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Neuron-specific translational control shift ensures
proteostatic resilience during ER stress
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Abstract

Proteostasis is essential for cellular survival and particularly
important for highly specialised post-mitotic cells such as neurons.
Transient reduction in protein synthesis by protein kinase R-like
endoplasmic reticulum (ER) kinase (PERK)-mediated phosphoryla-
tion of eukaryotic translation initiation factor 2α (p-eIF2α) is a
major proteostatic survival response during ER stress. Paradoxi-
cally, neurons are remarkably tolerant to PERK dysfunction, which
suggests the existence of cell type-specific mechanisms that secure
proteostatic stress resilience. Here, we demonstrate that PERK-
deficient neurons, unlike other cell types, fully retain the capacity
to control translation during ER stress. We observe rescaling of the
ATF4 response, while the reduction in protein synthesis is fully
retained. We identify two molecular pathways that jointly drive
translational control in PERK-deficient neurons. Haem-regulated
inhibitor (HRI) mediates p-eIF2α and the ATF4 response and is
complemented by the tRNA cleaving RNase angiogenin (ANG) to
reduce protein synthesis. Overall, our study elucidates an intricate
back-up mechanism to ascertain translational control during ER
stress in neurons that provides a mechanistic explanation for the
thus far unresolved observation of neuronal resilience to proteo-
static stress.
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Introduction

Protein homeostasis or proteostasis is essential for cell function and

viability and is continuously challenged by internal and environ-

mental stressors. Central in the resilience to proteostatic stress is

reduction in global protein synthesis via the integrated stress

response (ISR; Pakos-Zebrucka et al, 2016). The ISR is regulated by

phosphorylation of eukaryotic initiation factor 2α (eIF2α), which is

mediated by eIF2α kinases (EIF2AK1–4) that are triggered by differ-

ent stressors (Donnelly et al, 2013). EIF2AK3—also called protein

kinase R-like endoplasmic reticulum kinase (PERK)—is activated by

endoplasmic reticulum (ER) stress as part of the unfolded protein

response (UPR; Harding et al, 1999). Phosphorylated eIF2α (p-

eIF2α) inhibits eukaryotic initiation factor 2B (eIF2B), resulting in

reduced protein synthesis, paradoxically accompanied by increased

translation of specific mRNAs, including activating transcription fac-

tor 4 (ATF4; Harding et al, 2000; Scheuner et al, 2001; Harding

et al, 2003). Translational control via the ISR is essential for cell via-

bility (Han et al, 2013), yet deficiency of the EIF2AKs differentially

affects different cell types and tissues (Yang et al, 1995; Han

et al, 2001; Harding et al, 2001; Zhang et al, 2002). In particular,

the apparent resilience of neurons to PERK deficiency is surprising

in view of the importance of proper ISR control for the function of

the highly specialised post-mitotic neurons (Kapur et al, 2017).

Global deletion of PERK expression results in severe defects in

multiple tissues in mice in vivo, in particular the pancreas, resulting

in diabetes and perinatal lethality (Harding et al, 2001). Mice

treated with a PERK inhibitor also show pancreatic deficiency

(Moreno et al, 2013). In agreement with this, Wolcott–Rallison syn-

drome—a human disease in which PERK function is disrupted—is

primarily characterised clinically by juvenile diabetes, combined

with renal, hepatic and skeletal problems (Del�epine et al, 2000). In

contrast, neuron-specific deletion of PERK leads to overall healthy

mice with no morphological or functional defects in the brain (Trinh

et al, 2012). Also in patients with Wolcott–Rallison syndrome, cog-

nitive symptoms are only observed in a minority of cases and are

considered to be a secondary effect of diabetes (Julier & Nicol-

ino, 2010). Together, this indicates that neurons tolerate PERK dys-

function better than other cell types, which suggests the existence of

cell type-specific mechanisms that secure proteostatic stress resili-

ence. To date, neuronal PERK deficiency has only been studied in

the heterogeneous context of the brain, in a mixture of PERK-

deficient neurons, wild-type neurons and other brain cells, predomi-

nantly astrocytes. This makes it impossible to distinguish the cell

autonomous neuronal response to proteostatic stress. Hence, the

1 Department of Functional Genomics, Faculty of Science, Center for Neurogenomics and Cognitive Research (CNCR), Vrije Universiteit (VU) Amsterdam, Amsterdam,
The Netherlands

2 Functional Genomics Section, Department of Human Genetics, Amsterdam University Medical Centers (UMC) Location Vrije Universiteit, Amsterdam, The Netherlands
3 Department of Pathology, Amsterdam University Medical Centers (UMC) Location Vrije Universiteit, Amsterdam, The Netherlands
4 Department of Child Neurology, Amsterdam University Medical Centers (UMC) Location Vrije Universiteit, Amsterdam, The Netherlands

*Corresponding author. Tel: +31-20-5982771; E-mail: w.scheper@amsterdamumc.nl

� 2022 The Authors. Published under the terms of the CC BY NC ND 4.0 license. The EMBO Journal 41: e110501 | 2022 1 of 22

https://orcid.org/0000-0001-9741-6958
https://orcid.org/0000-0001-9741-6958
https://orcid.org/0000-0001-9741-6958
https://orcid.org/0000-0002-6085-7503
https://orcid.org/0000-0002-6085-7503
https://orcid.org/0000-0002-6085-7503
https://orcid.org/0000-0002-1431-4559
https://orcid.org/0000-0002-1431-4559
https://orcid.org/0000-0002-1431-4559


molecular pathways that convey neuron-specific proteostatic stress

resilience are unknown.

Here, we employed PERK-deficient neuron and astrocyte mono-

cultures to investigate the mechanisms underlying neuron-specific

ER stress resilience in the absence of PERK. We confirm that PERK

deficiency incapacitates ER stress-induced translational control in

astrocytes, as previously reported for other cell types. Surprisingly,

we demonstrate that PERK-deficient neurons retain the capacity to

reduce global protein synthesis during ER stress. Selective ATF4

upregulation and the ATF4 transcriptional response are decreased

and therefore uncoupled from the preserved reduction in protein

synthesis. Importantly, we identified that two pathways, one medi-

ated by haem-regulated inhibitor (HRI)/eIF2α and another by the

RNase angiogenin (ANG), jointly convey this neuron-specific shift

to secure translational control during ER stress.

Results

ER stress-induced reduction in protein synthesis is preserved
in PERK-deficient neurons

To study cell type-specific PERK signalling in the major cell types of

the brain, conditional PERK-deficient (knockout; KO) neurons and

astrocytes were cultured from PerkloxP/loxP mice. Perk WT and Perk

KO cells were generated by in vitro transduction with lentiviruses

expressing inactive ΔCre- or active Cre-recombinase, respectively.

The presence of an EGFP or mCherry tag allowed identification of

transduced cells (Fig 1A; Appendix Fig S1A and B). This transduc-

tion protocol resulted in virtually complete loss of PERK protein in

Perk KO cells (Fig 1B). To investigate the PERK-mediated ISR in

neurons and astrocytes, the phosphorylation of eIF2α (p-eIF2α) and
the downstream responses (Fig 1C) were assessed during ER stress

induced by 20–24 h of treatment with tunicamycin (TM). All ISR

interventions and experimental readouts used in this study are

summarised in Fig EV1.

To validate that neurons in vitro are tolerant to PERK dysfunc-

tion, as was previously shown in vivo, the effect of ER stress on the

cell number and metabolic activity of WT and Perk KO neurons was

determined (Fig EV2A–D). These data show that ER stress did not

affect the viability of WT nor Perk KO neurons. In contrast, under

the same conditions the metabolic activity of Perk KO astrocytes but

not WT astrocytes decreased upon ER stress, showing that PERK

deficiency reduces the tolerance of astrocytes to ER stress (Fig

EV2E). No major difference is detected between the viability of WT

and Perk KO astrocytes upon ER stress (Fig EV2F), allowing analysis

of astrocytes as non-neuronal brain cell type in this study. To assess

more subtle effects on neuronal degeneration, neuronal morphology

was quantitatively determined by high-content microscopy and

automated analysis (Rosato et al, 2019; Fig EV2G–R). ER stress did

have a small effect on the morphology of neurons, but no differ-

ences between Perk KO and WT neurons were observed. Together,

these data indicate that Perk KO neurons retain resilience to ER

stress in vitro.

In order to study PERK signalling, p-eIF2α was analysed by

Western blot (WB) first. This experiment showed that ER stress

significantly increased p-eIF2α in WT astrocytes (Fig 1D–F) and

neurons (Fig 1G–I). Deletion of Perk abolished ER stress-induced

eIF2α phosphorylation in astrocytes (Fig 1D–F). Unexpectedly, ER

stress increased eIF2α phosphorylation to the same extent in Perk

KO and WT neurons (Fig 1G–I). Because basal p-eIF2α levels were

reduced, the absolute p-eIF2α levels were 1.8-fold lower in Perk KO

neurons (Fig 1H). This demonstrates that the ER stress-induced

phosphorylation of eIF2α is retained yet rescaled in PERK-deficient

neurons but not astrocytes.

To study the ER stress-induced responses downstream of p-

eIF2α, de novo protein synthesis rates were assessed first. We

employed SUnSET (Schmidt et al, 2009) combined with high-

content microscopy and automated analysis of puromycin

immunofluorescence to detect nascent peptides formed during puro-

mycin pulse labelling. This analysis showed that ER stress reduced

global protein synthesis by 30% in WT astrocytes (Fig 1J–L) and

35% in WT neurons (Fig 1M–O). Deletion of Perk abolished the ER

stress-induced protein synthesis block in astrocytes, as expected

(Fig 1J–L). However, in Perk KO neurons protein synthesis was

reduced to the same extent as in WT neurons upon ER stress

(Fig 1M–O). Basal protein synthesis rates were not altered (Fig 1N).

Bulk analysis of puromycinylated proteins by WB confirmed that

the ER stress-induced reduction in global protein synthesis was not

affected in Perk KO neurons (Fig EV3A–D). In addition, similar

results were obtained for p-eIF2α and de novo protein synthesis

when thapsigargin (TG), a mechanistically different ER stress

inducer, was used (Fig EV3E–H). These results demonstrate that the

reduction in protein synthesis observed in Perk KO neurons is not

due to subcellular relocalisation of translation and not a non-

specific effect of TM. These data therefore indicate that neurons

have a specific adaptation to maintain ER stress-induced protein

synthesis reduction in the absence of PERK.

ER stress-induced protein synthesis reduction and the ATF4
response are uncoupled in PERK-deficient neurons

To examine ISR-induced selective mRNA translation (Fig 1C), the

level of the transcription factor ATF4 in the nucleus was assessed by

immunofluorescence and confocal imaging. As expected, the ER

stress-induced increase in nuclear ATF4 level was significantly

reduced in Perk KO astrocytes (Fig 2A–C). In contrast, in Perk KO

neurons, the ER stress-induced upregulation of ATF4 was preserved

(Fig 2D–F). Due to a lower basal level, the absolute ATF4 level dur-

ing ER stress was 1.5-fold lower in Perk KO than in WT neurons

(Fig 2E). Similar results were obtained with TG-induced ER stress

(Fig EV3G and I). Furthermore, bulk analysis by WB confirmed the

rescaled ER stress-induced regulation of ATF4 in Perk KO neurons

(Fig EV3J and K). These results demonstrate that the observed

increase in nuclear ATF4 in Perk KO is not a non-specific effect of

TM and is not due to subcellular relocalisation. Hence, the ER

stress-induced ATF4 response is preserved albeit rescaled in

PERK-deficient neurons.

To examine the effect of lower ATF4 levels on transcription, we

employed mRNA sequencing (mRNA-seq). This experiment showed

that in WT and Perk KO astrocytes, the expression of 3,808 and 997

mRNA transcripts was significantly upregulated by ER stress,

respectively. In WT and Perk KO neurons, the expression of 3,897

and 2092 mRNA transcripts was significantly upregulated by ER

stress, respectively (Appendix Fig S2). Analysis of the transcrip-

tional targets of ATF4 (Han et al, 2013) showed that only 31%
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(100/322) of the ER stress-induced ATF4 target genes identified in

WT astrocytes were also significantly upregulated in Perk KO astro-

cytes (Fig 2G). In addition, the increase in expression of these ATF4

target genes was reduced in Perk KO astrocytes (Fig 2H). In Perk KO

neurons, expression of 49% (157/319) of the ATF4 target genes that

were upregulated by ER stress in WT neurons was significantly

increased (Fig 2I). Like in astrocytes, the ER stress-induced increase

in ATF4 target gene expression was reduced in Perk KO neurons

(Fig 2J). These data therefore demonstrate that the reduced ATF4

levels in Perk KO neurons are not sufficient to induce the full tran-

scriptional response. This indicates that the control of ATF4 trans-

lation is uncoupled from the control of global protein synthesis

during ER stress, because the latter is preserved in PERK-deficient

neurons.
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Figure 1. ER stress-induced reduction in protein synthesis is preserved in PERK-deficient neurons.

A Schematic overview of timeline and experimental set-up.
B WB showing depletion of PERK in Perk KO astrocytes and neurons.
C Schematic representation of the core events of the PERK signalling pathway.
D–I eIF2α phosphorylation in WT and Perk KO astrocytes (N = 3) and neurons (N = 6) � 20–24 h of TM-induced ER stress. Representative WB (D, G), quantification of

absolute phosphorylated eIF2α level (p-eIF2α/eIF2α) (E, H) and the ER stress-induced p-eIf2α response (F, I).
J–O Protein synthesis in WT and Perk KO astrocytes (N = 5) and neurons (N = 5) � 20–24 h of TM-induced ER stress. Representative images obtained by high-content

microscopy showing puromycinilated proteins detected by immunofluorescence (J, M), quantification of puromycin intensity as a measure for de novo protein syn-
thesis (K, N) and the ER stress-induced protein synthesis response (L, O). Astrocytic soma (GFAP, white), dendrites (MAP2, white), nuclei ((Δ)Cre, red) and de novo-
synthesised proteins (puromycin, green). Scale bar: 25 μm.

Data information: (E, H, K, N) Data are normalised to untreated WT. (F, I, L, O) Data are related to untreated cells of the same genotype. The baseline level (without ER
stress) is depicted by a dashed line. Data are presented as mean � SEM. N: Biological replicate. Relevant P-values are indicated: **P < 0.01, ***P < 0.001, ****P < 0.0001
and ns: not significant. Statistical analysis: two-way ANOVA with Tukey’s post-hoc test (E, H, K, N); Student’s t-test (F, I); and nested t-test (L, O). See also Fig EV3 and
Appendix Fig S1.
Source data are available online for this figure.
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Figure 2. ER stress-induced ATF4 response is rescaled in PERK-deficient neurons.

A–F ATF4 expression in WT and Perk KO astrocytes (N = 3) and neurons (N = 9) � 20–24 h of TM-induced ER stress. (A, D) Representative confocal images of ATF4
immunofluorescence. Astrocytic soma (GFAP, cyan), dendrites (MAP2, cyan), nuclei ((Δ)Cre, green) and ATF4 (magenta). Scale bar: 10 μm. (B, E) Quantification of
absolute nuclear ATF4 intensity. Data are normalised to untreated WT. (C, F) Quantification of the ER stress-induced ATF4 response. Data are related to untreated
cells of the same genotype. The baseline level (without ER stress) is depicted by a dashed line.

G–J (G, I) Venn diagram showing the number of significantly upregulated ATF4 target genes in WT (grey and blue) and Perk KO (green and blue) astrocytes (G, N = 3)
and neurons (I, N = 3) upon 20–24 h of TM-induced ER stress determined by mRNA-seq. Percentage: fraction of upregulated ATF4 target genes in WT cells that are
also upregulated in Perk KO cells. (H, N = 3; J, N = 3) Log2 fold change of ATF4 target genes that are significantly upregulated in both WT and Perk KO cells (blue in
Venn diagram).

Data information: Data are presented as mean � SEM. N: Biological replicate. Relevant P-values are indicated: *P < 0.05, **P < 0.01, ****P < 0.0001 and ns: not signifi-
cant. Statistical analysis: two-way ANOVA with Tukey’s post-hoc test (B, E); and nested t-test (C, F). See also Fig EV3 and Appendix Fig S2.
Source data are available online for this figure.

4 of 22 The EMBO Journal 41: e110501 | 2022 � 2022 The Authors

The EMBO Journal Kimberly Wolzak et al



Preservation of ER stress-induced translational control is a
conserved neuron-specific feature

To test whether the compensatory mechanism of Perk KO neurons

to retain translational control during ER stress results from adapta-

tion to long-term PERK deficiency, ER stress was induced in the

presence of the pharmacological PERK inhibitor GSK2606414

(PERK-i). We established a protocol for high-content microscopy

and automated analysis to quantify both puromycinylated proteins

and ATF4 levels in the same experiment. PERK-i treatment abol-

ished both the ER stress-induced reduction in protein synthesis and

ATF4 upregulation in WT astrocytes (Fig 3A–C). In contrast, PERK-

i-treated WT neurons show preserved ER stress-induced protein syn-

thesis reduction and decreased induction of p-eIF2α and ATF4

(Figs 3D–F and EV4A and B). PERK-i treatment did not affect the ER

stress-induced reduction in protein synthesis or ATF4 upregulation

in Perk KO astrocytes and neurons (Fig EV4C–H), excluding that the

preservation of ER stress-induced translational control of Perk KO

neurons is caused by low level residual PERK. Collectively, these

data show that neurons adapt similar to acute PERK impairment

and chronic Perk inactivation.

To determine whether neuron-specific adaptation to PERK

impairment is unique for mouse, neurons derived from human

induced pluripotent stem cells (hiPSCs) and human primary astro-

cytes were investigated. In human astrocytes, PERK-i treatment

abolished both the ER stress-induced protein synthesis and ATF4

response (Fig 3G–I). In contrast, in PERK-i-treated hiPSC-derived

neurons the ER stress-induced protein synthesis reduction was unaf-

fected and the ATF4 response was reduced (Fig 3J–L). These obser-

vations indicate that preservation of the capacity to reduce protein

synthesis and uncoupling from the ATF4 response during ER stress

are conserved properties of PERK-deficient neurons.

HRI mediates part of the ER stress-induced translational control
in PERK-deficient neurons

In order to investigate whether the UPR is involved in the compen-

satory mechanism of PERK-deficient neurons during ER stress, the

activating transcription factor 6 (ATF6) and Inositol-requiring

enzyme 1 (IRE1) pathways of the UPR were examined by qPCR

analysis. Upregulation of Ddit3 (CHOP) and Eif4ebp1 mRNA—tran-

scriptional targets of the PERK pathway via ATF4—was reduced in

TM-treated Perk KO (Appendix Fig S3A and B). Interestingly, also

the upregulation of Hspa5 (BiP/GRP78) and splicing of Xbp1, mark-

ers for the ATF6 and IRE1 pathway of the UPR, respectively, were

reduced in Perk KO neurons (Appendix Fig S3C and D). In addition,

treatment with the small-molecule IRE1 inhibitor 4μ8C (IRE1-i; van

Ziel et al, 2019) had no effect on ER stress-induced protein synthesis

repression and ATF4 upregulation in Perk WT or KO neurons

(Appendix Fig S3E–H). These results illustrate the crosstalk between

PERK and the other UPR arms, but make it unlikely that the UPR is

involved in the adaptation of the PERK pathway.

Next, data obtained by the mRNA-seq analysis were used to iden-

tify an alternative stress-regulated mechanism. Gene Ontology (GO)

analysis showed enrichment of differentially expressed genes

(DEGs) in several cellular responses to oxidative stress in TM-

treated Perk KO compared with WT neurons (Fig 4A). Importantly,

none of these stress responses were identified when comparing TM-

treated WT and Perk KO astrocytes (Fig 4B). Therefore, we assessed

whether ER stress induced the accumulation of reactive oxygen

species (ROS) in PERK-deficient neurons, using CellROX Green

reagent that results in a fluorescent nuclear signal in the presence of

ROS (Fig 4C), confirmed by treatment with the ROS inducer mena-

dione (Men; Appendix Fig S4A–D). CellROX Green labelling showed

that ER stress resulted in increased ROS levels in Perk KO, but not

WT neurons (Fig. 4D and 4E), nor WT or Perk KO astrocytes (Fig 4F

and G). Similar results were obtained in PERK-i-treated neurons

and astrocytes (Appendix Fig S4E and F). Immunofluorescence

showed no nuclear translocation of nuclear factor erythroid 2-

related factor 2 (NRF2) in WT and PERK KO neurons upon ER stress

(Appendix Fig S4G and H). These data indicate that independent of

NRF2 regulation, PERK-deficient neurons accumulate ROS during

ER stress.

Since ROS trigger the ISR via Eif2ak1/HRI activation, the involve-

ment of HRI in the adaptation of PERK-deficient neurons was stud-

ied using lentiviral shRNA-mediated targeting. This approach

abrogated mRNA expression (Fig 4H) and the function of HRI,

demonstrated by the abolishment of sodium arsenite (Ars)-induced

ATF4 upregulation (Fig 4I; Appendix Fig S5; 92% reduction Fig 4J).

Interestingly, WB analysis demonstrated that knockdown (KD) of

HRI abrogated the ER stress-induced eIF2α phosphorylation in Perk

KO, but not WT neurons (Fig 4K–M). Confocal analysis showed that

HRI KD inhibited the reduction in protein synthesis during ER stress

in Perk KO, but not WT neurons (Fig 4N–P). In addition, HRI KD

abolished the ER stress-induced increase in ATF4 in Perk KO, but

not WT neurons (Fig 4Q–S). In accordance, treatment with the phar-

macological HRI inhibitor hemin (HRI-i) reduced the ER stress-

induced upregulation of ATF4 in Perk KO neurons and not in WT

neurons (Fig EV5A–C). Interestingly, although HRI KD abolished

the ER stress-induced eIF2α phosphorylation and upregulation of

ATF4 in Perk KO neurons, it did not completely abrogate the reduc-

tion in protein synthesis (Fig 4M and S vs. P). Partial KD of the

remaining two eIF2α kinases, Eif2ak2/ protein kinase R (PKR) and

Eif2ak4/ general control nonderepressible 2 (GCN2; Fig EV5D–I),
did not differentially affect ER stress-induced ATF4 upregulation in

Perk KO neurons (Fig EV5J–L). GCN2 slightly reduced the ER stress-

▸Figure 3. Preservation of ER stress-induced translational control is a conserved neuron-specific feature.

A–L Protein synthesis and ATF4 expression in mouse (A-F) and human (G-L) astrocytes (A-C and G-I) and neurons (D-F and J-L) � 20–24 h of TM-induced ER stress �
PERK-i (Pi). (A, D, G, J) Representative images obtained by high-content microscopy. Astrocytic soma (GFAP/phalloidin, white), dendrites (MAP2, white), nuclei (ΔCre,
red), de novo-synthesised proteins (puromycin, green) and ATF4 (magenta). Scale bar: 25 μm. (B, N = 5; E, N = 5; H, N = 3; K, N = 3) Quantification of puromycin
intensity as a measure for de novo protein synthesis. (C, N = 5; F, N = 7; I, N = 4; L, N = 3) Quantification of absolute nuclear ATF4 intensity.

Data information: Data are normalised to untreated WT and presented as mean � SEM. N: Biological replicate. Relevant P-values are indicated: ***P < 0.001 and
****P < 0.0001. Statistical analysis: Two-way ANOVA with Tukey’s post-hoc test. See also Fig EV4.
Source data are available online for this figure.
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induced ATF4 upregulation, but in both WT and Perk KO neurons

(Fig EV5L). Functional KD was confirmed by treatment with PKR

activator BEPP and the GCN2 activator Halofuginone (Halo),

demonstrating that ATF4 upregulation was reduced by 63% in PKR

KD neurons and abolished in the GCN2 KD neurons, respectively

(Fig EV5E and F, and H, and I). Therefore, it is unlikely that these

eIF2α kinases contribute to the compensatory mechanism of PERK-

deficient neurons during ER stress. WB analysis showed that
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neither PERK deletion nor ER stress affected the HRI protein levels

(Appendix Fig S6A and B), suggesting that the compensatory effect

of HRI in PERK-deficient neurons is mediated by changes in the

activity of HRI rather than the levels. Together, these data demon-

strate that the rescaled p-eIF2α and ATF4 responses of PERK-

deficient neurons are fully mediated by HRI and the global protein

synthesis response partially.

To investigate the dependence of the adapted ISR on p-eIF2α,
overexpression of eIF2αWT or a dominant negative phospho-

deficient mutant (eIF2αS51A) was employed. This experiment

showed that eIF2αS51A inhibited the ER stress-induced reduction in

protein synthesis and ATF4 increase in both WT and Perk KO neu-

rons (Fig 5A–F). This finding indicated that both ER stress-induced

global and selective translational regulation in PERK-deficient neu-

rons are at least partially p-eIF2α-dependent.
Overexpression of WT or mutant eIF2α was toxic in neurons;

therefore, full inhibition of the ISR was not achieved using this

approach (Fig 5C and F). To address the p-eIF2α dependence of

ATF4 translation more directly, an ATF4 translation reporter was

used in which the ATF4 5’ UTR drives expression of EYFP fused to a

nuclear localisation signal (50ATF4-uORFWT; Fig 5G; van Ziel

et al, 2020). Comparison with a uORF mutant 50UTR reporter that is

insensitive to p-eIF2α (50ATF4-uORFMut; Fig 5H; Lu et al, 2004)

allows assessment whether the residual ER stress-induced ATF4

increase is caused by p-eIF2α-dependent translation. It is important

to note that this experimental set-up uses the accumulation of EYFP,

which has a much higher t1/2 (approximately 15 h; Danhier

et al, 2015) than ATF4 (<60 min; Ameri et al, 2004; Frank et al,

2010); therefore, the data are not a reflection of ATF4 accumulation.

As expected, 50ATF4-uORFWT showed enhanced nuclear EYFP signal

in response to ER stress (like endogenous ATF4 expression) in both

WT and Perk KO neurons (Fig 5I and J). In contrast, 50ATF4-
uORFMut was not responsive to ER stress in WT nor Perk KO neu-

rons (Fig 5K and L). Therefore, the residual ER stress-induced ATF4

response in PERK-deficient neurons is fully p-eIF2α-dependent.

ER stress-induced protein reduction in PERK-deficient neurons is
partially eIF2-independent

To further investigate the involvement of p-eIF2α in the reduction of

protein synthesis, the small-molecule ISR inhibitor (ISRIB) was used

(Sidrauski et al, 2013; Zyryanova et al, 2021). ISRIB interferes with

◀ Figure 4. HRI mediates part of the ER stress-induced translational control in PERK-deficient neurons.

A Oxidative stress-related processes identified by GO analysis comparing TM-treated Perk KO and WT neurons (N = 3).
B Oxidative stress-related processes are only enriched in TM-treated Perk KO neurons. Source data ((adjusted) P-values, gene IDs and gene names) are available

online.
C Schematic representation of the method to quantify ROS accumulation by nuclear CellROX green intensity.
D–G ROS accumulation in WT and Perk KO neurons (N = 3) and astrocytes (N = 3) � 20–24 h of TM-induced ER stress. (D, F) Representative images obtained by high-

content microscopy. Dendrites (MAP2, white), astrocytic soma (phalloidin, white), nuclei ((Δ)Cre, red) and ROS (CellROX green, green). Scale bar: 25 μm. (E, G) Quan-
tification of CellROX green intensity.

H mRNA expression of Eif2ak1 (HRI) in HRI KD neurons determined by RT–qPCR, normalised to WT transduced with shRNA control (represented by a dashed line)
(N = 3).

I Quantification of an increase in nuclear ATF4 intensity in WT neurons � HRI KD � 20 h of sodium arsenite (Ars) treatment (N = 3). Representative images are
shown in Appendix Fig S5.

J The remaining ATF4 response (%) upon HRI KD, related to ATF4 response of WT transduced with shRNA control (100%, represented by a dashed line) (N = 3).
Calculated from data in (I): KD Arsþ�KD Ars�ð Þ=KD Ars�½ �= WT Arsþ�WT Ars�ð Þ=WT Ars�½ �½ � � 100.

K–M eIF2α phosphorylation in HRI KD WT and Perk KO neurons (N = 3) � 20–24 h of TM-induced ER stress. Representative WB (K), quantification of the ER stress-
induced p-eIf2α response (L) and absolute phosphorylated eIF2α level (p-eIF2α/eIF2α) (M).

N–S Protein synthesis (N = 3) and ATF4 expression (N = 4) in HRI KD WT and Perk KO neurons �20–24 h of TM-induced ER stress. Representative images obtained by
(N) confocal and (Q) high-content microscopy. Dendrites (MAP2, white/cyan), nuclei ((Δ)Cre, green/red), de novo-synthesised proteins (puromycin, green), ATF4 (ma-
genta). Scale bar: 25 {m. Quantification of the ER stress-induced protein synthesis response (O) and puromycin intensity as a measure for de novo protein synthesis
(P). Quantification of the ER stress-induced ATF4 response (R) and absolute nuclear ATF4 intensity (S).

Data information: (E, G, M, P, S) Data are normalised to untreated WT. (L, O, R) Data are related to untreated cells of the same genotype and normalised to WT without
HRI KD. Baseline level (without ER stress) is depicted by a dashed line. Data are presented as mean � SEM. N: Biological replicate. Relevant P-values are indicated:
*P < 0.05, **P < 0.01, ****P < 0.0001 and ns: not significant. Statistical analysis: Two-way ANOVA with Tukey’s post-hoc test (E, G, I, L, O, R); one-sample t-test with a
hypothetical value of 100 (H,J); Student’s t-test (M); and nested t-test (P, S). See also Fig EV5 and Appendix Figs S2 and S4.
Source data are available online for this figure.

▸Figure 5. ER stress-induced ATF4 response in PERK-deficient neurons is fully p-eIF2α-dependent.
A–F Protein synthesis (A-C, N = 3) and ATF4 expression (D-F, N = 5) in WT and Perk KO neurons overexpressing eIF2αWT or phospho-deficient eIF2αS51A � 20–24 h of

TM-induced ER stress. Representative images obtained by (A) confocal and (D) high-content microscopy. Dendrites (MAP2, white/cyan), nuclei ((Δ)Cre, red),
de novo-synthesised proteins (puromycin, green) and ATF4 (magenta). Scale bar: 25 μm. Quantification of the ER stress-induced protein synthesis (B) and ATF4
response (E). Data are normalised to WT eIF2αWT. Quantification showing the percentage change in the ER stress-induced protein synthesis (C) and ATF4
(F) response induced by eIF2αS51A compared with eIF2αWT. (C) Calculated from data in (B): eIF2αS51A�eIF2αWTð Þ=eIF2αWT½ �� 100. (F) Calculated from data in
(E): eIF2αS51A�eIF2αWTð Þ=eIF2αWT½ ���100.

G–L Expression of p-eIF2α sensitive (50ATF4-uORFWT) and p-eIf2α insensitive (50ATF4-uORFMut) EYFP translational reporters in WT and Perk KO neurons �20–24 h of
TM-induced ER stress (N = 3). (G, H) Schematic depiction of the reporters. (I, K) Representative confocal images. Dendrites (MAP2, cyan), nuclei ((Δ)Cre, red), endoge-
nous ATF4 (magenta) and ATF4 reporter (green). Scale bar: 10 {m. (J, L) Quantification of EYFP intensity, normalised to untreated WT.

Data information: Data are presented as mean � SEM. N: Biological replicate. Relevant P-values are indicated: ***P < 0.001, ****P < 0.0001 and ns: not significant. Sta-
tistical analysis: two-way ANOVA with Tukey’s post-hoc test (B, E, J, L) and nested t-test (C, F).
Source data are available online for this figure.
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the ISR downstream of p-eIF2α by preventing its inhibitory effect on

eIF2B. Interestingly, whereas ISRIB inhibited the ER stress-induced

translational repression in WT neurons, it did not in Perk KO neu-

rons (Fig 6A–C). In contrast, treatment with ISRIB reduced the ER

stress-induced upregulation of ATF4 to the same extent in WT and

Perk KO neurons (Fig 6D–F), in line with the full HRI/p-eIF2α
dependence of the ATF4 response. To further investigate whether a

change at the level of eIF2B underlies part of the adapted ISR in

PERK-deficient neurons, we cultured neurons and astrocytes derived

from a mouse model representative for leucodystrophy vanishing

white matter (VWM). These cells are homozygous for the Arg191His

mutation in the ε subunit of the eIF2B complex (2b5ho; Dooves

et al, 2016). Cells heterozygous for the mutation (2b5he) served as

control (Dooves et al, 2016). Evaluation of de novo protein synthe-

sis and nuclear ATF4 levels showed no difference between the ER

stress-induced ISR of 2b5he and 2b5ho astrocytes (Fig 6G–J; Wisse

et al, 2018) and neurons (Fig 6K–N). Inhibition of PERK activity by

treatment with PERK-i inhibited ER stress-induced protein synthesis

reduction and ATF4 upregulation in both 2b5he and 2b5ho astrocytes

(Fig 6G–J), albeit slightly less efficient in the latter. In contrast, ER

stress-induced reduction in protein synthesis was unaffected by

PERK-i treatment in 2b5he and 2b5ho neurons (Fig 6K and L) and the

ATF4 response reduced (Fig 6M and N). These data showed that the

adaptation that preserves ER stress-mediated protein synthesis

reduction in PERK-deficient neurons was not sensitive to ISRIB or

eIF2B mutations and therefore independent of eIF2B. Together, the

data indicate that in addition to an HRI/eIF2α-dependent part, an

eIF2-independent mechanism is part of the neuron-specific transla-

tional adaptation to PERK deficiency.

PERK-deficient neurons activate angiogenin-mediated protein
synthesis reduction

Next, the involvement of two major eIF2-independent stress-

regulated translational pathways was studied: mTOR signalling (re-

viewed in Ben-Sahra & Manning, 2017) and stress granule formation

(reviewed in Riggs et al, 2020). Activation of mTOR complex 1

(mTORC1) is accompanied by phosphorylation of mTOR kinase at

serine 2448 and regulates protein synthesis in an eIF2-independent

manner by phosphorylation of its downstream targets S6 kinase

(S6K) and eIF4E-binding protein (4E-BP). WB analysis was

employed to determine the levels of p-mTOR, p-S6K and p-4E-BP1

(Appendix Fig S7A–E). The levels of 4E-BP1 and p-4E-BP1 were

reduced in Perk KO neurons, since 4E-BP1 is a target of the ATF4

transcriptional response that was reduced in Perk KO (Appendix

Figs S3B and S6C). However, ER stress-induced alterations in the

phosphorylation of mTOR signalling factors were not observed in

Perk KO neurons (Appendix Fig S7A–E). Moreover, treatment with

Torin1—a potent selective ATP-competitive inhibitor of mTOR

(Appendix Fig S7F)—did not affect ER stress-induced protein syn-

thesis reduction in WT or Perk KO neurons (Appendix Fig S7G and

H). Next, the formation of stress granules was studied by quantify-

ing the clustering of the immunofluorescence signal of the stress

granule marker Rab-GTPase-activating protein SH3-domain-binding

protein (G3BP). Stress granules were observed in very few neurons

upon 1 h TG treatment, as previously shown (Wiersma et al, 2019;

Appendix Fig S6I and J). However, TM-induced ER stress for 6 or

24 h did not induce the formation of stress granules in WT or Perk

KO cells (Appendix Fig S7I and K). Therefore, mTOR signalling and

stress granule assembly are not involved in the translational adapta-

tion of PERK-deficient neurons.

In addition to the well-established activation of the ISR by ROS

via HRI, oxidative stress was demonstrated to activate an additional

translational response that is mediated via transfer RNA (tRNA)

cleavage by the endoribonuclease ANG (Thompson et al, 2008;

Yamasaki et al, 2009). Analysis of the oxidative stress-related DEGs

(Fig 4A) in TM-treated Perk KO neurons showed that Ang is one of

the most highly regulated genes (Fig 7A). Expression of Ang mRNA

was significantly increased upon ER stress in Perk KO neurons but

not astrocytes (Fig 7B and C). WB analysis confirmed that the ANG

protein levels were increased in Perk KO but not WT neurons during

ER stress (Fig 7D and E). It was previously shown that ANG-

mediated tRNA cleavage is facilitated by oxidative stress-induced

tRNA unfolding (Mishima et al, 2014). Unfolding of tRNAs is

accompanied by exposure of the common 1-methyladenosine (m1A)

methylation, which can be determined by m1A immunodetection in

situ (Itoh et al, 1988; Mishima et al, 2014). Immunofluorescence

and high-content microscopy showed that the m1A intensity signifi-

cantly decreased upon ER stress in WT, but not Perk KO neurons

(Fig 7F and G). These data indicate that in PERK-deficient neurons

during ER stress, ANG levels are increased and tRNAs are in a more

unfolded state.

To investigate whether the generation of tRNA fragments was

induced by ER stress in Perk KO neurons, high-resolution automated

electrophoresis suitable for the detection of the size range of tRNA-

derived small non-coding RNA (tsncRNAs; 16–48 nucleotides) was

used. In astrocytes, there was no difference in the levels of small

RNAs in this size range between WT and Perk KO astrocytes. In

▸Figure 6. ER stress-induced reduction in protein synthesis in PERK-deficient neurons is partially eIF2-independent.

A–F Protein synthesis and ATF4 expression in ISRIB-treated WT and Perk KO neurons �20–24 h of TM-induced ER stress (N = 4). (A, D) Representative images obtained
by high-content microscopy. Dendrites (MAP2, white), nuclei ((Δ)Cre, red), de novo-synthesised proteins (puromycin, green) and ATF4 (magenta). Scale bar: 25 μm.
Quantification of the ER stress-induced protein synthesis (B) and ATF4 (E) response. Data are normalised to WT without ISRIB. Baseline level (without ER stress) is
depicted by dashed line. Quantification showing the percentage change in the ER stress-induced protein synthesis (C) and ATF4 (F) response induced by ISRIB. (C)
Calculated from data in (B): ISRIBþ�ISRIB�ð Þ=ISRIB�½ �� 100. (F) Calculated from data in (E): ISRIBþ�ISRIB�ð Þ=ISRIB�½ � � �100.

G–N Protein synthesis and ATF4 expression in 2b5he and 2b5ho astrocytes and neurons �20–24 h of TM-induced ER stress in the presence or absence of PERK-i (Pi)
(N = 3). (G, I, K, M) Representative images obtained by high-content microscopy. Astrocytic soma (phalloidin, white), dendrites (MAP2, white), nuclei (DAPI, red), de
novo-synthesised proteins (puromycin, green) and ATF4 (magenta). Scale bar: 25 {m. (H, L) Quantification of puromycin intensity as a measure for de novo protein
synthesis and (J, N) absolute nuclear ATF4 intensity. Data are normalised to untreated WT.

Data information: Data are presented as mean � SEM. N: Biological replicate. Relevant P-values are indicated: *P < 0.05, ***P < 0.001, ****P < 0.0001 and ns: not signif-
icant. Statistical analysis: Two-way ANOVA with Tukey’s post-hoc test (B, E); nested t-test (C, F); three-way ANOVA with Tukey’s post-hoc test (H, J, L, N).
Source data are available online for this figure.
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addition, these were not affected by ER stress treatment irrespective

of the genotype (Fig 7H–J). In contrast, small RNAs were more

abundant in Perk KO than in WT neurons. Moreover, ER stress fur-

ther increased the abundance of small RNAs in Perk KO neurons but

not WT neurons (Fig 7K–M). This indicates that ER stress increases

the level of small RNAs in Perk KO neurons, but not astrocytes.

In order to directly study whether ANG is involved in the ER

stress-induced reduction in protein synthesis in Perk KO neurons,

ANG activity was targeted by the small-molecule inhibitor NSC-

65828 (ANG-i; Kao et al, 2002). ANG inhibition reduced the ER

stress-induced translational repression in Perk KO, but not in WT

neurons (Fig 7N–P). In addition, ER stress-induced ATF4 upregula-

tion in WT neurons was not affected by treatment with ANG-i in

WT nor Perk KO neurons (Fig 7Q and R), in agreement with the

uncoupling of global protein synthesis from the ATF4 response.

These data show that ANG activity mediates an eIF2α-independent
mechanism that complements the HRI/eIF2α pathway to preserve

the ER stress-induced protein synthesis block in PERK-deficient

neurons.

Discussion

Here, we show that PERK-deficient neurons shift cellular signalling

to retain the capacity to control translation during ER stress, which

explains the neuronal tolerance to PERK deficiency (Fig EV2; Trinh

et al, 2012; Stone et al, 2019). In contrast, PERK deficiency incapac-

itates ER stress-induced translational control in astrocytes, as previ-

ously shown in a variety of other cell types (Harding et al, 2000;

Jiang & Wek, 2005; Whitney et al, 2009; Liu et al, 2010; Saito

et al, 2011; Teske et al, 2011; Gupta et al, 2012; Tsukumo et al,

2014, Hou et al, 2015, Guthrie et al, 2016; Shimizu et al, 2020).

Quantification of metabolic activity by bulk analysis showed that

PERK-deficient astrocytes are less tolerant to ER stress than WT

astrocytes (Fig EV2E). It is important to note that, unlike post-

mitotic neurons, astrocytes retain the capacity to divide in culture,

which could lead to an underestimation of the effect of PERK defi-

ciency on the survival of astrocytes during ER stress.

We show that eIF2α phosphorylation and the ATF4 response are

rescaled in PERK-deficient neurons: the ER stress-induced increase

is the same as in WT neurons, but the absolute levels are lower. In

contrast, the control of global protein synthesis is fully retained,

indicating that ER stress-induced protein synthesis reduction is

uncoupled from the ATF4 response. ER stress-induced translational

control in PERK-deficient neurons is partially driven by HRI/eIF2α
following the canonical ISR pathway. In addition, protein synthesis

reduction, but not the ATF4 response, is complemented by

eIF2-independent translational control by ANG RNase. Together, the

HRI/eIF2α and ANG RNase pathways explain the full preservation

of the protein synthesis response in PERK-deficient neurons.

The neuron-specific signalling shift we report here is induced

upon both genetic inactivation of PERK expression and acute phar-

macological inhibition of PERK function, indicating that this shift is

not a developmental or long-term adaptation to chronic PERK defi-

ciency, but a cell type-specific response to compensate for impair-

ments in a key proteostatic pathway. Moreover, human iPSC-

derived neurons display the same response to PERK inhibition as

mouse neurons, indicating that it is a conserved principle. Neurons

are long-lived post-mitotic cells that continue to develop extensive

specialised properties during their lifetimes, giving individual cells

unique properties that cannot readily be replaced. Reduction in pro-

tein synthesis during ER stress is essential for cell viability (Harding

et al, 2000; Han et al, 2013). In addition, ISR regulation has been

implicated in synaptic plasticity (reviewed in Costa-Mattioli

et al, 2009; Trinh & Klann, 2013). Loss of specialised neurons or

unique properties by impaired ISR regulation would therefore come

at a high cost and warrant the existence of a back-up programme

specifically in neurons.

Inactivation of PERK was previously reported to decrease the

basal p-eIF2α levels in the brain (Ma et al, 2013). This is consistent

with the rescaled eIF2α phosphorylation and ATF4 response we

observed in PERK-deficient neurons. Inactivation of ATF4 in adult

mice is not lethal, indicating that reduced ATF4 levels are relatively

well tolerated (Tanaka et al, 1998; Masuoka & Townes, 2002). In

contrast, overexpression of ATF4 or its target CHOP results in cell

death (Marciniak et al, 2004; Han et al, 2013). The preservation of

◀ Figure 7. PERK-deficient neurons activate angiogenin-mediated protein synthesis reduction.

A Differentially expressed genes (DEGs) involved in oxidative stress-related processes (Fig 4A), comparing TM-treated Perk KO and WT neurons. Blue arrow: Ang.
See also Appendix Fig S2.

B, C Ang mRNA level in WT and Perk KO neurons and astrocytes �20–24 h of TM-induced ER stress, determined by mRNA-seq (N = 3). FPMK: Fragments per kilobase
of transcript per Million.

D, E Representative WB and quantification of ANG protein level (N = 3).
F, G tRNA unfolding in WT and Perk KO neurons �20–24 h of TM-induced ER stress (N = 4). (F) Representative images obtained by high-content microscopy of

1-methyladenosine (m1A) immunofluorescence to determine tRNA unfolding. Dendrites (MAP2, white), nuclei ((Δ)Cre, red), unfolded tRNA (m1A, green). Scale bar:
25 μm. (G) Quantification of m1A intensity, normalised to untreated WT.

H–M Abundance of small RNAs in WT and Perk KO astrocytes (N = 3) and neurons (N = 6) � 20–24 h of TM-induced ER stress, determined by high-resolution auto-
mated electrophoresis. (H, K) Representative gel image. Electropherogram (I, L) and zoom (J, M) showing quantified fluorescence units (FU) of small RNAs, size
ranges of tRNAs and tsncRNAs are indicated. Shown is the mean of the biological replicates.

N–R Protein synthesis and ATF4 expression in WT and Perk KO neurons �20–24 h of TM-induced ER stress in the presence or absence of ANG-I (N = 3). (N) Representa-
tive images obtained by high-content microscopy. Dendrites (MAP2, white), nuclei ((Δ)Cre, red) and de novo synthesis of proteins (puromycin, green). Scale bar:
25 μm. Quantification of the ER stress-induced protein synthesis (O) and ATF4 response (Q). Data are normalised to WT without ANG-i. Baseline level (without ER
stress) is depicted by dashed line. Quantification showing the percentage change in the ER stress-induced protein synthesis (P) and ATF4 response (R) induced by
ANG-i. (P) Calculated from data in (O): ANG�iþ�ANG�i�

� �
=ANG�i�

� � � 100. (R) Calculated from data in (Q): ANG�iþ�ANG�i�
� �

=ANG�i�
� � � �100.

Data information: Data are presented as mean � SEM. N: Biological replicate. Relevant P-values are indicated: *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
Statistical analysis: two-way ANOVA with Tukey’s post-hoc test (B, C, E, G, O, Q); nested t-test (P, R).
Source data are available online for this figure.
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protein synthesis reduction and not the ATF4 response in PERK-

deficient neurons is therefore in line with the essential role of stress-

induced protein synthesis reduction for cell survival (Han

et al, 2013). It is important to note that our cell culture system is

not well suited for large-scale direct biochemical measures of selec-

tive translation. We used nuclear accumulation of ATF4 as proxy

and did not study other potentially important targets of selective ISR

translation. Our study provides the basis for dedicated studies to

profile cell type-specific selective translation in the brain to better

address the role of specific mRNAs and proteins.

RNA-seq analysis identified that ER stress induced cell type-

specific regulation of processes related to oxidative stress in PERK-

deficient neurons. Indeed, ER stress leads to the accumulation of

ROS in PERK-deficient neurons but not astrocytes. This may be the

result of increased generation of ROS during ER stress specifically in

neurons. PERK is directly connected to the major ROS-generating

processes in the cell; to oxidative protein folding in the ER via its

role in translational regulation (Tu & Weissman, 2004; Sevier &

Kaiser, 2008); and to mitochondrial oxidative phosphorylation

(Lebeau et al, 2018; Balsa et al, 2019). Hence, ER stress may affect

ROS generation differently in PERK-deficient cells. However, it is

currently unknown whether and how these processes are regu-

lated in a cell type-specific manner. Interestingly, PERK is actively

contributing to mitochondria ER contact sites, a function that is

independent of its kinase activity (Verfaillie et al, 2012). This pre-

sents an ISR-independent effect of PERK deficiency that may be rele-

vant to study in neurons.

Alternatively, the ROS accumulation in PERK-deficient neurons

may be caused by a decreased antioxidant response. PERK activates

antioxidant responses via ATF4 (Lewerenz & Maher, 2009) and

NRF2 (reviewed in Tonelli et al, 2018). However, because the ATF4

response is reduced in both PERK-deficient neurons and astrocytes

this cannot directly explain the ROS accumulation specifically in

PERK-deficient neurons. In addition, in line with the epigenetic inac-

tivation of neuronal NRF2 (Bell et al, 2015), our data do not show

evidence for NRF2 activation in neurons during ER stress. This indi-

cates that loss of ATF4- or NRF2-mediated antioxidant regulation

does not directly underlie selective ROS accumulation in PERK-

deficient neurons. It is important to note that astrocytes are more

resistant to oxidative stress than neurons (Lassmann & van

Horssen, 2016; Chen et al, 2020) and may therefore have an overall

higher capacity to buffer ROS, irrespective of PERK. This may partly

explain the differential ROS accumulation in PERK-deficient neu-

rons. Interestingly, we identified that the neuron-specific transla-

tional control shift in PERK-deficient neurons is mediated by two

ROS-activated pathways: HRI (Lu et al, 2001; McEwen et al, 2005;

Abdel-Nour et al, 2019; Alvarez-Castelao et al, 2020; Guo et al,

2020) and ANG (Mishima et al, 2014; Lai et al, 2016; Mesitov

et al, 2017; Chen et al, 2018; Elkordy et al, 2018).

HRI is fully responsible for the rescaled ATF4 response via the

canonical eIF2α-dependent pathway. However, the protein synthesis

response is only partially mediated by HRI. eIF2αS51A inhibits the

reduction in protein synthesis, confirming that it is partially eIF2α-
dependent (Fig 5A–C). Interestingly, ISRIB treatment did not affect

the protein synthesis reduction in Perk KO neurons (Fig 6A–C),
which is unexpected in view of its partial eIF2α dependence. This

cannot be explained by a different sensitivity of PERK-deficient neu-

rons for the compound, as the ATF4 response is completely

inhibited by ISRIB (Fig 6D–F). Global protein synthesis was reported

to respond less strongly to ISRIB than to the ATF4 response

(Sidrauski et al, 2013; Halliday et al, 2015). Therefore, it is likely

that the ineffectiveness of ISRIB to inhibit the HRI/eIF2α-mediated

component of the protein synthesis response is due to detection lim-

itations. In any case, our data demonstrate that the mechanism

underlying the uncoupling of the protein synthesis reduction from

the ATF4 response is not affected by ISRIB or the Arg191His muta-

tion in the ε subunit of eIF2B and therefore eIF2-independent.

The oxidative stress-responsive protein ANG was identified as a

crucial factor that complements HRI to fully maintain translational

control upon ER stress. ANG is an endoribonuclease that cleaves

tRNAs in the anticodon loop, thereby generating tRNA fragments

induced by stress (tiRNAs; Yamasaki et al, 2009). We show that

small RNAs in the size range of tiRNAs are increased by ER stress in

PERK-deficient neurons. The limited knowledge about specific tRNA

cleavage products in general and in neurons in particular makes tar-

geted analysis currently not feasible. Moreover, because only a very

minor fraction of the tRNA pool is cleaved by ANG (Yamasaki

et al, 2009) and required for downstream effects (Ivanov et al,

2011), the RNA yield within the culture protocols used in this study

is insufficient for profiling to identify specific tiRNAs. ANG has been

shown to reduce protein synthesis via 3 different mechanisms.

tiRNAs from G-quadruplex structures that bind and inhibit eIF4G

(Ivanov et al, 2011; Lyons et al, 2017, 2020). In addition, ANG can

remove the 30CCA from tRNAs, which is essential for tRNA aminoa-

cylation (Czech et al, 2013). Finally, tiRNAs may induce stress gran-

ules (Ivanov et al, 2011), but these are not required for tiRNA-

mediated translational repression (Lyons et al, 2016). Our data do

not show evidence for stress granule formation in PERK-deficient

neurons, suggesting that a stress granule-independent mechanism of

ANG-mediated protein synthesis reduction is involved.

Oxidative stress loosens the tertiary structure of tRNAs, thereby

facilitating cleavage by ANG (Mishima et al, 2014). Our data show

that ER stress reduces m1A intensity in WT neurons in situ, indicat-

ing reduced exposure of the m1A tRNA modification. This structural

change is likely related to the different use and recycling of tRNAs

during reduced protein synthesis (Yang et al, 2006; Voorhees &

Ramakrishnan, 2013; Zhou et al, 2020). Importantly, this stress-

induced decrease in m1A exposure is not observed in PERK-

deficient neurons, suggesting that the tRNA structure is more

unfolded, which is in line with the observed presence of ROS.

Therefore, in PERK-deficient neurons, ER stress enhances both ANG

expression, the susceptibility of tRNAs to cleavage and the forma-

tion of small RNA fragments, supporting activation of ANG-

mediated translational control. Indeed, inhibition of ANG activity

decreased the ER stress-induced protein synthesis response in

PERK-deficient, but not WT neurons (Fig 7N–P), confirming the

direct involvement of ANG in the cellular signalling shift.

Aberrant activation of PERK has been implicated in neurodegen-

erative diseases (reviewed in Scheper & Hoozemans, 2015). The

resulting chronic ISR activation was proposed to result in a col-

lapse of neuronal protein synthesis, which in turn contributes to

neurodegeneration (Halliday et al, 2017). Preclinical studies show

impressive amelioration of neurodegenerative phenotypes in mouse

models upon genetic or pharmacological PERK inhibition (Moreno

et al, 2012, 2013; Radford et al, 2015; Mercado et al, 2018). How-

ever, our results demonstrate that inhibition of PERK does not affect
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the neuronal capacity to reduce protein synthesis, indicating that

the therapeutic effect of PERK inhibition is not mediated via the res-

cue of neuronal protein synthesis. It is possible that the positive

effects on neurodegeneration are mediated by lowering the stress-

induced ATF4 levels in PERK-deficient neurons, which we demon-

strate in this study. Alternatively, a cell non-autonomous effect, for

example via cells that are fully susceptible to PERK inhibition such

as astrocytes, may play a role. A recent study reported that targeting

p-eIF2α specifically in astrocytes was sufficient to ameliorate neu-

rodegeneration in a prion disease model (Smith et al, 2020), which

would be supportive of the latter mechanism. Targeting the ISR

downstream of p-eIF2α also showed protective effects on neurode-

generative phenotypes (e.g. Das et al, 2015; Halliday et al, 2015).

Given the neuron-specific shift in cellular signalling upon PERK

impairment we report here, it is not unlikely that neurons are also

resilient to other ISR interventions. Interestingly, neurons express-

ing a VWM-associated eIF2B mutation also retained the capacity to

shift cellular signalling upon PERK impairment (Fig 6K–N). Future
studies on targeting of the ISR for neurological disease should take

cell type-specific responses to the interventions into account.

Interestingly, activity-reducing ANG mutations have been identi-

fied in amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD)

and Alzheimer’s disease (AD; reviewed in Prehn & Jirström, 2020).

Supplementation of ANG activity ameliorates neurodegenerative

phenotypes in preclinical ALS and PD models (Kieran et al, 2008;

Steidinger et al, 2013; Crivello et al, 2018). Together with our

results that indicate the involvement of ANG in the neuron-specific

translational control during proteostatic stress, this indicates that

ANG has an important role in neuronal proteostasis.

In conclusion, our data demonstrate the remarkable resilience of

neurons to counter proteostatic challenges. We identified HRI and

ANG as novel crucial factors to preserve stress-regulated transla-

tional control in neurons. These results are relevant for a better

understanding of the pathomechanism that connects proteostatic

stress to neurodegeneration.

Materials and Methods

Animals

PerkloxP/loxP mice purchased from the Jackson Laboratory (Stock No:

023066) and Eif2b5ho/Eif2b5he mice (previously described in Dooves

et al (2016)) were used for timed mating. Animals were housed and

bred according to institutional and Dutch governmental guidelines,

and experiments were approved by the ethical committee of the

Vrije Universiteit/Amsterdam UMC (license number: DEC-FGA 11–
03 and AVD112002017824).

Primary mouse astrocyte and neuron cultures

Neuron and astrocyte cultures were prepared from newborn (P1)

mice. Cerebral cortices were dissected and disposed of meninges in

Hanks’ Balanced Salt Solution (Sigma-Aldrich) supplemented with

10 mM HEPES (Gibco) (Hanks–HEPES). For astrocyte cultures, cor-

tices were digested with 3% papain (Worthington Biochemical Cor-

poration) in DMEM containing 4.5 g/l glucose and UltraGlutamine I

(Lonza) supplemented with 0.2 mg/ml L-cysteine, 1 mM CaCl2 and

0.5 mM EDTA (all Sigma-Aldrich) for 45 min at 37°C. After this,

cortices were washed with DMEM supplemented with 10% heat-

inactivated fetal bovine serum (HI-FBS; Gibco), 2.5 mg/ml bovine

serum albumin (BSA; Acros Organics) and 2.5 mg/ml trypsin inhi-

bitor (Sigma-Aldrich) for 15 min at 37°C, and triturated with fire-

polished glass pipettes in DMEM (Lonza) supplemented with 10%

HI-FBS, 1% penicillin/streptomycin (pen-strep; both Gibco) and 1%

non-essential amino acid solution (NEAA; Sigma-Aldrich)

(DMEM+). Dissociated cells were cultured in DMEM+ in T75 flasks

for 6–8 days until reaching a confluency of 80%. Next, the flask was

washed with Dulbecco’s phosphate-buffered saline (DPBS; Gibco)

and astrocytes were dissociated with 0.05% Trypsin–EDTA (Gibco)

for 1–3 min at 37°C. Astrocytes were resuspended, counted and

plated in DMEM+ at a density of 50.000 and 1.000–3.000 astro-

cytes/well in 12- and 96-well plates, respectively. The next day,

DMEM+ was changed to Neurobasal medium (NB) supplemented

with 2% B-27, 1.8% HEPES, 0.25% GlutaMAX and 0.1% pen-strep

(all Gibco) (NB+), and at days in vitro (DIV) 6 or 7, 50% of the

medium was refreshed.

For neuronal cultures, cortices were digested with 0.25% trypsin

(Gibco) in Hanks–HEPES for 20 min at 37°C. After this, cortices

were washed three times with Hanks–HEPES and triturated with

fire-polished glass pipettes in DMEM+. Dissociated cells were

centrifuged for 5 min at 800 revolutions per minute (rpm) and

resuspended, counted and plated in NB+. Neurons were plated

at a density of 300.000, 25.000 and 15.000 neurons/well in 6-,

12- and 96-well plates, respectively. At DIV 3, 2 μM 1-β-D-
arabinofuranosylcytosine (AraC) or 1 μM palbociclib (both from

Sigma-Aldrich) was added to prevent the growth of glial cells, and

at DIV 6 or 7, 50% of the NB+ medium was refreshed. All plates

were coated with 5 μg/ml poly-L-ornithine and 2.5 mg/ml laminin

(both from Sigma-Aldrich) in DPBS. Cultures were maintained at

37°C/5% CO2, and all experiments were performed at DIV 14–15.

Primary human astrocyte and neuron cultures

Primary human foetal astrocytes (ScienCell #1800) were maintained

in 1:100 Geltrex in DMEM/F12 (both from Gibco)-coated plates in

astrocyte medium supplemented with astrocyte growth supplement,

2% HI-FBS and 1% pen-strep (all ScienCell). The medium was

refreshed twice a week, and cells were passaged once a week by dis-

sociation with Accutase (Sigma-Aldrich) and used until passage

number 7. For experiments, astrocytes were plated at a density of

3,000 cells/well in coated (1:100 Geltrex in DMEM/F12) 96-well

plates in NB medium supplemented with 2% B27 + VitA, 1%

GlutaMAX, 1% pen-strep (all Gibco), 10 ng/ml NT3, 10 ng/ml

BDNF (both from Peprotech) (hNB+) and 0.5% HI-FBS (Gibco).

Cultures were maintained at 37°C/5% CO2, and experiments were

performed 6–7 days after plating.

Human induced pluripotent stem cells (hiPSCs) stably expressing

doxycycline-inducible rtTA/Ngn2 (previously generated in Frega

et al (2017)) were maintained on Vitronectin (Stem Cell

Technologies)-coated plates in TeSR-E8 medium (Stem Cell Tech-

nologies) supplemented with TeSR-E8 supplement (Stem Cell Tech-

nologies), 0.5% pen-strep (Gibco), 50 μg/ml G418 (Sigma-Aldrich)

and 0.5 μg/ml puromycin (Sigma-Aldrich). Colonies were fed daily

and passaged once a week by dissociation with Gentle Cell Dissocia-

tion Reagent (Stem Cell Technologies) and replating in the presence
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of 10 μM Rho-associated, coiled-coil containing protein kinase inhi-

bitor (RI; Selleckchem) for 24 h to promote cell survival, and main-

tained until passage number 16. For experiments, hiPSCs were

plated at a density of 4,000 cells/well in coated (1:100 Geltrex in

DMEM/F12) 96-well plates in TesR-E8 medium supplemented with

4% TeSR-E8 supplement (both from Stem Cell Technologies), 0.5%

pen-strep (Gibcol), 10 ng/ml NT3, 10 ng/ml BDNF (both from

Peprotech), 10 μM RI and 2 μg/ml doxycycline (Sigma) to induce

the Ngn2 transgene. The day after plating (day 2), the medium was

changed to DMEM/F12 supplemented with 1% N2 supplement, 1%

NEAA, 1% pen-strep (all from Gibco), 10 ng/ml NT3, 10 ng/ml

BDNF (both Peprotech) and 2 μg/ml doxycycline (Sigma-Aldrich);

and at day 3, the medium was changed to hNB+ medium supple-

mented with 2 μg/ml doxycycline (Sigma-Aldrich). At day 4, cells

were treated with 2 μM AraC (Sigma-Aldrich) for 24 h by refreshing

50% of the hNB+ medium supplemented with 2 μg/ml doxycycline

and 4 μM AraC. At day 5, 50% of the medium was refreshed with

hNB+, and at day 10, 17 and 24, 50% of the medium was refreshed

with hNB+ supplemented with 0.5% HI-FBS (Gibco). Cultures were

maintained at 37°C/5% CO2, and the experiments were performed

29–30 days after plating.

Lentiviral constructs and transductions

Inactive ΔCre- or active Cre-recombinase, fused to EGFP or mCherry,

and a nuclear localisation sequence (NLS) of nucleoplasmin in the N-

terminus were recloned from Kaeser et al (2011). Plasmids for short

hairpin RNA (shRNA) constructs of EIF2AK1/2/4 and the scrambled

control were obtained from the MISSION shRNA library (Sigma-

Aldrich; TRCN0000028788, TRCN0000027041, TRCN0000028842).

The eIF2αWT and eIF2αS51A overexpression constructs were a gift

from David Ron (eIF2a 1 and 2, Addgene plasmids #21807 and

#21808). The ATF4 translational reporter (50ATF4-uORFWT) was pre-

viously described in van Ziel et al (2020), and the 50ATF4-uORFMut

construct was generated by replacing the AUG start codon of the sec-

ond open reading frame (ORF) to AUA. All generated constructs were

subcloned into pLenti vectors under the synapsin or CMV promoter

using the Gateway system (Invitrogen), and lentiviral particles were

produced as described previously (Naldini et al, 1996). Briefly,

pLenti vectors were cotransfected with pMD2.G (Addgene, #12259)

lentiviral envelope and pCMVΔR8.2 (Addgene, #12263) lentiviral

packaging into HEK293T cells cultured in DMEM+ medium, using

polyethylenimine (PEI; Polysciences). The next day, the medium was

changed for Opti-MEM I (Gibco) supplemented with 1% pen-strep

(Gibco). Forty hours after transfection, the conditioned medium was

harvested and centrifuged at 1,000 g for 5 min at RT to remove cell

debris. The supernatant was transferred to Amicon Ultra-15 Centrifu-

gal Filter Units (Merck Millipore, 100 kDa cut-off) and centrifuged at

4,000 g for 30 min at RT. The concentrated virus was diluted in DPBS

(Gibco) and filtered through a 0.2-μm filter (VWR). Lentiviral parti-

cles were stored at −80°C until use. Cells were transduced with ΔCre/
Cre at DIV 1, shRNA constructs and eIF2αWT/eIF2αS51A at DIV 10 and

the ATF4 translational reporters at DIV 3.

Cell treatments

To induce ER stress, cells were treated with 5 μg/ml tunicamycin

(TM; Sigma-Aldrich) or 1 μM thapsigargin (TG; Santa Cruz

Biotechnology) for indicated times. HRI activation was triggered by

5 μM sodium arsenite (Sigma-Aldrich) treatment for 20 h, PKR acti-

vation by 20 μM BEPP (Sigma-Aldrich) treatment for 6 h and GCN2

activation by 10 nM Halofuginone (Cayman Chemical Company)

treatment for 20 h, and ROS was generated by 100 μM menadione

(Men; Sigma-Aldrich) treatment for 4 h. Treatment with 0.5 μM
PERK inhibitor GSK2606414 (Sigma-Aldrich), 40 μM IRE1α inhibitor

4μ8C (Tocris), 75 μM angiogenin inhibitor NSC-65828 [8-amino-5-

(40-hydroxybiphenyl-4ylazo)naphthalene-2-sulfonate] (National Cancer

Institute (NCI)) and 5 μM mTOR inhibitor Torin1 (Tocris) was

started 1 h before induction of ER stress. Treatment with 200 nM

ISR inhibitor ISRIB (Selleck Chemicals) was started 2 h before fixa-

tion, and treatment with 5 μM HRI inhibitor hemin chloride (Santa

Cruz Biotechnology) was started 3 h before fixation. Compounds

were dissolved in H2O (sodium arsenite), 100 mM NaOH (hemin

chloride) or DMSO (rest). For all treatments, equal volumes of sol-

vents were added to the controls. To determine ROS levels, cells

were incubated with 5 μM CellROX green reagent (Thermo Fisher)

30 min before fixation.

Antibodies

Primary antibodies used in this study for Western blot (WB) analysis

or immunofluorescence (IF) were as follows: PERK (C33E10) (1:1000;

Cell Signaling Technology; Cat# 3192, RRID:AB_2095847), pospho-

eIF2α (Ser51) (1:500; Cell Signaling Technology; Cat# 9721, RRID:

AB_330951), eIF2α (1: 1000; Abcam; Cat# ab5369, RRID:AB_304838),

puromycin (WB: 1:2500, IF: 1:500; Millipore; Cat#MABE343, RRID:

AB_2566826), ATF4 (WB: 1:500, IF: 1:250; Cell Signalling Technol-

ogy; Cat#11815, RRID: AB_2616025), GFAP (1:500; Sigma-Aldrich;

Cat# G3893, RRID:AB_477010), MAP2 (1:500; Abcam; Cat# ab5392,

RRID:AB_2138153), ANG I (1:500; Santa Cruz Biotechnology; Cat#

sc-74,528, RRID:AB_2227157), 1-methyladenosine (m1A) (1:500;

MBL International; Cat# D345-3, RRID:AB_2728758), GAPDH

(1:2000; Millipore; Cat# MAB374, RRID:AB_2107445), NRF2 (1:250;

Novus; Cat# NBP1-32822, RRID:AB_10003994), HRI (1:750; Merck

Millipore; Cat# 07–728, RRID:AB_441964), phospho-mTOR (59.Ser

2448) (1:250; Santa Cruz Biotechnology; Cat# sc-293,133, RRID:

AB_2861149), mTOR (1:250; Santa Cruz Biotechnology; Cat# sc-

517,464), phospho-p70 S6 Kinase (Thr389) (1:1000; Cell Signaling

Technology; Cat# 9205, RRID:AB_330944), p70 S6 Kinase (1:1000;

Cell Signaling Technology; Cat# 2708, RRID:AB_390722), phospho-

4E-BP1 (Thr37 / Thr46) (1:1000; Cell Signaling Technology; Cat#

2855, RRID:AB_560835), 4E-BP1 (53H11) (1:1000; Cell Signaling

Technology; Cat# 9644, RRID:AB_2097841) and G3BP (1:100; BD

Biosciences; Cat# 611126, RRID:AB_398437). Alexa Fluor 405, 488,

546 or 647 secondary antibodies for IF were from Thermo Fisher Sci-

entific (1:1000; Cat# A-11001, RRID:AB_2534069; Cat# A-11003,

RRID:AB_2534071; Cat# A-21235, RRID:AB_2535804; Cat# A-11008,

RRID:AB_143165; Cat#A-11010, RRID:AB_2534077; Cat#A-21244, RRID:

AB_2535812; Cat# A-11039, RRID:AB_2534096; Cat# A-11040, RRID:

AB_2534097; Cat# A-21449, RRID:AB_2535866) or abcam (Cat#

ab175675, RRID:AB_2810980). Horseradish peroxidase (HRP)-

conjugated secondary antibodies for WB were from Agilent DAKO

(1:2000; Cat# P0448, RRID:AB_2617138; Cat# P0447, RRID:

AB_2617137), and IRDye 680RD and 800CW secondary antibodies

were from LI-COR Biosciences (1:5000; Cat# 925–32210, RRID:

AB_2687825; Cat# 926–68,073, RRID:AB_10954442).
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Viability assay

The CellTiter-Glo Luminescent Cell Viability Assay (Promega) was

used to determine the viability of neurons. Cells were cultured in

white 96-well plates (Greiner 655083), and the assay was performed

according to the manufacturer’s protocol. Luminescence was recorded

using the SpectraMax i3 Multi-Mode Detection Platform controlled by

Softmax Pro 6.4 software (both from Molecular Devices).

Labelling of de novo-synthesised proteins

To evaluate protein synthesis rates, surface sensing of translation

(SUnSET) was performed as described by Schmidt et al (2009). Briefly,

cells were incubated with 2 μM puromycin (InvivoGen) 15 min prior to

fixation or 30 min before harvesting lysates. Puromycinylated proteins

were detected with the anti-puromycin antibody by WB or IF analysis.

Western blot analysis

Neurons cultured in 6-well plates and astrocytes cultured in 12-well

plates were washed with ice-cold PBS, and cell lysates were pre-

pared by incubation and scraping in lysis buffer consisting of 1%

Triton X-100 (Thermo Fisher Scientific) or 1% SDS (VWR) in PBS

supplemented with cOmplete protease inhibitor cocktail and Phos-

STOP phosphatase inhibitors (both Roche) pooling 6 wells for HRI

WB and 2–3 wells per condition for all other WB. Nuclear lysates

were passed through a 21G needle. Whole-cell lysates were cleared

by centrifugation for 10 min at 14,000 g at 4°C. The total protein

concentration in the supernatant was determined with the Pierce

BCA protein assay kit (BCA) protein assay (Thermo Scientific), and

equal protein concentrations in loading buffer containing SDS were

boiled for 5 min at 98°C. Samples were separated on 10% or 4–15%
gradient Mini-Protean TGX stain-free precast polyacrylamide gels

(Bio-Rad), and the total amount of loaded protein on the gel was

visualised using the Gel Doc EZ System (Bio-Rad) and analysed with

Image Lab 6.0 software (Bio-Rad). Next, semi-dry electroblotting

was used to transfer the samples onto 0.2 μM nitrocellulose or PVDF

(only for ANG) membranes using the Trans-Blot Turbo transfer sys-

tem and kit (all from Bio-Rad). Membranes were blocked in block-

ing buffer, consisting of 5% BSA (Acros Organics) or 5% milk

(Sigma-Aldrich) in TBS containing 0.05% Tween-20 (Sigma-

Aldrich) (TBS-T) for 1 h at room temperature (RT). Subsequently,

primary and HRP-conjugated or IRDye secondary antibody incuba-

tions were performed overnight at 4°C and for 2 h at RT, respec-

tively. All antibodies were diluted in blocking buffer. Between and

after the antibody incubations, cells were washed three times for

10 min with TBS-T. Membranes that were incubated with HRP-

conjugated secondary antibodies (Agilent DAKO) were developed

with SuperSignal West Femto substrate (Thermo Scientific) or

Lumi-Light Western blotting substrate (Roche) for 5 min. Chemilu-

minescence and immunofluorescence of labelled proteins were visu-

alised with the Odyssey Imaging System (LI-COR) for appropriate

times and analysed with Image Studio 5.2 software (LI-COR).

Immunofluorescence

Cells cultured in 96-well plates or 12-well plates containing 18-mm

glass coverslips were fixed at RT in two steps of 15–20 min with

1.85% (added to culture medium) and 3.7% formaldehyde (Electron

Microscopy Sciences) in PBS. After washing with PBS, mouse cells

were permeabilised with 0.5% Triton X-100 (Thermo Fisher Scien-

tific) in PBS for 5 min and blocked with blocking solution consisting

of 2% normal goat serum (NGS) and 0.1% Triton X-100 (both from

Thermo Fisher Scientific) in PBS for 30 min at RT. Next, incubations

with appropriate primary and secondary antibodies were performed

overnight at 4°C and for 2 h at RT, respectively. Between and after

the antibody incubations, cells were washed three times for 5 min

in PBS. If applicable, cells were incubated with 5 μg/ml DAPI (Carl

Roth) for 10 min after the secondary antibody incubations. Human

cells were blocked and permeabilised in blocking solution consisting

of 5% NGS, 0.3% Triton X-100 (both from Thermo Fisher Scientific)

and 0.1% BSA (Acros Organics) in PBS for 3 h at RT. Primary anti-

body incubations were performed for 1 h at RT and overnight at

4°C, and secondary antibody incubations were performed for 3 h at

RT. Between and after the antibody incubations, cells were washed

three times for 15 min in PBS. If applicable, cells were incubated

with 2.5 μg/ml DAPI (Carl Roth) for 15 min during the second wash

after the secondary antibody incubations. Phalloidin stainings

(Thermo Fisher Scientific/abcam) were performed during the sec-

ondary antibody incubations. Coverslips were subsequently

mounted on microscope slides with Mowiol 4–88 (Sigma-Aldrich).

The plates and microscope slides were stored at 4°C until further

analysis. All antibodies were diluted in blocking solution.

High-content microscopy and automated analysis

Single focal plane images from cells cultured in black 96-well cul-

ture plates (Greiner 655,090) were acquired using a CellInsight CX7

High-Content Screening (HCS) Platform (Thermo Fisher Scientific)

controlled by HCS Studio Cell Analysis software (Thermo Fisher Sci-

entific). Images were acquired with a 10x or 20x objective in wide-

field mode. Per well, the maximum of 25 fields (10x objective) or 64

fields (20x objective) were acquired to cover the majority of the

well. The nuclear fluorescence of the ΔCre/Cre constructs or DAPI

was used for automatic focusing. Images were analysed with Colum-

bus 2.5 software (PerkinElmer) and in-house-developed scripts.

Nuclear regions of interest (ROI) were based on the intensity of the

ΔCre/Cre construct or DAPI, dendrites were selected using a MAP2-

based ROI detected by the CSIRO neurite detection method, astro-

cytic soma were selected using a GFAP- or phalloidin-based ROI,

and neuronal soma were selected using a MAP2-based ROI (exclud-

ing dendrites). Transduction efficiency of Cre-recombinase was

based on the nuclear EGFP or mCherry intensity in a DAPI-based

ROI. Cells were considered transduced when the nuclear intensity

was higher than the mean + 2x the standard deviation (SD) of the

background intensity. Cell number was determined by quantifica-

tion of the nuclei. Morphological measures of dendrites (neurite

length, no. of segments, no. of extremities, no. of segments and no.

of branch points) were obtained by the CSIRO neurite analysis mod-

ule (Rosato et al, 2019). ATF4 intensity was quantified by subtract-

ing the mean fluorescence intensity in a 3-pixel ring region around

the nucleus from the mean intensity in the nucleus. Nuclei touching

the border of the image field were excluded for analysis. Mean puro-

mycin intensity was quantified in dendrites of neurons or in the

soma of astrocytes, mean m1A intensity in the soma (including

nucleus) and mean NRF2 intensity in both the soma and nucleus.
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Mean CellROX intensity was quantified in nuclei, and a background

correction was performed by subtracting the mean nuclear intensity

of equally treated cells that were not loaded with CellROX. All tech-

nical replicates (different wells) were used for statistical analysis.

Zooms of the obtained images are shown. Scale bars are shown in

the figures. It is important to note that neuronal nuclei are smaller

than astrocytic nuclei in vitro and that the morphology of human

cells differs from mouse cells.

Confocal microscopy and image analysis

Microscope slides were imaged using a Nikon Eclipse Ti confocal

microscope equipped with a 60x oil immersion objective (NA =
1.4), controlled by NIS-Elements 4.30 software (Nikon). Z-stacks of

5 images with a step size of 1 μm were acquired. Acquisition set-

tings were kept equal for all images within each experiment. Maxi-

mum intensity projections are shown and were analysed. Mean

intensity of endogenous ATF4 immunofluorescence and ATF4 trans-

lational EYFP reporters was quantified in a ΔCre/Cre construct-

based nuclear ROI, and mean puromycin intensity was quantified in

a MAP2-based dendritic ROI using ImageJ software (National Insti-

tutes of Health). Stress granule formation in the soma and dendrites

—using a MAP2-based ROI—was quantified by analysing the stan-

dard deviation (SD) of the intensity of G3BP immunofluorescence

signal using the CellProfiler 3.1.9 software (Broad Institute).

RNA isolation

Neurons cultured in 6-well plates and astrocytes cultured in 12-well

plates were washed with ice-cold PBS, and cell lysates were pre-

pared by incubation and scraping in TRI Reagent solution (Invitro-

gen), pooling 2 wells per condition. Cell lysates were loaded on

Phase Lock Gel-Heavy tubes (Quantabio) and mixed 1:5 with chlo-

roform (VWR Chemicals). The organic and aqueous phases were

separated by centrifugation at 12,000 g for 15 min at 4°C. The aque-

ous phase was mixed 1:1 with Isopropanol (VWR Chemicals) and

150 mg/ml glycoblue (Invitrogen) and centrifuged at 12,000 g for

10 min at 4°C to precipitate RNA. Precipitated RNA was washed

with 75% ethanol (Sigma-Aldrich) and centrifuged at 7,500 g for

5 min. After removal of ethanol, the pellet was air-dried and dis-

solved in RNase-free H2O.

RNA spectrophotometry and electrophoresis

RNA concentration and purity were determined using the NanoDrop

2000 spectrophotometer (Thermo Scientific) or the TapeStation

4200 system with RNA ScreenTape, ladder and sample buffer (all

Agilent) according to the manufacturer’s protocol. To analyse small

RNA, the Bioanalyzer 2100 system with the small RNA kit (both

from Agilent) was used according to the manufacturer’s protocol.

Electropherograms were analysed with 2100 Expert Software (Agi-

lent). Data were normalised to the tRNA peak. Per condition, 6

(neurons) or 3 (astrocytes) independent samples were analysed.

cDNA synthesis and Real-Time quantitative PCR (RT–qPCR)

Synthesis of cDNA was performed using the SensiFAST cDNA Syn-

thesis Kit (Bioline) according to the manufacturer’s protocol. The

RNA input (0.5–1 μg) was equal for each sample within an experi-

ment; Eef1a1 qPCR was used to correct for mRNA input. RT–qPCR
was performed using the LightCycler 480 system (Roche). Per sam-

ple, 1 μl cDNA was loaded in triplicate into a 384-well plate and

qPCR mixtures were prepared using the SensiFAST Probe No-ROX

Kit (Bioline) and Universal ProbeLibrary probes (Roche) or the

SensiFAST SYBR No-ROX Kit (Bioline), according to the manufac-

turer’s protocols. Used primers and Universal probes are provided

in Table 1. For the SYBR Green reactions, a melting curve was

obtained afterwards by continuous acquisition and a temperature

increase to 95°C. Results were analysed using the LightCycler 480

software (version 1.5.0.39).

mRNA sequencing

Transcriptome analysis was performed by Novogene (UK) Company

Limited, Cambridge, United Kingdom. Quantity and quality of iso-

lated RNA were assessed by agarose gel electrophoresis, spectropho-

tometry using the NanoPhotometer (IMPLEN) and the RNA Nano

6000 assay kit of the Bioanalyzer 2100 system (Agilent). Only quali-

fied samples were used for mRNA sequencing. First, sequencing

libraries were generated, using 1 μg RNA per sample and the

NEBNext Ultra TM RNA Library Prep Kit for Illumina (New England

BioLabs), according to the manufacturer’s protocol, and index codes

were added to attribute sequences. PCR products were purified

using the AMPure XP system, and library quality was assessed using

the Bioanalyzer 2100 system (Agilent). Clustering of the index-

coded samples was performed using a cBot Cluster Generation Sys-

tem and PE Cluster Kit cBot-HS (Illumina), according to the

Table 1. Primers and probes used for qPCR.

Target
gene Primer sequence 50-30

Probe/ SYBR
Green

Ddit3 fw: CCACCACACCTGAAAGCAG #33

rev: TCCTCATACCAGGCTTCCA

Eef1a1 fw: ACACGTAGATTCCGGCAAGT #31

rev: AGGAGCCCTTTCCCATCTC

Eif2ak1 fw: ATCCCAGTACGATGCCAAGT SYBR Green

rev: TCCCGAATGGCTGAAAGA

Eif2ak2 fw: CAGAGCCTGCACCTGAAGTA #15

rev: GCCATTTTTCCTCCCAGTG

Eif2ak4 fw: CTACCCAAGGAAACAATCTTACA SYBR Green

rev:
CACAGTTGTGTTAAATGCCTGTT

Eif4ebp1 fw: GATGAGCCTCCCATGCAA #21

rev:
CCATCTCAAATTGTGACTCTTCA

Hspa5 fw: GCCAACTGTAACAATCAAGGTCT #15

rev: TGACTTCAATCTGGGGAACTC

Xbp1s fw: TCCGCAGCAGGTGCAG SYBR Green

rev: CCAACTTGTCCAGAATGCCC

Xbp1u fw: GCAGCACTCAGACTATGTG SYBR Green

rev: CCAACTTGTCCAGAATGCCC
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manufacturer’s protocol. Finally, the library preparations were

sequenced on a NovaSeq 6000 platform (Illumina) and paired-end

reads were generated. Raw data were processed through fastp, and

clean data were mapped to the reference mouse genome (ensembl_-

mus_musculus_grcm38_p6_gca_000001635_8) using HISAT2 soft-

ware. FeatureCounts software was used to count the read numbers

mapped of each gene (readcounts), and fragments per kilobase of

transcript sequence per million base pairs sequenced (FPKM) of

each gene were calculated. Differential expression analysis between

two conditions (three biological replicates per condition) was per-

formed using the obtained readcounts and DESeq2 R package, calcu-

lating the log2FoldChange, P-values and adjusted P-values (Padj)

using Benjamini and Hochberg’s approach for controlling the false

discovery rate. Gene Ontology (GO) enrichment analysis of differen-

tially expressed genes (DEGs) was performed using the ClusterPro-

filer R package.

Statistics

Unless Unless stated otherwise in the figure or figure legends, the data

in this study were visualised in one of the following ways: (1) nor-

malised raw data—These graphs show the data for all conditions used

in the experiment (Y-axis: p-eIF2α/eIF2α, protein synthesis or nuclear

ATF4 intensity); (2) the response to ER stress—In these graphs, the

effect of ER stress on p-eIF2α, protein synthesis or ATF4 upregulation is

quantified by dividing the raw data of the condition + ER stress by the

condition – ER stress of the same genotype/treatment (Y-axis: p-eIF2α/
eIF2α response, protein synthesis response or nuclear ATF4 intensity

response (TM+/TM−)); (3) change in the response to ER stress by an

intervention—In these graphs, the % change in the ISR response was

calculated to more precisely determine the effect of interventions in WT

versus PERK-deficient cells (Y-axis: % change in response (interven-

tion+/intervention−)). The used formulas are as follows:

% change in protein synthesis response

¼ Responseþ Intervention½ � � Response � Intervention½ �
Response � Intervention½ � � 100;

% change in ATF4 response

¼ Responseþ Intervention½ � � Response � Intervention½ �
Response � Intervention½ � � �100:

The specific formulas for different experiments are defined in the fig-

ure legends. Per experiment (N, biological replicate), the data were nor-

malised to untreated WT cells or cells of the same genotype/treatment

(defined in figure legends). All technical replicates (n, different wells or

cells, defined in Source data) were used for statistical analysis.

GraphPad Prism 8.0.1 software was used to perform statistical

analysis. Shapiro–Wilk test was used to assess distribution normal-

ity. Nested t-test (for experiments with technical replicates) and

two-tailed Student’s t-test (for experiments without technical repli-

cates) were used for the statistical analyses of two groups (un-

paired). Two-way and three-way ANOVAs followed by Tukey’s

multiple comparison post-hoc test were used for analysis of more

than two groups. For graphs with only one condition, the one-

sample t-test was used with a hypothetical value of 100 (qPCR) or 1

(ATF4 WB). Source data (individual datapoints, mean, SEM, SD, N

and n, P-values, statistical tests and used methods) are available.

Sample sizes were based on pilot experiments. No blinding was

done. Experiments in which the positive or negative control failed

were excluded. Relevant P-values are also indicated in the figures:

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns: not

significant. P < 0.05 was considered statistically significant.

Data availability

mRNA sequencing data are available in Gene Expression Omnibus

(GEO) GSE200742 (https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE200742).

Expanded View for this article is available online.
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