferon-stimulated genes in the

spinal cord of these mice, which was suggested to be the result

of decreased cGAS/STING pathway activity. In agreement, we

observed a reduced expression of STING in GFAP-positive cells.

Moreover, the link between EGLN2 downregulation and the

astrocytic interferon response was confirmed in patient-derived

astrocytes. Hence, our study highlights the potential of EGLN2

as an ALS target mitigating motor neuron degeneration and

normalizing the astrocytic pro-inflammatory interferon response

in vivo and in patient-derived astrocytes.

ALS is characterized by motor neuron death, and patient-

derivedmotor neurons recapitulate several diseasephenotypes.66

On the other hand, non-cell-autonomous mechanisms also

contribute to ALS pathology.67–69 Single-cell technology provides

the opportunity to study the contribution of both motor neuron-

intrinsic and -extrinsicpathways to thedisease.Asa result, several

studies used this technology to investigate the transcriptional

changes that mark the disease at a single-cell level.70–73 In

SOD1G93A mice, snRNA-seq of the spinal cord identified that mo-

tor neurons and astrocytes underwent themost pronounced tran-

scriptional changes at P90, including changes linked to increased

ROS production in motor neurons and an increased inflammatory

response in astrocytes.71 Moreover, in postmortem motor and

frontal cortices of C9orf72 ALS patients, excitatory neurons and

astrocytes showed the largest transcriptomic alterations.73 While

single-cell RNA-seq is valuable to unravel the cell-specific tran-

scriptomic signature of the disease, it can also be used to investi-

gate potential therapeutic strategies to identify their underlying

transcriptomic alterations at single-cell resolution. We applied

this approach to investigate the cell-specific pathways that under-

lie EGLN2-mediated motor neuron protection in ALS.

The canonical target of EGLN2 is HIFa, affecting a range of

pathways including rewired cellular metabolism.8 Indeed,

Egln2 deletion did decrease the expression of genes linked to

oxidative metabolism in neurons. However, the observed

decreased expression of oxidative metabolism genes was sug-

gested to be independent of HIF activation, as we did not

observe any changes in the expression of HIF target genes in

mice or zebrafish. A number of HIF- and hydroxylation-inde-

pendent EGLN2 targets have been described and can give

rise to a large variety of cell- and context-specific effects of

EGLN2.5 This was demonstrated by the HIF-independent pro-

tection of cortical neurons in stroke models.11 In addition, we
8 Cell Reports 43, 114719, September 24, 2024
did not observe a downregulation of nuclear genes involved

in the energy metabolism of motor neurons. This finding sug-

gests that Egln2�/�-induced motor neuron protection is not

driven through metabolic rewiring.

snRNA-seq revealed that the loss of EGLN2 in the SOD1G93A

spinal cord induced an astrocyte-specific downregulation of

pro-inflammatory interferon-stimulated genes. We considered

this to be of particular interest because interferon-stimulated

genes have been found to be upregulated in SOD1G93A mice spi-

nal cord astrocytes74 and neuronal and myeloid cells from

C9orf7255,75,76 and TDP-4377 patients with ALS andALSmodels.

Moreover, the latter showed that this increased interferon

response was induced via cytoplasmic dsDNA-mediated

cGAS/STING activation.55,75–77 Our study provides insight into

how astrocytes contribute to the increased cGAS/STING-

induced interferon signaling in ALS,55,74–79 underlining the

contribution of non-cell-autonomous mechanisms,67–69 and

demonstrates that targeting EGLN2 can restore this response.

Moreover, the effect of the loss of EGLN2 on the levels of inter-

feron-stimulated genes in astrocytes was strengthened by the

finding that knocking out EGLN2 in patient iPSC-derived astro-

cytes normalized the levels of interferon-stimulated genes

compared to SOD1A4V astrocytes. In these SOD1A4V patient-

derived astrocytes, we observed a downregulation of inter-

feron-stimulated genes and found that loss of EGLN2 increased

these levels, contrary to our findings in SOD1G93A mouse astro-

cytes. The difference in the levels of interferon-stimulated genes

could be explained by the cell type, the stage of the disease, the

involvement of other cell types, or the difference in the mutation.

Astrocytes have been reported numerous times to play a unique

role in ALS and neurodegeneration.80 The reactive astrogliosis

that occurs during neurodegeneration is not one fixed state but

rather a dynamic process of multiple cellular states that can

evolve over the disease course.54 In agreement, RNA-seq anal-

ysis of SOD1G93A versus WT astrocyte monocultures from P5

mice did not show differences in the transcriptomic interferon

response,81 while this was described to be present in astrocytes

from P60 and P90 SOD1G93A mice.74 P110 in SOD1G93A mice,

most likely, models a later disease stage compared to the patient

iPSC-derived astrocytes. As a result, different disease states

and the presence of different stimuli due to the presence or

absence of other cell types can explain the differences in inter-

feron responses. While we did mimic neuroinflammation



Figure 4. Egln2 deletion induces astrocyte-specific downregulation of interferon-stimulated genes

(A) Volcano plot showing all DEGs in astrocytes from SOD1G93A/Egln2�/� versus SOD1G93A/Egln2+/+ lumbar spinal cord at P110. Red indicates significant genes

with upregulated expression (log10 (fold change) [log(FC)] > 0.5) in SOD1G93A/Egln2�/� versus SOD1G93A/Egln2+/+ mice, and blue indicates significant genes with

downregulated expression (log(FC) < �0.5) in SOD1G93A/Egln2�/� versus SOD1G93A/Egln2+/+ mice.

(B) Graphical representation of the cGAS/STING and NF-kB pathways.

(C) Gene set enrichment analysis (GSEA) scores for interferon response,55 cGAS/STING pathway,56 and NF-kB pathway55 in DEGs from SOD1G93A/Egln2�/�

versus SOD1G93A/Egln2+/+ astrocytes.

(D) Representative images of immunohistochemical analysis of 40,6-diamidino-2-phenylindole (DAPI), glial fibrillary acidic protein (GFAP), and STING in the

lumbar spinal cord ventral horn, indicated with a white dotted line, of SOD1G93A/Egln2+/+ and SOD1G93A/Egln2�/� mice at P110. Scale bar, 50 mm.

(E) Quantification of number of GFAP-positive (GFAP+) cells and STING- and GFAP-positive (STING+/GFAP+) cells.

Data represent mean ± SEM, with the individual values of each lumbar spinal cord section shown (NR 4 mice per group). Statistical analyses were performed by

an unpaired t test (*p < 0.05).
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in vitro by treatment with a pro-inflammatory TIC cocktail that

provokes astrocyte reactivity,60 this still differs from the pro-

longed presence of a pro-inflammatory environment in the spinal

cord of SOD1G93A mice. Finally, we must also consider that

different (SOD1) mutations, while all resulting in ALS, could
give rise to pathological differences.82 Nevertheless, indepen-

dent from the increased interferon response in SOD1G93A mice,

as reported by Wang et al.,74 or the decreased interferon

response in SOD1A4V patient astrocytes that we observed, the

deletion of EGLN2 was able to normalize these levels.
Cell Reports 43, 114719, September 24, 2024 9
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The ability of EGLN2 as target to provoke different disease-

stage-dependent effects could be attributed to its sensor func-

tion enabling the enzyme to perceive the cellular state via the

presence of oxygen, Fe2+, ascorbic acid, or other metabolic in-

termediates.2–4 The EGLN enzymes have been shown to act

on the activator of the NF-kB pathway and the inducer of the in-

flammatory response, IKKb.12,83–85 GSEA on both SOD1G93A/

Egln2�/� mouse astrocytes and SOD1A4V/EGLN2�/� iPSC-

derived astrocytes showed an enrichment of the NF-kB pathway

in the upregulated gene set, even when the interferon response

was downregulated in SOD1G93A/Egln2�/� astrocytes. However,

the transcriptomic effect of loss of EGLN2 on the cGAS/STING

pathway was in line with the downstream effect on the interferon

response, namely enrichment in the downregulated genes in

SOD1G93A/Egln2�/� mouse astrocytes and the upregulated

genes in SOD1A4V/EGLN2�/� human astrocytes. As a result, it

seems likely that EGLN2 acts on the cGAS/STING pathway. In

agreement with this, we observed a downregulation of STING

protein expression in GFAP-positive cells in the spinal cord of

SOD1G93A/Egln2�/� mice. Together, these results revealed that

EGLN2 can directly or indirectly, for example via a decrease in

ROS-induced mitochondrial DNA release,9,77 modulate cGAS/

STING pathway activity. As a result, our findings propose

EGLN2 as a target that normalizes the cGAS/STING-induced

interferon-driven neuroinflammatory response that character-

izes motor neuron degeneration in ALS. This is supported by

our observation that the neuroinflammation marker Tspo52 was

downregulated in SOD1G93A/Egln2�/� motor neurons.

In conclusion, our study demonstrates how targeting EGLN2

mitigates motor neuron degeneration in three different in vivo

ALSmodels. Moreover, a link between EGLN2 and the astrocytic

STING-induced interferon response was established using

cell-specific tools such as snRNA-seq and patient-derived astro-

cytes. As a result, our data highlight EGLN2 as target that pro-

tects motor neurons and restores the interferon signaling

pathway in astrocytes.

Limitations of the study
This study indicates that targeting EGLN2might have therapeutic

potential in different forms of ALS. However, the therapeutic po-

tential should be further confirmed using additional approaches,

such asASOknockdown in vivo.Moreover, an ALSmousemodel

with an astrocyte-specific Egln2 knockout would provide insight

into what extent the motor neuron protection in vivo is driven by

astrocytes. However, this would require the combination of three

transgenic lines (homozygous floxed Egln2, astrocyte-specific
Figure 5. EGLN2 deletion restores the level of interferon-stimulated ge

(A) Schematic representation of the experimental setup.

(B) Venn diagram demonstrating the overlap between all significant DEGs in SOD

SOD1A4V/EGLN2�/� versus SOD1A4V astrocytes (right volcano plot). Red indica

downregulated genes (log(FC) < �1).

(C) Venn diagram showing the overlap between the significantly downregulated

upregulated genes in SOD1A4V/EGLN2�/� versus SOD1A4V astrocytes (log(FC) >

(D) Heatmap showing the expression levels (fragments per kilobase million [F

EGLN2�/� astrocytes.

(E) GSEA scores for interferon response,55 cGAS/STING pathway,56 and NF-kB p

3 astrocyte differentiations.
Cre expression, and SOD1G93A overexpression), with the extra

complications that female SOD1G93A mice are sterile, the birth

rate of transgenic mice is approximately half of what can be ex-

pected, and the use of littermate controls is crucial given that a

reduction of hSOD1G93A copy number also affects survival.86

Therefore, we used iPSC-derived astrocytes to confirm the direct

effect of EGLN2 deletion on astrocyte monocultures, with the

additional advantage that these cells are human and patient

derived. While these experiments, using one patient-isogenic

control iPSC pair, confirmed that EGLN2 acts on the STING-

induced interferon response in patient astrocytes, the confirma-

tion of these findings in other familial and sporadic cell lines

and other cell types, such as motor neurons, in mono- and/or

co-culture would be a valuable addition to this study.
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Figure 6. EGLN2 deletion restores the levels of interferon-stimulated genes in reactive SOD1A4V patient-derived astrocytes

(A) Heatmap showing the expression levels (FPKM) of reactive astrocyte marker genes in SOD1A4A, SOD1A4V, and SOD1A4V/EGLN2�/� astrocytes treated with

vehicle (VEH) or TNF-a, IL-1a, and C1q (TIC).

(B–D) Volcano plot showing all genes that respond differently to the TIC treatment in (B) SOD1A4V versus SOD1A4A astrocytes, (C) SOD1A4V/EGLN2�/� versus

SOD1A4V astrocytes, and (D) SOD1A4V/EGLN2�/� versus SOD1A4A astrocytes. Red indicates significant upregulated genes (log(FC) > 1), and blue indicates

significant downregulated genes (log(FC) < �1).

(E) Venn diagram showing the overlap between all significant DEGs in SOD1A4V versus SOD1A4A TIC-treated astrocytes (left volcano plot) and all significant DEGs

in SOD1A4V/EGLN2�/� versus SOD1A4V TIC-treated astrocytes (right volcano plot).

(F) Venn diagram showing the overlap between the significantly downregulated genes in SOD1A4V versus SOD1A4A TIC-treated astrocytes (log(FC) < �1) and

significantly upregulated genes in SOD1A4V/EGLN2�/� versus SOD1A4V TIC-treated astrocytes (log(FC) > 1).

(G) Heatmap showing the expression levels (FPKM) of interferon-stimulated genes in SOD1A4A, SOD1A4V, and SOD1A4V/EGLN2�/� TIC-treated astrocytes.N = 3

astrocyte differentiations.
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GenEluteTM Total RNA Purification Kit Sigma-Aldrich Cat#RNB100

SuperScriptTM III First-Strand Synthesis System kit Invitrogen Cat#18080051

TaqMan hPSC Scorecard� 384-well plate Applied Biosystems Cat#A15870

TaqMan� SNP Genotyping Assay Life technologies N/A

RNeasy kit Qiagen Cat#74104

micro BCA kit Pierce Biotechnology Cat#23235

RNAscope Multiplex Fluorescent Reagent Kit v2 Advanced Cell Diagnostics N/A

Illumina Stranded mRNA Sample Prep Kit v02 Illumina Cat#1000000124518

Chemicals, peptides, and recombinant proteins

Asp718 restriction enzyme Thermo Scientific Cat#ER0901

AgeI restriction enzyme Thermo Scientific Cat#ER1461

Y-27632 Gibco Cat#SCM075

Alt-RTM S.p. Cas9 Nuclease V3 IDT Cat#1081058

RevitaCell Gibco Cat#A2644501

LDN-193189 Stemgent Cat#04-0074-02

SB431542 Tocris Cat#1614

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

L-glutamine Thermo Scientific Cat#25030-024

N-2 supplement Gibco Cat#17502-048

B-27TM without vitamin A Gibco Cat#12587-010

FGF-2 PeproTech Cat#450-33

EGF ProSpec Cat#CYT-217

non-essential amino acids Gibco Cat#11140050

ascorbic acid Sigma-Aldrich Cat#A4403

IGF-1 Peprotech Cat#100-11

human Activin A Gibco Cat#PHC9564

Heregulinb1 Peprotech Cat#100-03

sodium pyruvate Gibco Cat#11360-070

IL-1a Bio-techne Cat#200-LA-010

TNFa Bio-techne Cat#210-TA-020

C1q Sigma-Aldrich Cat#204876

normal donkey serum Sigma-Aldrich Cat#D9663

TriPure Roche Cat#11667157001

Deposited data

Murine snRNA-seq dataset This Paper GEO: GSE219201

iPSC-Astrocyte RNA-seq dataset This Paper GEO: GSE260913

Experimental models: Cell lines

SOD1A4A iPSCs Kiskinis et al.57 N/A

SOD1A4V iPSCs Kiskinis et al.57 N/A

SOD1A4V/EGLN2�/� iPSCs This paper N/A

Experimental models: Organisms/strains

SOD1G93A mice The Jackson Laboratory RRID: IMSR_JAX:002726

Egln2�/� mice Aragones et al.9 N/A

AB zebrafish European Zebrafish

Resource Center (EZRC)

RRID: ZFIN_ZDB-GENO-960809-7

Oligonucleotides

egln2 AMO TATACATCGCCTCTCACTCACCT Genetools N/A

Ctrl AMO CCTCTTACCTCAGTTACAATTTAT Genetools N/A

Alt-RTM CRISPR-Cas9 sgRNA

ACGAAGACCCTGGTAACTGA

IDT N/A

Stmn2 RNAScope probe Advanced Cell Diagnostics Cat#Mm-Stmn2-C2

Syp RNAScope probe Advanced Cell Diagnostics Cat#Mm-Syp-C3

Primers for RT-PCR and qRT-PCR:

see Tables S7 and S8

N/A

Recombinant DNA

SOD1WT plasmid Lemmens et al.32 N/A

SOD1G93A plasmid Lemmens et al.32 N/A

91S plasmid Swinnen et al.87 N/A

GFP plasmid Origene Cat#PS100010

Software and algorithms

ImageJ NIH RRID: SCR_003070

SnapGene Dotmatics RRID: SCR_015052

ICE tool Synthego RRID: SCR_024508

CRISPOR tool Tefor Infrastructure RRID: SCR_015935

TaqMan Genotyper Software Life Technologies N/A

Cytosure OGT N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CellProfiler Image Analysis Software Carpenter et al.88 RRID: SCR_007358

LUCIA software version 4.60 Laboratory Imaging N/A

cellranger count v5.0.2 10X Genomics RRID: SCR_023221

Scanpy v1.8.1 Wolf et al.89 RRID: SCR_018139

Scrublet v0.2.2 Wolock et al.90 RRID: SCR_018098

Scope Davie et al.91 RRID: SCR_017454

DESeq2 Love et al.92 RRID: SCR_015687

PANTHER v14.1 Mi et al.93 RRID: SCR_004869

WebGestalt 2024 Elizarraras et al.94 RRID: SCR_006786

FastX 0.0.14 Illumina RRID: SCR_005534

Cutadapt 3.2 Martin et al.95 RRID: SCR_011841

ShortRead 1.58.0 Morgan et al.96 RRID: SCR_006813

Bowtie2 2.4.5 Langmead et al.97 RRID: SCR_016368

STAR aligner v2.5.2b Dobin et al.98 RRID: SCR_004463

Samtools 1.15.1 Li et al.99 RRID: SCR_002105

featureCounts 1.5.3 Liao et al.100 RRID: SCR_002105

EDASeq 2.32 Risso et al.101 RRID: SCR_006751

EdgeR 3.42.4 Robinson et al.102 RRID: SCR_012802

Graphpad Prism v8.0 Graphpad RRID: SCR_002798
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Zebrafish
All experiments were approved by the Ethics Committee of KU Leuven (P112/2021). Zebrafish (AB strain, RRID: ZFIN_ZDB-GENO-

960809-7) embryos were kept in a 28�C incubator. Micro-injection of 1000 ng/mL SOD1WT and SOD1G93A RNA or 181 ng/mL 91 (91S)

C9orf72 hexanucleotide repeats and GFP RNA, as specified before,32,103 and 0.1 mM egln2 AMO was done in 1–2 cell stage zebra-

fish oocytes. Motor axons were assessed with an SV2 staining at 30 hpf. The sexual differentiation of zebrafish occurs later on so

gender is not relevant.

Mice
All animal experiments were approved by the Ethical Committee of KU Leuven (P020/2020). Mice were housed at the KU Leuven

animal facilities with a 12 h light-dark cycle at a temperature of 20�C. Standard rodent chow and water was provided ad libitum.

SOD1G93A mice overexpressing humanmutant SOD1 (glycine to alanine substitution at codon 93) were purchased from The Jackson

Laboratory (Maine, United States of America (US)) (stock number: 002726, RRID: IMSR_JAX:002726) and maintained on a C57BL/6

background. Egln2�/� mice were generated previously33 and backcrossed for seven generations to obtain a pure C57BL/6 back-

ground. Egln2�/� mice were intercrossed with SOD1G93A mice to generate SOD1G93A/Egln2�/� and SOD1G93A/Egln2+/� mice and

investigated together with their SOD1G93A/Egln2+/+ littermate controls. Mice were followed-up over their lifespan and additional an-

alyses such asmotor neuron count, NMJ quantification and snRNA-seq were performed at P110. For all experiments, littermate con-

trols and both male and female mice were used.

iPSCs
All experiments were approved by the Ethical Committee of UZ Leuven (S50354). iPSCs from a female ALS patient carrying a

SOD1A4V and its isogenic control (SOD1A4A) were generated previously by Kiskinis et al.57 and kindly provided by prof. K. Eggan

(Harvard University, Cambridge, US). iPSCs were cultured on Geltrex (A1413201, Gibco, Waltham, US) in Complete Essential 8 me-

dium (A1517001, Gibco) with 1% penicillin/streptomycin (15070063, Gibco) in a humidified 5% CO2 incubator at 37
�C. A CRISPR-

Cas9 mediated knock-out of EGLN2 was generated in SOD1A4V iPSCs as explained in the method details section. SOD1A4A,

SOD1A4V and SOD1A4V/EGLN2�/� iPSCs were differentiated into astrocytes using a previously established protocol,104 further ex-

plained in the method details section. Transcriptomic and immunocytochemical analysis were performed after 6 weeks of matura-

tion (d+41).
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METHOD DETAILS

Zebrafish DNA constructs and AMO

Human cDNA of SOD1WT and SOD1G93A in the pCLneo vector were kindly provided by R.H. Brown Jr (UMass Chan Medical School,

Worcester, US). SOD1 was cloned in the pBCM vector behind a T3 promoter and linearized using Asp718 restriction enzyme

(ER0901, Thermo Scientific, Waltham, US). Plasmids containing 91 (91S) C9orf72 hexanucleotide repeats under a T7 promotor

were obtained and adapted as described previously.87,105 The GFP control plasmid construct (PS100010, Origene, Rockville,

USA) was digested with AgeI restriction enzyme (ER1461, Thermo Scientific). RNA was transcribed from DNA using mMESSAGE

mMACHINE T3 Transcription Kit (AM1348, Invitrogen, Waltham, US) or mMESSAGE mMACHINE T7 ULTRA Transcription Kit

(AM1345, Invitrogen) and purified using the MEGAclear Transcription Clean-Up Kit (AM1908, Invitrogen). Antisense morpholino ol-

igonucleotides (AMOs) were designed and obtained from Gene Tools (Philomath, US): control AMO (sequence: CCTCTTACCTCAG

TTACAATTTAT) and egln2 E2I2 AMO (sequence: TATACATCGCCTCTCACTCACCT).

Mice disease onset and survival
Disease onset was determined by bodyweight and rotarod performance. Disease onset was considered as the last time point at

which the mouse maintained 90% of its peak body weight or at the last time point at which the latency to fall on the rotarod (Ugo

Basile, Gemonio, Italy) was longer than 150 s at a constant speed of 15 rpm. Survival was determined by the loss of righting reflex

within 20 s. This time point was considered as humane endpoint, whereupon the mouse was sacrificed.

Mice motor neuron counts
Mice were anesthetized using 10% Dolethal (Vétoquinol, Lure, France) and transcardially perfused with 1X PBS (806552, Sigma-

Aldrich, Saint-Louis, US) followed by perfusion with 4% paraformaldehyde (PFA). Lumbar spinal cords were harvested, post-fixed

with 4% PFA overnight at 4�C and dehydrated for 48 h in a 30% sucrose solution at 4�C. Following embedding in Optimal Cutting

Temperature (O.C.T.) (00411243, VWR, Radnor, US) compound mounting medium for cryometry, the samples were stored at

�80�C until further processing. 20 mm cryosections were obtained and every tenth section was stained with 2X thionin solution to

visualize themotor neuron cell bodies in the ventral horn. Briefly, cryosections were fixed for 1 min in 100% ethanol in a cryochamber

and subsequently washed for 15 s in distilled water, stained with 2X thionin during 45 s, washed twice in distilled water and dehy-

drated in 70%, 90% and 100% ethanol for 30 s each. Histological sections were cleared with Histoclear solution for 1 min and

mounted using PerTex (00801, Histolab, Västra Frölunda, Sweden). A minimum of ten spinal cord sections for each mouse were

analyzed. Images were taken using the Zeiss Imager M1 microscope (Carl Zeiss Inc., Oberkochen, Germany). Neuron size and num-

ber was quantified using ImageJ (RRID: SCR_003070) and were normalized to the ventral horn size of the respective section and

multiplied by the ventral horn size of a non-transgenic mouse (300,000 mm2).

Generation and quality control of EGLN2 knock-out iPSCs
Generation of EGLN2 knock-out iPSC line using CRISPR-Cas9

To perform electroporation, iPSCs were incubated at 37�C for at least 1 h in mTESR1 medium (85850, Stemcell technologies, Van-

couver, Canada) containing 10 mM Y-27632 Rho-Associated Kinase (ROCK) inhibitor (ROCKi) (SCM075, Gibco). Next, the colonies

were dissociated to single cells by incubation with accutase (A6964, Sigma-Aldrich) at 37�C for 15–20 min. Approximately 1.2 x 105

cells were resuspended in 100 mL optimum and mixed with Ribonucleoprotein (RNP) form of CRISPR-Cas9 system composed of

Cas9 protein (1081058, Alt-R S.p. Cas9 Nuclease V3, IDT, Newark, US) and a sgRNA (Alt-R CRISPR-Cas9 sgRNA, IDT) with the

following sequence: ACGAAGACCCTGGTAACTGA. After nucleofection using the Nepagene electroporator with the following set-

tings; poring pulse (voltage 125v, pulse length 5 msec, pulse interval 50 msec, number of pulses 2, decay rate of 10%, and polarity

set at +) and transfer pulse (voltage 20 v, pulse length 50 msec, pulse interval 50 msec, number of pulses 5, decay rate of 40%, and

polarity set at+/�), cells were immediately collected in mTESR1 containing ROCKi, re-plated on plates coated with BD Matrigel

(356234, BD, Franklin Lakes, US) and placed in the incubator. The day after, medium was switched to E8 Flex supplemented with

10 mM ROCKi. After 10–15 days single colonies were picked using a colony picker tool (Fine Science Tools, Heidelberg, Germany)

under a microscope placed in a class I biological safety cabinet. Colonies were genotyped via sequencing the target region using Q5

2xmastermix (M0492S, New England BioLabs, Ipswich, US). Amplicons were purified using PureLink PCR Purification Kit (K310001,

Invitrogen) prior to Sanger sequencing (Europhins Genomics, Ebersberg, Germany). Sanger sequencing results were analyzed using

SnapGene (RRID: SCR_015052) version 6.1.1 software and Synthego ICE tool (RRID: SCR_024508). Quality control including off-

target analysis, immunofluorescence, embryoid body (EB) formation scorecard analysis, single nucleotide polymorphism (SNP)

profiling and array-comparative genomic hybridization (array-CGH) were performed as described below.

Off-target analysis

Prediction of off-target sites was performed by using CRISPOR tool (http://crispor.tefor.net/, RRID: SCR_015935). Five predicted off

target sites with the highest Cutting Frequency Determination (CFD) scores were selected.106 Off target regions were PCR amplified

and subjected to Sanger sequencing. Sanger sequencing results were analyzed using SnapGene version 6.1.1 software and Syn-

thego ICE tool. This revealed no effect on any of the predicted off target sites.
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Immunofluorescence analysis of pluripotent markers

Cells were fixedwith 4%PFA for 10min, washedwith PBS and permeabilizedwith 0.1%Triton X- in PBS, followed by 30min blocking

with 5% goat serum in PBS (Dako, Glostrup, Denmark). Cells were stained overnight at 4�C with primary antibodies (Table S6) and

washed three times for 5 min with 0.1% Triton X- in PBS. Next, cells were incubated for 60 min at room temperature with the appro-

priate secondary antibodies (Table S6), washed three times and stained with Hoechst 33342 (14533, Sigma-Aldrich, 1:2000 dilution).

Coverslips were mounted using Prolong Gold antifade reagent (P36930, Invitrogen) on superfrost microscope slides (10457673,

ThermoFisher Scientific). Images were taken using the Axioimager Z.1 fluorescence microscope (Carl Zeiss Inc.).

Embryoid body (EB) formation and scorecard analysis

To make EBs, iPSCs were washed with PBS and incubated 1 min with EDTA. Cells were harvested and counted. Approximately one

million cells were resuspended in 1 mL Essential 6 medium (A1516401, Gibco) and 10 mL RevitaCell supplement (A2644501, Gibco),

transferred to one well of Ultra-Low Attachment 24-well plates (CLS3471, Corning, New York, US) andmaintained for 7 days with half

medium changes every other day. The rest of the cells were frozen as dry pellet as Day 0 control. EBs were collected after 7 days for

RNA isolation using GenElute Total RNA Purification Kit (RNB100, Sigma-Aldrich) and cDNA synthesis using SuperScript III First-

Strand Synthesis System kit (18080051, Invitrogen). cDNA samples were mixed with water and TaqMan Gene Expression Master

Mix (4369016, Applied Biosystems, Waltham, US) and loaded to a TaqMan hPSC Scorecard 384-well plate (A15870, Applied Bio-

systems). Results were analyzed with the hPSC Scorecard analysis software.

Single nucleotide polymorphism (SNP) profiling

SNP profiling was performed using TaqMan SNP Genotyping Assay (Life Technologies, Carlsbad, US) customized for genotyping

SNPs in each sample. Custommade TaqMan SNPGenotyping Assay (384-well plate) was loaded using 2.5 mL 2x TaqMan GTXpress

Master Mix mixed with 2.5 mL genomic DNA (4 ng/mL) per well. Results were analyzed by TaqMan Genotyper Software (Life Tech-

nologies) and revealed no differences between the SOD1A4V iPSC baseline and CRISPR-Cas9 edited SOD1A4V/EGLN2�/� iPSC line.

Array-comparative genomic hybridization (array-CGH)

Genomic DNA samples were extracted using PureLink Genomic DNA kit (Invitrogen). Array-CGH was performed in UZ Leuven,

Centrum Menselijke Erfelijkheid (CME). Results were analyzed using CytoSure interpret software. 5p.11 and 12 duplication in chro-

mosome 5 were detected in SOD1A4V and SOD1A4V/EGLN2�/� iPSCs, 20q.11 duplication was detected in chromosome 20 of

SOD1A4V iPSCs and 20q.11 triplication was detected in chromosome 20 of SOD1A4V/EGLN2�/� iPSCs.

Generation of iPSC-derived astrocytes
iPSCs were differentiated in mature astrocytes as described previously.104 In short, iPSCs were dissociated with collagenase type IV

(10780004, Gibco) and cultured in Corning ultra-low attachment plates with neuronal inductionmedium (NIM) consisting of Complete

Essential 8 medium with 1% penicillin/streptomycin supplemented with 0.1 mM LDN-193189 (04–0074-02, Stemgent, Beltsville, US)

and 10 mMSB431542 (1614, Tocris, Bristol, UK) for the first week to support neuronal induction to formEBs. NIMwas changed on day

1, 2 and 4. On day 7, EBs were plated on Geltrex-coated plates in neuronal maturation medium (NMM) consisting of 50%DMEM/F12

(11330032, Gibco) and 50% Neurobasal medium (21103049, Gibco) with 1% L-glutamine (25030–024, Thermo Scientific), 1% peni-

cillin/streptomycin, 1% N-2 supplement (17502–048, Gibco) and 2% B-27 without vitamin A (12587–010, Gibco) supplemented with

10 ng/mL recombinant murine fibroblast growth factor (FGF)-2 (450–33, PeproTech, Cranbury UK), 10 ng/mL recombinant human

epidermal growth factor (EGF) (CYT-217, ProSpec, Rehivit, Israel), 0.1 mM LDN-193189 and 10 mMSB431542 to allow neural rosette

formation and induce neural progenitor cell (NPC) expansion. NMM was changed every other day and NPCs were passaged using

accutase when 100% confluency was reached. On day 16, neuronal NMM was switched to astrocyte differentiation medium (ADM)

consisting of 90%Neurobasal medium, 1% penicillin/streptomycin, 1% N-2 supplement, 1% non-essential amino acids (11140050,

Gibco) and 0.8 mMascorbic acid (A4403, Sigma-Aldrich) supplemented with 10 ng/mL FGF-2, 200 ng/mL recombinant human insulin

like growth factor (IGF)-1 (100–11, Peprotech), 10 ng/mL human Activin A (PHC9564, Gibco) and 10 ng/mL recombinant humanHere-

gulinb1 (100–03, Peprotech). ADMwas changed every other day until day 25 to convert NPCs to astrocyte progenitor cells (APCs). On

day 25 (d25/d+0), a glial switch occured to commence the astrocyte maturation, which took an additional 4 weeks. APCswere plated

on Geltrex-coated plates for expansion and maturation in astrocyte maturation medium (AMM) consisting of 50% DMEM/F12, 50%

Neurobasal medium, 1% non-essential amino acids, 1% N-2 supplement, 1% L-glutamine, 1% penicillin/streptomycin, 2% fetal

bovine serum (FBS) (10270106, Gibco), 0.8 mM ascorbic acid, and 1% sodium pyruvate (Gibco, 11360–070) supplemented with

200 ng/mL IGF-1, 10 ng/mL Activin A and 10 ng/mL Heregulinb1 which was changed every other day. After 36 days (d+36) of matu-

ration, mature astrocytes were plated in Geltrex-coated 6-well plates at 300,000 cells per well. At day 40, after recovery, cells were

treated with 3 ng/mL IL-1a (200-LA-010, Bio-techne, Minneapolis, US), 30 ng/mL TNFa (210-TA-020, Bio-techne) and 400 ng/mL

C1q (204876, Sigma-Aldrich) in AMMmedium without FBS. After 24h treatment, cells were collected with accutase for RNA extrac-

tion and sequencing or fixed with 4% PFA for immunocytochemistry.

Immunofluorescence
Mice

Micewere anesthesized using 10%Dolethal and transcardially perfusedwith PBS followed by perfusion with 4%PFA. Lumbar spinal

cords were harvested from P110mice, post-fixed with 4%PFA overnight at 4�C and dehydrated over 48 h in a 30% sucrose solution

at 4�C. Following embedding in O.C.T. compound mounting medium samples were stored at �80�C until further processing.
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Gastrocnemius muscles were harvested from P110 mice, snap-frozen in liquid-nitrogen cooled isopentane, embedded in O.C.T and

stored at�80�C until further processing. 20 mm longitudinal (gastrocnemiusmuscle) or transversal (lumbar spinal cord) sections were

obtained and processed for immunostaining. In brief, sections were blocked for 1 h in 10% normal donkey serum (D9663, Sigma-

Aldrich), PBS-T (PBS +0.1% Triton X-100) and incubated subsequently for 1 h at room temperature with the required antibodies

(Table S6) dissolved in PBS-T supplemented with 10% normal donkey serum. Images were taken with a Leica TCS SP8 confocal

laser scanning microscope (Leica Microsystems Heidelberg GmbH, Manheim, Germany) or a Zeiss Axio Scan 7 microsope ((Carl

Zeiss Inc.) and analyzed with ImageJ or CellProfiler Image Analysis Software (RRID: SCR_007358).88

Zebrafish

Zebrafish were collected at 30 hpf and fixed overnight with 4% PFA at 4�C. Fixation was followed by permeabilization with acetone

for 1 h at�20�C, blockingwith 1%bovine serum albumin (BSA), 1%dimethyl sulfoxide (DMSO) PBS for 1 h at RT and immunostaining

with primary mouse anti-synaptic vesicle glycoprotein 2 (SV2) (Table S6) in 1%DMSO/PBS for 3 h at RT. Embryos were incubated

overnight at 4�Cwith secondary Alexa Fluor 555 anti-mouse antibody (Table S6) in 1%DMSO/PBS. Stained zebrafish embryos were

analyzed with a Leica DM 3000 LED fluorescence microscope using LUCIA software version 4.60 (Laboratory Imaging). Fish were

scored on axonal length and abnormal branching of ventral root projections using a standardized method. Axonal length was

measured from the 8th up to the 12th axon on one side in 15 fish per condition in each experiment. Abnormal branching was scored

from the 8th up to the 17th axon on both sides. Branching was considered abnormal when at least two out of 20 axons were branched

at or above the ventral edge of the notochord.

iPSC-derived astrocytes

iPSC-derived astrocytes were fixed at d+41 with 4% PFA. After fixation, cells were blocked for 1 h in 5% normal donkey serum,

PBS-T and incubated subsequently for 1 h at room temperature with the required antibodies (Table S6) dissolved in PBS-T supple-

mented with 2% normal donkey serum. Images were taken with a Leica TCS SP8 confocal laser scanning microscope and analyzed

with ImageJ.

RNA isolation, qRT-PCR and RT-PCR
Mice

Mice were anesthetized using 10% Dolethal and transcardially perfused using 1X PBS. Tissues were harvested and immediately

stored at �80�C until further processing. Total RNA was extracted using TriPure (11667157001, Roche, Basel, Switzerland) and iso-

propanol purification. cDNAwas synthesized using the Superscript III First-strand Synthesis Mastermix kit. qRT-PCR reactions were

performed on 4uL 1.25 ng/ul cDNA using SYBR green Universal PCR master mix (4309155, Invitrogen) and DNA primers (Tables S7

and S8). Samples were run in triplicate in a 96-well plate and thermal cycling was performed on a StepOne-Plus RT-PCR system

using a standard amplification protocol. Data were analyzed using the delta delta Ct method. Gapdh was used as housekeeping.

Zebrafish

Zebrafish were collected at 30 hpf on dry ice and stored at � 80�C. Total RNA was extracted using the RNeasy kit (74104, Qiagen,

Hilden, Germany) and cDNA was synthesized using the Superscript III First-strand Synthesis Mastermix kit. RT-PCR was performed

using DreamTaq Green PCR Master Mix (K1081, ThermoFisher Scientific) and DNA primers (Table S7). RT-PCR products

were analyzed on a 1% agarose gel and visualized using MIDORI Green staining (Nippon Genetics, D€uren, Germany). qRT-PCR re-

actions were performed on 4uL 1.25 ng/ul cDNA using SYBR green Universal PCRmaster mix and DNA primers (Table S7). Samples

were run in triplicate in a 96-well plate and thermal cycling was performed on a StepOne-Plus RT-PCR system (Applied Biosystems)

using a standard amplification protocol. Data were analyzed using the delta delta Ct method. Gapdh and Elp1 were used as

housekeeping.

Western blot analysis
P110 mice were anesthetized using 10% Dolethal and transcardially perfused using 1X PBS. Tissues were harvested and immedi-

ately stored at �80�C until further processing. Protein was extracted in RIPA buffer (50mM Tris-HCl (pH7.5), 150 mM NaCl, 1%

NP-40, 0.5% Na-deoxycholic acid, 0.5% SDS) supplemented with Complete EDTA-free protease inhibitor cocktail (11873580001,

Roche). Lumbar spinal cord tissues were homogenized using Lysing Matrix D beads (116913050-CF, MP Biomedicals, Solon,

US) and aMagNa Lyser oscillator (Roche) at 6500 rpm for 30 s, three times with 1 min intervals on ice. Next, the samples were centri-

fuged at 14,000 rpm for 20 min and supernatant was collected. Protein concentrations were determined using the micro BCA kit

(23235, Pierce Biotechnology, Rockford, US). 30 mg sample together with reducing sample buffer (15492859, ThermoFisher Scien-

tific) was heated for 10min at 95�C. After separation on an SDS–polyacrylamide electrophoresis gel (12%, 90 V), samples were trans-

ferred to a polyvinylidene difluoride (PVDF) membrane (IPVH00010, Millipore, Massachusetts, US) by a semi-dry transfer apparatus

(Bio-Rad, Hercules, US). Membraneswere blockedwith 5%milk TBS-T (10mMTris-HCl (pH 7.5), 150mMNaCl and 1%Tween 20) for

1 h at RT and subsequently incubated with primary antibodies against human SOD1 and calnexin (Table S6) overnight at 4�C. Finally,
the membranes were incubated with the appropriate secondary antibody conjugated with horseradish peroxidase (HRP) (1/5000;

AgilentTechnologies (Dako)) for 1 h at RT and protein bands were visualized using enhanced chemiluminescence (ECL substrate,

32106, ThermoFisher Scientific) and an ImageQuant LAS 4000 Biomolecular Imager (GE Healthcare, Illinois, US). Band intensities

were quantified using ImageJ.
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Single-nuclei RNA sequencing of mice lumbar spinal cord
Single nuclei extraction

To extract nuclei from frozen mouse lumbar spinal cords, we used a slightly modified version of the protocol described previously by

Swiech et al.107 In brief, lumbar spinal cords from P110 mice were dissected and frozen immediately in precooled RNAse-free ep-

pendorfs. Tissue was stored at �80�C until nuclei were extracted. At the day of nuclei extraction, frozen tissues were left in homog-

enization buffer (320 mM sucrose, 5 mM CaCl2, 3 mM Mg Acetate, 10 mM Tris pH8, 0.1 mM EDTA, 0.1% Igepal/NP-40, 0.1 mM

PMSF, 1 mM b-mercaptoethanol in H2O) for 5 min on ice to prevent nuclei from breaking. Next, tissue was homogenized by 100

gentle manual strokes using a Dounce homogenizer (Sigma-Aldrich). Subsequently, a 1:1 volume of gradient medium (5 mM

CaCl2, 3 mM Mg Acetate, 10 mM Tris pH 8, 0.1 mM PMSF, 1 mM b-mercaptoethanol, 50% Optiprep, in water) was layered on

top of the homogenized sample before ultracentrifugation (7,700 rpm for 30 min at 4�C using a SW41Ti rotor). Subsequently, the

nuclei-containing pellet was resuspended in 150 mL resuspension buffer (BSA 1%, nuclease free water 340 mM, RNasin Plus

0.2 U/mL in 1X PBS). Number and quality of purified nuclei was controlled using a LUNA-FL Dual fluorescence cell counter (Logos

Biosystems, Anyang-si, South Korea).

After single nuclei preparation, samples were immediately processed for the single nuclei whole transcriptome analysis (WTA).

SnRNA-seq analysis was performed using 10X genomics 30 WTA suite, according to themanufacturer recommendation. In brief, sin-

gle nuclei were encapsulated in droplets for lysis and subsequent reverse transcription of polyadenylated mRNA species. After the

first cDNA amplification, the library was subjected to Trueseq based library preparation to incorporate the Illumina sequencing

adaptors and indices. The final library obtained at the end of the snRNA-seq workflow was sequenced on either of the Illumina Hiseq

4000 or Illumina NovaSeq6000 platforms as per the sequencing specification mentioned in the 10X scRNAseq workflow. Each lane

was pooled with multiple 10X libraries which were indexed separately.

10x genomics data processing

Fastq files from 10x experiments were mapped to the mouse genome (mm10-2020-A, provided by 10x genomics) using cellranger

count (RRID: SCR_023221) v5.0.2, the includeIntrons option was enabled. Filtered count matrices were loaded into Scanpy (RRID:

SCR_018139) v1.8.1 and nuclei with more than 15% reads associated to mitochondrial genes or less than 250 genes expressed

were filtered out, next Scrublet (RRID: SCR_018098) v0.2.2 was used to remove doublets with thresholds being determined auto-

matically. All nuclei were combined into a single dataset for further processing, nuclei were then normalized to a total of 10000

counts and log transformed. Highly variable genes were detected using default parameters and the counts were finally scaled

to unit variance with a zero mean and values greater than ten were clipped. A principal component analysis was performed,

and harmony batch correction (performed via vsn-pipelines v0.25.0 [https://doi.org/10.5281/zenodo.3703108]) was used to inte-

grate data between experiments, the number of components to use for subsequent analyses (UMAP, tSNE and Leiden clustering)

was determined using the pcacv functionality of vsn-pipelines (57 PCs). Leiden clustering was performed at various resolution (0.4

-> 8.0) and marker genes were calculated using standard Scanpy functions. A combined clustering level was created by using the

leiden resolution0.8 clusters as a base, and re-annotating cells from cluster 64 at resolution 4.0 as a new, final cluster. Clusters

were annotated to known cell types using publicly available single-cell data35–43,108–110 and confirmed by evaluating the expres-

sion of known cell type markers in our clusters using the online tool Scope91 (RRID: SCR_017454). Differential gene expression

was performed by first creating pseudobulk samples (summed counts) from each group of interest separated by initial sample

of origin, and subsequently performing a DESeq292 (RRID: SCR_015687) differential analysis between genotypes, per cluster

including the Experiment of origin as a covariate.

Gene ontology (GO) analysis and gene set enrichment analysis (GSEA)

GO enrichment of DEGs were performed using the PANTHER (RRID: SCR_004869) v14.1 GO biological process complete.93 Only

DEGs with 0.5 % log10(FC) % �0.5 and p < 0.05 were included. GSEA analysis was performed using WebGestalt (RRID:SCR_

006786) 202494 on the ranked gene sets. Mitochondrially encoded genes, that could be present due to the use of a gentle lysis buffer

during nuclei extraction, were excluded from both analyses.

RNAScope in situ hybridization
RNAscope was performed as previously described by Rué et al.111

Mice were anesthetized using 10% Dolethal at P110 and transcardially perfused with 1X PBS followed by perfusion with 4% PFA.

Lumbar spinal cords were harvested, post-fixed with 4% PFA overnight at 4�C and dehydrated for 48 h in a 30% sucrose solution at

4�C. Following embedding in O.C.T. compound mounting medium for cryometry the samples were stored at �80�C until further

processing. 20 mm cryosections, obtained using a CryoStar NX70 Cryostat, were mounted on Superfrost Plus slides. To improve

attachment of the spinal cord slices on the slides, slices were post-fixed for 30 min with cold 4% PFA at 4�C, rinsed with PBS

and dehydrated in 70%, 90% and 100% ethanol for 5 min each and baked for 30 min at 60�C. RNAscope in situ hybridization

was performed as indicated by the manufacturer with the RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnos-

tics, San Francisco, US).

In brief, slides underwent an antigen retrieval step of 5 min at 98�C–104�C with a Braun Multiquick FS-3000 Steamer (Braun,

Kronberg, Germany). Followed by a Protease III incubation step of 30 min at 40�C in a HybEZ Oven (Advanced Cell Diagnostics,

Newark, US). RNAscope probes against Stathmin-2 (Stmn2, 1:125; RNAscope Probe Mm-Stmn2-C2; Advanced Cell Diagnostics)

and Synaptophysin (Syp; 1:150; RNAscope Probe - Mm-Syp-C3; Advanced Cell Diagnostics) were used. Signal amplification was
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performed as stated in the manufacturer’s instructions with TSA Plus Cyanine 3 (NEL744001KT, PerkinElmer, Waltham, US,

diluted 1:500) and TSA Plus Fluorescein (NEL741001KT, PerkinElmer, diluted 1:750). Nuclear counterstain was performed with

Hoechst 33342 (5 mg/mL) and slides were finally mounted with ProLong Gold antifade reagent. Images of the ventral horns

were obtained with a Leica TCS SP8 confocal laser scanning microscope with an HC PL APO CS2 20x/0.75 dry lens and a pinhole

of 0.5 Airy Units.

RNA sequencing of iPSC-derived astrocytes
RNA extraction and quality control

iPSC-derived astrocytes were collected at d+41with accutase and total RNAwas extracted using the RNeasy kit. RNA concentration

and purity were determined spectrophotometrically using the Nanodrop ND-8000 (Nanodrop Technologies, Wilmington, US) and

RNA integrity and concentration were assessed using a Fragment Analyzer SS-RNA kit (Agilent, Santa Clara, US).

Library preparation

Per sample, 250 ng of total RNA was used as input. Using the Illumina Stranded mRNA Sample Prep Kit (protocol version: #

1000000124518v02 (April 2021)) poly-AcontainingmRNAmoleculeswerepurified fromthe totalRNA input usingpoly-dToligo-attached

magnetic beads. The purified mRNAwas fragmented and in a reverse transcription reaction using random primers and Actinomycin D,

RNAwas converted into first strand cDNA and subsequently converted into double-stranded cDNA in a second strand cDNA synthesis

reaction using dUTP to achieve strand specificity. The cDNA fragments were extendedwith a single ’A’ base to the 30 ends of the blunt-
ended cDNA fragments after which pre-index anchorswere ligated preparing the fragments for dual indexing. Anchor-ligated fragments

were then purified using magnetic beads. Finally, enrichment PCR was carried out to enrich those DNA fragments that have anchor-

ligated DNA fragments and to add indexes and primer sequences for cluster generation.

Sequencing

Purified dual-indexed sequence-libraries of each sample were equimolarly pooled and sequenced on Element Biosciences AVITI

(2x75 Cloudbreak kit, single-end reads 100 (101-10-10-0)) at the VIB Nucleomics Core (https://nucleomicscore.sites.vib.be/en).

Preprocessing

Low quality ends and adapter sequences were trimmed off from the Illumina reads with FastX (RRID: SCR_005534) 0.0.14 [http://

hannonlab.cshl.edu/fastx_toolkit/index.html] and Cutadapt (RRID: SCR_011841) 3.2.95 Subsequently, small reads (length <35 bp),

polyA-reads (more than 90% of the bases equal A), ambiguous reads (containing N), low-quality reads (more than 50% of the

bases < Q25) and artifact reads (all but three bases in the read equal one base type) were filtered using using FastX 0.0.14 and

ShortRead (RRID: SCR_006813) 1.58.0.96 With Bowtie2 (RRID: SCR_016368) 2.4.5 we identified and removed reads that align to

phix_illumina.97

Mapping

The preprocessed reads were aligned with STAR aligner (RRID: SCR_004463) v2.5.2b to the reference genome of Homo sapiens

(GRCh38.88).98 Default STAR aligner parameter settingswere used, except for ‘–outSAMprimaryFlag OneBestScore –twopassMode

Basic –alignIntronMin 50 –alignIntronMax 500000 –outSAMtype BAM SortedByCoordinate’. Using Samtools (RRID: SCR_002105)

1.15.1, reads with a mapping quality smaller than 20 were removed from the alignments.99

Counting

The number of reads in the alignments that overlap with gene features were counted with featureCounts (RRID: SCR_002105)

1.5.3.100 Following parameters were chosen: -Q 0 -s 2 -t exon -g gene_id. We removed genes for which all samples had less than

1 count-per-million. Raw counts were further corrected within samples for GC-content and between samples using full quantile

normalization, as implemented in the EDASeq (RRID: SCR_006751) 2.32 package from Bioconductor.101

Differential gene expression

With the EdgeR (RRID:SCR_012802) 3.42.4 package of Bioconductor, a negative binomial generalized linear model (GLM) was fitted

against the normalized counts.102 We did not use the normalized counts directly, but worked with offsets. Differential expression was

tested for with aGLM likelihood ratio test, also implemented in the EdgeR package. The resulting p-values were corrected formultiple

testing with Benjamini-Hochberg to control the false discovery rate.112

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with Graphpad Prism (RRID:SCR_002798). Unpaired t test was used to compare innervated

NMJs, blood vessel-positive area, number of GFAP positive, and GFAP and STING positive nuclei between SOD1G93A/Egln2�/�

and SOD1G93A/Egln2+/+ mice. One-way ANOVA with Dunnett’s multiple comparison test was used to compare Egln1, -2 and -3

expression and, SOD1 expression between SOD1G93A/Egln2�/�, SOD1G93A/Egln2+/� and SOD1G93A/Egln2+/+ mice, and Stmn2

expression between different sizes of neuron area. One-way ANOVA with Tukey’s multiple comparison test was used to compare

disease duration between SOD1G93A/Egln2�/�, SOD1G93A/Egln2+/�, and SOD1G93A/Egln2+/+ mice. One-way ANOVA with Sidak’s

multiple comparison test was used to compare axonal length between zebrafish injected with control RNA (SOD1WT or GFP), ALS

RNA (SOD1G93A or C9orf72 sense repeats), and ALS RNA co-injected with control AMO or egln2 AMO. Kruskal-Wallis test with

Dunn’s multiple comparison test was used to compare percentage of abnormal branching between zebrafish injected with control

RNA (SOD1WT or GFP), ALS RNA (SOD1G93A or C9orf72 sense repeats), and ALS RNA co-injected with control AMO or egln2 AMO
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and mRNA expression of egln1a, egln1b, egln3, and vegfaa between zebrafish injected with SOD1WT, SOD1G93A and SOD1G93A co-

injected with control AMO or egln2 AMO zebrafish. Two-way ANOVA with Sidak’s multiple comparison test was used to compare

motor neuron count between SOD1G93A/Egln2�/�, and SOD1G93A/Egln2+/+ mice for different sizes of neuron area. Two-way

ANOVA with Tukey’s multiple comparison test was used to compare mRNA expression between SOD1G93A/Egln2�/� and

SOD1G93A/Egln2+/+ mice for different HIF targets. Log rank Mantel-Cox test was used to compare probability of disease onset

and survival between SOD1G93A/Egln2�/�, SOD1G93A/Egln2+/�, and SOD1G93A/Egln2+/+ mice. p-values <0.05 were considered sig-

nificant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). The data represent mean ± SEM with individual values shown. For each

experiment, the definition and number of individual values (n) is provided in the figure legend.
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