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Plasticity of the mammalian integrated 
stress response
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Mohammed Alzahrani5,6,7, Jing Wu1, Raul Jobava1,8, Mais M. Asraf1, Dawid Krokowski9, 
Anastasios Vourekas10, William C. Merrick5, Anton A. Komar5,11, Antonis E. Koromilas2,3,12, 
Myriam Gorospe13, Matthew J. Payea13, Fangfang Wang14, Benjamin L. L. Clayton1,15, 
Paul J. Tesar1,15, Ashleigh Schaffer1, Alexander Miron1, Ilya Bederman1, Eckhard Jankowsky5, 
Christine Vogel16, Leoš Shivaya Valášek17, Jonathan D. Dinman18,19, Youwei Zhang14, 
Boaz Tirosh5, Ola Larsson4,22 ✉, Ivan Topisirovic2,3,12,20,22 ✉ & Maria Hatzoglou1,22 ✉

An increased level of phosphorylation of eukaryotic translation initiation factor  
2 subunit-α (eIF2α, encoded by EIF2S1; eIF2α-p) coupled with decreased guanine 
nucleotide exchange activity of eIF2B is a hallmark of the ‘canonical’ integrated stress 
response (c-ISR)1. It is unclear whether impaired eIF2B activity in human diseases 
including leukodystrophies2, which occurs in the absence of eIF2α-p induction, is 
synonymous with the c-ISR. Here we describe a mechanism triggered by decreased 
eIF2B activity, distinct from the c-ISR, which we term the split ISR (s-ISR). The s-ISR  
is characterized by translational and transcriptional programs that are different from 
those observed in the c-ISR. Opposite to the c-ISR, the s-ISR requires eIF4E-dependent 
translation of the upstream open reading frame 1 and subsequent stabilization of 
ATF4 mRNA. This is followed by altered expression of a subset of metabolic genes  
(for example, PCK2), resulting in metabolic rewiring required to maintain cellular 
bioenergetics when eIF2B activity is attenuated. Overall, these data demonstrate  
a plasticity of the mammalian ISR, whereby the loss of eIF2B activity in the absence  
of eIF2α-p induction activates the eIF4E–ATF4–PCK2 axis to maintain energy 
homeostasis.

Protein synthesis is a highly controlled process essential for cellular 
homeostasis, and its suppression under stress contributes to main-
taining cellular energy balance3. The integrated stress response (ISR) 
is an integral arm of the unfolded protein response that reprograms 
translation under a broad range of stresses1. It is thought that the ISR 
encompasses a linear chain of events triggered by stress-induced 
eIF2α-p, followed by suppression of eIF2B activity. eIF2α-p-dependent 
reduction in eIF2B activity limits initiatior methionine transfer RNA 
(Met-tRNAi) delivery and decreases global protein synthesis1,4. Ergo, 
the current mode of regulation of protein synthesis under the ISR is: 
eIF2α-p, leading to reduction in eIF2B activity, leading to suppression 
of protein synthesis and translational reprogramming1. This model 
supports similar translational control mechanisms for the ISR in yeast 

and mammalian cells, except that mammals have four eIF2α kinases, 
whereas yeast has only one5.

Temporal translational regulation in the c-ISR is dynamically con-
trolled through the eIF2α-p–eIF2B axis6,7 (details in Supplementary 
Notes). However, several stress response mechanisms that involve 
alternative translation initiation and seem not to be directly linked 
to eIF2α-p have been documented8. Moreover, eIF2α-p and eIF2B 
activity are not linearly correlated with translational perturbations 
during the c-ISR6. eIF2B activity is similarly decreased during both 
acute and chronic endoplasmic reticulum (ER) stress6. By contrast, 
eIF2α-p is induced during acute ER stress but decreased during the 
chronic phase of ER stress, which is accompanied by reduction and 
partial recovery of global protein synthesis, respectively6. This raised 
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a question of whether stress-induced eIF2α-p is synonymous with 
decreased eIF2B activity in the context of translational reprogram-
ming during the ISR. Addressing this question is important as eIF2B is 
inactivated through mutations in the absence of stress and induction 
of eIF2α-p in human leukodystrophies (for example, vanishing white 
matter disease2 (VWMD)). VWMD is characterized by a low level of 
eIF2B activity that is paralleled by compensatory changes including a 
decrease in eIF2α-p that renders affected oligodendrocytes and astro-
cytes vulnerable to stress2.

In addition to the reduced level of global protein synthesis, the ISR 
is characterized by translational activation of a subset of mRNAs6 
including activating transcription factor 4 (ATF4)1, which regulates 
transcription during stress. The ATF4 5′ untranslated region harbours 
two upstream open reading frames (uORF1 and uORF2); uORF2 overlaps 
out-of-frame with the main ATF4 ORF such that translation beginning at 
uORF2 represses ATF4 protein synthesis5. ATF4 mRNA translation and 
protein levels are elevated in acute and chronic phases of ER stress6. 
The mechanism of the ATF4 ORF translation during ER stress involves 
translation of uORF1 followed by delayed reinitiation that promotes 
skipping of uORF2 and translation of the main ATF4 ORF5. Similarly to 
the case for yeast GCN4 mRNA5, delayed reinitiation is thought to be a 
consequence of limited ternary eIF2–GTP–Met-tRNAi complex levels 
caused by eIF2α-p-dependent attenuation of eIF2B guanine nucleotide 
exchange factor (GEF) activity9,10. Although this has been a prevail-
ing paradigm of translational control of ATF4 (ref. 5), more recently 
an additional mechanism emerged11. Notably, these studies used 
reporter vectors9,10, and were thus restricted in establishing the effects 
of uORF1 on endogenous ATF4 mRNA translation and its physiological  
consequences.

eIF2B suppression induces s-ISR
To investigate whether decreased eIF2B activity is synonymous with 
stress-induced eIF2α-p (Fig. 1a), we first compared the effects of acute 
thapsigargin (Tg)-induced ER stress (coinciding with maximal induc-
tion of eIF2α-p6) versus suppression of eIF2B activity through short 
hairpin RNA (shRNA)-mediated depletion of the eIF2Bε (encoded 
by Eif2b5) catalytic subunit in mouse embryonic fibroblasts (MEFs) 
(Fig. 1b). Although both Tg treatment (1 h) and depletion of eIF2Bε 
resulted in a comparable reduction in eIF2B activity (Fig. 1c), protein 
synthesis was more strongly reduced by Tg than by eIF2Bε depletion 
(Fig. 1d). We therefore set out to dissect the mechanisms that distin-
guish eIF2α-p-dependent suppression of eIF2B activity versus attenu-
ation of eIF2B function in the absence of stress-induced eIF2α-p. We 
first examined stress granule assembly, which is in part mediated by an 
increased level of eIF2α-p12. Both arsenite (positive control) and Tg (1 h) 
induced stress granules, as illustrated by the punctate cytosolic pattern 
of the stress granule markers DEAD-box helicase 3 X-linked (DDX3X) 
and rasGAP SH3-binding protein 1 (G3BP1; Fig. 1e). By contrast, eIF2Bε 
depletion (Extended Data Fig. 1a) did not induce stress granule forma-
tion (Fig. 1e). This indicates that, unlike ER stress, low eIF2B activity 
under basal, non-stressed conditions seemed to alter cell shape but did 
not stimulate stress granule formation (Fig. 1e). Moreover, hallmarks of 
the ER stress response that were induced by Tg, including PERK activa-
tion and increased eIF2α-p, BiP, GADD34 and CHOP levels, were largely 
absent in eIF2Bε-depleted cells (Fig. 1f and Extended Data Fig. 1a). In 
turn, eIF2Bε depletion resulted in comparable ATF4 upregulation to Tg 
(1 h), despite the lack of eIF2α-p induction (Fig. 1f and Extended Data 
Fig. 1a). Expression of the active part of GADD34 (GADD34(ΔNT))7 led 
to dephosphorylation of eIF2α-p but failed to alter ATF4 protein levels 
in eIF2Bε-depleted cells (Extended Data Fig. 1b). We and others have 
previously shown that during the c-ISR, ATF4 induction is independent 
of the cap-binding protein eIF4E6,13. By contrast, eIF4E was required for 
ATF4 induction in eIF2Bε-depleted cells (Fig. 1f). Overall, these find-
ings demonstrate that a decrease in eIF2B activity, in the absence of an 

increased level of eIF2α-p, engages distinct mechanisms as compared 
to the eIF2α-p-dependent c-ISR.

We next examined the effect of eIF2Bε depletion or eIF2Bε and eIF4E 
co-depletion on translation of uORF-containing mRNAs (Extended 
Data Fig. 1c) that are translationally activated under the c-ISR (that is, 
ATF4, ATF5 (ref. 14), PPP1R15A (also known as GADD34)15 and DDIT3 (also 
known as CHOP16)). In agreement with the corresponding protein levels 
(Fig. 1f), Atf4 mRNA was translationally activated in eIF2Bε-depleted 
MEFs, which was reversed when eIF4E was co-depleted (Fig. 1g). Trans-
lation of Atf5 mRNA followed a similar pattern (Extended Data Fig. 1d). 
Conversely, translation of Gadd34 and Chop mRNAs was insensitive 
to depletion of eIF2Bε or co-depletion of eIF2Bε and eIF4E (Fig. 1g), 
which was consistent with the lack of alteration in the corresponding 
protein levels (Fig. 1f). Translation of α-tubulin (encoded by Tuba1a) 
mRNA, which is devoid of uORFs, was not strongly dependent on the 
eIF2Bε status in the cell (Extended Data Fig. 1d). Therefore, abrogation 
of eIF2B function in unstressed cells caused translational upregula-
tion of only a subset of mRNAs that are translationally activated under 
the c-ISR6. These findings further show that distinct mechanisms are 
engaged during the eIF2α-p-dependent c-ISR and when eIF2B function 
is abrogated under unstressed conditions in the absence of eIF2α-p 
induction, which we refer to as the s-ISR.

s-ISR and c-ISR programs are distinct
As the eIF4E-dependent ATF4 induction in the s-ISR contrasts with the 
eIF4E-independent expression of ATF4 during the c-ISR, we next cata-
logued the relative changes in transcriptome-wide alterations in mRNA 
levels and polysome association in the s-ISR. To this end, we performed 
total- and polysome-RNA-sequencing analysis6,17,18 in MEFs expressing 
lentiviruses encoding control shRNA (shCon), Eif2b5 shRNA (shEif2b5) 
or both Eif2b5 and Eif4e shRNAs (shEif2b5 + shEif4e; Fig. 2a). Of note, 
we used the same quantity of RNA from the heavy polysome fraction 
from each cell line, which allows reliable comparison between relative 
changes in translation of specific mRNAs despite pronounced differ-
ences in global mRNA translation between conditions18. The result-
ing data were of sufficient quality as judged by sequencing depth and 
number of detected genes (Extended Data Fig. 1e). Furthermore, prin-
cipal component analysis indicated high reproducibility, as samples 
clustered according to conditions (Extended Data Fig. 1e). Changes in 
translational efficiency and mRNA abundance (referred to as ‘transcrip-
tome’) were then identified using anota2seq19. Expression patterns of 
selected genes were validated by quantitative PCR with reverse tran-
scription (RT–qPCR) (Extended Data Fig. 1f). As compared to the control, 
depletion of eIF2Bε or co-depletion of eIF2Bε and eIF4E induced marked 
perturbations in mRNA levels that were accompanied by relatively mod-
est changes in translational efficiencies (Fig. 2b,c and Supplementary 
Table 1). Notably, these perturbations in gene expression programs 
were markedly different from those observed in the c-ISR6 (Fig. 2d).

Only three shared mRNAs encoding ATF4, ATF5 and SOX5 exhib-
ited an increase in translational efficiency in the s-ISR (triggered by 
eIF2Bε depletion) and the c-ISR (induced by Tg; Fig. 2b–d). Out of 
20 mRNAs whose translational efficiency was reduced in both the 
s-ISR and the c-ISR, 16 encode ribosomal proteins. Comparison of 
cells co-depleted of eIF2Bε and eIF4E versus those in which c-ISR was 
induced by Tg (Fig. 2c,d) revealed 34 (out of 137) and 41 (out of 170) 
overlapping mRNAs whose translational efficiency was increased or 
decreased, respectively (Extended Data Fig. 1g). Consistent with poly-
some profiling and RT–qPCR data (Fig. 1g), co-depletion of eIF2Bε and 
eIF4E repressed the increase in translational efficiency of Atf4 mRNA 
observed in cells in which the s-ISR was induced by eIF2Bε depletion 
(Fig. 2b,c). These data therefore support the existence of distinct trans-
lational control mechanisms in the c-ISR and s-ISR.

In contrast to changes in translational efficiency, alterations in total 
mRNA levels (that is, ‘transcriptome’) were more pronounced in the 
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s-ISR than in the c-ISR (Fig. 2b–d). Moreover, the s-ISR consists of an 
increase in the levels of known c-ISR target mRNAs including those 
encoding CHOP and GADD34 (Extended Data Fig. 1f). The increase 

in the levels of these mRNAs was congruent with their augmented 
polysome association, thus resulting in no net changes in their trans-
lational efficiencies (Fig. 2b). This is consistent with polysome profiling 
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Fig. 1 | Decreased eIF2B activity induces s-ISR. a, The prevailing view is that 
 ISR induction downstream of the eIF2α kinases represents a linear response 
comprising increased eIF2α-p and subsequent decrease in eIF2B activity (c-ISR, 
orange). It is not clear whether decreased eIF2B activity without an increase in 
eIF2α-p such as in leukodystrophies (s-ISR, pink) induces comparable ISR to the 
eIF2α-p induction (orange). b,f, Western blot analysis of the denoted proteins, in 
MEFs treated with the indicated shRNAs for specified times or Tg (400 nM). In f, 
Tg (0 h) refers to control MEFs, not treated with control shRNAs. Representative 
images (n = 3 independent experiments) are shown. c,d, eIF2B GEF activity (c) 
and protein synthesis measured by [35S]methionine and cysteine incorporation 
(d) in MEFs expressing control shRNA or Eif2b5 shRNA, or treated with Tg 

(400 nM, 1 h), as indicated. Statistical significance was determined by two- 
tailed Student’s t-test. Data are presented as mean ± s.e.m. (n = 3 independent 
experiments). e, Fluorescence micrographs of MEFs treated with a vehicle 
(control), sodium arsenite (1 mM, 1 h) or Tg (400 nM, 1 h) or expressing control  
or Eif2b5 shRNAs (day 4), and stained with the indicated antibodies. Scale bar, 
20 μm for all images. Representative images are shown (n = 3 independent 
experiments). g, Left, polysome profile tracings obtained by monitoring 
absorbance (254 nm) across 10–50% sucrose gradients. Right, distribution  
of the indicated mRNAs on polysomes isolated from MEFs expressing control, 
Eif2b5 or Eif2b5 + Eif4e shRNAs, as indicated. Representative data (n = 3 
independent experiments) are shown.
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polysome-associated (g,j,m,p) mRNA using the Mann–Whitney U-test and 
indicated P < 0.01 for all comparisons. q, Gene Ontology (GO) enrichment 
analysis for regulated genes (through mRNA abundance or translation) from b. 
The number of genes (No.) identified in selected GO pathways is indicated, and 
all GO pathways are shown in Supplementary Table 2. r, Proliferation of MEFs 
expressing the indicated shRNAs was determined by counting live cells (trypan 
blue exclusion). P value was determined by the two-tailed Student’s t-test. Data 
are presented as mean ± s.e.m. Inset shows representative western blot analysis 
of levels of the indicated proteins. (n = 3 independent experiments).
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and RT–qPCR experiments in which no major alterations in Chop and 
Gadd34 mRNA translational efficiencies were observed following 
eIF2Bε depletion (Fig. 1g). Notably, co-depletion of eIF2Bε and eIF4E 
resulted in decreased Chop and Atf3 mRNA levels, but Gadd34 and 
Ibtkα mRNA abundance remained higher than in controls (Fig. 2b,c and 
Extended Data Fig. 1f). As we did not observe accumulation of CHOP 
and GADD34 proteins in eIF2Bε-depleted cells or cells co-depleted for 
eIF2Bε and eIF4E, this suggested that the main ORF of these mRNAs 
is not translated during the s-ISR, and that the congruent increase in 
mRNA levels and polysome association is probably due to sustained 
uORF translation. In addition, in the c-ISR we identified 221 upregu-
lated mRNAs (Extended Data Fig. 2a) that overlapped with about 10% 
of those increased in the s-ISR. This indicates that the s-ISR and c-ISR 
entail distinct gene expression reprogramming.

To obtain a more global view of the eIF4E-dependent reprogram-
ming of the transcriptome and translatome in the s-ISR, we compared 
alterations in total mRNA abundance (Fig. 2e–j) and translational 
efficiencies (Fig. 2k–p) between eIF2Bε-depleted MEFs and MEFs 
co-depleted for eIF2Bε and eIF4E. These comparisons revealed that 
depletion of eIF4E largely reverted the changes in the transcriptome 
and translatome caused by eIF2Bε depletion (compare Fig. 2e–g ver-
sus Fig. 2h–j, and Fig. 2k–m versus Fig. 2n–p). Therefore, in the s-ISR, 
decreased eIF2B activity reprograms the transcriptome and the trans-
latome in an eIF4E-dependent manner. This conclusion was further 
strengthened by the identification of 64 transcription factors show-
ing eIF4E-dependent changes in mRNA abundance or translation fol-
lowing eIF2Bε depletion (Fig. 2b,c and Supplementary Table 1). Total 
mRNA levels of 80 positively regulated ATF4 target genes20 were also 
induced in eIF2Bε-depleted MEFs (Extended Data Fig. 2a–c). Similarly 
to above, these effects were eIF4E dependent (Extended Data Fig. 2d,e). 
These findings are consistent with eIF4E-dependent regulation of ATF4 
following s-ISR induction through eIF2Bε depletion. GO enrichment 
analysis revealed that mRNAs whose abundance increased following 
eIF2Bε depletion encode proteins involved in cellular response to envi-
ronmental cues (Fig. 2q and Supplementary Table 2). Among proteins 
encoded by downregulated mRNAs, there was a strong enrichment for 
factors regulating cell cycle progression (Fig. 2q and Supplementary 
Table 2). Except for a few functions related to the immune system, 
genes whose expression level was increased following eIF2Bε deple-
tion functionally overlapped with those whose expression level was 
decreased when eIF4E was co-depleted (Extended Data Fig. 2f and 
Supplementary Table 3). Similarly, cellular processes enriched among 
genes downregulated in eIF2Bε-depleted MEFs overlapped with those 
whose expression level was increased following eIF4E co-depletion 
(Extended Data Fig. 2g). Therefore, s-ISR gene expression programs 
triggered by eIF2Bε depletion and reversed by abrogation of eIF4E con-
sist of a subset of overlapping and functionally related genes, including 
cell cycle regulators that were enriched in the downregulated group 
in eIF2Bε-depleted cells. This is consistent with a decreased level of 
proliferation of eIF2Bε-depleted relative to control MEFs (Fig. 2r).

VWMD eIF2B alteration triggers s-ISR
VWMD is a leukodystrophy caused by alterations in the eIF2B subunits 
leading to decreased eIF2B activity21. Among the identified alterations, 
the mouse substitution R191H in eIF2Bε recapitulated aspects of the 
human disease, including progressive ataxia, motor skill deficits and 
shortened lifespan22. Development of these pathologies was associ-
ated with persistent ISR induction in the central nervous system of 
eIF2Bε(R191H) mutant mice22–24. Furthermore, treatment of these mice 
with a small-molecule activator of eIF2B markedly reduced VWMD-like 
phenotypes and attenuated the ISR2,24. Notably, VWMD is characterized 
by selective damage of oligodendrocytes and astrocytes25, which sug-
gests that eIF2B alterations may result in metabolic reprogramming that 
is particularly toxic to these but not other cell types. This may contribute 

to the increased sensitivity of these cells to ER stress24. We thus intro-
duced the eIF2Bε(R191H) alteration into mouse embryonic stem (ES) 
cells by mutating the CGC codon to CAC in the genomic region of exon 
4 of the Eif2b5 gene (Fig. 3a). We used mouse ES cells as non-specialized 
cells that facilitated testing of the effect of the R191H alteration on 
metabolic reprogramming. The eIF2Bε(R191H) alteration was previ-
ously shown to cause a 40% decrease in the level of eIF2B GEF activity24. 
Homozygous Eif2b5R191H/R191H mouse ES cells showed a slight decrease in 
protein synthesis rates (Fig. 3b) and induction of ATF4, but not GADD34 
or CHOP (Fig. 3c), which are characteristics of the s-ISR. Notably, the 
eIF2Bε(R191H) alteration did not cause induction in eIF2α-p, but rather 
decreased eIF2α-p levels, a phenomenon also observed in VWMD2,25. To 
identify differentially expressed genes in Eif2b5R191H/R191H cells, we used 
RNA sequencing (Fig. 3d and Extended Data Fig. 3a–c). Differential 
expression (DESeq2) analysis26 revealed that Eif2b5R191H/R191H mouse ES 
cells increased 886 and decreased 343 mRNA levels as compared to 
wild-type (WT) mouse ES cells (false discovery rate (FDR) < 0.05 and 
fold change > 1.2; Fig. 3d and Supplementary Table 1). Pathway analysis 
of the genes upregulated in Eif2b5R191H/R191H versus WT cells revealed 
enrichment in similar pathways to those observed in MEFs depleted of 
eIF2Bε, including response to bacterium, interferon response, adap-
tive immune response and regulation of defence response (Fig. 2q, 
Extended Data Fig. 3d and Supplementary Table 4). Of relevance to 
VWMD pathology, the predominant pathway enriched among down-
regulated genes is the cellular response to leukaemia inhibitory factor, a 
known positive regulator of oligodendrocyte survival, proliferation and 
myelination27. In agreement with this observation, the downregulated 
pathways included myelination, oligodendrocyte differentiation and 
stem cell population maintenance and differentiation (Extended Data 
Fig. 3d). Indeed, mouse induced pluripotent stem cell-derived oligo-
dendrocyte progenitor cells that carry the pathogenic eIF2Bε(R132H) 
mutation produced markedly fewer mature oligodendrocytes as com-
pared to WT cultures (Extended Data Fig. 3e).

Notably, we observed that phosphoenolpyruvate carboxykinase 2 
(Pck2) mRNA and protein levels were induced both during the s-ISR trig-
gered by eIF2Bε depletion in MEFs (Fig. 2b and Extended Data Fig. 4a) 
and in Eif2b5R191H/R191H mouse ES cells (Fig. 3c–e). These effects were 
eIF4E dependent (Fig. 2c and Extended Data Fig. 4a). PCK2 is a known 
ATF4 target28, and was one of four ATF4 target genes with mitochon-
drial functions29 identified in both MEFs and mouse ES cells (Extended 
Data Fig. 4b). PCK2 converts oxaloacetate to phosphoenolpyruvate 
(PEP), a precursor to both pyruvate and 3-phosphoglycerate30. In 
turn, 3-phosphoglycerate is an intermediate of glycolysis and a pre-
cursor to serine and glycine biosynthesis (Fig. 3f). Previous reports  
showed that increased levels of PCK2 in cancer cells promote meta-
bolic adaptation31,32. Compared to WT controls, Eif2b5R191H/R191H mouse 
ES cells presented with increased steady-state levels of PEP, serine 
and glycine (Fig. 3g). On this basis, we tested whether PCK2 contrib-
utes to metabolic flux of mitochondrial PEP towards serine biosyn-
thesis. Fractional enrichment of [13C]carbon from uniformly labelled  
[13C]glucose to [13C]serine was determined through either glycolysis 
(m + 3 [13C]serine) or mitochondrial PEP (m + 2 [13C]serine; Fig. 3f,h). 
In agreement with their elevated PCK2 levels, Eif2b5R191H/R191H mouse 
ES cells exhibited a higher flux to m + 2 [13C]serine than WT mouse ES 
cells, whereas the level of m + 3 [13C]serine was similar between the 
two cell lines (Fig. 3h). These data suggest that the s-ISR triggered by 
R191H alteration in eIF2Bε induces metabolic adaptations that are at 
least in part mediated by PCK2.

To further characterize metabolic perturbations triggered by the 
s-ISR, we tested how transient ER stress and subsequent recovery affect 
the bioenergetics of WT and Eif2b5R191H/R191H mouse ES cells. Herein, 
cells were exposed to a reversible ER-stress inducer, cyclopiazonic 
acid6 (CPA), for 16 h, followed by compound washout (Fig. 3i). At the 
baseline, Eif2b5R191H/R191H mouse ES cells exhibited higher oxygen con-
sumption rates (OCRs) and extracellular acidification rates (ECARs) 
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by [35S] methionine and cysteine labelling in WT and Eif2b5R191H/R191H mouse  
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(e). PCK2 levels were normalized to α-tubulin and quantified. P values, two- 
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experiments). d, DESeq2 analysis comparing WT and Eif2b5R191H/R191H mouse ES cell 
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(all regulated genes are shown in Supplementary Table 1). f, Schematic of  
[13C]glucose tracing in the CAC (black-filled circles indicate [13C]-labelled 
carbons) showing that serine m + 2 can be produced via oxaloacetate (OAA) 

m + 2, and serine m + 3 can be produced from 3-phosphoglycerate (3PG) m + 3.  
g, Steady-state levels of indicated metabolites in Eif2b5R191H/R191H cells compared 
to WT (n = 3 independent experiments). Data depict fold change of Eif2b5R191H/R191H 
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(Extended Data Fig. 4c,d) than WT cells. However, Eif2b5R191H/R191H 
mouse ES cells demonstrated a larger decrease in OCR and ECAR fol-
lowing treatment and removal of CPA relative to WT mouse ES cells 
(Extended Data Fig. 4c,d). This pattern was primarily associated with 
a sharp decline in ATP production from oxidative phosphorylation 
in Eif2b5R191H/R191H mouse ES cells (Extended Data Fig. 4e). Mutant cells  
also exhibited a strong decrease in maximal bioenergetic capacity 
(Fig. 3j and Extended Data Fig. 4f) and reduced flux of [13C]glucose to 
m + 2 [13C]serine (Fig. 3h) following exposure and removal of CPA as 
compared to WT mouse ES cells. In summary, these findings suggest 
that the R191H alteration in eIF2Bε induces metabolic adaptations that 
are abrogated by episodes of ER stress.

To further support the physiological importance of s-ISR-mediated 
metabolic perturbations, we determined whether key metabolic genes 
induced in the brain of VWMD mice24 (2–7 months old) are also stimu-
lated by induction of the s-ISR through depletion of eIF2Bε in MEFs 
(Fig. 3k). We identified 26 common genes, including Pck2 and Atf4, 
which we then grouped according to biological functions. The pre-
dominant biological functions for these genes were glycine, serine, 
cysteine and methionine metabolism (Fig. 3k). These results further 
support the hypothesis that alterations causing VWMD engender 
PCK2-mediated metabolic adaptation through the s-ISR that are prob-
ably disrupted by episodes of ER stress that trigger the c-ISR. This, 
at least in part, may explain the development of pathologies during 
persistent c-ISR in the central nervous system and the beneficial effects 
of abrogating the c-ISR by applying an eIF2B activator24.

Physiological functions of Atf4 uORF1
The prevailing ISR paradigm is that translational induction of the Atf4 
mRNA depends on uORF1 translation10. Considering the discrepancy 
in eIF4E dependency of Atf4 mRNA translational control in the s-ISR 
versus c-ISR6,13 (Fig. 1f,g), we tested the function of uORF1 in the trans-
lational control of the Atf4 mRNA, in mouse ES cells. We first confirmed 
that the regulation of ATF4 protein levels is similar between mouse ES 
cells and MEFs under conditions in which the c-ISR was triggered by Tg 
(Extended Data Fig. 5a) as well as when the s-ISR was induced through 
eIF2Bε depletion (Figs. 1f and 4a). As in MEFs, eIF2Bɛ depletion in mouse 
ES cells did not affect eIF2α-p, GADD34 protein levels or PERK activity 
(Fig. 4a). Indeed, eIF2α-p was even reduced in eIF2Bε-depleted versus 
control mouse ES cells (Fig. 4a). Moreover, as in MEFs, co-silencing of 
eIF4E and eIF2Bε strongly reduced ATF4 levels compared to eIF2Bε 
depletion alone (Fig. 4a). We next used CRISPR–Cas9 gene editing to 
generate mouse ES cells wherein the AUG initiation codon of Atf4 uORF1 
is mutated into AUA (ΔuORF1 mouse ES cells; Fig. 4b and Extended Data 
Fig. 5b) in its chromosomal location. Unexpectedly, during the chronic 
phase of the c-ISR (Tg (9 h)), ATF4 protein was induced in both WT and 
ΔuORF1 mouse ES cells (Fig. 4c, left panel). This was accompanied by 
elevated PERK activity and an increase in GADD34 and CHOP protein 
levels (Fig. 4c, left panel). Of note, the c-ISR program induced by chronic 
ER stress remains stable during a 6–18 h period6. During acute c-ISR (Tg; 
1 h), ATF4 was also elevated in both WT and ΔuORF1 mouse ES cells in 
the absence of GADD34 and CHOP induction (Fig. 4c, middle panel). 
A decrease in ATF4 in ΔuORF1 relative to WT cells during acute c-ISR is 
explained by reduced baseline Atf4 mRNA stability in ΔuORF1 cells (see 
below). In response to the Tg-induced c-ISR, ΔuORF1 mouse ES cells 
exhibited reduction in protein synthesis and polysome assembly that 
was comparable to that in WT mouse ES cells (Extended Data Fig. 5c,d). 
Opposite to the c-ISR, induction of the s-ISR through depletion of eIF2Bε 
upregulated ATF4 protein levels in WT but not ΔuORF1 mouse ES cells 
(Fig. 4c, right panel). Similarly to the case in MEFs, eIF2Bε depletion 
did not induce GADD34 or CHOP protein abundance in either cell line 
(Fig. 4c, right panel). These data suggest an unanticipated mechanism 
whereby uORF1 drives induction of ATF4 protein in the s-ISR but seems 
not to be essential under the c-ISR.

Consistent with the accumulation of the ATF4 protein in WT mouse ES 
cells, both the s-ISR caused by eIF2Bε depletion and the c-ISR triggered 
by Tg induced translation of Atf4 mRNA, as evidenced by an increased 
level of association of Atf4 mRNA with heavy polysomes relative to 
that in control cells (Extended Data Fig. 5e). In ΔuORF1 mouse ES cells, 
Tg induced polysome association of Atf4 mRNA to a similar extent as 
in WT mouse ES cells (Extended Data Fig. 5e). By contrast, although 
the s-ISR induced by depletion of eIF2Bε partially shifted Atf4 mRNA 
towards heavier polysomes in ΔuORF1 mouse ES cells (Extended Data 
Fig. 5e), this was not accompanied by the increase in ATF4 protein levels 
(Fig. 4c, right panel). This discordance between Atf4 mRNA translation 
efficiency and protein levels may stem from increased translation of 
uORF2 in the absence of uORF1, which leads to out-of-frame translation 
and suppression of ATF4 protein synthesis. As expected, the polysomal 
distribution of Gapdh mRNA was not affected in the s-ISR triggered 
through eIF2Bε depletion, whereas the Tg-induced c-ISR shifted Gapdh 
mRNA towards lighter polysomes in both WT and ΔuORF1 mouse ES 
cells (Extended Data Fig. 5e). Consistent with the observed differences 
between the c-ISR and s-ISR programs, Tg but not eIF2Bε depletion 
induced translation of Gadd34 mRNA (Extended Data Fig. 5e). Collec-
tively, these findings suggest that Atf4 mRNA translation in the s-ISR 
occurs through reinitiation following eIF4E-dependent translation 
of uORF1 and bypassing of uORF2, as described for the GCN4 mRNA 
in yeast5.

To establish the functional consequences of ATF4 regulation in the 
absence of stress-induced eIF2α-p, we examined whether uORF1 integ-
rity affects metabolism and bioenergetics. To measure activity of the 
citric acid cycle (CAC), we performed [3-13C]pyruvate tracing (Extended 
Data Fig. 6a–c). Relative to WT mouse ES cells, ΔuORF1 mouse ES cells 
exhibited a decreased level of tracing of pyruvate into glutamine, suc-
cinate, malate and aspartate throughout one turn of the CAC (Extended 
Data Fig. 6b), with larger decreases observed through two CAC turns 
(Extended Data Fig. 6c). These data suggest that ΔuORF1 mouse ES 
cells exhibit a decreased level of pyruvate oxidation throughout the 
CAC as compared to WT mouse ES cells. Furthermore, ΔuORF1 mouse 
ES cells showed a marked decrease in OCR (Fig. 4d) but only a modest 
reduction in ECAR (Fig. 4e) relative to WT mouse ES cells. Basal ATP 
generation from oxidative phosphorylation ( J ATP ox, white bars) was 
diminished in ΔuORF1 mouse ES cells as compared to WT mouse ES 
cells, whereas there were no significant differences in ATP generation 
from glycolysis ( J ATP glyc, grey bars) between these cells (Fig. 4f). 
Maximal ATP production from oxidative phosphorylation (treatment 
with carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP)) 
was reduced in ΔuORF1 mouse ES cells as compared to WT mouse ES 
cells (Fig. 4d), suggesting a decreased mitochondrial bioenergetic 
capacity (Fig. 4g). By contrast, ΔuORF1 and WT mouse ES cells exhibited 
similar rates of maximal ATP generation from glycolysis (monensin; 
Fig. 4h). In summary, ΔuORF1 mouse ES cells exhibit decreased CAC 
activity, resulting in reduced bioenergetic capacity as compared to 
control WT cells. This demonstrates that uORF1-dependent regulation 
of ATF4, which is activated during the s-ISR, supports mitochondrial 
metabolism and bioenergetics.

To identify Atf4-regulated genes that mediate these metabolic 
effects, we performed RNA sequencing on WT and ΔuORF1 mouse 
ES cells. Notably, ΔuORF1 cells had lower ATF4 levels (Fig. 4c) and 
no change in global protein synthesis (Extended Data Fig. 6d). The 
resulting RNA-sequencing dataset was of optimal quality (Extended 
Data Fig. 3f–h). We used DESeq2 to identify differentially expressed 
genes26, which revealed 857 mRNAs with increased and 1,263 mRNAs 
with decreased levels in ΔuORF1 as compared to WT mouse ES cells 
(FDR < 0.01 and fold change > 1.5; Extended Data Fig. 6e and Supple-
mentary Table 1). Among the downregulated mRNAs in ΔuORF1 cells 
was Pck2 mRNA, in agreement with the decreased ATF4 levels in these 
cells. To monitor PCK2 activity, we used [13C]glutamine labelling in cells 
deprived of glucose for 6 h (Fig. 4i), as described previously32. ΔuORF1 
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Fig. 4 | Atf4 uORF1 is required for s-ISR. a,l, Representative western blot of  
the indicated proteins in mouse ES cells expressing control (shCon), eIF2Bε or 
eIF2Bε + eIF4E shRNAs (a) or in MEFs treated with glucose (0–25 mM, 16 h) (l). 
LiCl (10 mM) or Torin 1 (250 nM) was used for the specified final hours of the  
16 h treatment with glucose-free medium (l) (n = 3 independent experiments). 
b, Schematic of the Atf4 uORF1 start codon mutation in mouse ES cells.  
c, Representative western blot of the indicated proteins in WT or ΔuORF1 
mouse ES cells treated with vehicle or Tg (400 nM) for the specified times (left 
and middle) or expressing control or Eif2b5 shRNAs (right). (n = 3 independent 
experiments). d,e, OCR (d) and ECAR (e) of WT and ΔuORF1 mouse ES cells. 
Oligomycin (Oligo), FCCP, rotenone (Rot) and antimycin A (AA), and monensin 
(Mon) were injected as indicated. P values, two-tailed Student’s t-test. Data are 
presented as mean ± s.e.m. (n = 5 independent experiments). f,g, Quantification 

of ATP production from oxidative phosphorylation (J ATP ox) or glycolysis  
( J ATP glyc) (f) and fold change in bioenergetic capacity (g) in WT versus 
ΔuORF1 mouse ES cells. P values, two-tailed Student’s t-test. Data are presented 
as mean ± s.e.m. (n = 5 independent experiments). h, J ATP glyc and J ATP ox 
values in WT and ΔuORF1 mouse ES cells for basal (square), FCCP (triangle) or 
monensin (circle) conditions. Maximum theoretical boundaries for J ATP ox 
(horizontal line) and J ATP glyc (vertical line) are indicated. P values, two-tailed 
Student’s t-test. Data represent mean ± s.e.m. (n = 5 independent experiments). 
i, Schematic of [13C]glutamine tracing in the CAC. PEP m + 3 and asparagine 
m + 4 are labelled by carbons derived from [13C]glutamine. CS, citrate synthase. 
j,k, Fractional enrichment ( j) and relative ion abundance (k) of PEP m + 3 in 
ΔuORF1 cells versus WT. P values, two-tailed Student’s t-test. Data represent 
mean ± s.e.m. (n = 3 independent experiments).
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mouse ES cells showed decreased tracing of glutamine into PEP (Fig. 4j) 
and decreased absolute abundance of PEP m + 3 (all three carbons are 
labelled) as compared to WT mouse ES cells (Fig. 4k). Finally, serine and 
glycine basal levels were also lower in mutant ΔuORF1 versus WT cells, 
in agreement with decreased PEP abundance (Extended Data Fig. 6f). 
Therefore, uORF1-driven ATF4 expression and a consequent increase 
in PCK2 levels underpins s-ISR-dependent metabolic adaptations.

uORF1 attenuates Atf4 nonsense-mediated decay
Atf4 mRNA is a nonsense-mediated decay (NMD) target33. To estab-
lish the effect of disruption of uORF1 on Atf4 mRNA NMD, we com-
pared the effects of induction of the s-ISR (eIF2Bε depletion) versus 
the c-ISR (Tg) on Atf4 mRNA levels in WT and ΔuORF1 mouse ES cells. 
Atf4 mRNA levels were 5.4- and 9.8-fold higher in WT as compared to 
ΔuORF1 mouse ES cells under basal conditions and following eIF2Bε 
depletion, respectively (Extended Data Fig. 7a). By contrast, Tg (9 h) 
resulted in a comparable increase in Atf4 mRNA levels in both WT and 
ΔuORF1 mouse ES cells (Extended Data Fig. 7a), which is consistent with 
previously reported transcriptional induction of the Atf4 gene under 
these conditions34. Notably, under basal conditions, the half-life (t1/2) 
of the Atf4 mRNA was reduced in ΔuORF1 (t1/2 = 1.2 h) as compared to 
WT mouse ES cells (t1/2 = 2 h; Extended Data Fig. 7b). The RNA helicase 
UPF1 is a central factor in NMD35. As expected, UPF1 depletion in mouse 
ES cells (Extended Data Fig. 7c) stabilized known NMD substrates, Atf3 
and Gadd45b mRNAs (Extended Data Fig. 7d,e,h,i). UPF1 depletion 
also increased Atf4 mRNA half-life and levels (Extended Data Fig. 7f,g) 
in WT and ΔuORF1 mouse ES cells (compare Extended Data Fig. 7b 
and Extended Data Fig. 7f). Altogether, these findings indicate a role 
for NMD in reducing Atf4 mRNA levels when uORF1 is abrogated, and 
suggest that at least in part, translation of uORF2 may drive NMD of 
Atf4 mRNA. This was further supported by a comparable increase in 
Atf4 mRNA stability in Tg-treated WT (from 2 h to 3.6 h) and ΔuORF1 
(from 1.2 h to 3.3 h) mouse ES cells (Extended Data Fig. 7j), which is 
consistent with the Tg-induced c-ISR in which translation of the main 
Atf4 ORF is expected to clear the exon junction complex and suppress 
NMD. We also generated uORF2-mutated NIH 3T3 cells in which both 
the translational repression of the main Atf4 ORF under unstressed 
conditions and its induction during the c-ISR were disrupted (Extended 
Data Fig. 7k). This shows that uORF2 has a major role in translational 
suppression of Atf4 mRNA under basal conditions and induction of 
ATF4 protein synthesis during the c-ISR5. By contrast, during the s-ISR, 
induction of Atf4 mRNA translation is mostly dependent on the integ-
rity of uORF1 (Fig. 4c). Collectively, these findings support a model 
whereby eIF4E-mediated translation of uORF1 suppresses NMD and 
thus stabilizes the Atf4 mRNA (Extended Data Fig. 7l, top panel). Our 
results also suggest that opposite to the prevailing model10, uORF1 may 
not have a prominent role in the induction of ATF4 protein synthesis 
under the c-ISR induced by Tg. This suggests that ATF4 induction dur-
ing the s-ISR and c-ISR occurs by distinct mechanisms (Extended Data 
Fig. 7l, middle and bottom panels, respectively).

S-ISR mechanisms and activators
To further dissect the mechanisms distinguishing the s-ISR and c-ISR, 
we induced eIF2α-p by salubrinal, which inhibits the PP1:GADD34 phos-
phatase36. Salubrinal induced the c-ISR and increased ATF4 levels inde-
pendently of uORF1 integrity (Extended Data Fig. 8a). This corroborated 
that the mechanisms governing Atf4 mRNA translation in the s-ISR 
(highly uORF1 dependent) versus the c-ISR (largely uORF1 independent) 
are distinct. Similarly to inactivating eIF2B, depleting eIF2β triggered 
the s-ISR, while cells maintained their ability to phosphorylate eIF2α 
and induce the c-ISR in response to Tg (Extended Data Fig. 8b). This 
further confirmed that reduction in ternary complex availability in the 
absence of eIF2α-p drives the s-ISR. Moreover, the RNA helicase DDX3X, 

which cooperates with eIF4E in promoting translation of a subset of 
mRNAs37, is required for ATF4 induction during the s-ISR but not the 
c-ISR (Extended Data Fig. 8c,d). Furthermore, the mTOR inhibitor Torin 
1 abolished ATF4 induction during the s-ISR, but not the c-ISR, which 
is consistent with eIF4E-dependent translational reprogramming in 
the s-ISR, but not the c-ISR (Extended Data Fig. 8e,f). Disruption of the 
s-ISR-dependent induction of ATF4 was also observed with the eIF4E 
inhibitor 4EGI-1 (Extended Data Fig. 8g). Collectively, these data show 
that the eIF4E–DDX3X axis has a specific role in uORF1-mediated induc-
tion of ATF4 in the s-ISR, whereas this mechanism seems not to be sub-
stantially engaged during the c-ISR. By contrast, CK2 inhibition caused 
induction of c-ISR (Extended Data Fig. 8h), which is consistent with 
previous findings17 and CK2-dependent phosphorylation of eIF3d38.

These mechanistic distinctions between the s-ISR and the c-ISR moti-
vated us to identify physiological and pathological conditions that may 
activate the s-ISR, but not the c-ISR. As expected, complete starvation 
of glucose induced the c-ISR38 (Fig. 4l). By contrast, moderate hypogly-
caemia (2.5 mM glucose) increased ATF4 but not GADD34 protein levels, 
which is representative of the s-ISR (Fig. 4l). Moderate hypoglycaemia 
(2.5 mM glucose) stimulated GSK3, as evidenced by reduced inhibi-
tory site phosphorylation on GSK3β (Ser9)39. GSK3 inhibition by LiCl 
attenuated ATF4 induction during mild hypoglycaemia (s-ISR) but not 
complete glucose starvation (c-ISR; Fig. 4l and Extended Data Fig. 8i). 
As GSK3 suppresses eIF2B activity40, these findings suggest that sens-
ing moderate hypoglycaemia through GSK3 is one of the mechanisms 
that specifically trigger the s-ISR. Moreover, experiments in the iso-
genic BT474 breast cancer cell model of Herceptin resistance revealed 
that following ER stress, the s-ISR is induced in Herceptin-resistant 
(BT474-R) but not parental drug-sensitive (BT474-P) cells (Extended 
Data Fig. 9a–d). Induction of ATF4 in BT474-R but not BT474-P cells was 
dependent on mTOR activity and the eIF4E–DDX3X axis41 (Extended 
Data Fig. 9e,f). Collectively, these findings illustrate clear mechanistic 
distinctions between the s-ISR and c-ISR, while providing initial insights 
into the potential physiological importance of the s-ISR.

Discussion
Our results challenge the prevailing tenet that the ISR represents a 
series of singular mechanisms that is activated in a similar manner 
irrespective of the type or duration of stress and/or cellular context. 
In general, the c-ISR is thought to be characterized by an increased 
level of eIF2α-p and a subsequent decrease in eIF2B activity, which in 
turn leads to the global inhibition of protein synthesis and selective 
translational and transcriptional reprogramming1. More recently, it 
became apparent that the ISR involves dynamic temporal regulation 
whereby acute repression of global protein synthesis is followed by par-
tial recovery of mRNA translation6,7. Herein, we show that the programs 
engaged in response to decreased eIF2B activity differ depending on 
the eIF2α phosphorylation status (Extended Data Fig. 9g). A decrease 
in eIF2B activity in the absence of eIF2α-p induction leads to relatively 
limited, eIF4E-dependent changes in the translatome paralleled by 
alterations in the transcriptome that are distinct from those observed 
in the c-ISR6,42–44 (Extended Data Fig. 10). Indeed, attenuated eIF2B 
activity in the absence of induction of eIF2α-p stimulated ATF4 but not 
GADD34 protein synthesis. To emphasize that under these conditions 
the regulation of ATF4 and GADD34 are split, we introduced the term 
s-ISR (Extended Data Fig. 9g). This suggests that the ISR in mammals 
may be more plastic than previously appreciated, whereby tuning of 
eIF2B activity and/or eIF2α-p is likely to result in a variety of differ-
ent cellular outcomes. Indeed, the s-ISR is triggered under mild stress 
caused by moderate hypoglycaemia and is substituted by the c-ISR 
under severe stress (that is, complete glucose deprivation). This implies 
that plasticity of ISR provides mammalian cells with the flexibility to 
adjust their response on the basis of the intensity of stress (details in 
Supplementary Notes).
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Although the physiological role of the s-ISR remains to be fully 

characterized, we show that cells carrying a leukodystrophy-causing 
inactivating mutation in Eif2b5R191H/R191H (for example, VWMD) exhibit 
s-ISR characteristics (details in Supplementary Notes).

In summary, we describe the s-ISR mechanism that is triggered by a 
disease-relevant eIF2B alteration. The s-ISR is mechanistically distinct 
from the c-ISR in respect to translational and transcriptional repro-
gramming and metabolic outcomes. These findings show plasticity of 
the ISR that underpins neurodegenerative diseases and probably other 
pathologies in which the ISR is implicated. Accordingly, future studies 
are warranted to decipher the full spectrum of ISR plasticity in mam-
mals and its implications in homeostatic stress adaptation and disease.
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Methods

Cell lines, cell culture and shRNA treatments
MEFs and HEK293T cells were grown in high-glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco number 11960044) supplemented 
with 10% defined fetal bovine serum (FBS; Gibco number 26140079), 
2 mM l-glutamine, 100 units ml−1 penicillin and 100 μg ml−1 streptomy-
cin (Gibco number 10378016). Mouse ES cells were grown in Iscove’s 
modified Dulbecco’s medium (Gibco number 12440053) supple-
mented with 0.1 mM 2-mercaptoethanol (Gibco number 21985023), 
1× MEM non-essential amino acids solution (Gibco number 11140050), 
50 units ml−1 penicillin and 50 µg ml−1 of streptomycin (Gibco number 
15070063), 1,000 units ml−1 ESGRO leukaemia inhibitory factor supple-
ment for mouse ES cell culture (Sigma ESG1106) and 20% Oneshot ES 
cell heat-inactivated FBS (Gibco number 16141079). Herceptin-sensitive 
parental (BT474-P) and Herceptin-resistant (BT474-R) human breast 
cancer cells45 were grown in high-glucose DMEM (Gibco number 
11960044) supplemented with 10% heat-inactivated FBS (Gibco 
number 10082147), 2 mM l-glutamine (Gibco number 10378016), 
100 units ml−1 penicillin, 100 μg ml−1 streptomycin and 1 mM sodium 
pyruvate (Gibco number 11360070). Mouse induced pluripotent stem 
cells (iPSCs) carrying the eIF2Bε(R132H) alteration (targeting G2723A 
in the eIF2B5 gene) in the eIF2Bε subunit of eIF2B, alongside WT iPSCs, 
were differentiated into oligodendrocyte precursor cells (OPCs) as 
previously described46–48. iPSC-derived OPCs were grown in DMEM/
F12 (Thermo Fisher Scientific number 11320082), 1× N2 supplement 
(R&D Systems AR009), 1× B-27 without vitamin A supplement (Thermo 
Fisher Scientific number 12587010) and 1× Glutamax, supplemented 
with 20 ng ml−1 fibroblast growth factor 2 (R&D Systems 233-FB) and 
20 ng ml−1 platelet-derived growth factor-AA (R&D Systems 221-AA). 
Mouse ES cells containing the Eif2b5R191H/R191H mutation or NIH 3T3 cells 
containing a point mutation in ΔuORF2 (ATG to ATA) were generated 
through CRISPR–Cas9 genome editing technology in the Case Western 
Transgenic and Targeting Facility. NIH 3T3 cells containing a point 
mutation in ΔuORF2 (ATG to ATA) were generated through CRISPR–
Cas9 genome editing technology in SYNTHEGO.

For glucose-limitation experiments, cells were grown in no-glucose 
DMEM (Gibco number 11966025) supplemented with 10% FBS (Gibco 
number 26140079), 100 units ml−1 penicillin, 100 μg ml−1 streptomy-
cin (Gibco number 15070063) and indicated glucose concentrations 
(Sigma G8644). All cells were maintained at 37 °C with 5% CO2 for all 
experiments before specific treatments. For shRNA knockdown experi-
ments, lentiviral particles expressing shRNA against target mRNAs 
were prepared and propagated in HEK293T cells as described previ-
ously49,50 using the second-generation pLKO.1, psPAX2 and pMD2.G 
vectors. After two rounds of lentiviral infection, cells were selected 
under puromycin (30 μg ml−1 in MEFs, 2 μg ml−1 in mouse ES cells and 
1.5 μg ml−1 in BT474) for 3 days. The last-selection-day cells were pas-
saged for experimentation. Day 4 denotes 1 day after passage of the 
cells in the presence of puromycin. Puromycin was removed 3 h before 
collection or treatment of the cells. Proliferation was monitored by cell 
counting with trypan blue exclusion of dead cells as described previ-
ously51. In addition, proliferation was estimated using CellTiter-Glo 
Luminescent Cell Viability Assay kit (Promega G7572) according to the 
manufacturer’s instructions.

shRNAs and RT–qPCR primers
Plasmid expressing shRNA against Eif2b5 (TRCN0000109990), 
Eif4e (TRCN0000077474), Upf1 (number 1: TRCN0000009663; 
number 2: TRCN0000274486), Eif2s2 (TRCN0000096876), Ddx3x 
(TRCN0000287239) and MISSION pLKO.1-puro Non-Target shRNA 
Control Plasmid DNA (Sigma-Aldrich, SHC016) were purchased from 
Sigma-Aldrich.

For RT–qPCR analysis, we used the following primer sets: ATF4 
(forward (−) GTTTGACTTCGATGCTCTGTTTC; reverse (+) GGGCT 

CCTTATTAGTCTCTTGG); GADD34 (forward (−) TACCCCTGTCT 
CTGGTAACCT; reverse (+) TGGCTTTGCATTGTACTCATCA); IBTKα 
(forward (−) CCACCGTCTGCAGGATTATT, reverse (+) CTCGACCTTATCC 
GAATGGA); ATF5 (forward (−) AAGCTTGTAAGGCCCCCTGT, reverse (+) 
GTGCGCTTGATGTAGGGATT); BiP (forward (−) ACTTGGGGACCACCT 
ATTCCT, reverse (+) ATCGCCAATCAGACGCTCC); α-tubulin (forward (−) 
CACTTACCACGGAGATAGCGA, reverse (+) ACCTTCTGTGTAGTGCC 
CCTT); GAPDH (forward (−) CGCCTGGAGAAACCTGCCAAGTATG, 
reverse (+) GGTGGAAGAGTGGGAGTTGCTGTTG); CHOP (forward (−)  
CTGGAAGCCTGGTATGAGGAT, reverse (+) CAGGGTCAAGAGTAG 
TGAAGGT); XBP1s (forward (−) GAGTCCGCAGCAGGTG, reverse (+)  
CTGGGAGTTCCTCCAGACTA); β-actin (forward (−) CTGGCACCA 
CACCTTCTACAATG, reverse (+) GGTCATCTTTTCACGGTTGGC); 
GADD45a (forward (−) GAGGAATTCTCGGCTGCAGA, reverse (+) 
CACGTTATCGGGGTCTACGT).

Chemicals, reagents and antibodies
Chemicals used in this study: Tg (400 nM, Sigma-Aldrich T9033); 
sodium arsenite (1 mM, Sigma S7400); CPA (100 μM (BT474) and 
200 μM (MEFs and mouse ES cells) Tocris number 1235); actinomycin 
D (10 μg ml−1, Sigma-Aldrich A9415); cycloheximide (100 μg ml−1, Sigma 
C7698); salubrinal (15 μM, Tocris number 3657); Torin 1 (250 nM, Tocris 
number 4247); LiCl (10 mM, Sigma); Herceptin (20 μg ml−1, Genen-
tech); 4EGI-1 (200 μM, Med Chem Express HY-19831); SGC-CK2-1 (5 μM,  
Cayman number 34103).

Antibodies used in this study: anti-PERK (1:1,000, Cell Signaling 
Technology number 3192); anti-eIF4E (1:1,000, Cell Signaling Tech-
nology number 9742); anti-eIF2Bε (1:1,000, Cell Signaling Technology 
number 3595); anti-eIF2α (1:1,000, Cell Signaling Technology number 
9722); anti-eIF2α-phospho(Ser51) (1:3,000, Abcam ab32157); anti-ATF4 
(1:1,000, Cell Signaling Technology number 11815); anti-α-tubulin 
(1:4,000, Sigma T9026); anti-citrate synthase (1:1,000, Sino Biological 
14083-T46); anti-GADD34 (1:3,000, Proteintech 10449-1-AP); anti-BiP 
(1:1,000, Cell Signaling Technology number 3177); anti-DDX3X (1:1,000, 
Cell Signaling Technology number 2635); anti-CHOP (1:1,000, Cell 
Signaling Technology number 2895); anti-PCK2 (1:1,000, Cell Sign-
aling Technology number 6924); anti-UPF1 (1:1,000, Cell Signaling 
Technology number 12040); anti-S6 ribosomal protein (1:1,000, Cell 
Signaling Technology number 2217); anti-phospho-S6 ribosomal 
protein (Ser240/244) (1:1,000, Cell Signaling Technology number 
5364); anti-GSK3β (1:1,000, Cell Signaling Technology number 9315); 
anti-phospho-GSK3β (Ser9) (1:1,000, Cell Signaling Technology num-
ber 9323); anti-4E-BP1 (1:1,000, Cell Signaling Technology number 
9644), anti-phospho-4E-BP1 (Ser65) (1:1,000, Cell Signaling Technol-
ogy number 9451) and anti-eIF2β (1:1,000, Santa Cruz sc-9978). For 
immunostaining: anti-G3BP1 (1:200, Santa Cruz sc-81940); anti-DDX3X 
(1:200, Bethyl A300-474A); anti-O1 (1:100, CCF Hybridoma Core Facil-
ity); anti-MBP (1:100, Abcam ab7349); anti-beta actin (1:4,000, Abcam 
ab6276). Hoechst (Thermo Fisher Scientific number 3570) was used to 
detect nuclei in immunostaining experiments.

Cell extract preparation for western blotting
Cells were washed twice with ice-cooled 1× PBS before lysis. Ice-cooled 
(4 °C) lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 
1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate), supplemented with 
EDTA-free protease inhibitor (Sigma number 34693159001) and Phos
STOP phosphatase inhibitor (Sigma number 4906837001) was added 
to cells. Cells were scraped off, collected and sonicated on ice. Pro-
tein lysates were centrifuged for 5 min at 10,000g and 4 °C. Super-
natant was collected and quantified using the DC Protein Assay Kit 
(Bio-Rad number 5000112). Lysate was diluted to 1 μg μl−1 using lysis 
buffer. The diluted lysates were mixed with 5× sample loading buffer 
(300 mM Tris-HCl pH 6.8, 50% glycerol, 10% (v/v) β-mercaptoethanol, 
10% (w/v) SDS and 50 mg bromophenol blue) for western blot analysis. 
Protein lysates were separated by SDS–PAGE before electrotransfer 
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to Immobilon-P PVDF membrane (Sigma-Aldrich). When possible, 
membranes were stripped and re-probed, but in the cases in which 
this was not feasible (for example, antibodies from the same species 
in different dynamic ranges), the same lysates were simultaneously 
resolved on duplicate gels. Representative corresponding loading 
controls are shown.

Measuring in vitro GEF activity of eIF2B
eIF2B activity was measured as previously described6. In brief, cells were 
washed and scraped off in homogenization buffer (45 mM HEPES-KOH 
pH 7.4, 0.375 mM MaOAc, 75 mM EDTA, 95 mM KOAc, 10% glycerol, 
1 mM dithiothreitol (DTT), 2.5 mg ml−1 digitonin), supplemented with 
EDTA-free protease inhibitor (Sigma number 4693159001) and PhosS-
TOP phosphatase inhibitor (Sigma number 4906837001). Cell lysates 
were homogenized and quantified for protein concentration. eIF2B 
activity was calculated as the rate of exchange from [3H]eIF2α GDP to 
non-radioactive GDP at each time point.

Measurement of global protein synthesis
Protein synthesis rates were measured as previously described6. In brief, 
cells were treated with designated chemicals for the indicated dura-
tions. At the end of treatments, [35S]Met and Cys (30 μCi ml−1 EXPRE35S 
Protein Labeling Mix (PerkinElmer NEG072002MC) was added to the 
cells for an additional 30 min. After labelling, cells were washed and 
lysed, and the radioactivity incorporated into proteins was determined 
by liquid scintillation counter. The protein synthesis rate was calculated 
as the rate of [35S]Met and Cys incorporation to total cellular protein 
from the same lysate.

Polysome profile analysis and mRNA distribution
Cells were seeded in 150-mm culture dishes and grown up to 70% con-
fluence (about 1.0 × 107 cells). Cells were washed twice with cold PBS 
containing CHX (100 μg ml−1), scraped off and pelleted at 4,000 r.p.m. 
for 10 min. The cell pellets were suspended in 500 μl of lysis buffer 
(10 mM HEPES-KOH at pH 7.4, 2.5 mM MgCl2, 100 mM KCl, 0.25% 
NP-40, 100 μg ml−1 CHX, 1 mM DTT), 200 units ml−1 of RNase inhibi-
tor (NEB number M0314) and EDTA-free protease inhibitor (Sigma 
number 693159001), kept on ice for 20 min and then passed 15 times 
through a 23-gauge needle. Lysates were cleared at 14,000 r.p.m. for 
15 min, and supernatants (cell extracts) were collected and measured 
at absorbance of 260 nm. An equal amount (approximately 500 μg of 
lysate) was layered over 10–60% of cold sucrose gradients prepared 
in buffer (10 mM HEPES-KOH at pH 7.4, 2.5 mM MgCl2, 100 mM KCl). 
Gradients were centrifuged at 35,000 r.p.m. in a Beckman SW41Ti 
rotor for 3 h at 4 °C. After centrifugation, 12 equal-sized fractions 
(1 ml per fraction) were collected. RNA from each fraction was iso-
lated using TRIzol LS reagent (Invitrogen number 10296028) and 
an equal volume of RNA from each fraction was cDNA-synthesized 
using the SuperScript III First-Strand Synthesis SuperMix (Thermo 
Fisher Scientific number 18080044). The relative quantity of specific 
mRNAs was measured by RT–qPCR using the VeriQuest SYBR Green 
qPCR Master Mix (Thermo Fisher Scientific 756002000RXN) with the 
StepOnePlus Real-Time PCR System (Applied Biosystem). For conven-
tional measurement of total RNA levels, cells were seeded in 60-mm 
culture dishes and grown up to 70% confluence (1.0–1.5 × 106 cells) 
before treatment. Following indicated treatments, total intracellular 
RNA was isolated using TRIzol reagent (Invitrogen number 15596018). 
cDNAs were synthesized and relative RNA levels were measured by 
RT–qPCR as described above.

RNA-sequencing data preprocessing and quality control
RNA-sequencing libraries were prepared according to the TruSeq 
Stranded Total RNA protocol (Illumina) following the manufacturer’s 
instructions, and paired-end reads were obtained using a HiSeq2500 
system (Illumina). The quality of sequencing reads was confirmed using 

FastQC (v0.11.4; http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). For the removal of Illumina TruSeq adaptor sequences and 
low-quality base calls, BBmap (v36.59; https://www.osti.gov/servlets/
purl/1241166) was used with the following parameters: k = 13, ktrim = n, 
useshortkmers = t, mink = 5, qtrim = t, trimq = 10, minlength = 25. Sub-
sequently, resulting reads were mapped to the mm10 genome assembly 
using HISAT (v2.0.4, in addition to default parameters, –no-mixed and 
–no-discordant were applied)52. The aligned reads were summarized 
using htseq-count53. Data quality was assessed using principal compo-
nent analysis on trimmed mean of M values (TMM)-log2-normalized 
counts using the PCAtools R package (v2.4.0; https://github.com/
kevinblighe/PCAtools; parameters removeVar = 0.75 and scale = T).

Raw fastq files for the dataset from ref. 24 were obtained from the 
National Center for Biotechnology Information Gene Expression 
Omnibus repository (GSE128092) and prepared the same way as 
described above, with a difference that the aligned reads were sum-
marized using the featureCounts function of the RSubread (v2.6.4) 
R/Bioconductor package54.

Analysis of differential translation in datasets using anota2seq
Genes with 0 mapped RNA-sequencing reads in one or more samples 
were discarded. The data were TMM-log2-normalized and analysed 
using anota2seq19,55 (v1.14.0, parameters: minSlopeTranslation = −1, 
minSlopeBuffering = −1, maxSlopeTranslation = 1.5, maxSlopeBuffer-
ing = 1.5, deltaPT = deltaTP = deltaP = deltaT = log2(1.5) and FDR < 0.05). 
To classify genes into translation, offsetting or mRNA abundance gene 
expression modes, the anota2seqRegModes function within anota2seq 
was used.

Analysis of differentially expressed genes in the Eif2b5R191H/R191H, 
ΔORF1 mouse ES cells and ref. 24 datasets
The datasets were analysed using DESeq2 (ref. 26; v1.38.2). To identify 
differentially expressed genes, an FDR threshold of <0.05 was applied to 
the Eif2b5R191H/R191H data and the datasets (all comparisons) from ref. 24. 
Additionally, changes with an absolute fold change of <log2(1.2) were 
filtered out in the Eif2b5R191H/R191H dataset. In the ΔORF1 dataset, an 
FDR threshold of <0.01 and an absolute fold change of >log2(1.5) were 
applied.

GO analysis
GO analysis was performed using GOstats (v2.68.0) using a hypergeo-
metric test for categories from biological process ontology terms56.

Bioenergetic analysis
OCR and ECAR were measured using a Seahorse XFe24 analyser (Agilent 
Technologies), as previously shown57. In brief, mouse ES cells were fed 
with growth medium for 1 h, and then trypsinized and resuspended 
in growth medium. Cells were washed twice in Seahorse XF medium 
(10 mM glucose, 2 mM glutamine, 1 mM sodium pyruvate, pH 7.4) fol-
lowing centrifugation. Cells were subsequently seeded at a density 
of 100,000 cells in a volume of 200 μl per well on plates coated with 
22.4 μg ml−1 Cell-TAK (Corning number 354240). The plate was cen-
trifuged at 200g for 1 min to allow cells to adhere and subsequently 
placed in a 37 °C non-CO2 incubator for 1 h. Three measurements of 
OCR and ECAR were recorded under basal conditions, and following 
the injection of each compound (25 μl per injection): oligomycin (1 μM; 
Sigma O4876-25MG), FCCP (1.5 μM; Sigma C2920-10MG), rotenone 
(1 μM; Sigma R8875-1G) and antimycin A (1 μM; Sigma A8674-25MG), 
and monensin (20 μM; Sigma M5273-1G). Rates of oxidative ATP pro-
duction ( J ATP ox) and glycolytic ATP production ( J ATP glyc), as well 
as bioenergetic capacity, were calculated as previously described58. 
Bioenergetic capacity is defined by the maximum values of J ATP glyc 
and J ATP ox in cells58. Buffering power of the Seahorse XF medium 
was measured as previously described59. All values were normalized 
to protein content.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.osti.gov/servlets/purl/1241166
https://www.osti.gov/servlets/purl/1241166
https://github.com/kevinblighe/PCAtools
https://github.com/kevinblighe/PCAtools
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128092


Immunofluorescent staining
Cells were plated on glass microscope coverslips (Thermo Fisher) in 
6-cm culture dishes and were allowed to grow for 48 h. After the des-
ignated treatments, cells were washed twice with ice-cooled 1× PBS 
on ice. Cells were fixed with 4% paraformaldehyde for 10 min at room 
temperature on a shaker at 50 r.p.m. Fixed cells were washed twice 
with ice-cooled 1× PBS and incubated in PBST (1× PBS + 0.02% Triton 
X-100) for 15 min, PBST with 10% FBS for 30 min, and PBST with 10% 
FBS and primary antibodies at 4 °C for 16 h. After being washed with 
ice-cooled PBST twice, cells were incubated in PBST with 10% FBS and 
secondary antibodies for 2 h in the dark. This was followed by washing 
with ice-cooled PBST twice and nuclei staining with Hoechst 33342 for 
5 min in the dark. After being washed with ice-cooled PBST twice, cells 
were mounted in Fluoromount-G (Electronic Microscope Sciences) and 
sealed with clear nail polish on microscope slides. The images were 
captured using a Leica SP8 confocal microscope. Imaging areas were 
randomly selected in a single-blind manner by a microscope special-
ist. Three areas were imaged in each condition, and a representative 
image is shown.

Metabolic labelling
Cells were plated onto 12-well plates and cultured in the cell growth 
medium. Cells were starved for 6 h with DMEM (Thermo Fisher 
A1443001) without glucose, glutamine and pyruvate. Next, cells were 
washed with 1× PBS and incubated with labelling medium contain-
ing 4 mM glutamine, 2× non-essential amino acids, 20% ES cell FBS, 
1× penicillin–streptomycin and 4 mM [3-13C]pyruvate for 6 h. Finally, 
labelling medium was removed, and cells were washed with cold saline 
twice. Metabolites were quenched by the addition of 80% methanol/
water (v/v), chilled on dry ice, and stored at −80 °C until processing.

For metabolite extraction, samples were thawed on ice and mixed 
well, followed by centrifugation at 4 °C for 10 min at 14,000 r.p.m. to 
pellet protein. Supernatant was removed into gas chromatography–
mass spectrometry (GC–MS) vials. Pellets were extracted again with 
cold 80% methanol in water (v/v), and supernatants were combined 
and derivatized as described elsewhere60. In brief, 10 µl of 1 N NaOH was 
added to methanol supernatants and vortexed. Next, 15 µl of NaB2H4 
(10 mg ml−1 in 50 mM NaOH) was added to reduce keto bonds and con-
vert them into their respective deuterated hydroxyl groups. Next, sam-
ples were vortexed for 20 s and allowed to react at room temperature 
for 1 h. Reaction was stopped by the addition of 1 N HCl, and samples 
were evaporated to dryness. To remove boric acid, 50 µl of methanol 
was added, and samples were left to stand. After methanol was evapo-
rated to dryness, samples were further derivatized by the addition 
of 60 µl of N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide 
(MTBSTFA) to form the tri-tert-butyldimethylsilyl (t-BDMS), and the 
reactions were performed for 1 h at 60 °C. Derivatized samples were 
transferred to inserts and 1 µl of each sample was analysed by GC–MS.

GC–MS analyses were carried out on an Agilent 5973 mass spectrom-
eter equipped with a 6890 Gas Chromatograph. A DB17-MS capillary 
column (30 m × 0.25 mm × 0.25 μm) was used in all assays with a helium 
flow of 1 ml min−1. Oven temperature was set to 100 °C, held for 1 min, 
and ramped at 7.5 °C min−1 until 260 °C, then 30 °C min−1 until 300 °C, 
and held for 10 min. Injector temperature was set at 250 °C and detector 
temperature at 280 °C. Samples were analysed in selected ion monitor-
ing mode using electron impact ionization. Ion dwell time was set to 
10 ms. Metabolite abundances were collected, and natural abundance 
was normalized using matrix analyses. Fractional enrichment was deter-
mined by dividing the abundance of labelled species by the sum of all 
of the molecular species for each particular metabolite.

Differentiation and imaging of OPCs
To differentiate WT and eIF2Bε(R132H) OPCs, cells were plated 
and grown for 72 h in differentiation medium that consisted of  

DMEM/F12, 1× N2 supplement and 1× B-27 without vitamin A supple-
ment, supplemented with 100 ng ml−1 noggin (R&D Systems 3344-NG), 
10 ng ml−1 neurotrophin-3 (NT-3; R&D Systems 267-N3), 50 μM cAMP 
(Sigma D0260), 100 ng ml−1 insulin-like growth factor 1 (R&D Systems 
291-G1) NT-3 and 40 ng ml−1 triiodothyronine (thyroid hormone;  
Sigma T-6397).

After 72 h of differentiation, cells were live-stained with mouse 
anti-O1 antibody, then fixed with 4% paraformaldehyde (PFA) and 
immunostained using rat anti-MBP antibody, secondary antibodies 
conjugated to an Alexa Fluor (4 μg ml−1, Thermo Fisher) and the nuclear 
stain DAPI (Sigma, 1 μg ml−1). Cells were then imaged using the Oper-
etta High Content imaging system (PerkinElmer) and analysed using 
automated scripts in Columbus v2.8.1.141347 software (PerkinElmer). 
Both outlier tests and P value calculation were performed in GraphPad 
Prism v10.4.1. Outliers were statistically identified and removed using 
ROUT test with Q = 1%, and P values were calculated using a Welch’s 
unpaired t-test.

Quantification and statistical analysis
For quantification of band intensities from western blot, ImageJ soft-
ware was used (https://imagej.net/ij/). For statistical analysis, unless 
noted otherwise, data shown in this study are presented as the mean 
of triplicate determinations ± s.e.m. Unless otherwise indicated in the 
figure legends, statistical significance between groups was evaluated 
using Student’s t-test. In the figure legends (n = X) indicates the number 
of independent experiments.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The datasets generated and analysed during this study are available in 
the Gene Expression Omnibus repository under the accession numbers 
GSE268132 (shEif2b5 and shEif4e), GSE268130 (Eif2b5R191H/R191H) and 
GSE268127 (Atf4 uORF1 mutant). All data supporting the findings of 
this study are included in this article and its Supplementary Informa-
tion. Source data are provided with this paper.
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Extended Data Fig. 1 | Decreased eIF2B activity in the absence of stress-
induced eIF2α-p reprograms the transcriptome in an eIF4E-dependent 
manner. (a,b) Western blot analysis of the indicated proteins in cell extracts 
isolated from MEFs expressing control or Eif2b5 shRNAs (a,b); or active 
GADD34 (ΔNT, N-terminus truncated protein) or inactive GADD34 (ΔCT, 
C-terminus truncated protein)7 (b) and treated with Tg (400 nM) or Sodium 
Arsenite (1 mM) for specified times (a). Representative blots are shown (n=3 
independent experiments). (c) Diagrams of 5′ UTR uORFs of mouse Atf410, Atf514, 
Gadd3415 and Chop16 mRNAs. The stop codon of uORF1 in the Gadd34 5′ UTR 
overlaps with the initiation codon of uORF2 by one nucleotide15. (d) Polysome 
profile tracings obtained by monitoring absorbance (254 nm) across the 10–50% 
sucrose gradients (left) in indicated cells. Distribution of Atf5 and Tuba1a 
mRNAs on polyribosomes (right) isolated from MEFs expressing control, 
Eif2b5, or Eif2b5 + Eif4e shRNAs, as indicated. Representative experiment is 
shown (n = 3 independent experiments). (e) (Top) A bar plot shows an overall 
number of reads that are assigned to genes after all pre-processing steps and 

summarization with htseq-count for each sample. (Middle) the number of 
detected genes from total RNA sequencing libraries (red) and polysome-
associated RNA sequencing libraries (brown) across sampled sequencing 
depths. (Bottom) projection of samples in principal components 1 and 2, with 
samples shaped according to library type (circle: polysome-associated RNA; 
triangle: total RNA) and colored according to condition (control samples are 
grey, shEif2b5+shEif4e ivory and shEif2b5 orange). (f) RT-qPCR analysis of  
total RNA isolated from MEFs expressing shRNAs for Eif2b5, Eif2b5 + Eif4e or 
Control (shCon). RT-qPCR data for the indicated genes (Supplementary Table 1) 
were normalized to the values of the Gapdh mRNA. Statistical significance  
was determined using the two-tailed Student’s t-test. Data are presented as  
mean ± SEM (n = 3 independent experiments). (g) Venn diagrams showing 
overlapping genes between indicated experimental conditions. Data set of  
Tg 16 h versus Con in MEFs were obtained from raw data analysis of a previous 
publication6. The experimental conditions and the number of genes in each 
experimental condition along with the mode of regulation are shown.



Extended Data Fig. 2 | See next page for caption.



Article
Extended Data Fig. 2 | Co-depletion of eIF4E reverses expression of genes 
affected by eIF2Bε depletion that are enriched in overlapping biological 
processes. (a) Venn diagrams show the number of overlapping genes from  
the indicated experimental conditions6,20. (b-e) Scatterplots of fold changes 
quantified by RNA sequencing data from total and polysome-associated RNA  
in MEFs expressing shEif2b5 versus shCon (b) and shEif2b5+shEif4e versus 
shEif2b5 (d). Cumulative distributions for log2 fold changes (log2FC) in mRNA 
abundance (c, e) of background (grey) and selected Atf4 gene signature20 (blue). 
Statistical analysis comparing Atf4 gene signature to background using  

Mann-Whitney U-test indicated p<0.001 for both comparisons (c, e). ATF4-
regulated genes are indicated in blue20, (f) Heatmaps comparing the 20 most 
significant biological processes (gene ontology) enriched among genes 
upregulated upon eIF2Bε depletion versus those downregulated upon eIF2Bε 
and eIF4E co-depletion (g) Heatmaps comparing the 20 most significant 
biological processes (gene ontology) enriched among genes downregulated 
upon eIF2Bε depletion versus those upregulated upon eIF2Bε and eIF4E  
co-depletion. A full list of genes can be found in Supplementary Table 3.
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Extended Data Fig. 3 | Quality control of RNA sequencing data in mouse ES 
Cells from ΔuORF1 and Eif2b5R191H/R191H cells. Deficiency in oligodendrocyte 
differentiation in Eif2b5R132H/R132H OPCs. (a, f) Bar plots showing the total 
number of reads that are assigned to genes after all pre-processing steps and 
summarization with htseq-count for each sample in Eif2b5R191H/R191H mouse  
ES Cells (a) and in ΔuORF1 mouse ES Cells (f). (b, g) Projection of samples in 
principal components 1 and 2, with samples shaped according to replicate and 
colored according to condition [control samples in red and Eif2b5R191H/R191H (b) 
and ΔuORF1(g) in blue]. (c, h) Number of detected genes from total RNA 
sequencing libraries across sampled sequencing depths in mouse ES Cells from 
Eif2b5R191H/R191H cells (c), and ΔuORF1 mouse ES Cells (h) colored in brown and 
controls colored in red. (d) GO enrichment analysis of upregulated (yellow) or 
downregulated (green) cohorts of genes in Eif2b5R191H/R191H versus WT mouse  

ES Cells RNA sequencing data shown in Fig. 3d. Number of genes identified in 
selected GO individual pathways are shown and all GO pathways are shown in 
Supplementary Table 4. FDR, False Discovery Rate. (e) (Left) iPSCs-derived 
OPCs from WT or Eif2b5R132H/R132H mice were differentiated for 72 h with thyroid 
hormone (T3) and stained for the intermediate oligodendrocyte marker 
protein O1 and late/mature oligodendrocyte marker protein, myelin basic 
protein (MBP). (Right) Quantification demonstrates dramatically lower mature 
oligodendrocytes in Eif2b5R132H/R132H cells. Data is presented as the mean +/− 
standard deviation. Outliers were statistically identified and removed using 
ROUT test with Q = 1%, and p-values were calculated using a Welch’s unpaired, 
two tailed t-test. (n = 3 independent experiments, ≥16 wells). Both outlier tests 
and p-value calculation were performed in GraphPad Prism v10.4.1.



Extended Data Fig. 4 | See next page for caption.



Article
Extended Data Fig. 4 | Bioenergetic characterization of the mouse ES Cells 
harboring VWMD-associated eIF2Bε mutation (Eif2b5R191H/R191H). (a) Western 
blot analysis of the indicated proteins in MEFs expressing control, Eif2b5, Eif4e 
or Eif2b5 + Eif4e shRNAs. Representative experiments (n = 3 independent 
experiments) are shown (Left two panels). Quantification of PCK2 protein 
levels [over α-tubulin or mitochondrial protein citrate synthase (CS)] in shRNA-
treated MEFs (right two panels) (n = 4 independent experiments). p-values,  
two-tailed Student’s t-test. Error bars represent S.E.M values (Right panels).  
(b) Venn diagrams showing numbers of overlapping genes between the indicated 
experimental conditions. “Split-ISR eIF4E-dependent”: genes whose mRNA 
abundance or translation mode is increased by sheIF2Bε depletion and reversed 
by eIF4E co-depletion. “NE-mitos”: nuclear-encoded mitochondrial genes29.  
“NE-mitos split-ISR”: genes that overlap between the “Split-ISR eIF4E-dependent” 
and the “NE-mitos” categories. “ATF4 target genes” ATF4 regulated genes20. 

PCK2 is a nuclear encoded mitochondrial protein31. (c, d) Oxygen consumption 
rate (OCR, c) and extracellular acidification rate (ECAR, d) in WT and 
Eif2b5R191H/R191H cells treated with CPA (200 μM) or a vehicle for 16 h, followed by 
48 h washing-out of CPA (n = 4 independent experiments). (e) Quantitation  
of ATP production rate from OXPHOS (J ATP ox) or glycolysis (J ATP glyc) in  
WT and Eif2b5R191H/R191H cells treated with a vehicle or CPA (200 μM) for 16 h, 
followed by 48 h washing-out of CPA (n = 4 independent experiments). Data are 
presented as mean ± SEM (c-e). (f) Bioenergetic plot of WT and Eif2b5R191H/R191H 
cells treated as described in panels c-e. Data points represent J ATP values  
(J ATP glyc on the x-axis and J ATP ox on the y-axis) measured under basal 
conditions (square), and following injections of FCCP (triangle), and Monensin 
(circle). p-values, two-tailed Student’s t-test. Data are presented as mean ± SEM 
(n = 4 independent experiments).



Extended Data Fig. 5 | uORF1 translation is required for ATF4 induction in 
s-ISR but is largely dispensable for c-ISR. (a) Western blot analysis of the 
indicated proteins in cell extracts isolated from mouse ES Cells or from MEFs, 
treated with Tg (400 nM) for specified durations. Representative blots are 
shown (n = 3 independent experiments). (b) Sanger sequencing traces of 
genomic DNAs from WT and ΔuORF1 mouse ES Cells. Only the uORF1 region is 
shown. (c) Protein synthesis (incorporation of [35S]-cysteine and methionine 
into proteins) in ΔuORF1 mouse ES Cells treated with Tg (400 nM) for the 
indicated times. p-values, two-tailed Student’s t-test. Data are presented as 

mean ± SEM (n = 5 independent experiments). (d) Polysome profile tracings 
obtained by monitoring absorbance (254 nm) across the 10-50% sucrose 
gradients from WT or ΔuORF1 mouse ES Cells expressing control (top panel) or 
eIF2Bε shRNA (middle panel), or treated with Tg (400 nM, 9 h) (bottom panel). 
Representative experiments are shown (n = 3 independent experiments).  
(e) Distribution of indicated mRNAs across polysome fractions (from d) 
isolated from WT or ΔuORF1 mouse ES Cells expressing control or Eif2b5 
shRNAs, or treated with Tg (400 nM, 9 h) was determined by RT-qPCR. 
Representative experiments are shown (n = 3 independent experiments).
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Extended Data Fig. 6 | Loss of basal ATF4 levels in ΔuORF1 mouse ES Cells 
impairs cellular bioenergetics. (a) Schematic of [3-13C]-pyruvate tracing in 
the citric acid cycle. Black-filled circles indicated [13C]-labelled carbons. Citrate 
m+1, Glutamine m+1, Succinate m+1, Malate m+1, and Aspartate m+1 refer to 
isotopomers of metabolites after incorporation of one [13C]-labelled carbon 
following one turn of the citric acid cycle. Citrate m+2, Glutamine m+2, Succinate 
m+2, Malate m+2, and Aspartate m+2, refer to isotopomers of metabolites after 
incorporation of two [13C]-labelled carbons after two turns of the citric acid 
cycle. (b, c) Fractional enrichment of the indicated metabolites (m+1, b and 
m+2, c) in WT and ΔuORF1 mouse ES Cells. p-values, two-tailed Student’s t-test. 
Data are presented as mean ± SEM (n = 4 independent experiments). (d) Protein 

synthesis rates in WT and ΔuORF1 mouse ES Cells were measured using the 
incorporation of [35S]-cysteine and methionine. No statistical significance (n.s.) 
according to the two-tailed Student’s t-test (n = 3 independent experiments).  
(e) Differential expression analysis (DESeq2) of comparing mRNA expression 
quantified by RNA sequencing in WT versus ΔuORF1 mouse ES Cells. Genes 
belonging to the ATF4-regulated signature20 are shown in red. Selected 
differentially expressed genes are indicated in green. All regulated genes can be 
found in Supplementary Table 1. (f) Steady state levels of metabolites (serine, 
glycine, PEP) in ΔuORF1 mouse ES Cells compared to WT (n = 3 independent 
experiments). Data depicts fold change of ΔuORF1 mouse ES Cells relative  
to WT.
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Extended Data Fig. 7 | uORF1 protects Atf4 mRNA from degradation by 
nonsense-mediated decay, while uORF2 regulates ATF4 protein synthesis 
in c-ISR. (a) RT-qPCR analysis of Atf4 mRNA levels in WT or ΔuORF1 mouse ES 
Cells expressing control or Eif2b5 shRNAs and treated with vehicle or Tg (400 nM) 
for specified times. Data were normalized to Gapdh mRNA values. p-values 
were determined using two-tailed Student’s t-test. Data are presented as mean ± 
SEM (n = 3 independent experiments). (b, d-f, j) Parental WT or ΔuORF1 mouse 
ES Cells (b), or WT or ΔuORF1 mouse ES Cells expressing control or UPF1 shRNAs 
(d-f), or WT or ΔuORF1 mouse ES Cells treated with Tg (400 nM, 9 h) ( j) were 
exposed to actinomycin D (10 μg/ml) for the indicated durations, to determine 
the half-life (t1/2) of the denoted mRNAs. mRNA levels were quantified by  
RT-qPCR analysis. Values were normalized to Gapdh mRNA and expressed as 
percentages of the levels before the addition of actinomycin D. t1/2 of mRNAs 
was calculated using exponential decay function. P-values; n.s., not significant 
evaluated by the two-tailed Student’s t-test (n = 3 independent experiments). 
(c,k) Western blot analysis of the indicated proteins in cell extracts isolated 
from WT or ΔuORF1 mouse ES Cells expressing control or Upf1 shRNAs (c) or  
WT and ΔuORF2 NIH3T3 cells treated with Tg (400 nM, 9 h) (k). Representative 

blots are shown (n = 3 independent experiments). The cartoon in (k) indicates 
CRSPR-Cas9 mutation in the Atf4 gene introduced in the initiation codon  
of uORF2. (g-i) RT-qPCR analysis of the indicated mRNAs in mouse ES Cells 
expressing control (shCon) or Upf1 (shUpf1) shRNAs. P-values, two-tailed 
Student’s t-test. Data are presented as mean ± SEM (n = 3 independent 
experiments). (l) Model for regulation of Atf4 mRNA translation and mRNA 
decay of the Atf4 mRNA via the functions of uORF1: (i) In the absence of stress, 
eIF4E-mediated translation of uORF1 in part inhibits translation of uORF2 and 
stabilizes Atf4 mRNA. (ii) When eIF2B activity is decreased in the absence of 
stress, translation of the Atf4 main ORF increases. Decreased uORF2 translation 
initiation and translation of the main Atf4 ORF, protects the Atf4 mRNA from 
NMD. (iii) Under chronic ER stress, Atf4 main ORF translation is independent of 
eIF4E and dependent on eIF3d6. The ribosomes (40S in red and 60S in yellow) 
are shown translating the mRNA as an 80S or as recycling/scanning units. The 
engagement of NMD via the translation of uORF2 is depicted as the mechanism 
of regulation of Atf4 mRNA abundance (indicated by the black lines). The 
degradation symbol has been sized as per the expected outcome of Atf4 mRNA 
decay under each condition.
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Extended Data Fig. 8 | Distinct mechanisms of regulation of c-ISR and s-ISR 
in response to inhibitors of eIF4E or CK2 activity. (a) Representative western 
blot analysis of the indicated proteins in ΔuORF1 and WT mouse ES Cells 
treated with the inhibitor of PP1 phosphatase (containing GADD34 as a 
subunit), Salubrinal (15 μM, 5 h; (n = 3 independent experiments). (b,f) Western 
blot analysis of the indicated proteins in MEFs expressing Con (shCon) or Eif2s2 
(shEif2s2) shRNAs and treated with Tg (400 nM) (b) or Torin1 (250 nM) (f) for the 
specified times. Representative blots are shown (n = 3 independent experiments). 
(c-d) Representative western blot analyses of the indicated proteins in MEFs 
treated with Tg (400 nM) for the specified durations, or MEFs expressing the 
indicated shRNAs, without (c) or with Tg-treatment (d) (n = 3 independent 
experiments). Tg-treated MEFs in (c) were used as a positive control for induction 

of the c-ISR. (e) Representative western blot analysis of the indicated proteins  
in MEFs expressing control (shCon) or Eif2b5 shRNA (shEif2b5) and treated with 
(Tg-400 nM) or Torin1 (250 nM) of the specified durations (n = 3 independent 
experiments). (g-h) Western blot analysis for the indicated proteins in MEFs 
expressing control (shCon) or Eif2b5 shRNA (shEif2b5) and treated with 4EGI-1 
(200 μM) (g) Tg (400 nM) or SGC-CK2-1 (5 μM) (h) for the specified times. 
Representative western blots are shown (n = 2 independent experiments). 
Lower eIF2α-p levels are consistent with GADD34 induction (h, 4th lane).  
(i) Representative western blot analyses of the indicated proteins in MEFs 
treated with glucose (0 or 2.5 mM, 16 h). LiCl (10 or 25 mM) or Torin1 (250 nM) 
were used for the specified final hours of the 16 h treatment with medium 
containing 2.5 mM glucose (n = 3 independent experiments).
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Extended Data Fig. 9 | S-ISR is induced in Herceptin-resistant but not 
Herceptin-sensitive human breast cancer cells in response to ER stress. 
Schematic of the model contrasting s-ISR versus c-ISR. (a) Relative 
proliferation rates (estimated by CellTiter-Glo) of Herceptin-sensitive parental 
(BT474-P, upper) and Herceptin-resistant (BT474-R, lower) human breast cancer 
cells, treated with Herceptin (20 μg/ml) for the indicated times (n = 3 independent 
experiments). (b) eIF2B GEF activity was measured in BT474-P and BT474-R  
cells treated with CPA (100 μM) for the specified durations. Statistical 
significance in (a,b) was determined by the two-tailed Student’s t-test. n.s.,  
not significant evaluated by the two-tailed Student’s t-test (n = 3 independent 
experiments). Data are presented as mean ± SEM (n = 3 independent experiments). 
(c-f) Western blot analysis of the denoted proteins in BT474-P and BT474-R  
cells treated with CPA (100 μM) and/or control (shCon), EIF4E (shEIF4E) or 
DDX3X (shDDX3X) shRNAs as indicated. Torin1 was added for the last hour of 

treatment with CPA for the indicated concentrations and durations (e). 
Representative western blots are shown (n = 3 independent experiments).  
(g) Schematics contrasting “split” (s-) and “canonical” (c-) ISR. (Left) S-ISR: 
Decreased eIF2B activity in the absence of stress-induced eIF2α-p. S-ISR 
translational reprogramming comprises only a subset of the c-ISR targets 
including ATF4, but not GADD34. The mechanism of ATF4 mRNA translational 
control is highly dependent on uORF1 but eIF2α-p independent (purple). 
(Right) ER stress induces PERK-mediated eIF2α-p which decreases eIF2B 
activity and strongly suppresses global protein synthesis. This is followed by 
induction of the ATF4-GADD34 axis, which dephosphorylates eIF2α-p and 
establishes the chronic c-ISR program. The levels of eIF2α-p control the 
amplitude of adaptive mRNA translation via mechanisms that include 
translation of uORF-containing mRNAs (e.g., ATF4 and GADD34-orange).  
In contrast to s-ISR, the c-ISR is less dependent on the function of eIF4E.
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Extended Data Fig. 10 | S-ISR gene expression alterations are distinct from 
those observed during other stress conditions. (a-c) (Left), Scatter plots  
from anota2seq analysis of shEif2b5 versus control cells (left panels) wherein 
genes whose expression was identified as induced (orange) or suppressed  
(red) following (a) ER stress (polysome-profiling)43, (b) mitochondrial stress 
(proteomics)44 or (c) oxygen and glucose deprivation (ribosome profiling)42  
are indicated together with genes showing unaltered expression (background 

in grey). (Middle and Right) empirical cumulative distribution function 
(ECDF) plots of log2fold-changes (log2FC) from the sheIF2Bε versus control 
comparison for polysome-associated mRNA (middle panels) and total RNA 
(right panels) for stress-sensitive gene sets and background genes (grey). 
Significant shifts in the distribution of gene sets relative to the background 
were assessed using a two sided Wilcoxon rank-sum test and p-values are 
indicated.
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