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Summary

Cells respond to intrinsic and extrinsic stresses by reducing global protein synthesis and activating 

gene programs necessary for survival. Here, we show the integrated stress response is driven 

by the non-canonical cap-binding protein eIF3d which acts as a critical effector to control core 

stress response orchestrators, the translation factor eIF2a and the transcription factor ATF4. We 

find that during persistent stress, eIF3d activates translation of the kinase GCN2, inducing eIF2ɑ 
phosphorylation and inhibiting general protein synthesis. In parallel, eIF3d upregulates the m6A 

demethylase ALKBH5 to drive 5′ UTR-specific demethylation of stress response genes, including 

ATF4. Ultimately, this cascade converges on ATF4 expression by increasing mRNA engagement 

of translation machinery and enhancing ribosome bypass of upstream open reading frames. Our 

results reveal that eIF3d acts in a life-or-death decision point during chronic stress and uncover 

a synergistic signaling mechanism in which translational cascades complement transcriptional 

amplification to control essential cellular processes.
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eTOC

Mukhopadhyay, et al. demonstrate that sustained ER stress activates a translation adaptation 

program mediated by the cap-binding protein eIF3d. eIF3d controls the persistent integrated 

stress response, including expression of critical transcription, translation, and RNA methylation 

regulators essential for cellular survival.

Introduction

Diverse cellular stresses activate a conserved adaptive pathway called the integrated 

stress response (ISR)1. The induction of the ISR converges on phosphorylation of eIF2a 

by a family of four stress-responsive kinases, GCN2, PERK, PKR, and HRI1,2. eIF2ɑ 
phosphorylation depletes the eIF2ɑ-GTP-methionyl transfer tRNA ternary complex and 

shuts off general protein synthesis3. Simultaneously, the ISR is accompanied with selective 

translation of proteins required for return to homeostasis. One example of translational 

reprogramming comes from studies of the transcription factor ATF4, which is the primary 

effector upregulated during the ISR to activate a gene expression response that mediates 

cellular recovery4. Human ATF4 contains two upstream open reading frames (uORFs), 

which are preferentially engaged by initiating ribosomes under homeostatic conditions, thus 

blocking translation elongation from the coding sequence. Upon eIF2ɑ phosphorylation by 

induction of the ISR, low levels of active ternary complex cause ribosomes to bypass the 

uORFs, translate the ATF4 coding sequence, and mount a pro-survival response5.
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While the ISR activates a protective gene program, this occurs simultaneously with 

expression of pro-apoptotic genes6, and therefore the balance of appropriate gene expression 

is critical for the cellular decision to adapt or die. In particular, chronic stresses are linked 

to human pathologies, but how organisms sustain a protective response is poorly understood. 

For example, long-term ER stress is associated with numerous diseases including diabetes, 

autoimmunity, neurodegenerative disorders, and cancer1. In the case of diabetes, obesity 

is linked to chronic ER stress and downstream insulin resistance7, and treatment of 

mouse models with compounds that block the ISR result in pancreatic β-cell survival8. 

Paradoxically, while inappropriate chronic activation of the ISR kinases can lead to memory 

impairment and neuronal cell death, enhancement of the ISR is beneficial in certain 

mouse models of neurodegeneration, including amyotrophic lateral sclerosis and multiple 

sclerosis9-11. In addition, both inhibition and activation of the ISR has been shown to block 

tumor growth12,13, further highlighting the dual roles of the ISR in cell survival versus 

death. Therefore, understanding the molecular pathways that drive distinct gene programs 

during the chronic ISR is essential for understanding cellular fates.

However, beyond the critical role of eIF2ɑ phosphorylation, it remains unclear how other 

mechanisms of mRNA translation contribute to cellular adaptation during the ISR, and 

how these modes allow for a response specific to stimulus, temporal length, or severity 

of stress. Eukaryotic translation initiation factor 3 (eIF3a–m) is a 13-subunit complex 

that functions in numerous steps of global and gene-specific translation. eIF3 regulates 

general protein synthesis by binding to the small ribosomal subunit and coordinating pre-

initiation complex formation on mRNAs. In addition, for a subset of transcripts including 

membrane-associated genes, eIF3 is retained on the 80S ribosome during early steps of 

elongation14-17. eIF3 also regulates transcript-specific translation, predominantly through 

direct targeting of mRNAs as an RNA-binding complex18-21. Notably, the eIF3d subunit 

of the eIF3 complex is a 5′ cap-binding protein that supports non-canonical translation 

when the cap-binding protein eukaryotic initiation factor 4E (eIF4E) is inactivated22. eIF3d 

is phosphorylated under homeostatic conditions, and loss of modification upon metabolic 

stress increases its cap-binding activity and drives a translation adaptation response during 

chronic glucose deprivation23. Beyond its role in supporting protein synthesis during eIF4E 

inhibition, it is unknown if eIF3d is repurposed for other translation adaptation pathways, 

such as when eIF2ɑ is turned off. Here we report that during chronic ER stress, activation 

of eIF3d drives translation reprogramming needed for cellular survival. eIF3d controls the 

core ISR orchestrators, the translation factor eIF2ɑ and the transcription factor ATF4, along 

with mRNA modification, through the m6A demethylation enzyme ALKBH5. By targeting 

transcription, translation, and epitranscriptome-based regulation of gene expression, eIF3d 

supports a pro-survival response during the persistent ISR.

Results

Regulation of eIF3d phosphorylation is critical for the persistent integrated stress 
response

eIF3d is critical for translation adaptation during sustained shutoff of the canonical cap-

binding protein eIF4E, however its role in other adaptive translational gene programs is not 
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known. To determine if eIF3d is involved in stress-responsive translation reprogramming 

when eIF2ɑ is inhibited, we examined changes to eIF3d activity upon activation of the 

integrated stress response. Induction of sustained, but not acute, ER stress with thapsigargin 

(Tg) or tunicamycin (Tn) led to loss of phosphorylation of eIF3d (Fig. 1A, Fig S1A). Loss 

of modification was temporally mirrored by increased cap-binding to the known eIF3d target 

mRNA JUN22 (Fig. 1B). To examine the impact of regulation of eIF3d on the cellular 

response to chronic ER stress, we genetically engineered human embryonic kidney (HEK) 

293T cells to generate phosphomimetic (S528D/S529D) eIF3d mutations (Fig. S1B). In 

agreement to the requirement of active eIF3d for efficient translation initiation complex 

formation on JUN mRNA 22,23, the phosphomimetic-edited cells cannot support association 

of the JUN mRNA with polysomes (Fig. S1C).

Cells expressing phosphomimetic eIF3d undergo increased cell death upon sustained 

treatment with Tg, without changes at shorter timepoints of ER stress (Fig. 1C, S1D). 

Furthermore, phosphomimetic eIF3d-expressing cells are unable to activate partial protein 

synthesis recovery that is associated with appropriate switching to a sustained ISR gene 

program (Fig. S1E)24. This is accompanied by inhibited expression of genes required for 

the unfolded protein response (Fig. 1D,E, S2A, Table S1). Strikingly, both core mediators 

of the integrated stress response are dysregulated, with induction of the transcription factor 

ATF4 and phosphorylation of eIF2ɑ inhibited in phosphomimetic eIF3d-expressing cells 

(Fig. 1F). In agreement, these cells are unable to upregulate genes transcriptionally regulated 

by ATF4, including those that act in negative feedback signaling to restore homeostasis, 

such as TRIB3, PPP1R15A (GADD34), and ATF3 (Fig. S2B,C)25-27. eIF3d provides 

precise temporal control of the ISR, as ATF4 and eIF2ɑ remain appropriately regulated 

in phosphomimetic eIF3d-expressing cells at shorter ER stress timepoints (Fig. S2D). Thus, 

activation of eIF3d cap-binding activity by loss of phosphorylation is essential for induction 

of the integrated stress response during chronic ER stress.

eIF3d controls ISR-dependent upregulation of the m6A demethylase ALKBH5.

The persistent ISR is characterized by translation reprogramming that is independent of the 

canonical eIF4E-mediated cap-dependent translation initiation mechanism24. To determine 

the mechanistic basis of how non-canonical eIF3d-mediated cap-dependent translation 

contributes to the persistent ISR, we performed eIF3dTEV Subunit-Seq in HEK293T 

cells after induction of chronic ER stress. eIF3dTEV Subunit-Seq is a crosslinking and 

immunoprecipitation approach which allows isolation of mRNAs bound at the 5′ cap 

structure by the eIF3d cap-binding domain (Fig. S3A)23. We identified 564 genes that 

are bound at the 5′ cap structure by eIF3d during chronic ER stress (Fig 2A, Table S2). 

The majority of genes bound by eIF3d are distinct during chronic ER stress versus glucose 

deprivation (Fig. 2B), suggesting eIF3d selects different mRNAs dependent on the nature 

of the upstream stimulus. Gene ontology analysis revealed eIF3d targets are enriched in 

RNA processing functions, in agreement to widespread changes to rRNA processing, mRNA 

stability, and RNA modification induced during the ISR28-30 (Fig. S3B). Additionally, 

eIF3d targets are involved in cell stress response pathways, including PPP1R15A, which 

is itself an ISR regulator31; FMN2, which is activated in response to hypoxia and DNA 

damage32; PPP3R1, which regulates autophagy33; and ABL1, which mediates oxidative 
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stress adaptation34 (Fig. S3B,C). We validated that identified targets display increased eIF3d 

cap-binding upon sustained Tg treatment in a phosphorylation-regulated manner, as this 

phenotype is abolished in phosphomimetic eIF3d-expressing cells (Fig. S3D).

How does eIF3d-mediated translational reprogramming promote cell survival during chronic 

ISR? Within the eIF3d targets involved in RNA processing, we identified the m6A 

demethylase enzyme ALKBH5 (Fig. 2C), which was previously found to be induced in 

hypoxia and amino-acid starvation stresses35,36. N6-methyladenosine (m6A) is the most 

prevalent post-transcriptional internal RNA modification and can be reversed by the 

demethylase enzymes ALKBH5 and FTO in response to cellular context37-39. As eIF3d 

recognizes the 5′ cap of ALKBH5 but not FTO (Fig. 2D), we hypothesized that distinct 

demethylase regulation could provide a potential mechanism to change m6A modification 

and alter target-specific RNA function and gene expression during the ISR. Using purified 

components, we validated that eIF3d crosslinks to the 32P-labeled cap structure of the 

ALKBH5 5′ UTR in vitro (Fig. S4A). This interaction is specific to the 5′ methylated 

cap structure, as eIF3d–cap binding can be competed away by methylated (m7GpppG) but 

not unmethylated (GpppG) cap structure (Fig. S4A), and this selectivity is also conserved 

in cells (Fig. 2E). In support of regulation by eIF3d during the ISR, eIF3d binding to the 

ALKBH5 5′ cap structure increased upon chronic treatment with Tg (Fig. 2F), and this 

is abolished in cells expressing phosphomimetic eIF3d (Fig. 2G). Analysis of ALKBH5 
mRNA association with translation complexes showed that ALKBH5 shifts from monosome 

to highly translating polysome fractions in WT eIF3d-expressing cells upon Tg treatment 

(Fig. S4B). In contrast, ALKBH5 mRNA is constitutively maintained in non-translating 

free RNA fractions in phosphomimetic eIF3d-expressing cells (Fig. S4B). In agreement, 

ALKBH5 protein levels are not induced in phosphomimetic eIF3d-expressing cells upon 

induction of chronic ER stress (Fig. 2H). Thus, the persistent ISR upregulates expression of 

ALKBH5 through an eIF3d-directed translation mechanism.

Stress-dependent translational control of ALKBH5 requires a cis-acting 5′ UTR stem loop

Prior studies of eIF3d-specialized translational control of the JUN and RPTOR mRNAs 

revealed that regulation requires initial recruitment of the eIF3 complex to secondary 

structure motifs in the 5′ UTR of the target mRNA, which leads to activation of eIF3d 

cap-binding through allosteric regulation22,23. Using purified recombinant eIF3 complex and 

in vitro transcribed RNA, we demonstrated that the eIF3 complex binds directly to the 5′ 
UTR of ALKBH5 by native gel shift analysis (Fig. S4C). By analyzing eIF3 4-thiouridine 

PAR-CLIP datasets22, we identified a region in the ALKBH5 5′ UTR that crosslinks to 

the eIF3 complex (Fig. 3A). Deletion of this site blocks translation upregulation of a 

luciferase reporter mRNA containing the ALKBH5 5′ UTR during sustained Tg treatment 

(Fig. 3B), confirming that eIF3 binding to the 5′ UTR is critical for its translational 

control. To examine how RNA secondary structure contributes to specific recognition 

by the eIF3 complex, we performed selective 2′ hydroxyl acylation analyzed by primer 

extension (SHAPE)40 analysis of the ALKBH5 5′ UTR. We identified a stem loop (sl3) 

in the eIF3 interaction site and validated the SHAPE-directed RNA secondary structure 

prediction using a deletion and map approach (Fig. 3C). Deletion of sl3 or disruption 

of the stem structure by mutation blocks binding of the eIF3 complex to the ALKBH5 
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5′ UTR (Fig. 3D,E). In contrast, eIF3 binding can be restored by making compensatory 

mutations to restore secondary structure, and is unaffected by mutations to the top loop 

(Fig. 3E). To measure mRNA translation independently of the nuclear and organelle-driven 

gene regulation changes induced by the ISR, we developed a cell-free protein synthesis 

system that recapitulates stress-induced translational control in vitro, including shutoff 

of general protein synthesis (Fig. S4D). ALKBH5 5′ UTR luciferase reporter mRNAs 

are translationally induced in Tg-treated extracts, while disruption of sl3 abolishes this 

upregulation (Fig. 3F). Therefore, the mechanism by which ALKBH5 engages ISR/eIF3d-

mediated translation requires eIF3–RNA recruitment.

eIF3d-specialized translational control remodels the m6A epitranscriptome during the 
persistent ISR

The functional role of ALKBH5 as a m6A demethylase38 suggests its ISR/eIF3d-mediated 

upregulation could contribute to dynamic reversal of RNA modification during chronic 

ER stress30,35. To examine if ISR/eIF3d-mediated translational control of ALKBH5 drives 

stress-specific changes to mRNA methylation, we performed m6A enhanced version of 

the crosslinking and immunoprecipitation (m6A-eCLIP)41,42 in WT and phosphomimetic 

eIF3d-expressing HEK293T cells upon sustained treatment with Tg. m6A-eCLIP allows for 

transcriptome-wide identification of m6A sites by taking advantage of crosslinking-induced 

transitions or truncations adjacent to the methylated residue. We identified 6590 m6A 

sites across cellular conditions, with site assignment supported by motif analysis showing 

enrichment of the DRACH (D=A,U,G;R=A,G;H=A,U,C) m6A consensus sequence43 

(Fig. 4A,B, Table S3). Notably, in support of increased ISR/eIF3d-regulated ALKBH5 

demethylase activity, on a global level, we identified more m6A sites in Tg-treated 

phosphomimetic and untreated WT eIF3d-expressing cells (5061 and 3001, respectively) 

compared to Tg-treated WT cells (1575). This is coupled with a higher fraction of m6A 

sites conserved between the former cells (Fig. 4A, S5A). Thus, phosphomimetic eIF3d-

expressing cells phenocopy the m6A methylome found in untreated WT cells, and ISR/

eIF3d-mediated translational control supports dynamic m6A regulation during chronic ER 

stress.

In mRNAs, m6A modifications are enriched in 3′ UTRs and stop codons43,44. However, 

regional localization of m6A modification within a transcript can direct distinct outcomes, 

indicating that cellular regulation of specific sites could be a mechanism for gene 

regulation19,45-47. As expected, we found that m6A sites are preferentially installed around 

the stop codon and in the 3′ UTR, and this global regional distribution is not regulated by 

eIF3d mutant or cell treatment (Fig. S5B). In contrast, analysis of sites that are specifically 

demethylated through an ISR/eIF3d-dependent mechanism display a striking enrichment in 

the 5′ UTR (Fig. 4C). In support that regulated demethylation supports establishment of the 

persistent ISR, transcripts carrying ISR/eIF3d-regulated m6A sites are enriched in biological 

functions involved in cellular stresses (Fig. 4D,E). Notably, we identified three m6A sites in 

the transcription factor ATF4, including one in the 5′ UTR at the transcription start site48 

that undergoes ISR/eIF3d-dependent demethylation (Fig. 4F). We confirmed quantitative 

changes to m6A levels on the ATF4 mRNA in WT versus phosphomimetic eIF3d-expressing 

cells by m6A immunoprecipitation and qRT-PCR (Fig. 4G). To examine the functional 
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consequence of regulated ATF4 methylation, we engineered HEK293T cells to decouple 

ALKBH5 translational control from the eIF3d/ISR response (ALKBH5-Δsl3) (Fig. S5C). 

In agreement with its critical role in engaging eIF3-mediated translation, genomic deletion 

of sl3 blocks ALKBH5 protein upregulation during sustained ER stress (Fig. 4H), without 

changes to mRNA stability (Fig. S5D). ALKBH5-Δsl3 cells exhibit shared dysregulation 

of m6A to phosphomimetic eIF3d-expressing cells (Fig. S5E), including the inability to 

demethylate ATF4 upon Tg treatment (Fig. 4I). Furthermore, incorrect removal of m6A 

is associated with reduced ATF4 protein levels in ALKBH5-Δsl3 cells (Fig. 4H, S5F). In 

agreement, in vitro translation of cap-proximal methylated ATF4 5′ UTR luciferase reporter 

mRNA is inhibited in extracts from Tg-treated HEK293T cells (Fig. S5G). Thus, during 

chronic ER stress eIF3d-mediated translation induction of ALKBH5 results in decreased 

m6A modification of ATF4 mRNA and subsequent increased ATF4 protein synthesis. 

Interestingly, in mouse embryonic fibroblasts, ATF4 is also translationally regulated during 

the ISR through methylation, but instead through a m6A site in uORF2 that alters start-

codon recognition35. This is distinct from the cap-proximal site found in human cells48,49, 

suggesting a convergence of m6A-directed control of ATF4 expression through divergent 

translation mechanisms.

eIF3d regulates GCN2 kinase during the persistent integrated stress response

While ALKBH5-Δsl3 cells have downregulated ATF4 expression during chronic ER stress 

(Fig. 4H), they do not fully phenocopy phosphomimetic eIF3d-expressing cells such as 

inhibited eIF2ɑ phosphorylation (Fig. 1F, S2D), indicating other mechanisms driven by 

eIF3d are important for the persistent ISR. We bioinformatically analyzed if other mRNAs 

bound at the 5′ cap by eIF3d during sustained ER stress could contribute to this phenotype 

(Fig. 2A,B) and identified GCN2 as an eIF3d target (Fig. 5A). GCN2 is one of the four 

kinases that directly phosphorylates eIF2ɑ during the ISR50. We validated that eIF3d binds 

to the 5′ cap of the GCN2 mRNA in vitro and in cells (Fig 5B,C), and that both cap-binding 

and in vitro translation of a GCN2 5′ UTR luciferase reporter mRNA is regulated by eIF3d 

phosphorylation status (Fig. 5B, D). By contrast, PSMB6 mRNA translation is inhibited in 

lysates derived from Tg-treated cells regardless of eIF3d genotype, highlighting the role of 

eIF3d and specific 5′ UTR recruitment in sustaining GCN2 translation during the persistent 

ISR (Fig. 5D). Furthermore, GCN2 mRNA can only associate with translation complexes 

in cells expressing eIF3d that can appropriately undergo a phosphorylation switch during 

chronic ER stress (Fig. 5E). Correspondingly, during sustained Tg treatment, appropriate 

control of eIF3d phosphorylation is required for activation and autophosphorylation of 

GCN2 protein (Fig. 5F, S5H). While PERK is the primary eIF2ɑ kinase activated during 

the unfolded protein response51, our results suggest that during sustained ER stress, GCN2 

additionally contributes to eIF2ɑ phosphorylation. To examine the temporal contribution of 

eIF2ɑ kinases, we pharmacologically disrupted GCN2 or PERK activity after activation of 

acute or persistent ISR signaling. PERK inhibition (PERKi, GSK2656157)52 is sufficient to 

disrupt ISR signaling at 8 h of Tg treatment, while suppression of GCN2 (GCNiB)53 has no 

effect (Fig. 5G). In contrast, during chronic ER stress, treatment with either kinase inhibitor 

leads to reduced eIF2ɑ phosphorylation and ATF4 expression (Fig. 5G). Therefore, these 

findings reveal a role for concurrent kinase activation during chronic ER stress and provide 
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a mechanistic basis for how eIF3d regulates eIF2ɑ phosphorylation during the persistent ISR 

(Fig. 5F).

Discussion

Our results reveal that eIF3d is critical for translational adaptation during the persistent ISR. 

We present a model where activation of eIF3d cap-binding through a phosphorylation switch 

triggers a gene regulatory cascade where direct translational control of ALKBH5 and GCN2 
results in synergistic downstream regulation of the core ISR effectors ATF4 and eIF2ɑ (Fig. 

5H). Notably, unlike the ubiquitous gene regulatory cascades well characterized as driven 

by transcription factors, this molecular network drives the temporal gene regulation needed 

for cell survival through integration of translational control. As eIF3d also supports distinct 

adaptive gene programs in cellular conditions where eIF4E is inhibited23,24, these findings 

reveal that eIF3d serves as a key regulator to interpret modes of global protein synthesis 

repression and allow dynamic translational activation of the appropriate response.

How can eIF3d mediate different gene programs dependent on physiological condition? 

Interestingly, previous mass spectrometry studies have identified putative phosphorylation 

sites on eIF3 subunits54. Structural data reveals that the eIF3d cap-binding domain contains 

a loop termed the “RNA gate” that occludes the cap-binding pocket22. Due to this auto-

inhibited conformation of eIF3d, cap-binding requires initial recruitment of RNA to the 

larger eIF3 complex, which leads to allosteric changes to open the eIF3d cap-binding pocket. 

Therefore, modification of other eIF3 subunits is a potential mechanism for stress-specific 

delivery of mRNAs to eIF3d. Alternatively, regulation of eIF3 subunit expression could 

contribute to state-dependent gene regulation by altering levels of fully assembled eIF3 

complex that is capable of translation activation. Indeed, during HCMV viral infection, 

eIF3d expression is upregulated and harnessed for both viral protein synthesis and pro-viral 

remodeling of the host proteome55.

We find that during chronic ER stress PERK is not sufficient to fully support ISR 

signaling and GCN2 must be concurrently activated. Therefore, the appropriate temporal 

cellular response to ISR activation may be further tuned by kinase-specific downstream 

gene programs. Notably, prior research has shown that multiple eIF2ɑ kinases can be 

simultaneously activated dependent on stress24,56. For example, all four eIF2ɑ kinases can 

be regulated during oxidative stress2, while both PERK and PKR are turned on in response 

to heat shock 57,58. Intriguingly, GCN2 is the most ancient and conserved of the ISR kinases 

and displays broader activation specificity including by diverse stresses from amino acid 

deprivation, glucose deprivation, ribosome collision, to UV irradiation50,59-62. It will be of 

future interest to understand if temporal cooperativity between GCN2 and the other eIF2ɑ 
kinases is a conserved paradigm during prolonged stress and how this contributes to distinct 

cellular outcomes.

Our findings demonstrate that ALKBH5 is translationally induced by eIF3d in response 

to sustained ER stress and this results in gene- and location-specific m6A demethylation. 

Notably, ALKBH5 is not important for general gene expression, as knockout mice are 

viable and do not display abnormalities beyond impaired spermatogenesis38. However, 
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ALKBH5 is inhibited by post-translational modification in response to DNA damage63, and 

upregulated upon viral infection64 and in malignancies including glioblastoma, breast, and 

pancreatic cancers65,66 67. Therefore, our findings support a role of ALKBH5 in cellular 

state-specific reprogramming of the epitranscriptome, and reveal that dysregulation of m6A 

demethylation has a significant impact on viability during prolonged stress. Furthermore, 

we demonstrated that the ALKBH5 target mRNA, ATF4, is regulated by both methylation 

and eIF2ɑ phosphorylation. Thus, our results reveal how multifaceted control by RNA 

modification together with other forms of gene regulation can contribute to reversible or 

titratable expression needed for dynamic stress signaling.

Limitations of the Study

Here we find that activation of eIF3d cap-binding leads to increased GCN2 levels. It 

remains unknown why upregulated GCN2 synthesis is needed for its kinase function 

during chronic ER stress and will be of interest in future studies. In addition, cellular 

treatment with GCN2iB during chronic ER stress leads to downregulated GCN2 protein 

levels. Further experiments are needed to determine if this is due to a feedback loop that 

leads to eIF3d inactivation, an uncharacterized connection between GCN2 kinase activity 

and protein stability, or alternative modes of regulation. In addition, we observe that 

ISR signaling is dependent on eIF3d cap-binding activity only upon chronic ER stress. 

Notably, prior studies find siRNA knockdown of eIF3a, c, d, or g subunits all lead to 

decreased levels of ATF4 protein at early timepoints of ER stress, with no alteration 

of eIF2ɑ phosphorylation24. However, given the different experimental approaches of 

phosphomimetic inhibition of eIF3d cap-binding activity versus eIF3 subunit knockdown, 

along with the multifunctionality of the eIF3 complex68; further experiments are likely to 

reveal novel eIF3 complex functions during shorter induction of ER stress.

STAR Methods

Resource Availability

Lead Contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Amy S.Y. Lee 

(amysy_lee@dfci.harvard.edu).

Materials Availability—Reagents and materials produced in this study are available from 

the lead contact pending a completed Materials Transfer Agreement.

Data and Code Availability

• All sequencing data have been deposited in the Gene Expression Omnibus 

under accession number GSE236188 and are publicly available as of the date 

of publication. Accession numbers are listed in the key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.
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Experimental model and study participant details

Cell culture—All cell lines were grown in complete media (DMEM, high glucose and 

L-glutamine (Gibco) supplemented with 10 % FBS (Biowest) and 500 U mL−1 penicillin-

streptomycin (GenClone). For ISR induction, cells were seeded to be at ~80 % confluency 

at time of treatment and then treated with 600 nM thapsigargin (Cayman Chemical), 3 

μM tunicamycin (Cayman Chemical), or equal volume of DMSO vehicle (Alfa Aesar) for 

16 h or annotated timepoints. For kinase inhibitor experiments, cells were first treated 

with thapsigargin for 8 or 16 h, followed by addition of 500 nM PERKi (GSK2656157, 

MedChemExpress), 2 μM GCN2iB (MedChemExpress), or equal volume of DMSO vehicle 

for 45 min. To measure viability, cells were trypsinized and resuspended in complete 

media at 4 × 106 cells mL−1. 20 μL of cells were mixed with 20 μL of 0.4 % (w/v) 

trypan blue solution (Gibco), loaded onto chamber slides, and the percentage of dead cells 

were determined using a Countess 3 Automated Cell Counter (Invitrogen). For HA-eIF3d 

immunoprecipitation assays, HEK293T cells were transfected with 10 μg of pcDNA5/FRT 

eIF3d HA plasmid23 and incubated for 48 h to incorporate HA-tagged eIF3d into the 

endogenous eIF3 complex. RNA transfections were performed using TransIT mRNA 

reagent (Mirius) according to the manufacturer’s protocol. Briefly, cells in a 96-well plate 

were transfected with 500 ng of RNA and harvested at 6 h after transfection. HEK293T 

cell lines expressing eIF3d or ALKBH5 mutants were generated by CRISPR/Cas9-induced 

homology directed repair as previously described69,70. Briefly, cells in a 6-well plate 

were co-transfected with 3.2 μg pLBH269 SpCas9 sgRNA plasmid (L. Harrington and 

J. Doudna (UC Berkeley)), which expresses Cas9 and the targeting sgRNA, and 2.5 nM 

HDR donor double-stranded oligo (IDT) in 200 uL volume using PEI (1 mg ml−1 linear 

polyethylenimine (Polysciences)). After 24 h post-transfection, media was supplemented 

with 1 μg ml−1 puromycin to select for transfected cells. At 48 h post-selection, cells were 

trypsinized and seeded in 96-well plates for single cell cloning by serial dilution. Single 

colony clones were genotyped by Sanger sequencing. sgRNA and donor oligo sequences are 

listed in Table S4.

Methods details

Cloning—pLBH269 SpCas9 sgRNA vectors for targeting eIF3d and ALKBH5 were 

prepared by digestion with BbsI and ligation of annealed oligos to insert the sgRNA 

sequences. The wild-type (WT) ALKBH5, ATF4, and GCN2 5′ UTR luciferase reporter 

plasmids were prepared by amplification of the UTR sequence from HEK293T cDNA 

and Gibson cloning into pcDNA4 Rluc18. The ALKBH5 5′ UTR Δpar (eIF3 PAR-CLIP 

site deletion reporter) plasmid was generated by around-the-horn PCR and ligation. The 

ALKBH5 5′ UTR stem mutant reporter plasmids were generated from the WT plasmid 

by digestion with SacI and NheI and two-insert Gibson cloning to introduce the mutated 

sequence. Primers used for cloning are listed in Table S4.

Reverse transcription and quantitative PCR—cDNA was generated from RNA by 

reverse transcription using random hexamers and MMLV M5 RT under standard conditions 

as previously described23. Quantitative PCR was performed using Luna Universal qPCR 

master mix (NEB) and primers used are listed in Table S4.
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eIF3–RNA interaction assays—eIF3 complex immunoprecipitation and eIF3d cap-

binding were performed as previously described18,22,23. Briefly, for eIF3 complex 

immunoprecipitation, HEK239T cells were lysed in NP-40 lysis buffer (50 mM HEPES-

KOH pH 7.5, 150 mM KCl, 5 mM MgCl2, 0.5 % v/v NP-40, 0.25 mM DTT), nuclei were 

pelleted by centrifugation for 10 min at 16,000 × g at 4 °C, and 10 % of the supernatant 

was retained as an input sample. eIF3 was immunoprecipitated using rabbit anti-eIF3b 

antibody (Bethyl A301-761A) with magnetic Sera-Mag Protein A/G beads (Cytiva), beads 

were washed 3× with high salt NP-40 wash buffer (50 mM HEPES-KOH pH 7.5, 500 mM 

KCl, 5 mM MgCl2, 0.5 % v/v NP-40, 0.25 mM DTT), and RNA was isolated from beads 

and input samples by phenol-chloroform extraction and ethanol precipitation.

For eIF3d cap-binding, supernatant and input samples from HA-eIF3d-transfected cells were 

made as described above. eIF3d was immunoprecipitated using anti-HA magnetic beads 

(Pierce) and beads were washed 3× with NP-40 lysis buffer. To isolate the eIF3d cap-binding 

domain separately of the eIF3 complex, beads were mixed with 10 μM HIV-1 PR in 

Cech-Ca buffer (25 mM Tris-HCl pH 7.5, 5 mM Mg(OAc)2, 70 mM KCl, 0.1 mg ml−1 BSA, 

2 mM DTT) for 30 min at room temperature, beads were washed 3× with high salt NP-40 

wash, and RNA was isolated from beads and input samples by phenol-chloroform extraction 

and ethanol precipitation. 50 μM m7GpppG or GpppG (NEB) was added to the wash buffer 

for the final 2 washes for the cap competition assays. cDNA synthesis and quantitative PCR 

was performed as described above.

Native eIF3–RNA gel shift analysis was performed as previously described18. Recombinant 

eIF3 was expressed and purified from Escherichia coli as previously described71. Briefly, 

eIF3 and [32P] cap-labeled RNA were incubated in Binding Buffer (25 mM Tris-HCl pH 

7.5, 5 mM Mg(OAc)2, 70 mM KCl, 0.1 mg ml−1 BSA, 2 mM DTT, 0.1 μg μl−1 yeast 

tRNA, 20 μg ml−1 heparin) in a final volume of 5 μl at 25 °C for 30 min. One microliter 

of 6× non-denaturing loading dye (40 % w/v sucrose, with bromophenol blue) was added, 

reactions were loaded on a 0.7 % agarose gel made with a buffer consisting of 1× TBE 

supplemented with 75 mM KCl, and gel electrophoresis was performed in the same buffer 

composition. The gel was incubated in fixing buffer (10 % acetic acid, 40 % ethanol) for 

5 min, placed on a positively charged nylon Hybond-N+ membrane (Cytiva), dried and 

imaged using a phosphoimager.

Metabolic Labeling—Prior to [32P]-orthophosphate labeling, HA-eIF3d-transfected cells 

were treated for denoted timepoints with 600 nM thapsigargin, 3 μM tunicamycin, or 

an equivalent volume of DMSO. For labeling, cells were incubated with 12.5 μCi 

ml−1 of 32P Radionuclide (Perkin Elmer) for 5 h. Cells were harvested and HA-eIF3d 

immunoprecipitation was performed as described above. Isolated proteins were separated by 

SDS-PAGE and the gel was dried and imaged using a phosphorimager. Gel lane intensity 

was calculated using ImageJ72.

Prior to [35S]-labeling, cells were treated for indicated timepoints with 600 nM thapsigargin 

or an equivalent volume of DMSO in a 6-well plate at ~70 % confluency. On the day of the 

experiment, the media was switched to DMEM without methionine or cysteine (Invitrogen) 

supplemented with 10 μg mL−1 actinomycin D and incubated for 30 min after which 5 μL 
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of EXPRE35S35S Protein Labeling Mix (Perkin Elmer) was added to each well. After 1 

hr, the cells were harvested and lysed by incubation for 5 min on ice with 3× the pellet 

volume of NP-40 lysis buffer. Nuclei were pelleted by centrifugation for 5 min at 16,000 

× g at 4 °C, and equal amounts of cell lysates were separated by SDS-PAGE. The gel was 

stained with Coomassie Blue for examining equal loading and then dried and imaged using a 

phosphoimager. Gel lane intensity was calculated using ImageJ72.

In vitro transcription—RNAs for luciferase reporter assays were transcribed using T7 

RNA polymerase and a purified PCR product as template, and capped using vaccinia virus 

capping enzymes (NEB). RNAs for in vitro binding assays were radiolabeled at the 5′ cap 

using [ɑ-32P]-GTP and vaccinia virus capping enzymes, and free nucleotide was removed 

by one round of phenol-chloroform extraction and ethanol precipitation followed by two 

purifications through a G-25 column (Cytiva). m6A modification of the ATF4 luciferase 

reporter mRNA was performed as described previously48. pGEX-4T1-PCIF1 was a kind 

gift from E. Greer (Washington University in St. Louis), and PCIF1 recombinant protein 

expression and purification was performed as described previously48. Briefly, in vitro 
transcribed ATF4 RNA was methylated using mRNA Cap 2′-O-Methyltransferase (NEB), 

incubated with 50 nM PCIF1 protein in a final reaction containing 50 mM Tris-HCl pH 

8.0, 1 mM DTT, 1 mM EDTA, 5 % (v/v) glycerol, and 160 mM SAM (NEB) for 10 min 

at 37 °C, and purified by ethanol precipitation. For RNA structure analysis of ALKBH5, 

the 5′ UTR was in vitro transcribed with T7 RNA polymerase as described above and 

SHAPE was performed as previously described using the SHAPE primer in Table S418. 

SHAPE reactivity was calculated using RiboCAT73 and structure analysis and visualization 

was performed with RNAStructure and VARNA74,75.

Luciferase assays—Cells were treated for 16 h with DMSO or Tg, as described 

above, and in vitro translation extracts were made from cells as previously described22. 

Each reaction contained 50 % (v/v) in vitro translation extracts and 500 ng capped and 

polyadenylated in vitro transcribed mRNA in a final reaction containing 0.84 mM ATP, 0.21 

mM GTP, 21 mM creatine phosphate (Roche), 45 U ml−1 creatine phosphokinase (Roche), 

10 mM HEPES-KOH pH 7.6, 2 mM DTT, 2 mM Mg(OAc)2, 150 mM KOAc, 8 mM 

amino acids (Promega), 255 mM spermidine and 1 U ml−1 murine RNase inhibitor (NEB). 

Translation reactions were incubated for 1 h at 30 °C, luciferase assay was performed 

(Genecopoeia), and relative luminescence units was measured with a Glomax Multi+ plate 

reader (Promega). For in cell assays, cells were treated for 16 h with DMSO or Tg and 

mRNAs were transfected as described above. Cells were harvested 6 h after transfection and 

luciferase activity was measured as described above.

Polysome profiling—Polysome profiling was performed as previously described76. 

Briefly, cells were treated for 5 min with 100 μg ml−1 cycloheximide (MP Biomedicals) 

and then harvested into PBS with 100 μg ml−1 cycloheximide. Cells were pelleted by 

centrifugation for 5 min at 100 × g for 5 min at 4°C, lysed in polysome lysis buffer (10 

mM HEPES-KOH pH 7.4, 150 mM KOAc, 5 mM Mg(OAc)2, 1 % v/v Triton-X 100, 100 

μg ml−1 cycloheximide, 1 mM DTT), and triturated through a 21-g needle five times. Nuclei 

were removed by centrifugation at 10,000 × g for 5 min at 4°C and equal A260 units of 
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lysates were loaded on 10–50 % (w/v) sucrose gradient made in polysome lysis buffer 

without cycloheximide and detergent. Gradients were centrifuged for 2 h at 4°C at 35,000 

rpm in a SW41 Ti Rotor and separated using a Brandel gradient fractionator with A254 

profile monitoring by a Dataq data acquisition system. RNA was purified from fractions by 

phenol-chloroform extraction and ethanol precipitation and cDNA synthesis and quantitative 

PCR was performed as described above.

Immunoblot—For analysis of phosphorylated proteins, samples were resolved on a 12 % 

SDS-PAGE with 50 μM phos-tag (Apexbio) and 50 μM MnCl. Immunoblot analysis was 

performed with antibodies listed in the Key Resources Table.

m6A RNA immunoprecipitation—Total RNA was isolated from cells and 

polyadenylated RNA was purified using SeraMag Oligo dT magnetic beads (Cytiva). For 

each sample, 25 μl of magnetic Sera-Mag Protein A/G beads (Cytiva) was prepared by 

washing twice with 1 ml of IPP buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1 % 

v/v NP-40, 1 mM DTT). For the m6A RNA immunoprecipitation, 1 μg of polyadenylated 

RNA, 4 μl of anti-N6-methyladenosine rabbit monoclonal antibody (AbCam 151230), 2 μl 

of murine RNase inhibitor (NEB), and 25 μl washed beads in a final volume of 1 ml were 

incubated at 4 °C overnight with rotating head-over-head. Beads were washed three times 

with 1 ml of IPP buffer, RNA bound to beads was extracted using phenol chloroform and 

ethanol precipitation, and cDNA synthesis and quantitative PCR was performed as described 

above.

eIF3dTEV Subunit-Seq—eIF3dTEV Subunit-Seq was performed as previously 

described23. Briefly, for each experiment, 10× 15-cm plates of eIF3dTEV-293T cells were 

treated with 600 nM of Tg or DMSO for 16 h prior to harvest. Cells were crosslinked 

with UV 254 nm light, harvested, and lysed in NP-40 lysis buffer (50 mM HEPES-KOH 

pH 7.4, 150 mM KCl, 5 mM Mg(OAc)2, 1 % v/v NP-40, 0.25 mM DTT). The eIF3 

complex was immunoprecipitated using anti-HA magnetic beads (Pierce), and the eIF3d 

cap-binding domain was isolated by TEV protease digestion. Contaminating RNA where 

the 5′ cap is not protected by eIF3d was removed by sequential treatment with Antarctic 

Phosphatase (NEB), Cap-Clip Acid Pyrophosphatase (Cellscript), T4 PNK (NEB), and 

XRN-1 (NEB). Proteins were removed by proteinase K (Fisher) digestion and RNA from IP 

and input samples were extracted by phenol-chloroform extraction and ethanol precipitation. 

cDNA libraries were constructed from polyadenylated RNA using the NEBNext Ultra II 

Directional RNA Library Prep Kit for Illumina (NEB) according to the manufacturers 

protocol and sequenced using an Illumina NextSeq 500.

m6A-eCLIP—m6A-eCLIP libraries were constructed using the m6A-eCLIP kit from 

Eclipse Bio. 6× 15-cm plates of HEK293T WT or S528D/S529D eIF3d-expressing cells 

were treated with 600 nM of Tg or DMSO for 16 h prior to harvest. Cells were lysed with 

NP-40 lysis buffer, total RNA was isolated by phenol chloroform extraction and ethanol 

precipitation, and polyadenylated RNA was isolated from total RNA using SeraMag Oligo 

dT magnetic beads (Cytiva). Briefly, 500 ng of polyadenylated RNA from each sample 

was heat-fragmented and UV cross-linked to an anti-m6A antibody. Methylated RNAs were 
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immunoprecipitated using Protein G-coupled magnetic beads and on-bead RNA ligation of 

an indexed 3′ RNA adapter was performed. The RNP complex was isolated by SDS-PAGE 

and membrane transfer, the bound antibody was digested by Proteinase K, and the RNA 

was converted to cDNA by reverse transcription. A 3′ single-stranded DNA adapter was 

ligated onto the cDNA and libraries were amplified by PCR. Libraries from two biological 

replicates were sequenced using an Illumina NextSeq 500.

RNA-Sequencing—Total RNA was isolated from cells and polyadenylated RNA was 

purified using SeraMag Oligo dT magnetic beads (Cytiva) as described previously. 100 

ng of polyadenylated RNA was processed for library generation with NEBNext Ultra II 

RNA Library Prep Kit for Illumina (NEB) and sequenced using an Illumina NextSeq 500. 

Libraries were made from two biological replicates for each cellular condition.

Bioinformatics—For RNA-Sequencing and eIF3dTEV Subunit-Seq analysis, reads were 

quality filtered and trimmed using Cutadapt77. Reads derived from rRNA and repetitive 

elements were removed with bowtie278, and remaining reads were mapped to the human 

genome (GRCh38) using STAR79. Mapping was converted to indexed bam files using 

SAMtools80 and gene-level counts were obtained in R Studio using summarizeOverlaps 

from GenomicAlignments81. For the RNA-Sequencing, differential enrichment of gene 

expression in HEK293T expressing WT eIF3d versus phosphomimetic eIF3d during Tg 

treatment in two biological replicates was calculated using DESeq282 and P-value correction 

was applied using fdrtool83. Genes transcriptionally dysregulated in phosphomimetic eIF3d 

cells were identified as those with a p-adj value less than 0.1 and fold change greater 

than 2. For the eIF3dTEV Subunit-Seq, genes with less than 60 reads were discarded, and 

differential enrichment of IP versus input reads in two biological replicates was calculated 

using DESeq2. eIF3d targets were identified as those with a p-adj value less than 0.1 and 

fold change greater than 2.

For analysis of m6A-eCLIP, the unique molecular identifier sequences were extracted and 

appended to the read names using UMItools84. Reads were quality filtered and trimmed 

twice using Cutadapt, sorted by read identifier using fastq-sort, and mapped to repeat 

elements using bowtie2. PCR duplicates were collapsed using pyCRAC85, read names were 

reformatted to be used with CTK using a custom python script, and reads were mapped 

to the human genome (GRCh38) using bwa86. Mapped reads were parsed to collapse PCR 

duplicates and used to create a mutation file using CTK87 parseAlignment, tag2collapse, and 

joinWrapper.py, keeping only unique mapping reads and a minimal mapping size of 18 nt. 

Taking advantage that RNA–antibody cross-linking causes adducts that result in sequence 

transitions or truncations, CIMS and CITS analysis was performed to identify the m6A 

sites. For CIMS analysis, the m6A site was extracted by adjusting the position −1 from the 

sequence transition using bedtools88. m6A sites were defined as those shared between two 

biological replicates and methylation levels at each site were quantified by using bedtools 

multicov with the bwa bam output and normalizing mapped reads at each site to counts per 

million reads. Motif enrichment analysis was performed using homer and metagene analysis 

of the m6A sites along the transcript architecture was performed using metaPlotR. Read 
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mapping was plotted using wiggleplotR. Gene ontology analyses were performed using 

ShinyGO89 or DAVID90 with a FDR cutoff of 0.05 and enrichment score cutoff of 1.5.

Quantification and statistical analysis—Results were presented as the mean ± s.d. 

from the number of replicates indicated in the corresponding figure legends. Details of exact 

statistical analyses and procedures can be found in the main text, figure legends, and STAR 

Methods.
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Highlights

• eIF3d regulates integrated stress response effectors, eIF2ɑ and ATF4

• eIF3d supports temporal activation of GCN2 kinase and m6A RNA 

demethylation

• eIF3d-specialized translation mediates cellular survival during sustained ER 

stress
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Figure 1. Regulation of eIF3d phosphorylation is critical for the persistent integrated stress 
response.
(A) Phosphorylation of eIF3 subunits upon integrated stress response (ISR) induction 

with DMSO control (veh.) or thapsigargin (Tg). Phosphorylation was detected by [32P]-

orthophosphate labeling of HEK293T cells, immunoprecipitation of the eIF3 complex, and 

resolution of subunits by SDS-polyacrylamide gel electrophoresis (PAGE) gel. Coomassie 

staining of the gel is shown as a loading control (Coom.). Quantification (Quant.) of 

orthophosphate signal normalized to Coomassie gel lane intensity is represented as fold 

change to cells at 0 h. (B) eIF3d binding to the 5′ cap of JUN mRNA upon ISR induction. 

eIF3d cap-binding is quantified as levels of JUN bound to eIF3d in HIV-1 PR-treated eIF3d 

immunoprecipitation samples compared to total input JUN RNA. Cap-binding is normalized 

to untreated (0 h) cells and represented as the mean ± s.d. of three independent experiments. 

(C) Representative images of cell morphology in HEK293T cells edited to express wild-type 

(WT) or phosphomimetic eIF3d (S528D/S529D) upon treatment with Tg or DMSO control 

(veh). (D) Volcano plot comparing fold change in transcript expression levels with adjusted 

P values in cells expressing phosphomimetic versus WT eIF3d upon ISR induction by 

16 h treatment with Tg. (E) Gene ontology analysis of mRNAs downregulated in cells 

expressing phosphomimetic versus WT eIF3d upon ISR induction. (F) Immunoblot of 

ISR signaling cascade activation in eIF3d WT and phosphomimetic cells. Phos-tag gel 

allows electrophoretic separation of phosphorylated (p) and unmodified (0) eIF2ɑ protein. 

Tg treatment in (D – F) was performed for 16 h. The results of (A), (C) and (F) are 

representative of three independent experiments. See also Figures S1, S2, and Table S1.
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Figure 2. eIF3d controls ISR-dependent upregulation of the m6A demethylase ALKBH5.
(A) Volcano plot comparing the eIF3dTEV Subunit-IP/Input log2(fold enrichment) versus 

– log10(adjusted P value) in cells with ISR induced by treatment with thapsigargin. Tg, 

16 h thapsigargin treatment. Targets of eIF3d cap-binding activity are colored blue. (B) 

Heat map of eIF3d target mRNAs in cells with ISR induction versus glucose deprivation23. 

Genes that are not bound by eIF3d in the given condition are colored gray. (C) Read 

mapping to ALKBH5 from eIF3dTEV Subunit-Seq during ISR induction with thapsigargin. 

The annotated y-axis maximum is equivalent for all samples. The transcript architecture is 

represented by the schematics: 5′ and 3′ UTRs (thin line), coding region (thick line). In, 

input; eIF3dTEV-IP, anti-HA eIF3d immunoprecipitant samples after TEV protease cleavage; 

Tg, 16 h thapsigargin treatment. (D) eIF3d does not bind to the 5′ cap of FTO mRNA upon 

ISR induction in HEK293T. Cap-binding is normalized to eIF3d–ALKBH5 cap-binding, as 

calculated by levels of ALKBH5 enriched by immunoprecipitation of the eIF3d cap-binding 

domain compared to total input ALKBH5 RNA. PSMB6 is a negative control mRNA 

that is not bound by eIF3d23. (E) Specificity of eIF3d binding to the ALKBH5 5′ cap 

structure in cells. Results are normalized to samples that are not treated with an on-bead 

competitor ligand wash. m7G, competitor cap analog m7GpppG; G, unmethylated GpppG. 

(F) eIF3d binding to the 5′ cap of ALKBH5 mRNA in HEK293T upon ISR induction with 

thapsigargin (Tg). Cap-binding is normalized to untreated (0 h) cells. (G) eIF3d binding 

to the 5′ cap of ALKBH5 mRNA upon ISR induction in HEK293T cells expressing wild-

type (WT) and phosphomimetic (DD) eIF3d. Cap-binding is normalized to untreated cells. 

Results in (D–G) are represented as the mean ± s.d. of three independent experiments. 
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(H) Immunoblot of ALKBH5 levels in eIF3d cell lines upon Tg treatment. The results are 

representative of three independent experiments. See also Figure S3 and Table S2.
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Figure 3. Stress-dependent translational control of ALKBH5 requires a cis-acting 5′ UTR stem 
loop.
(A) eIF3 PAR-CLIP cluster in the 5′ UTR of the ALKBH5 mRNA. (B) Luciferase activity 

in cells transfected with ALKBH5 5′ UTR mutant. Results are normalized to untreated 

cells. Δpar, deletion of eIF3 PAR-CLIP peak. (C) SHAPE-based secondary structure of the 

ALKBH5 WT 5′ UTR (nt 79-345) or with the eIF3 binding site (Δsl3) deleted. Nucleotides 

are color coded by SHAPE reactivity, with higher reactivity correlating with single-stranded 

probability. The results are representative of two independent experiments. Black line, main 

eIF3 PAR-CLIP peak; gray line, extended peak. (D) Schematic of ALKBH5 5′ UTR 

luciferase (Luc) reporter constructs. sl3, eIF3-binding stem loop identified by PAR-CLIP 

analysis. (E) eIF3 RNA-binding to ALKBH55′ UTR mutants during ISR induction. RNA-

binding is normalized to eIF3 binding to WT ALKBH 5′ UTR. Δ, deletion of sl3. (F) 

Luciferase activity in vitro mediated by ALKBH5 5′ UTR mutants. Results are normalized 

to WT ALKBH5 5′ UTR luciferase activity in in vitro translation extracts made from 

untreated HEK293T cells. Results in (B), (E) and (F) are represented as the mean ± s.d. of 

three independent experiments. See also Figure S4.
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Figure 4. eIF3d-specialized translational control remodels the m6A epitranscriptome during the 
persistent ISR.
(A) Venn diagram of overlapping m6A-modified transcripts in wild-type (WT) and 

phosphomimetic (DD) eIF3d expressing HEK293T. Tg, 16h of thapsigargin treatment. 

(B) Frequency plot of the canonical m6A DRACH motif in m6A-eCLIP peaks in eIF3d 

cell lines. (C) Distribution of m6A sites in transcript regions. eIF3d/ISR-regulated m6A 

sites (gray) are those that exhibit 1.5-fold more methylation in both untreated WT and 

Tg-treated eIF3d phosphomimetic cell lines when compared to Tg-treated WT eIF3d cells. 

Blue, sites not regulated by eIF3d/ISR signaling; UTR, untranslated region; CDS, coding 

sequence. (D) Gene ontology analysis of transcripts with eIF3d/ISR-downregulated m6A 

sites. (E) Levels of m6A in transcripts identified by m6A-eCLIP, measured by m6A RNA 

immunoprecipitation (RIP) and quantitative reverse transcription polymerase chain reaction 

(qRT-PCR). (F) Read mapping to ATF4 from m6A-eCLIP in eIF3d mutant cell lines. The 

annotated y-axis maximum is equivalent for all samples, and the regulated m6A site as 

determined by crosslinking-induced truncation sites analysis is annotated by a triangle. (G) 

Levels of m6A in ATF4 mRNA, measured by m6A-RIP and qRT-PCR. (H) Representative 

immunoblot showing reduced expression of ALKBH5 and ATF4 upon ISR induction in cells 

with dysregulated eIF3d-specialized translational control of ALKBH5. Δsl3, cells with the 

eIF3 binding site in the ALKBH5 5′ UTR deleted (Δsl3). The results are representative 

of three independent experiments. (I) Levels of m6A in ATF4 mRNA in cells with 

dysregulated eIF3d-specialized translational control of ALKBH5. Results in (E), (G) and 

(I) are normalized to untreated WT cells and represent the mean ± s.d. of three independent 

experiments. See also Figure S5 and Table S3.
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Figure 5. eIF3d regulates GCN2 kinase during the persistent integrated stress response.
(A) Read mapping to GCN2 from eIF3dTEV Subunit-Seq during ISR induction with 

thapsigargin. Tg, 16 h treatment with thapsigargin; In, input; eIF3dTEV-IP, anti-HA eIF3d 

immunoprecipitant samples after TEV protease cleavage. (B) eIF3d binding to the 5′ 
cap of GCN2 mRNA during chronic ER stress in HEK293T cells expressing wild-type 

(WT) and phosphomimetic (DD) eIF3d. Cap-binding is normalized to untreated cells. (C) 

Specificity of in vitro eIF3d crosslinking to the 5′ cap structure of the GCN2 5′ UTR. 

Binding is specific to the methylated cap structure of addition of cap analog competes 

away eIF3d binding. m7G, competitor cap analog m7GpppG; G, unmethylated GpppG. 

(D) Luciferase activity in vitro mediated by the GCN2 5′ UTR is eIF3d/ISR-responsive. 

PSMB6 is a control transcript not targeted by eIF3. Results are normalized to luciferase 

activity from in vitro translation extracts made from WT eIF3d-expressing HEK293T cells. 

Results in (B) and (D) are represented as the mean ± s.d. of three independent experiments. 

(E) Association of GCN2 mRNA with translating ribosomes in eIF3d cell lines. GCN2 
abundance is expressed as a percentage of total transcripts and plotted as the mean ± s.d. 

Blue, Tg-treated cells; gray, untreated cells. The results are representative of two biological 

replicates. (F) Immunoblot of GCN2 kinase activation in WT and phosphomimetic eIF3d-

expressing cells. (G) Immunoblot of ISR signaling cascade activation upon pharmacological 

inhibition of PERK or GCN2 reveals contribution of both kinases during chronic ER stress. 

HEK293T cells were treated with DMSO or Tg for 8 or 16 h, followed by addition of 
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indicated inhibitor for 45 min. PERKi, PERK inhibitor; GCN2iB, GCN2 inhibitor. The 

results in (F) and (G) are representative of three independent experiments. (H) Model for 

gene cascade controlled by eIF3d-mediated translation that drives synergized regulation of 

the persistent integrated stress response. See also Figure S5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-N6-methyladenosine AbCam Cat#151230; RRID:AB_2753144

Mouse monoclonal anti-hsp90 BD Biosciences Cat#610418; RRID:AB_397798

Rabbit polyclonal anti-eIF3b Bethyl Cat#A301-761A; RRID:AB_1210995

Mouse monoclonal anti-ATF4 Cell Signaling Technology Cat#11815; RRID:AB_2616025

Rabbit monoclonal anti-phospho-GCN2 Cell Signaling Technology Cat#94668; RRID:n/a

Rabbit polyclonal anti-GCN2 Invitrogen Cat#PA5-17523; RRID:AB_10983800

Rabbit monoclonal anti-PERK Cell Signaling Technology Cat#C33E10; RRID:n/a

Rabbit polyclonal anti-rpS19 Proteintech Cat#15085-1-AP; RRID:AB_2180202

Rabbit polyclonal anti-eIF2α Proteintech Cat#11170-1-AP; RRID:AB_2096489

Rabbit monoclonal anti-ALKBH5 Invitrogen Cat#10H24L9; RRID:n/a

Goat anti-Rabbit HRP Invitrogen Cat#31462; RRID:AB_228338

Goat anti-Mouse HRP Invitrogen Cat#31432; RRID:AB_228302

Chemicals, peptides, and recombinant proteins

Fetal Bovine Serum Biowest Cat#S1620

Thapsigargin Cayman Chemical Cat#10522

Tunicamycin Cayman Chemical Cat#11445

PERKi (GSK2656157) MedChemExpress Cat#HY-13820

GCN2iB MedChemExpress Cat#HY-112654

Cap-Clip Acid Pyrophosphatase Cellscript Cat#C-CC15011H

Bovine-Serum Albumin Chemimpex Cat#00577

DTT Chemimpex Cat#00127

Hybond-N+ membrane Cytiva Cat#RPN303B

Trypsin Genesee Cat#25-510

Penicillin-streptomycin Genesee Cat#25-512

Random Hexamer Integrated DNA Technologies Cat#51-01-18-01

Murine RNase inhibitor New England Biolabs Cat#M0314L

Luna Universal qPCR master mix New England Biolabs Cat#M3003E

m7GpppG New England Biolabs Cat#S1411L

GpppG New England Biolabs Cat#S1407L

Q5 polymerase New England Biolabs Cat#M0491L

Vaccinia capping enzyme New England Biolabs Cat#M2080S

2′ O-Methyltransferase enzyme New England Biolabs Cat#M0366S

Antarctic phosphatase New England Biolabs Cat#MO289L

T4 PNK New England Biolabs Cat#M0201L

XRN-1 New England Biolabs Cat#M0338L

32P Radionuclide Perkin-Elmer Cat#NEX053H001MC

Mol Cell. Author manuscript; available in PMC 2024 September 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mukhopadhyay et al. Page 31

REAGENT or RESOURCE SOURCE IDENTIFIER

[ɑ-32P]-GTP Perkin-Elmer Cat#BLU006H250UC

Polyethylenimine, Linear, MW 25,000 Polysciences, Inc Cat#23966-1

PhosSTOP Sigma Aldrich Cat#4906837001

DMEM Gibco Cat#11995073

OptiMEM Gibco Cat#11058021

DMSO ThermoFisher Scientific Cat#BP231100

Puromycin Dihydrochloride ThermoFisher Scientific Cat#AAJ61278MC

Sera-Mag Protein A/G beads Cytiva Cat#09-981-921

Anti-HA magnetic beads ThermoFisher Scientific, Pierce Cat#PI88837

SeraMag Oligo dT magnetic beads Cytiva Cat#09-981-145

G-25 column Cytiva Cat#45 001 397

Heparin ThermoFisher Scientific Cat#BP2425

Cycloheximide MP Biomedicals, Inc. Cat#ICN10018301

Phos-Tag acrylamide Apexbio Technology Cat#NC1646902

SUPERase-In RNase Inhibitor Invitrogen Cat#AM2696

Proteinase K ThermoFisher Scientific Cat#BP1700-100

Phenol Chloroform VWR Cat#97064-712

Glycogen VWR Cat#97063-256

HIV-1 Protease C. Schiffer, University of Massachusetts 
Medical School

NEBuilder HiFi DNA Assembly NEB Cat#E2621L

EXPRE35S35S Protein Labeling Mix Perkin Elmer Cat#NEG072002MC

Critical commercial assays

NEBNext Ultra II Directional RNA Library Prep Kit 
for Illumina

New England Biolabs Cat#E7760L

m6A eCLIP Kit Eclipse Bioinnovations Cat#143651

Deposited data

RNA-Seq (WT versus phosphomimetic eIF3d 
HEK293T, veh. versus 16 h Tg)

This paper GSE236188

eIF3dTEV Subunit-Seq (HEK293T 16h Tg) This paper GSE236188

m6A eCLIP (WT versus phosphomimetic eIF3d 
HEK293T, veh. versus 16 h Tg)

This paper GSE236188

Experimental models: Cell lines

Human: HEK293T ATCC CRL-11268

Human: HEK293T eIF3dTEV Lamper et al23

Human: HEK293T eIF3d S528D/S529D This paper

Human: HEK293T ALKBH5-ΔSL3 This paper

Oligonucleotides

DNA primers for RT-qPCR, see Table S4 This paper Table S4

DNA primers for ALKBH5 cloning, see Table S4 This paper Table S4

DNA primers for ATF4 cloning, see Table S4 This paper Table S4
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REAGENT or RESOURCE SOURCE IDENTIFIER

DNA primers for GCN2 cloning, see Table S4 This paper Table S4

sgRNA sequences (eIF3d and ALKBH5), see Table 
S4

This paper Table S4

Donor oligos (eIF3d and ALKBH5), see Table S4 This paper Table S4

Recombinant DNA

Plasmid: pLBH269 SpCas9 sgRNA L. Harrington and J. Doudna (UC 
Berkeley)

Plasmid: pcDNA4-ALKBH5 5′ UTR-RLuc This paper

Plasmid: pcDNA4-ALKBH5 5′ UTR-RLuc – stem This paper

Plasmid: pcDNA4-ALKBH5 5′ UTR-RLuc – comp This paper

Plasmid: pcDNA4-ALKBH5 5′ UTR-RLuc – loop This paper

Plasmid: pcDNA4-GCN2 5′ UTR-RLuc This paper

Plasmid: pcDNA4-ATF4 5′ UTR-RLuc This paper

Plasmid: pGEX-4T1-PCIF1 Boulias et al.48 E. Greer, Washington University, St. Louis

Software and algorithms

CFX Maestro Biorad

Windaq DataQ instruments

RNAStructure Reuter et al.75 https://rna.urmc.rochester.edu/
RNAstructure.html

VARNA Darty et al.74 https://varna.lri.fr

DAVID Dennis et al.90 https://david.ncifcrf.gov

ShinyGO Ge et al.89 http://bioinformatics.sdstate.edu/go/

DESeq2 Love et al.82 https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

Bowtie2 Langmead et al.78 https://bowtie-bio.sourceforge.net/bowtie2

bwa Li et al.86 https://bio-bwa.sourceforge.net

Cutadapt Martin77 https://pypi.org/project/cutadapt/

SAMtools Li et al.80 http://www.htslib.org

STAR Dobin et al.79 https://github.com/alexdobin/STAR

UMItools Smith et al.84 https://github.com/CGATOxford/UMI-
tools

pyCRAC Webb et al.85 https://sandergranneman.bio.ed.ac.uk/
pycrac-software

CTK Shah et al.87 https://zhanglab.c2b2.columbia.edu/
index.php/CTK_Documentation
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