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SUMMARY
Mitochondria account for essential cellular pathways, from ATP production to nucleotide metabolism, and
their deficits lead to neurological disorders and contribute to the onset of age-related diseases. Direct
neuronal reprogramming aims at replacing neurons lost in such conditions, but very little is known about
the impact ofmitochondrial dysfunction on the direct reprogramming of human cells. Here, we explore the ef-
fects of mitochondrial dysfunction on the neuronal reprogramming of induced pluripotent stem cell (iPSC)-
derivedastrocytes carryingmutations in theNDUFS4gene, important forComplex I andassociatedwithLeigh
syndrome. This led to the identification of the unfolded protein response as a major hurdle in the direct
neuronal conversion of not only astrocytes and fibroblasts from patients but also control human astrocytes
and fibroblasts. Its transient inhibition potently improves reprogramming by influencing the mitochondria-
endoplasmic-reticulum-stress-mediated pathways. Taken together, diseasemodeling using patient cells un-
raveled novel general hurdles and ways to overcome these in human astrocyte-to-neuron reprogramming.
INTRODUCTION

A hallmark of traumatic brain injury and neurodegenerative dis-

eases is the irreversible loss of neurons, leading to cognitive and

functional deficits.1 Neurodegeneration is often associated with

mitochondrial dysfunction,2,3 causing mitochondrial stress and

excessive reactive oxygen species (ROS).2,3 These negative ef-

fects for pre-existing neurons also hamper direct neuronal conver-

sion fromglial cells.4,5 Astrocytesandneuronsdiffer significantly in

their mitochondrial proteome5,6 and the early expression of

neuron-enriched mitochondrial proteins improves the induction
Neuron 112, 1117–1132,
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of neurons.5 However, it is unknown how cells from patients with

mitochondrial deficienciesmay respond todirect neuronal reprog-

ramming. To model this, we used proliferating astrocytes

(pAstros)7 derived from human-induced pluripotent stem cell

(iPSC) carrying mutations in nicotinamide adenine dinucleotide

(NADH):ubiquinone oxidoreductase subunit S4 (hereafter,

NDUFS4), an accessory protein of Complex I (C-I) associated

with Leigh syndrome (LS) and mitochondrial C-I deficiency,

causing excessive ROS levels.8–13 NDUFS4-pAstros from 3

different patients consistently showed deficits in direct neuronal

conversion compared with control pAstros and, thus, provided a
April 3, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1117
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suitable platform for testing pharmacological treatments aimed at

overcoming mitochondria-dependent roadblocks. Interestingly,

treatments successful in murine astrocyte-to-neuron reprogram-

ming, e.g., ROS scavengers or Bcl2 co-transduction, were less

efficient in human astrocyte-to-neuron conversion. Remarkably,

wediscovered theunfoldedprotein response (UPR)and integrated

stress response (ISR) as novel, common, and major hurdles in

direct neuronal conversion: blocking these pathways allowed

high rates of conversion reaching more than 70% success also

for patient-derived astrocytes.
RESULTS

Control and NDUFS4-patient iPSCs differentiate equally
well into astrocytes
First, we obtained iPSCs from fibroblasts of control donors

(hereafter ‘‘control’’) or from patients with different mutations in

NDUFS4 (hereafter ‘‘patient’’) (Table S1), but all not expressing

detectable levels of the protein (Figure S1A). iPSCs were differ-

entiated into fibroblast growth factor (FGF)/epidermal growth

factor (EGF)-treated pAstros and leukemia inhibitory factor

(LIF)-treated non-pAstros (Figure S1B).7 Immunocytochemistry

for the astrocyte proteins S100B and FGFR3 showed no detect-

able differences between control and patient cells at the differen-

tiation stages analyzed (Figure S1C). Bulk RNA sequencing

(RNA-seq) analysis14 of 3 control and 3 patient lines revealed a

clear separation between iPSCs and differentiated samples (Fig-

ure S1D), with non-pAstro showing lower G1/S and G2 scores

compared with iPSCs and pAstros (Figure S1E).15 Remarkably,

control and patient sampleswere intermingled at any given stage

(Figures S1D and S1E), also for the unsupervised clustering

based on the expression of iPSC16 and astrocyte markers17 (Fig-

ure S1F). Pairwise comparison of control and patient cells re-

vealed an overall relatively small subset of transcripts differen-

tially expressed at specific stages (Figures S1G–S1I; Table S2).

Glutamate uptake assay was similar between control and pa-

tient pAstros or non-pAstros, both of which took up more gluta-

mate than iPSCs (Figure S1J). Likewise, control and patient

pAstros (Figure S1K) and non-pAstros (Figure S1L) had similar

oxygen consumption rate (OCR) at resting basal condition,

though the basal respiration was higher in pAstros than non-

pAstros (FiguresS1KandS1L). Applying inhibitors of the electron

transport chain (ETC) revealed higher maximal respiration and

spare respiratory capacity in control pAstros compared with pa-

tient pAstros (Figure S1K), but such difference was not detect-

able in non-pAstros (Figure S1L), suggesting a different meta-

bolic demand between pAstros and non-pAstros. Together,

these data revealed high similarity of control and patient iPSCs

during astrocyte differentiation.
Figure 1. NDUFS4-patient pAstros exhibit impaired neuronal reprogra

(A) Scheme of direct neuronal reprogramming.

(B and C) Micrographs depicting control (HMGU-1) and patient (#87971) pAstro

factors) at 20 DPT. Scale bars, 50 mm.

(D and E) Boxplots of reprogramming efficiency of control and patient pAstros wi

ratio of bIII-tubulin+/dsRed+ to dsRed+ cells. Data are shown as median ± IQR. *p

control, and 3 lines per patient.
NDUFS4 mutations impair direct neuronal
reprogramming of pAstros
pAstros were chosen as target cell for reprogramming because

NDUFS4-patient pAstros showed functional defects and astro-

cytes in vivo proliferate following injury18,19 including in human

patient brains with hemorrhagic injuries20 (Figure 1A). Control

and patient pAstros were transduced with a retrovirus encoding

either the red fluorescent protein dsRed alone, as a control, or

together with the proneural transcription factors (TFs)

Neurogenin-2 (Neurog2/Ngn2), Achaete-scute homolog 1

(Ascl1)4,5,21,22 or their phosphorylation-deficient versions

(referred to as pMutNgn2 and pMutAscl1), because of their

enhancedneurogenic activity in vivo.23–25 AlthoughdsRed-trans-

duced control or patient pAstros did not generate neuron-like

cells at 20 days post transduction (20 DPT; Figures 1B and 1D),

control pAstrosweremore efficiently reprogrammed than patient

pAstros upon the forced expression of Ngn2 or pMutNgn2 (Fig-

ure 1D), consistently across different lines. Remarkably,

pMutNgn2 was more efficient than wild-type Ngn2 in control

but not in patient cells. The forced expression of Ascl1 or pMu-

tAscl1 led to cell death in both genotypes (Figures 1B and 1D).

To independently evaluate the impact of mitochondrial

dysfunction in direct reprogramming, we transiently treated at

2 DPT dsRed- or Ngn2-transduced control and patient pAstros

with OligomycinA, an ATP synthase inhibitor,26 as previously

done in mouse astrocyte-to-neuron direct conversion4: almost

no induced neuronal cells could be found in both genotypes

(Figures S2A and S2B), similar to murine astrocytes,4 thus sug-

gesting that the activity of ATP synthase is essential for the con-

version process. Moreover, the transient treatment with the ROS

scavenger a-tocopherol,4 also at 2 DPT, neither rescued nor

improved the conversion of patient or control pAstros (Fig-

ure S2B), suggesting differences in ROS production (either levels

or timing) or in scavenging capability between human andmurine

astrocytes.27 We also tested Bcl2 co-expression that had

improved murine astrocyte-to-neuron reprogramming,4 but it

had no significant effect in control or patient pAstros compared

with Ngn2 or Ascl1 alone (Figures 1C and 1E).

Together, these results suggested that defects in C-I signifi-

cantly impair the direct neuronal reprogramming of human

pAstros and treatments efficient for murine astrocyte-to-neuron

reprogramming were not sufficient in the context of human

astrocyte direct conversion.

Genetic rescue of C-I function partially rescues the
reprogramming deficits of NDUFS4-patient pAstros
To genetically rescue C-I function, we co-expressed atNDB4, an

Arabidopsis thaliana NADH dehydrogenase (Figure S2A), in pa-

tient pAstros capable of rescuing C-I deficiency in NDUFS4-pa-

tient fibroblasts.28 This improved the reprogramming in patient
mming

s transduced with the indicated transcription factors (B, single factor; C, two

th different factors (D, single factor; E, two factors). Efficiency is defined as the

% 0.05, **p % 0.01. n = 3–4 independent culture batches per line, 2 lines per
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pAstros, either in combination with Ngn2 or pMutNgn2 (Fig-

ure S2C) or together with Bcl2 (Figure S2D), but not when co-ex-

pressed with Ascl1 (Figures S2C and S2D). However, the rescue

of the conversion was only partial, suggesting that other mito-

chondrial functions are defective during the process. Therefore,

we explored other aspects of metabolic stress by targeting

different branches of mitochondrial dysfunction.29

Pharmacological treatments toward improving the
reprogramming deficits of NDUFS4-patient pAstros
In particular, we transiently treated control and patient pAstros

undergoing Ngn2-mediated reprogramming (Figure 2A) with

small molecules modulating various aspects of mitochondria

function.29 NAD+ precursor nicotinamide riboside (NR) was

used to increase NAD+ levels and restore NAD+/NADH balance,

disrupted in NDUFS4-patient patients30: remarkably, NR signifi-

cantly improved reprogramming of both control and patient cells

(Figures 2B and 2C), suggesting NAD+ as a limiting factor in

pAstros-to-neuron conversion. The treatment with idebenone,

a synthetic analog of coenzyme Q10
31 acting as antioxidant

and improving the transport of electrons in the ETC,32 led to a

mild increase in neurons induced from control pAstros

(Figures 2B and 2C). Urolithin A (UA), a mitophagy activator

used to increase mitochondria turnover,33 had no detectable

effect (Figures 2B and 2C).

As dysfunctional mitochondria have been found to induce

stress responses in the endoplasmic reticulum (ER),34–37 eliciting

the UPR and slowing protein translation,38 we investigated the

role of ER stress during direct pAstro-to-neuron reprogramming.

Specifically, we interfered with the inositol-requiring enzyme 1

(IRE1) branch, which induces the expression of protein folding

chaperones by regulating the splicing of X-box binding protein

1 (XBP1) mRNA39,40 (Figure 2A), and the protein kinase R

(PKR)-like ER kinase (PERK) branch, which recognizes the accu-

mulation of misfolded proteins and reduces protein synthesis38

by phosphorylating the eukaryotic translation initiation factor 2

alpha (EIF2a) (Figure 2A). Strikingly, inhibiting either pathway

with small molecules (STF-083010 [STF] for IRE1 and AMG-

PERK 44 [AMG] for PERK) significantly improved the reprogram-

ming from both control and patient pAstros (Figures 2B and 2C).

UPR inhibition led to the generation of neuronal cells with longer

processes, with AMGhaving the strongest impact on the propor-

tion of induced neurons (iNs; Figure 2C) and neurite length (Fig-

ure 2D). To validate the impact of PERK inhibition, we used

GSK2606414 (GSK), a very specific PERK inhibitor41,42: indeed,

it improved Ngn2-induced conversion efficiency in both geno-

types, although with higher variability in patient pAstros

(Figures S2E and S2F). AMG and STF co-treatment did not

improve the generation of neuronal cells (Figures S2E and

S2F). We further explored if UPR activation is detrimental to

direct neuronal reprogramming by treating dsRed or Ngn2-

transduced pAstros with tunicamycin (TM), a known UPR

inducer,42 for 16 h: even if transiently treated, all Ngn2-trans-

duced cells died within few days (data not shown).

Together, these results revealed ER stress as a major hurdle in

the direct neuronal reprogramming of pAstros, as its manipula-

tion greatly increased the conversion into neurons from both

control and patient cells.
1120 Neuron 112, 1117–1132, April 3, 2024
Induction of UPR during direct neuronal conversion and
aggresome formation
Given the above effects of UPR inhibition, we first investigated

the responsiveness of pAstros to ER stress and then explored

UPR induction during direct reprogramming. Following TM treat-

ment for 16 h (Figure S3A), control and patient pAstros showed

an increased expression of downstream targets for the 3 UPR

branches (e.g., DDIT3/CHOP, HSPA5/BIP, MANF, and HYOU1;

Figures S3B and S3C). Overall, UPR downstream effectors

were similarly expressed in homeostatic conditions in control

and patient cells (Figure S3D). However, control Ngn2-trans-

duced pAstros showed a more pronounced expression of

some UPR targets at 5 DPT (e.g., CHOP, MANF, and HYOU1;

Figure 3B) compared with patient Ngn2-transduced cells (Fig-

ure 3B). This may be a genuinely higher response in control cells

or relate to different timing of this response in patient cells.

To observe the activation of UPR branches during direct

neuronal conversion at single-cell level, we employed genetically

encoded sensors for ATF4-PERK pathway activation43 or ATF6

pathway.44 Both sensors responded to UPR induction by TM

in control and patient pAstros (Figures S3E–S3G): interestingly,

ATF6-YFP trended toward a higher intensity in patients

compared with control pAstros and its induction following TM

treatment was more pronounced than the PERK sensor, though

some variability was observed across patient lines (e.g., line

#79787) (Figure S3G). When expressed together with dsRed or

Ngn2 in control and patient pAstros (3 and 7 DPT, Figure 3A),

the PERK sensor showed a trend to higher expression in

dsRed-transduced patient pAstros than controls at 3 DPT

(Figures 3C and 3D), though this was also highly variable across

lines. In Ngn2-transduced control pAstros, PERK sensor was

significantly higher compared with dsRed-transduced control

cells as well as Ngn2-transduced patient pAstros, which were

very similar to their dsRed-positive controls (Figure 3D). At 7

DPT, PERK sensor was similarly low in all conditions tested (Fig-

ure 3D), suggesting a dynamic ER-related stress response

mostly during early stages of reprogramming. Conversely, no

significant difference could be detected using the ATF6 sensor

at 3 DPT, both in control and patient pAstros, and not differently

induced in dsRed- or Ngn2-expressing pAstros (Figures S3H

and S3I), supporting the low induction of ATF6 targets at 5

DPT (Figure 3B). At 7 DPT, however, Ngn2-expressing patient

cells showed a trend to higher expression of the ATF6 reporter,

suggesting a delayed induction of ATF6-dependent UPR in pa-

tient cells (Figure S3I).

As the UPR is induced upon the accumulation of misfolded

proteins, we examined misfolded proteins during reprogram-

ming using a dye that intercalates in misfolded proteins turning

on red fluorescence45 (Figure 3A). Control and patient pAstros

expressing blue fluorescent protein (BFP) alone or with Ngn2,

either treated or not with small molecules, were examined at 5

DPT and 20 DPT. Generally, at 5 DPT aggresome accumulation

was relatively minor and not significant (Figures S3J and S3K),

except for an STF treatment in dsRed-transduced control

pAstros and NR treatment, which led to an overall decrease in

aggresomes (Figure S3K). At 20 DPT, Ngn2-transduced cells

were separated in converted (Ngn2-N [neurons]; yellow dashed

line; Figure 3E) and not converted (Ngn2-A [astrocytes]; white
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Figure 2. Pharmacological treatments improve direct neuronal reprogramming of pAstros

(A) Scheme of direct neuronal reprogramming and the site of action of small molecules. Images adapted from Biorender.com.

(B) Micrographs of control (HMGU-1) and patient (#87971) pAstros transduced with Ngn2 alone (untreated, UT) or in combination with AMG-PERK 44 (AMG),

STF-083010 (STF), idebenone, nicotinamide riboside (NR), or urolithin A (UA) treatment at 20 DPT. Scale bars, 50 mm.

(C and D) Boxplots of reprogramming efficiency (C) and neurite length (D) of control and patient pAstros treated with the indicated small molecules. Asterisks

indicate statistical significance of the conversion between untreated and small molecules samples within the same genotype; asterisks above bar indicate the

significance of the reprogramming between control and patient pAstros within the same treatment. Data are shown asmedian ± IQR. *p% 0.05, ***p% 0.001. n =

3 independent culture batches per line; 2 lines per controls (HMGU-1 and HMGU-12) and 3 lines per patient (#79787, #87971, #114107).
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Figure 3. UPR activation and proteostasis during direct neuronal reprogramming of pAstros

(A) Experimental design.

(B) Boxplots depicting the expression of UPR targets in control (left) and patient (right) pAstros at 5 DPT as measured by RT-qPCR. Data are shown as the fold-

change relative to dsRed and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data are shown as median ± IQR. Each dot represents an

independent biological replicate. n = 3–4 independent experiments.

(legend continued on next page)
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dashed line; Figure 3E). Interestingly, aggresome levels were

significantly higher in Ngn2-N, compared with BFP and non-con-

verted Ngn2-A cells, irrespective of genotype (Figure 3F). Thus,

neuronal conversion indeed increased the aggresome load

significantly. However, UPR inhibitors, except STF (Figure 3F),

did not lead to a further significant increase in aggresomes in

iNs, and NR treatment even reduced aggresome intensity close

to the untreated condition (Figure 3F).

Together, the transient treatment with UPR inhibitors potently

improves reprogramming with only mild effects, if any, on aggre-

some formation. However, iNs generally showed an increase in

misfolded proteins, which led us to explore induced neurons

further at the molecular and physiological level.

Single-cell RNA-seq reveals different dynamics and
outcome of reprogramming in control and NDUFS4-
patient pAstros
To assess the quality of iNs, we performed single-cell RNA

sequencing (scRNA-seq) of fluorescence-activated cell sorting

(FACS)-sorted control (HMGU-1) and patient (#87971) pAstros,

transduced with either dsRed or Ngn2 in the presence or

absence of AMG, as the most effective treatment in improving

direct neuronal conversion of pAstros, at 2 time points (5 and

20 DPT) (Figure 4A). Although equal cell numbers per condition

were loaded, some conditions were less represented (Fig-

ure S4A), probably due to loss during sample preparation. Uni-

form manifold approximation and projection (UMAP) of the 2 in-

tegrated datasets (8,079 cells at 5 DPT and 10,710 cells at 20

DPT), followed by cluster analysis (resolution 0.5), identified 20

clusters (0–19; Figure 4B), with cells well intermingled mainly

by the expression profile and not by a priori defined features

(genotypes, factors, treatments and time of analysis)

(Figures S4C–S4F). Scores for astrocytes, neurons, and

vascular-leptomeningeal cells (VLMCs, which appear in iPSC-

to-neuron direct differentiation protocol at late stages46; Fig-

ure S4B) revealed their specific distribution in distinct UMAP

clusters (Figure 4B). Cluster A, characterized by dsRed-trans-

duced cells from both genotypes and DPT (Figures S4G–S4K),

had the highest score for astrocyte markers (astrocyte_score,

Figure 4C); conversely, cluster D had the highest score for

neuronal markers (neuron_score, Figure 4D) and was mainly

composed of Ngn2-transduced cells at 20 DPT of both controls

and patients (Figures S4C–S4F). Interestingly, clusters B and D

were positive for both astrocyte_score and neuron_score

(Figures 4C, 4D, S4B, and S4G–S4K), with cluster D more en-

riched for Ngn2-expressing cells at 20 DPT (Figures S4C–S4F).

Thus, cluster A contained dsRed- and non-reprogrammed

pAstros, cluster D contained mainly cells with neuronal features,

whereas clusters B and C represent 2 intermediate states. Of

note, a small subset of cells positive for the proliferation marker

KI67 was found within cluster A (Figure 4F), suggesting that most

cells do not proliferate at later stages. Quantitative RT-PCR (RT-
(C) Micrographs of control and patient pAstros transduced with ATF4-YFP sensor

(D) Boxplots depicting mean fluorescent intensity of ATF4-YFP sensor at 3 DPT (l

median ± IQR. n = 3–5 independent batch cultures (2 lines per control and 3 line

(E) Micrographs of control and patient pAstros transduced with BFP or Ngn2-BFP

(F) Boxplots depicting aggresome detection in control and patient pAstros in d

(astrocyte-like) and Ngn2-N (neuronal). Data are shown as median ± IQR. *p % 0
qPCR) on selected candidates (e.g., HES6, MAP2, and ASS1;

Figure S4G) confirmed scRNA-seq results (Figure S4H).

Remarkably, all main clusters contained AMG-treated cells

(Figure S4F), but several genes associated to UPR were upregu-

lated following Ngn2 expression (Figures S4I–S4N), supporting

RT-qPCR analysis at 5 DPT (Figure 3B). ATF4, a major down-

stream effector of the PERK pathway,42 was upregulated in

Ngn2-expressing cells and further boosted upon AMG treat-

ment, especially at 20 DPT (Figures S4O and S4P). Notably,

the concentration of AMG used also induces the activation of

the ISR,47 a complex pro-survival signaling pathway induced

by extrinsic (e.g., glucose deprivation) and intrinsic stimuli

(e.g., unfolded proteins and mitochondrial dysfunction).48,49

Interestingly, EIF2AK4, coding for GCN2 kinase responsible for

phosphorylating EIF2a, and known ISR effectors, were more ex-

pressed in specific clusters (e.g., ATG5 and ATG7 in clusters C

and D;MAP1LC3B in clusters B and D; Figures S4O–S4Q), sug-

gesting different responses to ISR across clusters. Therefore,

scRNA-seq analysis indicated that the ISR pathway is also acti-

vated during direct neuronal reprogramming.

Metabolic and lipid-peroxidation signature of partially
reprogrammed clusters
Next, we evaluated the genes differentially regulated between

reprogramming clusters (B, C, and D) over cluster A, containing

the starter cells, followed by searching for common and cluster-

specific signatures (Figure 4G; Table S3). Such analysis led to

identify 34 genes commonly upregulated in clusters B, C, and

D (Figure 4G), which are associated to cytoskeleton organization

and neuronal morphogenesis (Figure 4G; Table S4); cluster B

specifically expressed genes associated to neuronal fate and

endothelial development (Figure 4G; Table S5); cluster Cwas en-

riched for genes related to extracellular matrix (ECM)

organization and development of other structures (e.g., vascula-

ture, Figure 4G; Table S6); and cluster D contained genes rele-

vant for neuronal maturation and functions (Figure 4K;

Table S7). This analysis further supports the conclusion that

cluster C largely consists of cells failing to reprogram, lacking dif-

ferential expression of many neurogenic signature genes. Inter-

estingly, cluster B expressed genes of endothelial cells, which

was not previously observed in neuronal reprogramming.

Given the metabolic deficits in patient pAstros (Figure S1K)

and the fact that themetabolic shift is required for the conversion

of mouse astrocytes to neurons,4 we analyzed the expression of

genes involved in glycolysis (Figure S4R) and fatty acid oxidation

(FAO, Figure S4S). Indeed, glycolysis and FAO scores were en-

riched in cluster A (dsRed-enriched cluster; Figures 4H and 4I),

indicating that cells in all other clusters undergo metabolic con-

version to some extent. Conversely, cluster C was enriched for

genes associated to oxidative phosphorylation and genes cod-

ing for the subunits of themitochondrial ATP synthase, highly ex-

pressed also in cluster D (Figures 4J and S4T; Table S8),
and dsRed or Ngn2-dsRed at 3 DPT (left) and 7 DPT (right). Scale bars, 50 mm.

eft) and 7 DPT (right) in control and patient pAstros. Data are shown as median

s per patient). **p % 0.01.

with aggresomes labeled with PROTEOSTAT dye at 20 DPT. Scale bars, 50 mm.

ifferent experimental conditions at 20 DPT. Cells are subdivided into Ngn2-A

.05; **p % 0.01. n = 3 independent biological replicates per line.

Neuron 112, 1117–1132, April 3, 2024 1123
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suggesting a more complete metabolic shift than cluster B. We

then checked ferroptosis in human context, as it is a major

hurdle in mouse direct conversion.4 Ferroptosis_score50 was en-

riched in cluster C, i.e., one of the clusters of cells failing to repro-

gram (Figures 4K and S4U). This suggests that cluster C is

blocked in the conversion process despite the downregulation

of glycolysis and FAO related genes and upregulation of ATP-

synthesis genes, possibly due to deficits in the induction of the

protective machinery. Notably, both clusters B and C contain

control and patient cells, although in partially separate subclus-

ters (pie charts in Figure 4B), suggesting that these failed reprog-

ramming states are not genotype specific. Cells in cluster D are

clearly the most progressed, as they not only increased the

expression of neuronal markers and genes for oxidative phos-

phorylation but also decreased the expression of astrocyte

genes, FAO, and ferroptosis genes, and hence seem to have

overcome the metabolic and lipid-peroxidation bottleneck in

this process.

Similarities and differences in iNs
We further analyzed cluster D, which contained successfully iNs

frombothgenotypes.Unsupervisedclustering identified3clusters

(Figure 4L) with cluster 3 composed almost exclusively of patient

cells and cluster 5 of control cells (Figure 4M). The comparison be-

tween these two clusters identified 84 significantly different genes

(log2FC > |1|, padj < 0.01); the 45 genes enriched in cluster 5 (Fig-

ure S4V; Table S9) contained 6 TFs important for neurogenesis

(e.g., BCL11B, ONECUT2, bold genes in Figure S4V)51,52 and

genes associated to synapse organization and transmission (bio-

logical processes [BPs]; Figure 4N; Table S10) and triphosphate-

related functions (molecular functions [MFs]; Figure 4O;

Table S11), suggesting the induction of a specific neuronal pro-

gram. Among the 39 genes more highly expressed in cluster 3,

only one TFwas present (PBX3; Figure S4W),53 whereas the other

genes were associated to translation, rRNA processing, and ECM

organization (BPandMF; Figures4Pand4Q;TablesS12andS13).

These data suggest that patient cells may need to enhance trans-

lation to cope with the demands of reprogramming.

All cells in cluster D had a comparable neuronal score and ex-

pressed similar levels of mature neuronal markers54 (Figure S4X).

However, iNs from cluster 5 had a higher score for glutamatergic

neurons (Figures 4R and S4Y), whereas iNs in cluster 3 also ex-

pressed GABAergic genes (Figures 4S, S4Z, and S4Z), suggest-

ing a confused neuronal subtype identity. These data thus sug-

gest that mitochondrial dysfunction could affect the neuronal

subtype specification, a key result for future therapeutic

approaches.
Figure 4. scRNA-seq analysis of pAstros undergoing Ngn2-mediated d

(A) Experimental design.

(B) UMAP projection of cells colored by clusters, after combining scRNA-seq of

untreated or treated with AMG, and collected at 5 or 20 DPT. Pie charts show th

(C–F) UMAP projection of cells colored by the Astrocyte_score (C), Neuron-scor

(G) Venn diagram depicting genes unique to each cluster, common to each clus

(H–K) UMAP projections of cells colored for Glycolysis_score (H), FAO_score (I),

(L and M) UMAP projection of cells within the main cluster D (L) and proportion o

(N–Q) GO analysis on biological processes (BP) and molecular function (MF) of ge

(N and O) and vice versa (P and Q).

(R and S) UMAP projection of cells colored by glutamatergic score (R) or GABAe
Functional improvement of neuronal activity upon AMG
treatment
Given the expression differences between patient and control iNs,

we investigated their electrophysiological properties. Ngn2-Bcl2

co-transduced pAstros from different donors (control or patients),

either treated with AMG or not, were cultured on a layer of mouse

astrocytes for 50–70 DPT (Figures 5A and 5B). AMG-treated cells

showed a higher proportion of patient iN firing action potentials

over untreated counterparts (Figures 5C–5F). Remarkably, only

AMG-treated patient iNs had spontaneous action potentials

(Figures 5G and 5H), demonstrating a striking long-term effect of

AMG treatment on the functional propertiesof thepatient iNs.Pas-

sive (e.g., input resistance; Figure 5I) and active properties (action

potential threshold, duration, amplitude, rise-to-fall ratio;

Figures 5J–5M) showed no differences between control and pa-

tient iNs, suggesting that the above observedgene expressiondif-

ferences do not manifest in electrophysiology readouts, at least

under these in vitro conditions. Overall, electrophysiological data

revealed that neurons reprogrammed fromhuman control pAstros

are indeed functional, whereas those reprogrammed from patient

pAstros reached this state only following AMG treatment.

Fibroblasts with NDUFS4 mutations are also deficient in
direct neuronal reprogramming
To test whether NDUFS4-dependent deficits in direct neuronal

conversion are cell-type specific or a general hurdle, we reprog-

rammed human fibroblasts from 3 control donors and 3

NDUFS4-patients (Table S1; Figure S1A). The overexpression

of Ngn2 or pMutNgn2 (Figures S5A–S5C) resulted in lower re-

programming rates55 of both genotypes (Figure S5C) in stark

contrast to pAstros conversion (Figure 1). Likewise, Ascl1 poorly

reprogrammed human fibroblasts56 (Figures S5B–S5E), whereas

pMutAscl1 significantly increased the proportion of iNs from

control and patient fibroblasts (Figures S5B–S5E). Remarkably,

Bcl2-co-expression improved Ngn2- and pMutAscl1-mediated

neuronal conversion from control but not patient fibroblasts

(Figures S5D and S5E). Thus, as shown in 3 independent cell

lines, NDUFS4 mutations impair direct neuronal conversion irre-

spective of the starter cells, and this deficit cannot be rescued

by Bcl2.

Fibroblast-to-neuron conversion is improved by
inhibiting UPR
We then reprogrammed a patient line (# 114107) stably express-

ing atNDB428: remarkably, this resulted in an improvement of the

reprogramming rate to a level close to control (Figures S5F and

S5G). As atNDB4 expression could fully rescue neuronal
irect conversion

control (HMGU-1) and patient (#87971) cells transduced with dsRed or Ngn2,

e proportion of control (orange) and patient (blue) within each subcluster.

e (D), VLMC_score (E), and MKI67 (F).

ter comparison, and the top 5 GO terms associated.

ATP5_score (J), and FerroptosisMarker_score (K).

f cluster composition based on the genotype (M).

nes upregulated (log2FC > 1, padj = 0.01) in cluster 5 compared with cluster 3

rgic score (S).
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Figure 5. Electrophysiological analysis of control or NDUFS-4 patient iNs upon AMG treatment

(A) Scheme for electrophysiological analysis of iNs.

(B) Micrographs depicting the morphology of iNs before patch-clamp.

(C and D) Representative traces of action potential upon increasing step depolarization in control (left) or patient (right) reprogrammed neurons following AMG

treatment (D) or without (C).

(E and F) Boxplots depicting the proportion of iNs spiking at least 1 (E) or 3 (F) action potentials in the indicated conditions. Each dot represents an independent

batch culture. Control Ngn2+Bcl2_noAMG: n = 25 cells; control Ngn2+Bcl2_AMG: n = 25; patient Ngn2+Bcl2_noAMG: n = 15; control Ngn2+Bcl2_AMG: n = 16.

(G) Example of spontaneous synaptic activity recorded from a patient-Ngn2-Bcl2-AMG-treated neuron.

(H) Boxplot depicting the proportion of iNs showing a spontaneous synaptic activity. Each dot represents a biological replicate. Same number of cells as in

(E) and (F).

(I–M) Boxplots showing input resistance (I), action potential threshold (J), action potential duration (K), action potential amplitude (L), and rise-to-fall ratio (M) in

different conditions. Each dot represents one cell. Same number of cells as in (E) and (F).
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reprogramming in patient fibroblasts but only partially in patient

pAstros, these cell types seem to significantly differ in their meta-

bolic needs.

This may suggest that fibroblasts may also differ in their

responsiveness to the above treatments. To test this, fibroblasts

from one control (NDHFNeo) and one patient (#114107) line were
1126 Neuron 112, 1117–1132, April 3, 2024
transducedwith pMutAscl1 and subsequently transiently treated

with the compounds used above (Figure S5A). NR treatment

improved the reprogramming into neurons of control but not pa-

tient fibroblasts (control untreated median = 44.9%, interquartile

range [IQR] = 8.72; control NRmedian = 48.41%, IQR = 4.94; pa-

tient untreated median = 29.41%, IQR = 6.77; patient NR
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median = 33.52%, IQR = 8.17; Figures S5H and S5I); similarly,

UA had amild impact on the proportion of induced neuronal cells

in both control or patient fibroblasts (control UA median =

48.47%, IQR = 7.78; patient UA median = 35.11%, IQR = 6.55;

Figures S5H and S5I). Idebenone did not change direct conver-

sion (control idebenone median = 40.92%, IQR = 6.76; patient

idebenone median = 22.92%, IQR = 5.37; Figures S5H and

S5I), thus indicating coenzyme Q10 is not a limiting factor in the

conversion of different human cell types into neurons. However,

STF and, most strikingly, AMG treatment significantly improved

the reprogramming rate of control (AMG: median = 59.94%,

IQR = 6.70; STF median = 51.78%, IQR = 5.44; Figures S5H

and S5I) and patient fibroblasts (AMG: median = 47.17, IQR =

3.42; STF median = 37.08%, IQR = 5.32; Figures S5H and S5I).

Notably, UA, STF, or AMG-treated iNs had longer neurites (Fig-

ure S5J), suggesting a more mature state. Thus, contrary to re-

programming into iPSCs,57 UPR is a limiting factor in the reprog-

ramming into neurons from different starter cells of both control

and patients.

DISCUSSION

Mitochondrial dysfunction is common in neurological disorders,

either of developmental origin, such as in LS, or related to aging

and neurodegenerative disorders.2 Direct neuronal reprogram-

ming of NDUFS4 iPSCs-derived pAstros revealed a severe

impairment of the conversion process, independent of the re-

programming factors and the starter cell type. This allowed prob-

ing several pharmacological treatments, which revealed the UPR

and ISR as major general hurdles in the successful fate conver-

sion. Inhibiting these pathways significantly increased reprog-

ramming not only of patient cells, which turned into more mature

and functional neurons, but also control cells, either astrocytes

or fibroblasts. Importantly, misfolded proteins did not increase

upon UPR inhibition in the emerging neurons but were notably

increased in iNs. Thus, this study identified a general major hur-

dle in neuronal reprogramming for patient and control cells, al-

lowing not only to improve the process considerably but also

to highlight for the first time the key importance of proteostasis

mechanisms in direct reprogramming.

Astrocyte differentiation and direct neuronal
reprogramming of NDUFS4- patient cells
In contrast to neural stemcells (NSCs) andneuronsdifferentiating

from SURF1 patients,58 astrocyte differentiation of NDUSF4

iPSCswas rather homogeneous (Figure S1C) and largely compa-

rable to control cells at morphological, marker, and transcrip-

tional levels (Figures S1D–S1I) at any stage analyzed.

Neuronal differentiation is particularly sensitive and vulnerable

to mitochondria deficits, as neurogenesis and terminal neuronal

differentiation are defective in all LS patient-derived iPSC differ-

entiation paradigms tested so far,58–60 mimicking some aspects

of the phenotypes of LS patients.61,62 Accordingly, direct

neuronal conversion was severely impaired and always lower

in NDUFS4-cells compared with control cells, independent on

the initial population (pAstros or fibroblasts) and the reprogram-

ming factor employed (Figures 1 and S5), even in presence of

Bcl2. Remarkably, the expression of atNDB428 reverted the
direct neuronal conversion of patient fibroblasts back to control

levels, but achieved only a partial rescue in pAstros (Figure S2),

suggesting additional hurdles in astrocytes hampering their

neuronal conversion. Of note, our results highlight that

pMutNgn2 is most efficient in pAstros, but pMutAscl1 in fibro-

blasts, thereby further supporting the key role of the starter cell

identity in neuronal reprogramming.63,64

Pharmacological treatments improve neuronal
conversion of NDUFS4-patient cells
Mitochondrial remodeling is a major hurdle in astrocyte-to-neuron

reprogramming due to the slow exchange of mitochondrial pro-

teins5 and excessive ROS production,4 which is further increased

in NDUFS4 cells.65,66 However, treatment with a ROS scavenger

(a-tocopherol) did not improve the neuronal reprogramming of pa-

tient pAstros (FigureS2), consistentwith the recently published re-

sults on SURF1-NPC (neural precursor cells) differentiation,58 nor

in control pAstros, thus highlighting a key difference to murine as-

trocytes.4,27 Idebenone, acting also as an antioxidant,31 and UA

had amild or even adverse effects on the direct conversion in spe-

cific contexts (Figures 2 and S5). One may thus hypothesize that

increasing mitochondrial mass58 might be more beneficial than

manipulating their turnover.

A trait common to most LS patients is the reduced NAD+ level

or NAD+/NADH ratio.58,67,68 As NAD+ is involved in most meta-

bolic pathways, its reduction affects cell viability, differentiation,

and aging.69 Consistently, NR treatment increasesmitochondrial

content in skeletal muscle and brown adipose tissue70 and im-

proves mitochondrial function in a mitochondrial myopathy

mousemodel.71 Here, NR treatment improved the direct conver-

sion of pAstros and fibroblasts of both genotypes. As enzymes

that generate NAD+ (e.g., nicotinamide-nucleotide adenyltrans-

ferase, NMNAT) or use it as substrate (e.g., sirtuins) are present

in mitochondria, cytosol, and nucleus, treatment with NR could

potentially impact each of these compartments. For example,

C-I defects in oxidizing NADH to NAD+ lead to a decrease in

mitochondrial NAD+.72 NR treatment could contribute to restore

mitochondrial homeostasis via regulating SIRT3, a deacetylase

important for mitochondrial function under stress,73 as shown

for axon degeneration and neurite retraction in vivo.74,75 Simi-

larly, NR could increase the activity of nuclear sirtuins, contrib-

uting to regulate histone acetylation and, thus, gene expres-

sion.76,77 In addition, NR was the only treatment that

significantly reduced the aggresomes seen in patient iNs (Fig-

ure 3), and, hence, it could indirectly contribute to improve the

direct neuronal reprogramming in both pAstros and fibroblasts.

ER stress, UPR, and ISR as a key limitation in direct
neuronal reprogramming
The cross-talk between ER and mitochondria coordinates key

cellular functions, such as calcium homeostasis, inflammation

signaling, and autophagy, among others.78 Increased mitochon-

drial activity enhances ROS production, which can lead to ER

stress, causing the accumulation of misfolded proteins,38,79,80

increasing the expression of chaperones, reducing translation

rate, and mounting an antioxidant response, including Nrf2-

mediated transcription.80,81 When persisting, UPR elicits cell

death via apoptosis82 and ferroptosis.80,83,84
Neuron 112, 1117–1132, April 3, 2024 1127
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pAstros from both control and patients responded to ER-

stress stimuli (Figure S3): genetic sensors for PERK and ATF6

cascades revealed an overall slightly higher basal level of these

pathways in patient cells at an early stage of the Ngn2-mediated

conversion (Figures 3D, 3E, S3H, and S3I), with an elevated ATF6

reporter expression at later stages (7 DPT, Figure S3I), suggest-

ing a delayed or prolonged activation of such cascade in patient

cells. However, it is worth noting that these levels significantly

vary across cell lines, thus indicating that cell-intrinsic features

could contribute to their susceptibility to ER-stress stimuli. How-

ever, the PERK reporter showed a significant increase in control

cells during early stages of reprogramming, highlighting the

PERK pathway as a general reaction to the need of so many

new proteins. Despite the differences between patient and con-

trol cells in UPR reporter activity, the early and short AMG treat-

ment was most beneficial for improving the direct conversion of

both control and NDUFS4-patient cells, from pAstros and fibro-

blasts (Figures 2 and S5): this suggests that the early and tran-

sient manipulation is sufficient to improve fate conversion (Fig-

ures 3 and S5) and maturation into functional neurons (Figure 5).

Although both IRE1 andPERK transmembrane proteins detect

misfolded proteins, their response differs quite substantially:

IRE1 stimulates the expression of chaperones to restore proper

protein folding,39,40 whereas PERK slows protein translation via

EIF2a phosphorylation,38,85,86 and increases ATF4 translation.

We employed 2 different small molecules to inhibit PERK:

AMG and GSK. Interestingly, both treatments significantly

improved the conversion of control pAstros, although AMG

had a stronger and more significant effect. At the concentration

used here (10 mM), AMG is more active on the ISR cascade:

consistently, we detected an increase in ATF447 expression (Fig-

ure S4) and some downstream targets (e.g., ATG5 and ATG10;

Figures S4O–S4Q). Although UPR can be induced by 3 branches

(PERK, IRE1, and ATF6), ISR results from the activation of 4 ki-

nases, among which GCN2 is highly expressed in pAstros

(Figures S4O and S4P): as GCN2 is mainly activated by amino

acid deprivation,47 it raises the question of whether amino acid

depletion plays a role during direct conversion. Therefore, it is

reasonable to hypothesize that the successful treatments tested

here (NR, AMG, GSK, and STF) act at different levels and might

contribute to reduce cellular stress overall, allowing the cells un-

dergoing neuronal conversion to overcome this hurdle.

As both UPR and ISR lead to the reduction in protein transla-

tion,54 their inhibition might cause an increase in translation and,

subsequently, in aggresomes. Although highly variable, an over-

all higher signal for aggresomes in patient pAstros compared

with control cells could be observed, further increased upon

Ngn2 expression at 5 DPT (Figures S3K and S3J). At 20 DPT,

iNs had significantly elevated levels of aggresomes, with patient

iNs showing the highest levels (Figures 3E and 3F). The transient

treatment with UPR inhibitors did not significantly exacerbate

aggresome formation (Figure 3F), whereas, remarkably, NR

seems to reduce the aggresomes, which might contribute to

improve the conversion. Most importantly, these data highlight

the crucial importance of proteostasis mechanisms in direct

neuronal reprogramming, which could be further optimized

with the highest need in cells with mitochondrial dysfunction.
1128 Neuron 112, 1117–1132, April 3, 2024
scRNA-seq reveals distinct stages of failed conversion
and differences in the maturation of control- and
NDUFS4-iNs
scRNA-seq revealed very important and novel aspects of the re-

programming process and the newly generated iNs. First, two in-

termediate states were observed, both expressing astrocyte and

neuronal genes. One such state (cluster B) progressed further in

fate conversion as judged by a lower astrocyte_score and higher

neuronal_score (Figures 4C and 4D) but retains a higher expres-

sion of astrocyte-related metabolic features, such as glycolysis

and FAO genes (Figures 4H and 4I), indicative of an incomplete

metabolic shift. The other intermediate state (cluster C) pro-

gressed further in the metabolic conversion with lower score

for glycolysis and FAO and higher for ATP5 genes (Figure 4J

and 4L) but also failed to convert possibly by running into issues

with ferroptosis, which could eventually lead to cell death.4 Thus,

scRNA-seq data revealed the existence of distinct partially re-

programmed states with metabolic or stress-related roadblocks.

Cluster D contained cells that are most advanced in their

neuronal identity.54 Remarkably, among the 3 subclusters one

(cluster 5) contained mainly control cells and another (cluster 3)

mostly patient cells, with the third cluster (cluster 10) containing

cells of both genotypes. Cluster 5 was enriched for genes related

to a mature neuronal phenotype (Figures 4N and 4O) and ex-

pressing mainly glutamatergic-related genes (Figure 4R),

whereas iNs in cluster 3 seemed to be less-mature neurons

and not fully specified, as they expressed also GABAergic

markers (Figure 4S). These results suggest that the patient cells

with mitochondrial deficits are impaired in converting to a spe-

cific neuronal subtype identity, calling for a careful and compre-

hensive analysis of the neuronal type emerging from patient cell

direct reprogramming. These data also show that further treat-

ment paradigms are needed, as AMG could not rectify this

phenotype. Notably, however, patient iNs had normal electro-

physiological hallmarks when treated with AMG (Figure 5) but

failed to fire action potentials without treatment. These differ-

ences were not reflected in the transcriptome data that were,

however, acquired earlier and in different culture conditions (no

co-culture). Nevertheless, these data further support the loose

relationship between the transcriptome and physiological func-

tion, as recently suggested by patch-seq analysis.63 Therefore,

both aspects need to be carefully monitored for achieving

healthy, fully functional neurons of the correct identity.

Taken together, beyond elucidating key regulatory mecha-

nisms of the neuronal reprogramming process, the discovery

of the mitochondria-UPR axis in direct neuronal conversion is

highly relevant for disease and repair. As protein accumulation

and the activated UPR pathways have been tied to neurodegen-

erative diseases,87 the improvement in reprogramming following

transient UPR inhibition in cells carrying NDUFS4 mutations

might open a new path for the treatment of neurodevelopmental

disorders withmitochondrial deficits and allow neuronal replace-

ment therapy in neurodegenerative disease conditions with

mitochondrial deficits. Thus, our work highlights not only the

validity of using direct neuronal reprogramming to model mito-

chondrial disease but also unravels possible novel therapeutic

strategies for treating mitochondrial disorders and replacing
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functional neurons in aging and neurodegeneration conditions

where mitochondrial dysfunctions are prevalent.
Limitations of the study
Here, we constitutively expressed the reprogramming factors, as

they achieve the best conversion into neurons. However, the con-

stant expression of the proneural reprogramming factors may

exacerbate the load on proteostasis mechanisms. Thus, it would

be important to test optimized inducible constructs in regard to

proteostasis—in particular the formation of misfolded proteins—

in direct reprogramming. Notably, tamoxifen-inducible constructs

reach high levels of the reprogramming factors fastest,88 but the

fusion proteins can also be hypomorphs. Conversely, doxycy-

cline-inducible constructs reach efficient levels of the reprogram-

ming factors later and are often less efficient, but protein is in its

native state. Further optimization of such approaches, including

RNA delivery, small molecules, or constructs using the degron

system, is important to pursue toward reaching the minimum

exposure to the reprogramming factors required.
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(NSC Reconstruct to M. Götz), and EN 1093/2-1 (to A.J. and W.E.).

AUTHOR CONTRIBUTIONS
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Neuronal Reprogramming: Achievements, Hurdles, and New Roads to

Success. Cell Stem Cell 21, 18–34.

28. Catania, A., Iuso, A., Bouchereau, J., Kremer, L.S., Paviolo, M., Terrile,

C., Bénit, P., Rasmusson, A.G., Schwarzmayr, T., Tiranti, V., et al.

(2019). Arabidopsis thaliana alternative dehydrogenases: a potential

therapy for mitochondrial complex I deficiency? Perspectives and pit-

falls. Orphanet J. Rare Dis. 14, 236.

29. Russell, O.M., Gorman, G.S., Lightowlers, R.N., and Turnbull, D.M.

(2020). Mitochondrial Diseases: Hope for the Future. Cell 181, 168–188.

30. Lee, S., Na, J.H., and Lee, Y.M. (2019). Epilepsy in Leigh Syndrome With

Mitochondrial DNA Mutations. Front. Neurol. 10, 496.

31. Haefeli, R.H., Erb,M., Gemperli, A.C., Robay, D., Courdier Fruh, I., Anklin,

C., Dallmann, R., andGueven, N. (2011). NQO1-dependent redox cycling

of idebenone: effects on cellular redox potential and energy levels. PLoS

One 6, e17963.

32. Giorgio, V., Schiavone, M., Galber, C., Carini, M., Da Ros, T., Petronilli, V.,

Argenton, F., Carelli, V., Acosta Lopez, M.J., Salviati, L., et al. (2018). The

idebenone metabolite QS10 restores electron transfer in complex I and

coenzyme Q defects. Biochim. Biophys. Acta Bioenerg. 1859, 901–908.

33. Ryu, D., Mouchiroud, L., Andreux, P.A., Katsyuba, E., Moullan, N., Nicolet-

Dit-Félix, A.A., Williams, E.G., Jha, P., Lo Sasso, G., Huzard, D., et al.

(2016). Urolithin A induces mitophagy and prolongs lifespan in C. elegans

and increases muscle function in rodents. Nat. Med. 22, 879–888.

34. Moisoi, N., Klupsch, K., Fedele, V., East, P., Sharma, S., Renton, A., Plun-

Favreau, H., Edwards, R.E., Teismann, P., Esposti, M.D., et al. (2009).

Mitochondrial dysfunction triggeredby lossofHtrA2 results in theactivation

of a brain-specific transcriptional stress response. Cell Death Differ. 16,

449–464.

35. Gӧbel, J., Engelhardt, E., Pelzer, P., Sakthivelu, V., Jahn, H.M., Jevtic,

M., Folz-Donahue, K., Kukat, C., Schauss, A., Frese, C.K., et al. (2020).

Mitochondria-Endoplasmic Reticulum Contacts in Reactive Astrocytes

Promote Vascular Remodeling. Cell Metab. 31, 791–808.e8.

36. Moltedo, O., Remondelli, P., and Amodio, G. (2019). The Mitochondria-

Endoplasmic Reticulum Contacts and Their Critical Role in Aging and

Age-Associated Diseases. Front. Cell Dev. Biol. 7, 172.

37. Carreras-Sureda, A., Kroemer, G., Cardenas, J.C., and Hetz, C. (2022).

Balancing energy and protein homeostasis at ER-mitochondria contact

sites. Sci. Signal. 15, eabm7524.

http://refhub.elsevier.com/S0896-6273(23)00978-9/sref5
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref5
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref6
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref6
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref6
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref6
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref6
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref6
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref7
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref7
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref7
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref7
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref7
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref8
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref8
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref8
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref8
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref8
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref9
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref9
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref9
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref9
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref9
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref10
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref10
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref10
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref10
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref11
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref11
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref11
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref12
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref12
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref12
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref12
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref12
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref13
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref13
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref13
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref13
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref14
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref14
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref14
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref15
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref15
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref15
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref15
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref16
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref16
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref16
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref16
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref17
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref17
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref17
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref17
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref18
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref18
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref18
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref18
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref18
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref19
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref19
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref19
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref19
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref20
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref20
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref20
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref20
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref20
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref21
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref21
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref21
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref22
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref22
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref22
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref22
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref23
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref23
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref23
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref23
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref24
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref24
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref24
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref24
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref25
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref25
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref25
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref25
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref26
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref26
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref26
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref27
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref27
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref27
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref28
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref28
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref28
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref28
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref28
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref29
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref29
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref30
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref30
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref31
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref31
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref31
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref31
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref32
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref32
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref32
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref32
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref33
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref33
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref33
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref33
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref34
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref34
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref34
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref34
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref34
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref35
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref35
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref35
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref35
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref36
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref36
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref36
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref37
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref37
http://refhub.elsevier.com/S0896-6273(23)00978-9/sref37


ll
OPEN ACCESSArticle
38. Li, A., Song, N.J., Riesenberg, B.P., and Li, Z. (2019). The EmergingRoles of

Endoplasmic Reticulum Stress in Balancing Immunity and Tolerance in

Health and Diseases: Mechanisms and Opportunities. Front. Immunol.

10, 3154.

39. Lee, A.H., Iwakoshi, N.N., and Glimcher, L.H. (2003). XBP-1 regulates a

subset of endoplasmic reticulum resident chaperone genes in the

unfolded protein response. Mol. Cell. Biol. 23, 7448–7459.

40. Travers, K.J., Patil, C.K., Wodicka, L., Lockhart, D.J., Weissman, J.S.,

and Walter, P. (2000). Functional and genomic analyses reveal an essen-

tial coordination between the unfolded protein response and ER-associ-

ated degradation. Cell 101, 249–258.

41. Axten, J.M., Medina, J.R., Feng, Y., Shu, A., Romeril, S.P., Grant, S.W., Li,

W.H., Heerding, D.A., Minthorn, E., Mencken, T., et al. (2012). Discovery of

7-methyl-5-(1-{[3-(trifluoromethyl)phenyl]acetyl}-2,3-dihydro-1H-indol-5-

yl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (GSK2606414), a potent and selec-

tive first-in-class inhibitor of protein kinase R (PKR)-like endoplasmic retic-

ulum kinase (PERK). J. Med. Chem. 55, 7193–7207.

42. Smith,H.L., Freeman,O.J.,Butcher,A.J.,Holmqvist,S.,Humoud, I., Sch€atzl,

T., Hughes, D.T., Verity, N.C., Swinden, D.P., Hayes, J., et al. (2020).

Astrocyte Unfolded Protein Response Induces a Specific Reactivity State

that Causes Non-Cell-Autonomous Neuronal Degeneration. Neuron 105,

855–866.e5.

43. Walter, F., Schmid, J., D€ussmann, H., Concannon, C.G., and Prehn, J.H.

(2015). Imaging of single cell responses to ER stress indicates that the

relative dynamics of IRE1/XBP1 and PERK/ATF4 signalling rather than

a switch between signalling branches determine cell survival. Cell

Death Differ. 22, 1502–1516.

44. Walter, F., O’Brien, A., Concannon,C.G.,D€ussmann, H., andPrehn, J.H.M.

(2018). ER stress signaling has an activating transcription factor 6alpha

(ATF6)-dependent "off-switch". J. Biol. Chem. 293, 18270–18284.

45. Shimizu, T., Taguchi, A., Higashijima, Y., Kanki, Y., Nakaki, R., Urade, Y.,

and Wada, Y. (2021). Inhibition of cardiac PERK signaling promotes peri-

partum cardiac dysfunction. Sci. Rep. 11, 18687.
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98. Drouin-Ouellet, J., Lau, S., Brattås, P.L., Rylander Ottosson, D., Pircs, K.,

Grassi, D.A., Collins, L.M., Vuono, R., Andersson Sjöland, A.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-S100beta Sigma-Aldrich Cat# S2532;

RRID: AB_477499

Rabbit anti-FGFR3 Santa Cruz Cat# sc-123;

RRID: AB_631511

Guinea pig anti-b-III-Tubulin Synaptic systems Cat# 302-304;

RRID:AB_10805138

Mouse anti-MAP2 Sigma Aldrich Cat# M4403;

RRID:AB_477193

Chicken anti-GFP Aves Lab Cat# 1020;

RRID:AB_10000240

Rat anti-RFP Chromotek Cat# 5F8;

RRID: AB_2336064

Rabbit anti-RFP Rockland Cat# 600-401-379;

RRID: RRID:AB_2209751

Anti-puromycin Merck Cat#: MABE343;

RRID:AB_2566826

Anti-mouse IgG1, Alexa Fluor 488 Thermo Fisher Scientific Cat# A-21121;

RRID: AB_2535764)

Anti-rabbit, AF546-linked Thermo Fisher Scientific Cat# A-11010;

RRID: AB_2534077

Anti-chicken, Alexa Fluor 488 Life Technologies Cat# A11039;

RRID:AB_142924

Anti-guinea pig, Alexa Fluor 647 Jackson ImmunoResearch Cat# 705-605-003; RRID:AB_2340436

Anti-rat, Alex Fluor 546 Life Technologies Cat# A11081;

RRID: AB_2534125

Recombinant DNA

RV CAG-Neurog2-IRES-DsRedExpress2 Gascón et al.4 N/A

RV CAG-pMutNeurog2-IRES-

DsRedExpress2

This study N/A

RV CAG-Ascl1-IRES-DsRed Heinrich et al.22 N/A

RV CAG-pMutAscl1-IRES-DsRedExpress2 This study N/A

RV pMIG-hBCL2-ires-GFP Gascón et al.4 Addgene 3544

RV CAG-DsRedExpress2 Heinrich et al.22 N/A

RV CAG-GFP Heinrich et al.22 N/A

RV CAG-Neurog2-IRES-BFP This study N/A

RV CAG-BFP This study N/A

RV CAG-ATF4-YFP This study / Walter et al.43 N/A

RV CAG-ATF6-YFP This study / Walter et al.44 N/A

Chemicals, peptides, and recombinant proteins

Matrigel� (GFR) Basement Membrane

Matrix, LDEV-free

Corning� Cat# 354230

Geltrex� LDEV-Free Reduced Growth

Factor Basement Membrane Matrix

Thermo Fisher Scientific Cat# A1413302

mTeSR�1 medium Stem Cell Technologies Cat# 85850

Neurobasal Medium Life Technologies Cat# 21103049

DMEM/F12 Gibco Cat# 11039021

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Astrocyte Media ScienCell Cat# 1801

Recombinant Human LIF Alomone Labs Cat# L-200

Recombinant Human FGF-basic Peprotech Cat# AF-100-18B

Recombinant Human EGF Peprotech Cat# AF-100-15

Recombinant Human Noggin Peprotech Cat# 120-10C

Recombinant Human PDGF-AA R&D Systems Cat# 221-AA

Rock inhibitor Y-27632 Stem Cell Technologies Cat# 72304

Recombinant Human NT-3 Peprotech Cat# 450-03-10

SB431542 Axon Medchem Cat# 1661

CHIR9902 Axon Medchem Cat# 1386

cAMP Sigma Aldrich Cat# D0627

LDN 193189 Axon Medchem Cat# 1509

LM 22A4 R and D sysems Cat# 4607

Human recombinant GDNF Novus Biologicals Cat# NBP2-34888

Poly-L-Ornithine Hydrobromide Sigma-Aldrich Cat# P3655

Laminin Sigma-Aldrich Cat# L2020

AMG PERK 44 (10mg) R&D systems Cat# 5517

STF 083010 (10mg) R&D systems Cat# 4509

Idebenone Sigma – Aldrich Cat# 67805

Urolithin A Sigma – Aldrich Cat# SML1791

Nicotinamide riboside Biomol Cat# Cay23132-5

GSK2606414 (10mg) R&D systems Cat#5107

Tunicamycin Ready Made Solution 5 mg/

mL in DMSO

Sigma - Aldrich Cat# SML1287-1ML

Accutase Thermo Fisher Scientific Cat# A1110501

Collagenase Type IV Stem Cell Technologies Cat# 07909

Pen-Strep Lager Cat# 5000956

MEM Non-Essential Amino Acids

Solution (100X)

Thermo Fisher Scientific Cat# 11140050

N2 supplement Gibco Cat# 17502048

B27 supplement Gibco/Lager Cat# 5001207

FBS Life Technologies Cat# 10272106

EGF LIFE Technologies Cat# PHG0311

bFGF Life Technologies Cat# 13256029

Oligomycin A Sigma-Aldrich Cat# 73351

FCCP Sigma-Aldrich Cat# C2920

Rotenone Sigma-Aldrich Cat# R8875

Antimycin A Sigma-Aldrich Cat# A8674

Triton X-100 Sigma-Aldrich Cat# T9284

Bovine Serum Albumine (BSA) Sigma-Aldrich Cat# A2153

Trypan Blue Thermo Fisher Scientific Cat# 15250061

DMSO Sigma-Aldrich Cat# D2438

Critical commercial assays

Glutamate Assay Kit Abcam Cat# ab83389

PicoPure RNA Isolation Kit Life Technologies Cat# KIT0204

ExtractME Total RNA Kit Blirt Cat# EM31.1-250

Maxima First Strand cDNA synthesis Kit Thermo Fisher Scientific Cat# K1641

PowerUp SYBR Green Master Mix Life Technologies Cat# A25742

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chromium Next GEM Single Cell 3ʹ Reagent
Kits v3.1 (Dual Index)

10Xgenomics N/A

Cell Multiplexing Oligos (CMOs) 10Xgenomics N/A

PROTEOSTAT� Aggresome detection kit Enzo Life Sciences ENZ-51035-K100

Primers for RT-qPCR

GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC

DDIT3 / CHOP CAGAACCAGCAGAGGTCACA AGCTGTGCCACTTTCCTTTC

PPP1R15A/GADD34 CCTCTACTTCTGCCTTGTCTCCAG TTTTCCTCCTTCTTCTCGGACG

HMOX1 ACTGCGTTCCTGCTCAACATC GCTCTGGTCCTTGGTGTCATG

HSPA5/BIP TGTTCAACCAATTATCAGCAAACTC TTCTGCTGTATCCTCTTCACCAGT

XBP1s GGAGTTAAGACAGCGCTTGGGGA TGTTCTGGAGGGGTGACAACTGGG

MANF TCACATTCTCACCAGCCACT CAGGTCGATCTGC TTGTCATAC

BLOC1S1 CCCAATTTGCCAAGCAGACA CATCCCCAATTTCCTTGAGTGC

PMP22 CTGGTCTGTGCGTGATGAGTG TGTAGGCGAAACCGTAGGAG

Col6A1 CCCTCGTGGACAAAGTCAAG GTTTCGGTCACAGCGGTAGT

HERPUD1 CGTTGTTATGTACCTGCATC TCAGGAGGAGGACCATCATTT

HYOU1 GCAGACCTGTTGGCACTGAG TCACGATCACCGGTGTTTTC

MAP2 AGTTCAGGCCCACTCTCCCTCC GGGAGCCAGAGCTGATTCCC

HES6 AGCCCCTGGTGGAGAAGA CAGCACTTCGGCGTTCTC

GADD45A TCGGCTGGAGAGCAGAAGAC CGCTTCGTACACCCCGAC

LGALS1 CTGCCAGATGGATACGAAT GGCTGATTTCAGTCAAAGG

USP18 ACTCCTTGATTTGCGTTGAC TTTCCCACGGGTCTTCTT

ASS1 TCCTGGAGAACCCCAAGAAC CTCAGCAAATTTCAAGCCCA

Deposited data

Bulk-RNAseq This study GSE248129

scRNASeq This Study GSE248129

Experimental models: Cell lines

Human Fibroblast NDHFneo Lonza Cat# CC-2509

Human Fibroblast #47041 Micha Drukker

Human Fibroblast #61691 Micha Drukker

Human Fibroblast Patient (#79787) Holger Prokisch

Human Fibroblast Patient (#114107) Holger Prokisch

Human Fibroblast Patient (#114106) Holger Prokisch

Human IPSC control HMGU#1 Micha Drukker

Human IPSC control HMGU12 Micha Drukker

Human IPSC control UKERi82a-R1-002 ForIPS Consortium

Human IPSC patient (#87791) Micha Drukker

Human IPSC patient (#79787) Micha Drukker

Human IPSC patient (#114107) Micha Drukker

Software and algorithms

ZEN software Zeiss https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen-lite.html;

RRID:SCR_013672

ThImageJ ImageJ https://imagej.net/Downloads; RRID:

SCR_003070

GraphPad Prism 8.0 GraphPad Software http://www.graphpad.com;

RRID:SCR_002798

Adobe Photoshop Adobe Photoshop https://www.adobe.com;

RRID: SCR_014199

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Adobe Illustrator Adobe Illustrator https://www.adobe.com;

RRID:SCR_010279

Microsoft Excel Microsoft Excel https://www.microsoft.com/en-gb/;

RRID:SCR_016137

Affinity Designer Affinity RRID:SCR_016952

Affinity Photo Affinity RRID:SCR_016951

Seahorse Wave Agilent Technologies https://www.agilent.com/en-us/products/

cell-analysis-(seahorse)/software-

download-for-wave-desktop;

RRID:SCR_014526

RStudio RStudio http://www.rstudio.com/;

RRID: SCR_000432

TopGO v.2.34.0 Adrian Alexa and Jorg Rahnenfuhrer.89

topGO: Enrichment Analysis for Gene

Ontology. R package version 2.34.0.

https://bioconductor.org/packages/

release/bioc/html/topGO.html

DESeq2 v. 1.22.2 Love et al.90 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Ggplot2 v.3.2.0 Wickham91 https://cran.r-project.org/web/packages/

ggplot2/index.html

fgsea Korotkevich92 https://bioconductor.org/packages/

release/bioc/html/fgsea.html

Cellranger CellRanger v6.0.0 10XGenomics

Seurat 4.0 Hao et al.93 N/A

clusterProfiler Wu et al.94 N/A

Other

Aqua Poly/Mount Polysciences Cat# 18606

pluriStrainer Mini pluriselect Cat# 43-10040-40
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Gia-

como Masserdotti (giacomo.masserdotti@helmholtz-munich.de).

Materials availability
Plasmids generated in this study are available upon request.

Data and code availability
d RNASeq data are deposited in GEO with the number GSE248129. Raw data are available upon request.

d This paper does not report original code.

d Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human iPSCs and fibroblasts
The control fibroblast cell line NDHFNeo was obtained from Lonza (Cat. No. CC-2509). The other two control fibroblast cell lines

(#47041, #61691) and the three NDUFS4-mutant patient fibroblast cell lines (#79787, #114107, #114106) were obtained from skin

biopsies of patients with signed informed consent. The cell line #79787 belongs to a patient with the homozygous frameshift mutation

c.462delA (p.Lys154fs) within the NDUFS4 gene. The cell lines #114107 and #114106 belong to patients with a substitution mutation

in the NDUFS4 gene, at c.119G>A (p.Trp40) and at c.316C>T (p.Arg106) respectively.

The control iPSC cell line UKERi82a-R1-002 was obtained as part of the ForIPS research consortium. The ethics approval is No.

4120, FAU Erlangen-N€urnberg, Germany. Detailed genetic information can be found in Popp et al..95 The other two control iPSC cell

lines (HMGU-1 and HMGU-12) and the three patient iPSC cell lines (#87971, #79787, #114107) were generated by the iPSC core unit
e4 Neuron 112, 1117–1132.e1–e9, April 3, 2024
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(headed by Prof. Dr. Micha Drukker) at the Helmholtz Zentrum M€unchen. HMGU-1 and HMGU-12 were derived from the same

parental fibroblasts (ATCC CRL-2522), but generated using different mRNA cocktails and at different time (HMGU-1 in 2013 and

HMGU-12 in 2017). Control and patient iPSCs were karyotyped and did not show any sign of chromosomal aberrations.

Primary cultures of mouse cortical astrocytes
Mouse astrocytes were isolated and cultured as previously described, with small changes.96,97 First, meninges were removed and

grey matter tissue from the cerebral cortex of C57BL/6J mice at postnatal day 5-7 (P5–P7) was dissected and mechanically disso-

ciated. Dissociated cells were centrifuged at 1,400rpm for 5min, re-suspended and plated in a T25 flask for culture. Astrocytes were

cultured in mouse astrocyte medium (DMEM/F12 (1:1) plus Glutamax, 10% fetal bovine serum (FBS), penicillin /streptomycin (P/S),

1x B27 serum-free-supplement, 10 ng/ml epidermal growth factor (EGF), and 10 ng/ml basic fibroblast growth factor (bFGF). Typi-

cally, cells reached �80% confluency after 7 days and were then passaged using trypsin/EDTA and plated on poly-D-lysine coated

glass coverslips in a 24-well plate. Fresh mouse astrocyte medium was used to plate the cells at a density of 45,000-55,000 cells per

coverslip (12mm diameter). Primary mouse astrocytes were maintained in an incubator at 37�C and with 5% CO2.

Human iPSC culture
iPSCs were cultured on Geltrex� LDEV-Free Reduced Growth Factor Basement Membrane Matrix coated 6-well plates in mTESR1

medium containing 13mTESR1 supplement. Media was changed every day. For passaging, cells were incubated with Collagenase

Type IV for 5–7minutes at 37�C. Collagenase was aspirated and freshmTESR1 (with supplement) mediumwas added to each well. A

cell scraper was used to collect the cells, which were subsequently plated on a fresh 6-well plate at the desired density (e.g., one

confluent well split 1: 4 or 1:8).

Generation of human proliferating astrocytes (pAstros) and non-proliferating astrocytes (nonpAstros)
Proliferating astrocytes (pAstros) and lon-gterm cultured non-proliferating astrocytes (non-pAstros) were generated as previously

described with minor modifications.7 Briefly, confluent iPSC cultures were dissociated with collagenase, collected with a cell scraper

and cultured in suspension to form embryoid bodies. Cells were cultured in mTESR1 with 13mTESR1 supplement and 10 mMRock

Inhibitor Y-27632 for 24 hours. Then, medium was changed to Astrocyte Medium (AM) supplemented with 20ng/ml Noggin and

10ng/mL PDGFAA for the next two weeks and an additional week with only PDGFAA. Embryoid bodies were then manually disso-

ciated by pipetting and the resulting pAstros were plated on poly-L-ornithine (PLO) and laminin-coated dishes in AM supplemented

with 10ng/ml bFGF and 10ng/ml EGF. Upon reaching �80% confluency, pAstros were passaged using Accutase. pAstros were

maintained in culture until �day 45-50 of glial differentiation and subsequently terminally differentiated into non-pAstros in AM sup-

plemented with 10ng/ml LIF. Media was changed every second day.

Human fibroblast culture
Human fibroblasts were cultured in T75 flasks with fibroblast media (DMEM plus Glutamax, P/S (1:100), and FBS 10%). Upon reach-

ing �80% confluency, fibroblasts were passaged using Trypsin/EDTA. Media was changed every second day.

METHOD DETAILS

Direct neuronal reprogramming
Two days post-transduction (2 DPT), pAstro media or fibroblast media was replaced with fresh neuronal differentiation media con-

sisting of DMEM/F12 and Neurobasal media (1:1) supplemented with 1x P/S, 1x B27 supplement, 1x N2 supplement and 1x MEM

non-essential amino acids (NEAA). Media was supplemented with growth factors and small molecules (adapted from themedia used

in Drouin-Ouellet et al.98) at the following concentrations: LDN-193189 (0.5 mM), LM-22A4 (2 mM), GDNF (2 ng/ml), CHIR99021 (2 mM),

NT3 (10 ng/ml), SB-431542 (10 mM), db-cAMP (0.1 mg/ml), Noggin (50 ng/ml), and valproic acid sodium salt (VPA; 1 mM). Half of the

media was replaced with fresh media every second day. From 17 DPT until the end of the experiment, the neuronal media was only

supplemented with GDNF, LM-22A4, NT3, and db-cAMP. At 20 DPT cells were fixed with 4%paraformaldehyde (PFA) for 10min and

stored in 1xPBS at 4�C for further analysis. During reprogramming, the cultures were maintained in an incubator at 37�C, 5%O2 and

5% CO2.

Bulk RNA sequencing and analysis
Cells at iPSC, pAstro and nonpAstro stages were collected and RNAwas isolated on column using the PicoPure� RNAextraction kit

(Applied Biosystems). RNA quality and concentration were evaluated with an Agilent BioAnalyzer 2100 (Agilent). All samples had a

RIN > 9. 10 ng of RNA from each sample was used to generate the RNA-seq libraries using bulk-adapted Prime-seq protocol14,99:

cDNA was generated by oligo-dT primers containing well-specific (e.g., sample specific) barcodes and unique molecular identifiers

(UMIs). Unincorporated barcode primers were digested using Exonuclease I (Thermo Fisher). cDNA was pre-amplified using KAPA

HiFi HotStart polymerase (Roche) and pooled before Nextera libraries were constructed from 0.8 ng of pre-amplified cleaned up

cDNA using Nextera XT Kit (Illumina). 3’ ends were enriched with a custom P5 primer (P5NEXTPT5, IDT) and libraries were size

selected using 2% E6 Gel Agarose EX Gels (Life Technologies), cut out in the range of 300–800 bp, and extracted using the Monarch
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DNA Gel Extraction Kit (New England Biolabs) according to manufacturer’s recommendations. Libraries were single end sequenced

on an Illumina HiSeq 1500 instrument. On average, we sequenced around 20 million reads/sample. Gene counts were calculated by

aligning reads against hg38 genome and Ensembl annotation (release 90, 2017) with STAR aligner (version 2.5.3a100) with

GeneCounts option.We analyzed 3 biological replicates per stage per cell line. One sample (#87971, iPSC stage) was analyzed twice.

GEO number for this dataset is GSE248120 (GEO for all the datasets is GSE248129).

The analysis was performed using R (3.5.3) and RStudio (version 1.2.1335). See key resources table for packages used. Threemain

stages were considered (iPSC, pAstros and nonpAstros) belonging to 2 different genotypes (Control and Patient). Control iPSCs and

patient iPSCs are listed in Table S1. Per each donor and stage, 3 biological replicates were collected and analyzed. Differential gene

expression analysis was performed using DESEQ2 package.90 Venn diagrams in Figure S1 was generated considering all the tran-

scripts with an Ensembl number (total: 58306 transcripts) and with log2FC>1, pvalue<0.01 or Log2FC<-1, pvalue<0.01.

Cell cycle scorewas generated by summing the normalized gene expression, obtained fromDESeq2, of the genes listed in Tirosh15

for G1/S and G2/M. Genes plotted in Figure S1D were selected based on pluripotent stem cell markers16 and known astrocytic

markers (e.g., SOX9) and markers identified in Barbar.101

Single cell RNA sample preparation, sequencing and analysis
Control (HMGU-1) and patient (#87971) pAstros, transduced and subjected to the indicated treatments, were collected either at 5

DPT or 20 DPT using Accutase. After 3 steps of washing with 1X PBS, cells were resuspended in DMEM/F12 1X phenol-red free me-

dium and DsRed-positive cells were sorted via Fluorescent Activated Cell Sorting (FACS). Around 80.000 DsRed positive cells per

condition were collected; untransduced cells were used to set gates. For cell multiplexing, Cell Multiplexing Oligos (CMOs, 10x Ge-

nomics) were used. Briefly, cells were centrifuged for 5 min. at 1.000 rpm and then resuspended in PBS + 0.04% BSA (room tem-

perature (RT)) and spun down at 300 rcf for 5 min at RT. Pellets were resuspended in 100 ml of CMO (thawed to RT), pipette mixed

10-15 times and incubated at RT for 5 min. Cells were washed by adding 1.9 ml PBS + 1%BSA (chilled) and spun down at 300 rcf for

5 min at 4�C. Cell pellet was washed with 2 ml chilled PBS + 1% BSA for a total of two washes. Cells were counted and volume

adjusted to contain approximately 600-1500 cells per ml before pooling. Around 43ml was loaded, to target approximately 35.000

cells. Single cell gene expression and CellPlex libraries were generated using the Chromium Single Cell 30 Reagent Kits v3 in com-

bination with the 3’ CellPlex Kit (10x Genomics). For sequencing, gene expression libraries and CellPlex libraries were pooled at a

ratio of 5:1. All libraries were sequenced on an Illumina NovaSeq 6000 with a 100 bp paired end configuration according to manu-

facturer’s instructions. GEO accession number is GSE248122 for 5 days andGSE248128 for 20 days. GEO accession for all the data-

sets is GSE248129.

Sequencing data of gene expression and CellPlex libraries was jointly processed running the cellranger multi command

(CellRanger v6.0.0) using standard parameters and the human GRCh38 genome from Ensembl.

Single cell analysis was performed in RStudio (4.05) mainly using the package Seurat93 (4.0). Libraries either D5 DPT or D20 DPT

were first analyzed separately to filter low quality cells (1000 < nFeature_RNA <9000; percent.mt <15) and remove cells without a

clear barcode. The resulting 2 datasets were merged using ‘‘SCT’’ function in Seurat (nfeatures = 3000; k.anchor = 5), and data pro-

cessed as suggested in Seurat pipeline. Uniform Manifold Approximation and Projection (UMAP) was build using dims=30. Clusters

were defined using resolution = 0.5. Cell Cycle score was calculated in Seurat. Differentially expressed genes (DEG) were calculated

by specifying the clusters in FindMarkers function (min.pct = 0.25). To generate the Venn diagram in Figure 4, we included all the

genes with padj<0.01 and Log2FC>0. To compare cluster 5 and cluster 3 in Figure 4, we included the genes with padj<0.01 and

Log2FC>1. Scores were generated by providing a list of genes to the Seurat function ‘‘AddModuleScore’’. For the ferroptotic_score,

we considered the genesmarked as ‘‘Marker’’.50 Gene Ontology (GO) analysis was performed using package ‘‘TopGO’’, considering

all differentially expressed genes. As background, a list of all detected genes was used. Top 40 GO terms, ranked by Exact Fisher

score (< 0.01), were selected and the top 5 those non-redundant with the highest fold enrichment (over the expected number of genes

by TopGO and filtered by number of annotated genes>5) were plotted. For Figures 4O and 4P, we employed the packages ‘‘clus-

terProlifer’’ and ‘‘enrichplot’’.

Plasmids and viral production
The plasmids containing Ascl1 or Ngn2 cDNA were previously described.22 Briefly, the coding sequence of the reprogramming fac-

tors was cloned downstream of a CAG promoter and followed by an intra-ribosome-entry-site (IRES) together with a DsRed coding

sequence. For the aggresome detection analysis, we replaced the DsRed cassette with a cassette coding for the Blue fluorescent

protein (BFP). The plasmid containing Bcl2 was previously described.4 The phospho-incompetent forms of Ngn2 and Ascl1 were a

kind gift of Prof. Dr. Anna Philpott. cDNA of these phospho-mutants was cloned in the same plasmid used for the wild type forms of

Ngn2 and Ascl1. ATF4-YFP and ATF6-YFP43,44 were subcloned from their original backbone to a lentiviral backbone with a CAG pro-

moter. Viral vectors were produced and titered as described.96 Retrovirus and lentivirus were used with a titer of 108-109/ml.

Transduction
pAstros were plated on PLO/laminin-coated glass coverslips and fibroblasts were plated on 0.1% gelatin-coated glass coverslips in

24-well plates at a density of 35,000 cells per well. One day later, cells were transducedwith 1ml (108-109 particles/ml) of virus per well

and cultured at 37�C, 5% O2 and 5% CO2. Media was changed to neuronal differentiation media 2 DPT, as described above.
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Glutamate Uptake Assay
iPSCs, pAstros and nonpAstros were plated on 6-well plates: when confluent, the cells were treated with glutamate to obtain a final

concentration of 10mM, 100mM or were left untreated. The cells were incubated for 30 minutes before the supernatant was removed.

The glutamate concentration of each supernatant was subsequently analyzed using the Glutamate Assay Kit (ab83389) from Abcam,

following manufacturer’s instructions.

Seahorse experiments
pAstros and nonpAstros were plated on XF96 V3-PS 96-well cell culturemicroplates fromSeahorse Bioscience and analyzed the day

after plating. The cells were seeded at a density of 20,000 cells per well, and the four corner wells contained only media for back-

ground correction. Before the Seahorse analysis, cells were washed once with un-buffered media before incubation with 180ml of

bicarbonate-free DMEM in an air incubator without CO2 at 37�C for 30 minutes. The XF96 plate was then placed in the

XF96 Extracellular Flux Analyzer (Seahorse Bioscience) and the oxygen consumption rates (OCR) were measured. OCR was

measured with no addition as a baseline before adding various compounds to obtain measurements of different respiration states.

First, Oligomycin A (1 mM) was added to inhibit ATP synthase, followed by carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone

(FCCP, 0.4 mM) to determine the maximal oxidation capacity, and finally a combination of rotenone (2 mM) and Antimycin A

(2.5 mM) to block ETC activity. OCR was measured at three time points for each measurement condition, and�16-24 technical repli-

cate wells were plated for each cell line. After the Seahorse Assay finished, the normalization for the number of cells in each well was

conducted using the CyQuant Assay.

Three biological replicates from1 cell line (control = HMGU-1, patient = #87971) were conducted for the Seahorse data in Figure S1.

The parameters depicted in Figure S1 are from OCR measurements in different conditions: Basal respiration is calculated from the

OCRmeasurements before the first compound injection; ATP-linked respiration is calculated from the OCR before oligomycin injec-

tion minus OCR after oligomycin injection; Maximal respiration is calculated from the OCR after FCCP injection; Spare respiratory

capacity is calculated from maximal respiration minus basal respiration.

Pharmacological treatment
The pharmacological treatment of the pAstros and fibroblasts undergoing reprogramming was conducted during the first media

change, at 2 DPT. Cells were treated once with each compound at the following final concentrations: a-tocopherol (10 mM), Oligo-

mycin A (1 mg/ml), Urolithin A (2 mg/ml), Nicotinamide riboside (10 mM), Idebenone (1 mg/ml), AMG PERK-44 (10 mM), STF-083010

(10 mM), GSK2606414 (1mM) and Tunicamycin (500ng/ml).

RNA Extraction and Real Time Quantitative PCR (RT-qPCR)
Control and patient pAstros were plated on 6-well plates at �500,000 cells per well. The following day, the cells were either trans-

duced or treated with 500ng/ml tunicamycin for 16 hours. Transduced cells were collected at 5 DPT using Accutase. DsRed-positive

cells were sorted via Fluorescent Activated Cell Sorting (FACS). Between 20.000 and 100.000 DsRed positive cells were collected per

condition; untransduced cells were used to set gates.

RNA was extracted using the EXTRACTME Total RNA Kit (blirt) according to manufacturer’s instructions, including the removal of

genomic DNA. 50ng RNA was retro-transcribed using Maxima First Strand cDNA Synthesis Kit (ThermoFisher). Each cDNA sample

was diluted 1 to 5 and 1ml was used for each RT-qPCR reaction. RT-qPCRwas performed on a QuantStudio� 6 Flex Real-Time PCR

System (Thermo Fisher) using PowerUp SYBR Green Master Mix (Life Technologies) according to manufacturer’s instructions (10ml

final volume). The expression of each gene was analyzed in triplicate and data were processed with the DDCt method using GAPDH

as a housekeeping gene. Experiment was performed on 2-4 independent biological replicates.

Detection of UPR during Direct neuronal Reprogramming
pAstros were plated on 24-well plates and underwent the neuronal reprogramming paradigm as described above. Briefly, astrocytes

were transduced with retroviruses encoding either DsRed or Ngn2-IRES-DsRed as well as ATF4-YFP or ATF6-YFP lentiviruses. 2

DPT, the media was changed to neuronal differentiation media and the cells were treated with Tunicamycin (500ng/ml) as a positive

control for 16 hours where necessary. Cells were fixed at 3 DPT and 7 DPT with PFA 4% for 10 minutes at RT. PFA solution was aspi-

rated and cells were washed three times with PBS1X. For immunofluorescent analysis, cells were incubated for 1 hour in blocking

solution (3% BSA, 0.5% TritonX-100, PBS1X) and incubated overnight with anti-GFP (to amplify the YFP signal) and anti-RFP anti-

bodies. Cells were then washed 3 times with PBS 1X, stained with secondary antibodies and DAPI for 1 hour at RT, before washing

andmounting. The experiment was repeated 3-5 times using pAstros from 2 control lines (HMGU-1 andHMGU-12) and 3 patient lines

(#87971, #79787 and #114107). In each biological replicate, a region of interest (ROI) was manually drawn and the mean fluorescent

intensity of the YFP signal was analyzed in 30-50 DsRed-positive cells with Fiji. Each dot represents the average for 1 biological

replicate.

Aggresome Detection
pAstros were plated on 24-well plates and underwent the neuronal reprogramming paradigm as described above. The main differ-

ence is that here we transduced pAstros with retroviruses encoding either BFP or Ngn2-IRES-BFP. At 2 DPT, pAstro media was
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replaced with neuronal differentiation media and the cells were treated with the indicated small molecules. At 5 DPT and 20 DPT,

misfolded proteins were measured using the PROTEOSTAT� Aggresome detection kit (ENZOlifesciences) following the manufac-

turer’s instructions. Briefly, cells were fixed with PFA 4% for 30 minutes at RT. PFA solution was aspirated, cells were washed

once with PBS1X and then permeabilized for 30 minutes with 0.5% Triton X-100, 3 mM EDTA, in 1X Assay Buffer at 4�C. Permeabi-

lization solution was aspirated and PROTEOSTAT� Aggresome Detection Reagent was added in 1X Assay Buffer (1:2000) for 30 mi-

nutes at RT. Cells were then washed 3 times with PBS 1X and mounted. Cells were imaged on the same day the assay was per-

formed. The experiment was repeated 3 times using pAstros from the control line HMGU#1 and patient line 79787. In each

biological replicate, a region of interest (ROI) was manually drawn and the mean fluorescent intensity of the PROTEOSTAT� signal

was analyzed in 30-50 BFP-positive cells with Fiji. For experiments performed on 20DPT, 30-50 BFP-positive cells were further sepa-

rated into non-neuronal and neuronal morphology prior to analysis. Each dot represents the average for 1 independent biological

experiment.

Morphological analysis of reprogrammed cells
The neurite length of both pAstros- and fibroblast-induced neuronal cells across conditions was analyzed at 20 DPT. The Fiji plugin

‘‘Simple Neurite Tracer’’ was used for the measurement quantification. Neurite length of 10 randomly selected cells were analyzed

across 3 biological replicates per each condition.

Immunocytochemistry
Cells were fixed with 4% PFA for 10 min at RT and stored in 1xPBS at 4�C before staining. Cells were incubated in blocking solution

(PBS 1x plus 3% Bovine Serum Albumin (BSA) and 0.5% Triton X-100) for 30 minutes and subsequently incubated with primary an-

tibodies (concentrations listed in the key resources table) diluted in blocking solution for 2 hours at RT or overnight at 4�C. After
washing twice for 5 minutes with 1xPBS, cells were incubated with the correct species-specific secondary antibodies at a dilution

of 1:1000 for 1hr in the dark at RT. DAPI (1:10,000 in blocking solution) was also added during this step to label the nuclei. Cells were

washed twice for 5 minutes with 1xPBS and the coverslips were mounted with Aqua Poly/Mount. The cells were imaged at the Axio

Observer Z1 epifluorescencemicroscope (Carl Zeiss) or the LSM710 laser-scanning confocal. Digital imageswere acquired using the

ZEN software (Carl Zeiss) at 20X, 25X or 40X.

Co-culture for electrophysiology
Human pAstros were plated on 6-well plates at�210,000 cells per well. The following day, the cells were transduced with 5 ml of virus

per well. 2 DPT pAstros were washed twice with PBS 1x and plated on top of mouse astrocytes plated the day before in 24-well

plates. The co-cultured cells were maintained in mouse astrocyte conditioned media (media taken from T75 flasks of mouse astro-

cyte cultures for 3-4 days) and supplementedwith the neuronal reprogrammingmedia factors plus 10 mMRock Inhibitor Y-27632 until

50-70 DPT. Half media was exchanged every second day.

Whole-cell patch-clamp recordings
Whole-cell patch-clamp measurements were performed as previously described.102 Briefly, coverslips with cultured iNeurons were

transferred to an organ bath mounted on the stage of an upright microscope (BX-RFA-1-5, Olympus, Japan). A single coverslip was

continuously perfused with artificial cerebro-spinal fluid (ASCF) containing (inmM): NaCl (125), KCl (3), NaH2PO4 (1.25), NaHCO3 (25),

CaCl2 (2), MgCl2 (2) and D-Glucose (25 mM). The ACSF was saturated with 95%O2 / 5%CO2 to maintain a pH of 7.4. The osmolarity

of the ACSF ranged between 305 to 318mOsmol. The perfusion rate with ACSFwas set to 3mL /min and recordings were performed

at 28�C. Cultured cells were visualized with a Dodt contrast tube (DGC, Scientifica, UK) that was attached to the microscope. Suc-

cessfully transduced neurons were identified by DsRed expression with the help of a fluorescent lamp (pE-300, CooLED, UK) and

epifluorescence optics for red fluorescence (filter: ZT635dcrb, Chroma Technology, USA). Images were taken and displayed using

a software-operatedmicroscope camera (Evolve 512Delta, Teledyne Photometrics, USA). The electrodes for whole cell patch-clamp

recordings were fabricated from borosilicate glass capillaries (OD: 1.5 mm, ID: 0.86 mm, Hugo Sachs Elektronik-Harvard Apparatus,

March-Hugstetten, Germany) and filled with a solution composed of (in mM): K-gluconate (135), KCl (4), NaCl (2), EGTA (0.2), HEPES

(10), Mg-ATP (4), Na-GTP (0.5), and phosphocreatine (10). The osmolarity ranged between 288-295mOsmol, the pH was adjusted to

7.3. The electrodes (resistance: 3 – 5 MU) were connected to the headstage of a npi ELC-03XS amplifier (npi, Tamm, Germany). The

recorded signals were amplified (x20), filtered at 20 kHz, digitized at a sampling rate of 50 kHz and stored on a computer for off-line

analysis. Data acquisition was performed by means of a CED 1401 Power 3 system in conjunction with the Signal6 data acquisition

software (Cambridge electronic design, Cambridge, England). The input resistance was determined by injecting at least 10 small hy-

perpolarizing current steps (500 ms, 1-10 pA) into the cells and by determining the averaged voltage deflection in response to the

current injection. The input resistance was then calculated according to Ohm’s law (R= V/I). The properties of single action potentials

(AP) were obtained from recordings in which action potentials were elicited by means of just suprathreshold current steps or current

ramps (duration: 50 ms). The following AP parameters were analyzed: AP amplitude, AP duration, AP threshold, AP rising slope. The

amplitude was determined as the difference between the resting membrane potential and the AP peak voltage. Duration, rising slope

and spike threshold were determined according to methods given by Bean103: Single spikes were differentiated, and the spike dura-

tion corresponded to the temporal difference between the maximum and the minimum of the differentiated spike. The rising slope
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was equal to themaximumof the first spike derivative. For the spike threshold analysis, the differentiated spike was plotted as a func-

tion of the membrane voltage. In this phase plane, the threshold corresponded to the point where the rising slope of the membrane

voltage displayed a sudden increase. To test whether an induced neuron was able to fire repetitive action potentials, at least 20 cur-

rent steps with increasing amplitudes (duration: 1 s) were injected into the cells. Depending on a cell’s input resistance, these current

steps ranged between 1-10 pA. Data analysis was performed using IGOR Pro 6 together with the Neuromatic IGOR plugin.104

QUANTIFICATION AND STATISTICAL ANALYSIS

The efficiency of neuronal reprogramming for both pAstros and fibroblasts across conditions was analyzed at 20 DPT. The quanti-

fication of neuronal-like cells was conducted as previously described4: in short, morphological parameters such as the length of pro-

cesses and b-III-tubulin immunoreactivity were assessed.

Data were analyzed with Microsoft Excel, GraphPad Prism 8.0 software and linear regression using the ‘‘lm’’ function (R Stats

package) in RStudio. Evaluation of the residuals for fitted linear models was performed with the package ‘‘DHARMa’’ (Florian Hartig

(2020). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression Models. R package version 0.3.2.0. https://

CRAN.R-project.org/package=DHARMa) in RStudio. For the analysis of the intensity of genetic sensors, paired t-test was usedwhen

the values of the groups and the differences were normally distributed and the variances were not unequal; otherwise, Wilcoxon

signed rank exact test was used.

The number of biological replicates is detailed in the Figure Legends, and the data are plotted asmedian ± interquartile range (IQR)

or mean ± SEM. The significance illustrated in the graphs belong to the corresponding p-values * p%0.05, ** p%0.01, ***p%0.001.

Schemes have been generated or adapted from BioRender.com.
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