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SUMMARY

Dysregulation of cellular protein synthesis is linked to a variety of diseases. Mutations in EIF2S3, 

encoding the γ subunit of the heterotrimeric eukaryotic translation initiation factor eIF2, cause 

MEHMO syndrome, an X-linked intellectual disability disorder. Here, using patient-derived 

induced pluripotent stem cells, we show that a mutation at the C-terminus of eIF2γ impairs 

CDC123 promotion of eIF2 complex formation and decreases the level of eIF2–GTP–Met-

tRNAi
Met ternary complexes. This reduction in eIF2 activity results in dysregulation of global and 

gene-specific protein synthesis and enhances cell death upon stress induction. Addition of the drug 

ISRIB, an activator of the eIF2 guanine nucleotide exchange factor, rescues the cell growth, 

translation, and neuronal differentiation defects associated with the EIF2S3 mutation, offering the 

possibility of therapeutic intervention for MEHMO syndrome.

eTOC BLURB

Young-Baird et al. report that a translation initiation factor eIF2γ mutation linked to the 

intellectual disability MEHMO syndrome disrupts eIF2 complex formation, triggers chronic 
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activation of the integrated stress response, and impairs neuronal differentiation. These cellular 

defects are rescued by the small molecule ISRIB.

Graphical Abstract

INTRODUCTION

As the culminating step in the central dogma of gene expression, protein synthesis is a 

critical determinant for the identity and quantity of proteins expressed in a cell. Defects in 

protein synthesis are associated with a wide range of inherited diseases. Mutations affecting 

cytoplasmic tRNA processing, post-transcriptional modification, and aminoacylation have 

been associated with neurodegenerative disorders, neuropathies and other multi-system 

diseases (Tahmasebi et al., 2018). Moreover, ribosomopathies caused by mutations affecting 

ribosomal proteins or ribosome biogenesis oftentimes cause anemia and skeletal or 

craniofacial abnormalities (Yelick and Trainor, 2015). Fewer diseases have been linked to 

mutations in translation initiation or elongation factors, proteins that assist the ribosome in 

synthesizing proteins; however, defects in protein synthesis have been linked to activation of 

cellular stress pathways including the integrated stress response (ISR) and the unfolded 

protein response (UPR) pathways.

Mutations in EIF2S3, encoding the γ subunit of the heterotrimeric translation initiation 

factor eIF2, have recently been linked to MEHMO syndrome, a rare X-linked intellectual 
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disability in which patients exhibit mental (intellectual) deficiency, epilepsy, hypogenitalism, 

microcephaly, and obesity. eIF2 plays roles in two key steps of the translation initiation 

pathway: delivery of initiator methionyl-tRNA (Met-tRNAi
Met) to the ribosome and 

selection of the translation start site on an mRNA (Hinnebusch, 2011). To facilitate these 

roles, eIF2 binds GTP and Met-tRNAi
Met to form the eIF2 ternary complex (TC). The TC 

then binds to the small 40S ribosomal subunit, and the resulting 43S preinitiation complex 

(PIC) associates with an mRNA near the 5’ cap and subsequently scans in a 3’ direction to 

select the translation start codon. Following start codon selection and completion of GTP 

hydrolysis by eIF2, an inactive eIF2–GDP binary complex is released from the ribosome. 

The guanine nucleotide exchange factor eIF2B catalyzes recycling of eIF2–GDP to eIF2–

GTP for use in additional rounds of translation initiation (Pavitt, 2018).

In mammals, phosphorylation of the α subunit of eIF2 on Ser51 (eIF2α–P) by one of four 

specific stress-responsive eIF2α–P) by one of four specific Wek, 2012; Wek, 2018) triggers 

the ISR. Phosphorylated eIF2 inhibits eIF2B, thereby lowering the levels of eIF2 TCs and 

resulting in inhibition of global protein synthesis. Moreover, the ISR results in the 

translational upregulation of mRNAs encoding specific stress-responsive proteins including 

the transcription factors ATF4 (CREB2) and CHOP (DDIT3/GADD153), as well as the 

protein phosphatase 1 (PP1c) regulatory subunit GADD34 (PPP1R15A) that targets PP1c to 

dephosphorylate eIF2α–P and restore protein synthesis after stress amelioration (Novoa et 

al., 2001; Palam et al., 2011; Vattem and Wek, 2004; Walter and Ron, 2011). While CHOP is 

a transcriptional target of ATF4, the translational regulation of ATF4, CHOP, and GADD34 

is mediated, in part, by upstream open reading frames (uORFs) in the 5’-leaders of the 

transcripts (Wek, 2018; Young and Wek, 2016) that tightly couple expression to the level of 

eIF2α–P and eIF2 TCs.

To date, five mutations in EIF2S3 have been linked to MEHMO syndrome. The eIF2γ-

I222T mutation impairs eIF2β binding to eIF2γ and the eIF2γ-I258M mutation impairs 

Met-tRNAi
Met binding to eIF2 (Borck et al., 2012; Young-Baird et al., 2019). The eIF2γ-

P432S mutation additionally causes hypopituitarism and glucose dysregulation (Gregory et 

al., 2019). Yeast models of these three mutations result in derepression of GCN4 mRNA 

translation, the yeast ortholog of ATF4, suggesting that the MEHMO syndrome mutations 

activate the ISR (Borck et al., 2012; Young-Baird et al., 2019). While the eIF2γ-S108R 

mutation was genetically linked to MEHMO syndrome, no biochemical defect has been 

associated with this mutation (Skopkova et al., 2017). The fifth MEHMO syndrome 

mutation, eIF2γ-I465Sfs*4 (hereafter abbreviated eIF2γ-fs), contains a 4-nucleotide 

deletion near the 3’-end of the EIF2S3 coding region that changes the C-terminal amino acid 

sequence of eIF2γ from G462VTIKPTVDDD* to G462VTSQQ*. Knockdown of EIF2S3 in 

zebrafish was found to phenocopy the microcephaly symptom of MEHMO syndrome, while 

in a yeast model the eIF2γ-fs mutation derepressed GCN4 expression (Moortgat et al., 2016; 

Skopkova et al., 2017); however, how the eIF2γ-fs mutation impacts eIF2 function and 

causes MEHMO syndrome phenotypes has not been determined.

In this report we use patient-derived induced pluripotent stem cells (iPSCs) to define the 

consequences of the eIF2γ-fs mutation on eIF2 function. We show that the mutation results 

in constitutive induction of the ISR via altered uORF-dependent translational control of the 
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key ISR targets, and we show that the mutation impairs assembly of the eIF2 complex by 

altering the activity of the assembly chaperone CDC123. Finally, we show that the drug 

ISRIB, an activator of eIF2B, effectively rescues the cell growth, ISR induction, and 

neuronal differentiation phenotypes associated with the eIF2γ-fs mutation. Our work thus 

reveals a molecular signature of MEHMO syndrome and identifies ISRIB as a potential 

therapeutic for this disease affecting cellular protein synthesis.

RESULTS

Constitutive activation of the ISR in eIF2γ-fs iPSCs

To explore the molecular mechanism underlying MEHMO syndrome, iPSCs were generated 

from keratinocytes obtained from a MEHMO patient expressing the eIF2γ-fs C-terminal 

frameshift mutation (lines fs1 and fs2) or from an individual expressing wild-type (WT) 

eIF2γ (lines WT1 and WT2). Polysome profile analyses obtained by centrifugation of whole 

cell lysates in sucrose density gradients revealed a defect in translation initiation in the 

eIF2γ-fs iPSCs with a decrease in large polysomes and concomitant increase in the 80S 

monosome fraction as compared to WT iPSCs (Figure 1A, polysome-to-monosome (P/M) 

ratio decreased from 2.50±0.10 in WT to 1.19±0.01 in the mutant). Puromycin labeling 

revealed a ~38% decrease in total protein synthesis in the eIF2γ-fs iPSCs (Figure 1B), and 

the mutant iPSCs grew much slower (doubling time 40.3±0.5 h) compared to the WT iPSCs 

(doubling time 26.2±0.6 h; Figure S1B). Thus, the eIF2γ-fs mutation impaired general 

translation and cell growth.

Consistent with the notion that the eIF2γ-fs mutation impairs eIF2 function, western blot 

analyses revealed that the levels of the key ISR members ATF4, CHOP, and GADD34 were 

elevated in the patient-derived cell lines (Figure 1C, compare lanes 3&4 to lanes 1&2) and a 

previous report showed increased CHOP mRNA and protein levels in fibroblasts from a 

patient with the same eIF2γ-fs mutation (Skopkova et al., 2017). Importantly, no significant 

changes in eIF2α–P levels were observed between the WT (eIF2α–P/eIF2α = 1.1±0.2) and 

mutant (eIF2α–P/eIF2α = 1.0±0.3) iPSCs (Figure 1C), suggesting that the eIF2γ-fs 

mutation is inducing the ISR independent of eIF2α phosphorylation. Interestingly, while the 

levels of eIF2α, eIF2β, and CReP, a constitutively expressed PP1 regulatory subunit that 

shares sequence similarity with GADD34, were relatively unchanged between the eIF2γ-fs 

and WT iPSCs, eIF2γ levels were significantly increased in the mutant cells (Figure 1C). As 

overexpression of eIF2γ in WT iPSCs did not increase ATF4, CHOP, or GADD34 levels 

(Figure S1C), the induction of the ISR is not due to altered eIF2γ levels and instead likely 

results from decreased eIF2 activity in the eIF2γ-fs mutant cells.

Polysome analyses and reporter assays confirmed induction of the ISR translational program 

in the mutant iPSCs. Whereas the majority of ATF4 mRNA was associated with monosomes 

and small polysomes in WT iPSCs (only 32.6±1.2% of ATF4 mRNA was associated with 

polysomes), 59.0±1.1% of ATF4 mRNA was associated with polysomes, indicating 

enhanced translation, in the eIF2γ-fs iPSCs (Figure 1D), and similar redistributions of the 

CHOP and GADD34 mRNAs were also observed (Figures S1D & E). Previous studies 

showed that translation of the ATF4, CHOP, and GADD34 mRNAs is upregulated when 

eIF2 TC levels are low in a manner controlled by the 5’ leaders of the mRNAs (Harding et 
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al., 2000; Lee et al., 2009; Palam et al., 2011; Vattem and Wek, 2004; Young et al., 2016; 

Young et al., 2015). To determine if the 5’-leaders of ATF4, CHOP, and GADD34 were 

responsible for the translational upregulation of these mRNAs in the eIF2γ-fs iPSCs, we 

conducted reporter assays in which the 5’-leader of each respective mRNA was inserted 

between a minimal TK promoter and the firefly luciferase coding region (CDS). Transfected 

PTK-ATF4-Luc, PTK-CHOP-Luc, and PTK-GADD34-Luc reporters were then assayed for 

both mRNA levels and firefly luciferase activity, as a proxy for luciferase expression. 

Luciferase activities for PTK-ATF4-Luc, PTK-CHOP-Luc, and PTK-GADD34-Luc reporters 

were increased 2-fold or more in the eIF2γ-fs iPSCs as compared to the WT cells (Figure 

2A). Notably, there was not a significant change in firefly luciferase mRNA levels. These 

results indicate that the 5’-leaders of the ATF4, CHOP, and GADD34 mRNAs direct the 

translational upregulation of these mRNAs in the eIF2γ-fs iPSCs.

Translational upregulation of ATF4, CHOP, and GADD34 is dependent on the presence of 

specific uORFs in their respective 5’-leaders that play precise regulatory roles. Translational 

control of ATF4 relies on the presence of two uORFs (Harding et al., 2000; Lu et al., 2004; 

Vattem and Wek, 2004). The 5’-proximal short uORF1 acts as a positive element by 

promoting downstream translational reinitiation (Lu et al., 2004; Vattem and Wek, 2004). 

When eIF2 TC levels are high, ribosomes that resume scanning after translation of uORF1 

quickly reacquire a new eIF2 TC and reinitiate translation at uORF2. uORF2 overlaps out-

of-frame with the ATF4 CDS, and translation termination at the uORF2 stop codon occurs 3’ 

of the ATF4 CDS start codon. In this manner, translation of uORF2 effectively precludes the 

ribosome from initiating translation at the ATF4 CDS, resulting in low ATF4 expression 

when eIF2 TC levels are high. Under conditions that lower eIF2 TC levels, such as when 

eIF2α is phosphorylated, ribosomes that resume scanning after translation of uORF1 take a 

longer time to reacquire a new eIF2 TC. This delay allows for scanning ribosomes to bypass 

the inhibitory uORF2 start codon before reacquiring an eIF2 TC and promotes initiation at 

the ATF4 CDS leading to increased ATF4 production when eIF2 TC levels are lowered.

To explore the mechanism underlying translational regulation of ATF4 in the eIF2γ-fs 

iPSCs, the ATF4 uORF start codons were mutated from ATG to AGG as indicated in Figure 

2B. Mutation of the uORF1 start codon led to comparable reductions in luciferase activities 

in the WT and eIF2γ-fs iPSCs, consistent with the positive role of this uORF in regulation 

of ATF4 synthesis. In contrast, elimination of the inhibitory uORF2, or both the uORF1 and 

uORF2, start codon derepressed ATF4 expression (Figure 2B). The uORF requirement for 

regulation of ATF4 expression by the eIF2γ-fs mutation mimics what was previously shown 

for derepression of ATF4 expression under conditions of elevated eIF2α phosphorylation. 

As mentioned previously, eIF2α–P levels were not different between the patient and WT 

cells (Figure 1C), indicating that the increase in ATF4 expression is likely due reduced eIF2 

function caused by the eIF2γ-fs mutation.

Translational control of the CHOP and GADD34 mRNAs is mediated by a single uORF (the 

sole uORF in the CHOP mRNA and uORF2 in the GADD34 mRNA, see Figure 2). Under 

basal conditions in WT cells with high eIF2 activity, ribosomes translating the uORF 

experience a prolonged elongation or termination pause that dampens downstream CDS 

translation (Young et al., 2016; Young et al., 2015). Phosphorylation of eIF2α under 
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conditions of cellular stress causes ribosomes to bypass the inhibitory uORF, due in part to 

the sub-optimal context nucleotide sequence flanking the uORF start codon, and leading to 

enhanced translation of the CDS (Lee et al., 2009; Palam et al., 2011; Young et al., 2016; 

Young et al., 2015). Mutation of the regulatory uORF start codon in the CHOP and 

GADD34 5’-leaders resulted in constitutive, and similar, derepression of reporter expression 

in both the patient and WT cells, indicating that the eIF2γ-fs mutation derepresses CHOP 
and GADD34 mRNA translation via the canonical uORF-mediated mechanism (Figure 2C–

D). Overall, these data suggest that expression of ATF4, CHOP, and GADD34 are regulated 

by similar uORF-mediated mechanisms in the WT and eIF2γ-fs iPSCs, and that mutation of 

eIF2γ facilitates increased expression of these ISR members. Moreover, the ability of the 

eIF2γ mutation to phenocopy eIF2α phosphorylation and induce ATF4, CHOP, and 

GADD34 expression indicates that reduction of eIF2 activity is a sufficient switch to 

promote translation of these mRNAs.

Hyperinduction of the ISR in MEHMO syndrome iPSCs causes apoptosis

The global and gene-specific translational effects of the eIF2γ-fs mutation indicate 

constitutive activation of the ISR. To assess the impact of stress, the iPSCs were treated with 

thapsigargin (TG), a potent inducer of endoplasmic reticulum stress and eIF2α–P. As 

expected, induction of the ISR in the WT iPSCs impaired global translation with the P/M 

ratio falling from 2.51±0.09 in cells receiving no treatment (NT) to 0.66±0.02 in cells treated 

with TG (Figure 3A), and puromycin incorporation dropped ~64% in the stressed cells 

(Figure 3B). TG treatment exacerbated the translation defect in the eIF2γ-fs cells. The P/M 

ratio dropped from 1.46±0.26 to 0.29±0.16 in the presence of TG (Figure 3A), and 

puromycin incorporation, which was already reduced ~40% in the untreated mutant iPSCs 

compared to the WT controls (Figure 3B), decreased an additional ~42% upon treatment 

with TG. Taken together, these results demonstrate that TG, which induces eIF2α 
phosphorylation in both the WT (NT eIF2α-P/eIF2α = 1.0±0.2; TG eIF2α-P/eIF2α = 2.2 

±0.6) and mutant (NT eIF2α-P/eIF2α 1.0±0.4; TG eIF2α-P/eIF2α 2.0±0.5) iPSCs (Figure 

3C), exacerbates the basal translation initiation defect in the eIF2γ-fs iPSCs, culminating in 

chronically low levels of protein synthesis. Along with these effects on global translation, 

phosphorylation of eIF2α impacted ATF4 mRNA translation. Under basal conditions higher 

levels of ATF4 mRNA were bound to polysomes in the mutant iPSCs (53.8±4.5%) versus 

the WT iPSCs (34.0±2.6%) (Figures 3D & S2C). Moreover, ATF4 mRNA reached maximal 

polysome association within 30 minutes of TG treatment in the eIF2γ-fs iPSCs 

(62.0±0.1%), whereas 3 hours of TG treatment was required for ATF4 to reach a similar 

level of polysome association in the WT cells (60.3±1.4%) (Figures S2B–C). Thus, the 

eIF2γ mutation enhances the expression of ATF4 basally and promotes maximal translation 

of ATF4 mRNA early in the cellular stress response. Consistent with this enhanced 

translation of the ATF4 mRNA, western blot analysis revealed increased levels of ATF4 in 

the mutant versus WT iPSCs under both basal and stress conditions (Figure 3C). Similar 

basal induction and stress-activated hyperinduction of the ISR proteins CHOP and GADD34 

in the mutant iPSCs (Figure 3C) supports the conclusion that the eIF2γ-fs mutation is 

causing chronic ISR activation that is hyperinduced under cellular stress conditions.
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During prolonged activation of the ISR, the bZIP transcription factor CHOP promotes a shift 

in the transcriptional program resulting in enhanced expression of pro-apoptotic factors 

including BIM, BAX, and CASPASE 3 (Rutkowski et al., 2006; Tabas and Ron, 2011; Teske 

et al., 2013; Zinszner et al., 1998). As shown in Figure S2D, qRT-PCR analysis revealed 

elevated levels of BAX and CASPASE 3 in the eIF2γ-fs iPSCs under basal conditions that 

was further increased, along with BIM mRNA expression, upon TG treatment. Consistent 

with the induced expression of these pro-apoptotic factors, two markers of apoptosis, 

Caspase 3/7 activity and DNA fragmentation as measured by TUNEL levels, were 

substantially elevated in the mutant iPSCs upon TG treatment (Figures 3E–F). Taken 

together, these data suggest that the MEHMO syndrome mutation causes misregulated 

protein synthesis and chronic induction of the ISR leading to maladaptive gene expression 

and cellular apoptosis.

eIF2γ-fs mutation alters interaction with the chaperone CDC123 and impairs eIF2 
heterotrimer formation

Having observed the consequences of the eIF2γ-fs mutation on cellular protein synthesis, 

we next sought to determine how the mutation impacts eIF2 function. The I465Sfs*4 

mutation alters the extreme C-terminus of eIF2γ replacing the last eight amino acids (-

IKPTVDDD) with three different residues (-SQQ) (Moortgat et al., 2016; Skopkova et al., 

2017). While the function of the eIF2γ C-terminus is not well defined, the chaperone 

CDC123 interacts with domain III and the extreme C-terminus of eIF2γ (Panvert et al., 

2015; Perzlmaier et al., 2013), including the residues altered by the MEHMO patient eIF2γ-

fs frameshift mutation. Importantly, CDC123 interacts with free eIF2γ, but not the full eIF2 

heterotrimer (Perzlmaier et al., 2013), and the CDC123–eIF2γ interaction facilitates 

assembly of the eIF2γ–IF2α heterodimer, whereas eIF2β binds to eIF2γ independent of 

CDC123 activity (Figure 4A). Co-immunoprecipitation assays were used to assess the 

impact of the eIF2γ mutation on eIF2 complex assembly. As shown in Figure 4B, reduced 

amounts of eIF2α, but not eIF2γ, were co-precipitated with eIF2β in extracts from eIF2γ-fs 

iPSCs as compared to iPSCs expressing WT eIF2γ (compare lanes 11–12 to 9–10; 

quantification in Figure S3B). In complementary experiments, the co-immunoprecipitation 

of eIF2β and eIF2γ with eIF2α was significantly decreased in extracts from the mutant 

versus the WT iPSCs (Figures S3A & S3B). Interestingly, increased levels of CDC123 were 

co-immunoprecipitated with eIF2β and eIF2α in the mutant extracts (Figures 4B, S3A, & 

S3B), suggesting enrichment for assembly intermediates in which the chaperone is bound to 

eIF2α and eIF2γ prior to formation of the eIF2αβγ complex (Figure 4A, top row). Taken 

together, these data indicate that the eIF2γ-fs mutation impairs CDC123-mediated eIF2 

complex assembly through a mechanism involving defective binding of eIF2α to eIF2γ.

If induction of the ISR in the eIF2γ-fs iPSCs is due to decreased eIF2α association with the 

eIF2 complex, then overexpression of eIF2a might, through mass action, restore eIF2 

complex integrity and suppress expression of the ISR markers. Consistent with this idea, 

overexpression of eIF2α restored ATF4 to near WT levels in the eIF2γ-fs iPSCs (Figure 

S3D). Likewise, overexpression of eIF2α in the mutant iPSCs restored eIF2 complex 

formation with more eIF2α co-immunoprecipitated with eIF2β (Figure 4C, compare lane 12 

to 11; quantification in Figure S3C). Analysis of Met-tRNAi
Met co-precipitation with eIF2 
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revealed an ~80% decrease in TC levels in the extracts from the mutant versus WT iPSCs, 

which was partially rescued by overexpression of eIF2α (Figures 4C & S3C). The co-

suppression of the ISR and eIF2 complex and TC defects in the mutant iPSCs by 

overexpression of eIF2a suggests that the defect in eIF2 complex formation underlies the 

cellular phenotypes of MEHMO syndrome caused by the eIF2g-fs mutation.

ISRIB rescues eIF2γ-fs cell growth and translation defects

Recently, the small molecule ISRIB was identified as an inhibitor of the ISR (Sidrauski et 

al., 2013; Sidrauski et al., 2015a) and activator of the eIF2 guanine nucleotide exchange 

factor eIF2B (Sekine et al., 2015; Sidrauski et al., 2015b; Tsai et al., 2018; Zyryanova et al., 

2018). To test whether stimulation of eIF2B activity could suppress a mutation in eIF2, we 

asked if ISRIB could rescue the cellular phenotypes associated with the MEHMO syndrome 

mutation. As shown in Figure 5A, addition of ISRIB nearly fully rescued protein synthesis 

in the mutant iPSCs. Likewise, ISRIB rescued the cell growth defect of the mutant iPSCs. 

The doubling time of the eIF2γ-fs iPSCs (40.6±0.6 h) was significantly slower than the WT 

iPSCs (25.8±0.5 h), and addition of ISRIB resulted in similar growth rates for the mutant 

(27.6±0.8 h) and WT (24±0.2 h) cells (Figure 5B). Along with restoring global translation, 

ISRIB treatment blocked the basal derepression of ATF4, CHOP, and GADD34 levels in the 

mutant iPSCs (Figures 5C & S4) with no change in eIF2αphosphorylation. In addition, 

ISRIB suppressed ATF4 induction in the mutant iPSCs treated with TG (Figure S4D), 

indicating that ISRIB effectively inhibits ISR activation in eIF2γ-fs iPSCs even in the 

presence of eIF2α-P. Notably, this profound rescue of the eIF2γ-fs iPSC mutant phenotypes 

was also apparent when compared to isogenic WT iPSCs generated by CRISPR correction 

of the frameshift mutation in the mutant iPSCs (Figure S5).

To gain insight into the mechanism by which ISRIB suppresses the effects of the eIF2γ-fs 

mutation, we used co-immunoprecipitation experiments to monitor eIF2 complex and TC 

levels in extracts from WT and eIF2γ-fs iPSCs that were cultured in the presence or absence 

of ISRIB. Whereas ISRIB did not restore eIF2α association or reduce CDC123 association 

with the partial eIF2 complex (Figure 5D, lane 12 vs 11), the drug restored TC levels with a 

3-fold increase in Met-tRNAi
Met associated with complex isolated from mutant cells grown 

in the presence of ISRIB (lane 12). To explain how ISRIB might restore TC levels without 

restoring eIF2α incorporation into eIF2 complexes, we propose that the eIF2γ mutation not 

only impairs eIF2α binding to the eIF2 complex but also indirectly impairs guanine 

nucleotide exchange on the complexes containing eIF2α. Perhaps an altered orientation of 

eIF2α on the mutant eIF2 complexes impairs productive interaction with eIF2B. This 

hypothesis is consistent with previous studies showing that eIF2α contributes to eIF2B-

catalyzed guanine nucleotide exchange on eIF2 (Nika et al., 2001). Accordingly, activation 

of eIF2B by ISRIB overcomes this defect by enhancing nucleotide exchange on the limiting 

heterotrimeric eIF2 complexes in the mutant cells, leading to increased TC formation and 

rescue of the cell growth and protein synthesis defects associated with the eIF2γ-fs 

mutation.

Young-Baird et al. Page 8

Mol Cell. Author manuscript; available in PMC 2021 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Neuronal differentiation defect of the eIF2γ-fs iPSCs is rescued by ISRIB

As intellectual disability is a prominent phenotype associated with the eIF2γ-fs MEHMO 

mutation, we used regulated neurogenin-2 (NGN2) expression to trigger differentiation of 

the isogenic WT and mutant iPSCs to cortical neurons. A doxycycline-inducible NGN2 

expression vector was stably introduced at the AAVS1 safe harbor locus of the isogenic 

iWT1 and ifs1 cell lines shown in Figure S5. As shown in Figure 6A, the WT iPSCs readily 

differentiated into neurons as noted by the immunofluorescent detection of dendritic MAP2. 

Whereas the number of dendrites per cell was marginally reduced in the eIF2γ-fs neurons 

(Figure 6B), more substantial differences were noted in dendritic branching. The number of 

branches per dendrite was significantly reduced in the mutant neurons (Figure 6C), and 

Sholl analysis, measuring dendritic branches intersecting concentric circles centered around 

the soma, revealed that the mutation significantly altered the complexity of the dendritic 

arbor in neurons derived from mutant iPSCs compared to controls (Figures 6D). Importantly, 

the dendritic branching phenotypes were rescued by differentiating the mutant iPSC-derived 

neurons in the presence of ISRIB (Figures 6A,C & D), supporting the notion that eIF2 

function is critical for robust neuronal differentiation.

DISCUSSION

As noted by its name, MEHMO syndrome is characterized by a diverse array of symptoms 

including intellectual disability (ID), epilepsy, hypogonadism, microcephaly, and obesity. 

Xlinked ID is a hallmark of the disease; however, as more patients with mutations in EIF2S3 
are being identified, it is becoming clear that the severity of ID is variable. Moreover, recent 

reports have noted additional symptoms associated with EIF2S3 mutations in some patients 

including hypopituitarism and glucose dysregulation (Gregory et al., 2019). How mutations 

in an essential housekeeping protein required for general protein synthesis can lead to 

specific, yet distinct, tissue-specific phenotypes is an intriguing question. Here, we show that 

in addition to impairing general translation, the eIF2γ-fs mutation derepresses translation of 

the ATF4, CHOP, and GADD34 mRNAs via altered uORF-dependent translational control. 

While translational derepression of these three mRNAs is typically associated with down-

regulation of eIF2 activity following phosphorylation of eIF2α as part of the ISR (Figure 7) 

(Young and Wek, 2016), we propose that the eIF2γ-fs mutation impairs eIF2 function and 

thereby mimics constitutive eIF2α phosphorylation and leads to a chronic activation of the 

ISR. Moreover, the mutation leads to hyperactivation of the ISR and apoptosis under stress 

conditions (Figure 7), perhaps contributing to the debilitating symptoms in MEHMO 

syndrome. Intriguingly, ATF4 induction via phosphorylation of eIF2α has previously been 

linked to regulation of learning and memory in mice (Costa-Mattioli et al., 2005; Costa-

Mattioli et al., 2007), raising the possibility that altered ATF4 expression underlies the ID 

symptoms in MEHMO syndrome.

MEHMO syndrome, reduced eIF2 TC levels, and rescue by ISRIB

While four families have been reported with the eIF2γ-fs mutation, four additional disease 

causing missense mutations in eIF2γ (I222T, S108R, I259M, and P432S) have been 

described (Borck et al., 2012; Gregory et al., 2019; Moortgat et al., 2016; Skopkova et al., 

2017). Intriguingly, the eIF2γ-I222T mutation impaired eIF2 heterotrimer formation 
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through a decrease in eIF2β binding to eIF2γ (Borck et al., 2012), while the eIF2γ-I259M 

mutation impaired Met-tRNAi
Met binding to eIF2 (Young-Baird et al., 2019). Biochemical 

defects have yet to be associated with the S108R and P432S mutations in eIF2γ. In addition, 

an eIF2γ-V151L mutation was identified in a large-scale X-chromosome sequencing project 

for families with X-linked intellectual disability (Tarpey et al., 2009); however, given the 

nature of the study it is not clear whether the patient exhibits additional symptoms of 

MEHMO syndrome. Genetic studies of the comparable yeast mutations for the I222T, 

I259M, P432S, V151L, and I465Sfs*4 mutations revealed induced expression of GCN4, the 

yeast equivalent of ATF4 (Borck et al., 2012; Gregory et al., 2019; Skopkova et al., 2017; 

Young-Baird et al., 2019). As translational induction of GCN4 expression relies on a similar 

uORF-mediated mechanism as described for ATF4 (Hinnebusch, 2005), these genetic results 

indicate that all of these eIF2γ mutations either reduce eIF2 TC levels or impair TC binding 

to the ribosome. Consequently, bolstering eIF2 TC levels by enhancing eIF2B activity with 

ISRIB treatment might be an effective therapy for MEHMO patients independent of their 

specific eIF2γ mutation.

The translation defects associated with the eIF2γ-fs mutation can be attributed to defective 

eIF2 complex assembly. Co-immunoprecipitation assays (Figure 4B & S3A) revealed that 

the eIF2γ-fs mutation impaired binding of eIF2α to eIF2γ that could be rescued, in part, by 

overexpression of eIF2α (Figure 4C). This defect in eIF2 complex integrity is not due to 

alteration of the eIF2α interaction site on eIF2γ, as previous structural, genetic and 

biochemical experiments demonstrated that the C-terminal domain of eIF2α binds to a loop 

that projects out of domain II of eIF2γ and that is remote from the C-terminal location of the 

eIF2γ-fs mutation (Hashem et al., 2013; Hussain et al., 2014; Roll-Mecak et al., 2004; 

Yatime et al., 2006, 2007). Instead, we propose that the eIF2γ-fs mutation alters the 

interaction of the chaperone CDC123 with eIF2γ. Previous studies in yeast established that 

CDC123 interacts with eIF2γ (GCD11) and the interaction site was mapped to the C-

terminus of eIF2γ (Bieganowski et al., 2004; Perzlmaier et al., 2013). Moreover, CDC123 

was shown to facilitate eIF2α binding to eIF2γ (Perzlmaier et al., 2013). Here, we show that 

along with decreased levels of eIF2 heterotrimers, the eIF2γ-fs mutation results in increased 

binding of CDC123 to both eIF2γ and eIF2α. These data extend the function of CDC123 in 

eIF2 complex assembly to mammalian cells and reveal CDC123 binding to eIF2α. As 

previous studies in yeast indicated that eIF2γ and eIF2β assemble co-translationally (Shiber 

et al., 2018), we propose that CDC123 interacts with both eIF2α and the eIF2βγ complex 

and, perhaps via dimerization, promotes formation of the eIF2αβγ heterotrimer. 

Accordingly, the eIF2γ-fs mutation impairs eIF2 complex assembly by altering the binding 

site for CDC123 such that the chaperone can no longer efficiently promote eIF2 complex 

assembly.

Addition of the small molecule ISRIB provided near complete rescue of the cell growth, 

translational, and neuronal differentiation defects associated with the eIF2γ-fs mutation 

(Figures 5–7). As expected for a drug that increases the activity of eIF2B, the guanine 

nucleotide exchange factor for eIF2, ISRIB did not rescue eIF2 complex assembly, but did 

partially rescue TC formation in the eIF2γ-fs iPSCs (Figure 5D). A simple hypothesis to 

explain the rescue by ISRIB is that enhancing eIF2B activity increases the fraction of GTP-

bound eIF2 complexes and thereby restores translational activity. A more complex model 
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takes into account the critical role of eIF2α for interaction with eIF2B. Previous studies 

demonstrated that in yeast the eIF2α subunit can be deleted upon overexpression of the 

remaining TC components (eIF2β, eIF2γ, Met-tRNAi
Met) and introduction of a point 

mutation in eIF2γ that decreases guanine nucleotide binding (Erickson et al., 2001). This 

point mutation mimics the function of eIF2B, thus leading to the interpretation that eIF2α is 

required for interaction with eIF2B. Consistent with this interpretation, eIF2βγ complexes 

had a higher Km for interaction with eIF2B than intact eIF2 complexes (Nika et al., 2001). In 

light of this role for eIF2α facilitating the interaction of eIF2 with eIF2B, the altered eIF2 

complex assembly in the eIF2γ-fs mutant might impair guanine nucleotide exchange in a 

manner that can be rescued by ISRIB enhancement of functional eIF2B decamer formation. 

Further insights into the mechanism of ISRIB rescue of the eIF2γ-fs mutation will require 

purification of mutant forms of mammalian eIF2, a difficult task because mammalian eIF2 

cannot be produced recombinantly in bacteria

MEHMO Syndrome and VWM disease

In addition to MEHMO syndrome, a second neurological disease has a clear link to 

translation initiation. Vanishing White Matter (VWM) disease is caused by mutations in any 

of the five subunits of eIF2B, the guanine nucleotide exchange factor for eIF2 (Leegwater et 

al., 2001). As the name describes, VWM is a leukoencephalopathy characterized by 

abnormalities of cerebral white matter. Patients also exhibit ataxia and spasticity and there is 

oftentimes an exacerbation of symptoms following stress such as fever or head trauma 

(Bugiani et al., 2018). Mutations in eIF2B, as found in VWM disease, limit guanine 

nucleotide exchange on eIF2 and therefore are expected to result in reduced eIF2 activity, 

the same general impact as the MEHMO mutations in eIF2. Thus, it is unclear why patients 

with VWM disease and MEHMO syndrome have such distinct symptoms. However, VWM 

mutations are expected to have greatest impact in tissues where eIF2B is limiting, while 

MEHMO mutations by directly targeting eIF2 can alter not only the levels but also the 

function of eIF2 TCs. Accordingly, it is noteworthy that yeast models of MEHMO syndrome 

mutations show heightened levels of translation initiation at non-AUG codons, presumably 

due to a defect in start codon recognition caused by the eIF2γ mutation (Borck et al., 2012; 

Gregory et al., 2019; Skopkova et al., 2017; Young-Baird et al., 2019). Thus, VWM disease 

may be principally caused by reduced TC levels, whereas MEHMO syndrome may be 

caused by the combination of reduced TC levels and heightened initiation at nearcognate 

start codons with attendant alterations to the cellular proteome.

While MEHMO patient symptoms are described prenatally and in the first few months of 

life, a clinical study of 83 individuals with VWM disease-causing eIF2B mutations found 

that the average age of VWM disease onset was 3.9 years, with oldest reported age of 

diagnosis as 30 years old (Borck et al., 2012; Fogli et al., 2004; Gregory et al., 2019; 

Moortgat et al., 2016; Skopkova et al., 2017). Additionally, as mentioned above, many 

VWM patients are diagnosed following a stressful event such as a fever or head trauma that 

results in rapid patient deterioration (Fogli and Boespflug-Tanguy, 2006; Leegwater et al., 

2001; van der Knaap et al., 1997). Consistent with the presentation of patient symptoms, 

studies using VWM patient cells have found that while the eIF2B mutations reduce basal 

GEF activity, the impact of the eIF2B mutations on protein synthesis is not apparent until 
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cells are treated with a stress agent (Kantor et al., 2005; Li et al., 2004; Pavitt, 2018; 

Richardson et al., 2004). Phosphorylation of eIF2α in combination with a VWM mutation in 

eIF2B triggers a heightened ISR, exemplified by low levels of global translation and 

elevated expression of the ISR members. We show here that the MEHMO patient iPSCs 

exhibit a basally elevated ISR that is further enhanced during cellular stress. The differences 

in activation of the ISR between MEHMO and VWM patient cells suggests that while both 

eIF2γ and eIF2B mutations decrease eIF2 TC levels, the extent of the eIF2 TC reduction is 

likely different between the two types of mutations. As the magnitude and duration of ISR 

signaling has been shown to play a critical role in the determination of cell fate (Guan et al., 

2017), the overall level of eIF2 TCs and the timing of ISR induction in VWM and MEHMO 

syndrome could play a critical role in the presentation of patient symptoms.

Finally, the neuronal differentiation defect in the eIF2γ-fs iPSCs supports the notion that the 

ID symptoms of MEHMO syndrome can likely be attributed directly to the eIF2γ mutation 

rather than to glycemic and other systemic effects of the mutations. The rescue of the 

neuronal differentiation defect by ISRIB (Figure 6) is noteworthy given the known property 

of ISRIB to enhance cognitive memory in mice (Sidrauski et al., 2013). In addition, ISRIB 

and functionally related compounds (Wong et al., 2019; Wong et al., 2018) have recently 

been shown to suppress phenotypes caused by VWM disease mutations in eIF2B in mice. 

Our results suggest that ISRIB and related compounds that increase TC levels could also be 

of benefit to patients with MEHMO syndrome or other disorders affecting eIF2 function.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Please direct requests for further information or reagents to the lead contact, Thomas E. 

Dever (thomas.dever@nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

iPSC Reprogramming and Culture Conditions—The use of human material in this 

study has been approved by the ethical committee of the University of Tuebingen (Nr. 

638/2013BO1) and in compliance with the guidelines of the Federal Government of 

Germany and the Declaration of Helsinki concerning Ethical Principles for Medical 

Research Involving Human Subjects. Human induced pluripotent stem cells (iPSCs) were 

derived from keratinocytes isolated from two male individuals: a MEHMO patient 

expressing mutant eIF2γ, and an individual expressing WT eIF2γ. Patient and WT control 

keratinocytes were isolated from plucked hair that presented with a healthy outer root sheath 

and reprogrammed to iPSCs as previously described (Raab et al., 2014; Raab et al., 2017). 

On day 1 of iPSC reprogramming, keratinocytes plated on Matrigel coated 6-well plates 

were infected with 2.5×108 viral copies of STEM CCA OKSM-dTomato lentivirus in FTDA 

culture medium supplemented with 10μM ROCK Inhibitor and 8μg/mL polybrene. Cells 

were incubated overnight, and the media change and infection procedure from day 1 was 

repeated on day 2. On day 3, infected keratinocytes were distributed equally into 6-well 

plates on mitotically inactivated rat embryonic fibroblast (REF) feeder cells. REF feeder 

cells were mitotically inactivated after incubation of 1.5×104 REFs with 7.5μg/mL 
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mitomycin for 2.5 h. During reprogramming, cells were cultured in Knockout-DMEM, 20% 

knockout serum replacement, 1% antibiotic-antimycotic, 100μM NEAA, 1% GlutaMax, 

50mM β-mercaptoethanol, 50μg/mL L-Ascorbic acid, 10ng/mL FGF2, and 10μM ROCK 

Inhibitor in a 5% CO2 and 5% O2 incubator at 37°C. Culture medium was changed every 

other day. After three weeks, iPSC colonies that had arisen were mechanically transferred 

with a pipette tip to one well of a 6-well dish in FTDA medium. After the establishment of 

clonal iPSC cultures, cells were grown in Matrigel coated 60 × 15mm tissue culture plates 

with 3mL of mTeSR1 medium in a 5% CO2 and 5% O2 incubator at 37°C. iPSC cell culture 

medium was replaced daily with fresh mTeSR1 medium.

Routine Passaging of iPSC Colonies—iPSCs were washed with 3mL of DMEM/

F-12, followed by the addition of 2mL Dispase dissociation reagent, and incubation of plates 

at 37°C for 7 min. Following incubation, Dispase was aspirated off the iPSCs, and cells were 

washed twice with 3mL of DMEM/F-12 each wash. 3mL of mTeSR1 medium was added to 

the plates, and iPSC colonies were gently detached by scrapping with a cell scrapper. 

Additional mTeSR1 was added to dilute the iPSCs as necessary, and cells were plated in 

Matrigel coated plates as described above.

iPSC Colony Dissociation into Single Cell Suspension—For experiments requiring 

a cell monolayer, iPSCs were washed with 3mL of DMEM/F-12, followed by the addition of 

0.5mL Accutase dissociation reagent, and incubation of plates at 37°C for 5–10 min until 

cells were dissociated into a single cell suspension. Dissociated cells were diluted in 10mL 

DMEM/F-12 and transferred to a 15mL conical tube. Cells were pelleted by centrifugation 

at 300×g for 5 min at room temperature and resuspend in mTeSR1 as required for 

subsequent plating on Matrigel coated plates.

Cell Freezing—Cells were dissociated as described above with Dispase dissociation 

reagent. Following two washes of 3mL DMEM/F-12, 5mL of DMEM/F-12 was added to the 

plate, and cells were gently detached with a cell scrapper. Cells were then transferred to a 

15mL conical tube and pelleted at 300×g for 5 min at room temperature. Cells were 

resuspended in 1mL Cryostem Freezing Media, transferred to, and subsequently frozen in 

CryoTube Vials that were placed in a Cryo 1°C Freezing Container (Nalgene) at −80°C. 

Cells were left at −80°C for at least two days before being transferred to a liquid nitrogen 

dewar for long-term storage.

Cell Thawing—A CryoTube Vial was placed on dry ice for short-term transfer to a 37°C 

water bath, in which cells were rapidly thawed. The thawed cells were transferred to a 15mL 

conical tube containing 10mL of DMEM/F-12 and pelleted at 300×g for 5 min at room 

temperature. iPSCs were resuspended in 3mL of mTeSR1 with 10μM ROCK inhibitor and 

plated in 60 × 15mm tissue culture plates coated with Matrigel. The media was exchanged 

for fresh mTeSR1 medium without ROCK inhibitor 24 h after plating

Microbe Strains—Generation of all DNA constructs was conducted using DH5α 
Escherichia coli grown at 37°C either on LB plates or in LB liquid culture. Liquid cultures 

were shaken at 250RPM.
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METHOD DETAILS

Polysome Profiling by Sucrose Gradient Ultracentrifugation—Polysome profiling 

was conducted as previously described (Teske et al., 2011). In brief, iPSCs grown in a 60 × 

15mm dish were left untreated or treated with 1μM thapsigargin for 0.5, 1.5, or 3 h followed 

by incubation in fresh mTeSR1 medium containing 50μg/mL of cycloheximide for 10 min 

just prior to lysate collection. Cells were subsequently transferred to ice and washed twice 

with 3mL 1X PBS containing 50μg/mL cycloheximide. Cells were lysed with 0.5mL passive 

lysis buffer (20mM Tris-HCl, pH 7.5; 100mM NaCl; 10mM MgCl2; 0.4% NP-40; 50μg/mL 

cycloheximide; and 1 cOmplete, EDTA-free protease inhibitor cocktail tablet), detached 

with a cell scrapper, and collected in microcentrifuge tubes placed on ice. The cell lysate 

was passed through a 1mL syringe 10 times using a 25-gauge needle, and cell debris was 

pelleted by centrifugation for 10 min at 13,000RMP and 4° The concentration of each cell 

lysate was determined, and lysates were diluted to equal A260 units. 300μL was removed 

from the top of a 10–50% sucrose gradient (20mM Tris-HCl, pH 7.5; 100mM NaCl; 10mM 

MgCl2; 0.4% NP-40; and 50μg/mL cycloheximide), made using a BioComp Gradient 

Master, and 400μL of the cell lysate supernatant was gently layered on the top of the 

gradient. Ultracentrifugation of the sucrose gradients was conducted using a SW41 Ti rotor 

at 40,000RPM and 4°C for 2 h. Sucrose gradients were fractionated and whole cell lysate 

polysome profiles were collected using a BioComp Gradient Fractionator and a 254-nm UV 

monitor. Sucrose gradient fractions were immediately stored at −80°C until RNA processing 

as described below.

Translational Profiling by Puromycin Incorporation—iPSCs were seeded in a 

monolayer at 5×104 cells/well in Matrigel coated 24-well plates and incubated overnight. 

Cells were then left untreated or treated with either 1μM thapsigargin in mTeSR1 for 3 h or 

200nM ISRIB in mTeSR1 medium for 12 h. The Click-iT Plus OPP Alexa Fluor 594 Protein 

Synthesis Assay Kit was used to measure translation levels by incubating cells in 500μL 

20μM Click-iT OPP Reagent (Component A) diluted in mTeSR1, either with or without the 

drug treatments listed above, for 30 min. Cells were then fixed with 500μL per well of 3.7% 

formaldehyde in 1X PBS, permeabilized with 500μL per well of 0.5% Triton X-100 in 1X 

PBS, and incubated with the Click reaction reagents per the manufacturer’s instructions. 

Measurements of newly synthesized peptides, in which puromycin had been incorporated, 

were conducted using a Tecan Spark with the fluorescent excitation/emission maxima set to 

590/615nm.

Growth Assays—iPSCs were seeded in a monolayer at 5000 cells/well in Matrigel coated 

96-well plates and cultured for 6 h to allow cells to adhere to the culture dish. Cells were 

then left untreated or treated with 200nM ISRIB in mTeSR1 for an additional 24, 48, or 72 

h. The cell culture media was subsequently replaced with 100μL fresh mTeSR1 containing 

200nM ISRIB and 2.5μg/mL Hoechst 33332, and cells were incubated for 30 min. 

Measurements of Hoechst fluorescence, as an indicator of cell density, were conducted using 

a Tecan Spark with the fluorescent excitation/emission maxima set to 350/461nm.

Cell Viability Assays—For Caspase 3/7 Assays, iPSCs were seeded in a monolayer at 

5×104 cells/well in Matrigel coated 24-well plates and incubated overnight. Cells were then 
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left untreated or treated with 1μM thapsigargin, 200nM ISRIB, or a combined thapsigargin 

and ISRIB treatment for 6 h. For ISRIB pretreatment experiments, cells were incubated with 

200nM ISRIB for 12 h, followed by combined 1μM thapsigargin and 200nM ISRIB 

treatment for 6 h. The cell culture media was subsequently replaced with 500μL of 5μM 

CellEvent Caspase-3/7 Green Detection Reagent diluted in 1X PBS with 5% FBS, and cells 

were incubated for 30 min. Cleavage of the Caspase-3/7 Green Detection Reagent was 

measured using a Tecan Spark with the fluorescent excitation/emission maxima set to 

502/530nm.

For TUNEL Assays, iPSCs were seeded in a monolayer at 2.5×104 cells/well in Matrigel 

coated 24-well plates and incubated overnight. Cells were then left untreated or treated with 

1μM thapsigargin for 24 h. Fixation and labeling of cells was conducted using the HT 

TiterTACS Assay Kit per the manufacturer’s protocol. Measurement of TUNEL levels, as an 

indicator of DNA fragmentations, were conducted using a Tecan Spark with the absorbance 

measurement set to 450nm.

Immunoblot Analyses—iPSCs grown in a 60 × 15mm dish were left untreated or treated 

with either 1μM thapsigargin in mTeSR1 for 3 h or 200nM ISRIB in mTeSR1 medium for 

12 h. Cells were then dissociated from the tissue culture plate using Dispase dissociation 

reagent as described above, pelleted in a 15mL conical tube at 300×g for 5 min at 4°C, 

washed with 1X cold PBS, pelleted again at 300×g for 5 min at 4°C, and lysed by 

resuspension in 50μL RIPA (150mM NaCl; 5mM EDTA, pH 8.0; 50mM Tris-HCl, pH 8.0; 

1% Triton X-100; 0.5% sodium deoxycholate; 0.1% SDS; and 1 cOmplete, EDTA-free 

protease inhibitor cocktail tablet). The lysate was then transferred to a microcentrifuge tube, 

incubated on ice for 5 min, and sonicated 10 times for 1 s each. Cell debris was pelleted by 

centrifugation at 13,000RPM for 10 min at 4°C, and the supernatant was collected into a 

new microcentrifuge tube on ice. The protein concentration of each lysate was determined 

using diluted Bio-Rad Protein Assay Dye Reagent Concentrate per the manufacturer’s 

protocol. Protein samples were normalized, mixed with SDS-sample buffer, and incubated at 

70°C for 10 min. SDS-Page was conducted using the NuPAGE Electrophoresis System and 

NuPAGE 10% Bis-Tris minigels, with 10μg protein loaded per well. Gel transfer was 

conducted using the XCell II Blot Module, with a nitrocellulose membrane, according to the 

manufacturer’s instructions. Membranes were blocked in 5% milk in TBST, followed by 

incubation with primary antibodies overnight. The following day, membranes were washed 3 

times in TBST for 10 min per wash, incubated in the appropriate secondary antibody 

(diluted 1:5,000), washed twice in TBST for 10 min each, and washed twice in TBS for 5 

min each. Immunoblots were developed using Amersham ECL Prime Western Blotting 

Detection Reagent per the manufacturer’s instructions.

Plasmid Constructions—WT PTK-ATF4-Luc, PTK-CHOP-Luc, and PTK-GADD34-Luc 

were kindly provided by Ronald C. Wek (Indiana University School of Medicine, 

Indianapolis, Indiana, USA) and have been previously described (Palam et al., 2011; Vattem 

and Wek, 2004; Young et al., 2015). In brief, the cDNA segments encoding the Mus 
musculus 5’-leaders of ATF4, CHOP, and GADD34 were inserted between a TK-promoter 

and Firefly luciferase CDS in a derivative of plasmid pGL3. The resulting reporters contain 
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the ATF4, CHOP, and GADD34 CDS start codons fused in-frame to a luciferase reporter. 

Site-directed mutagenesis was used to generate uORF start codon mutants of the PTK-ATF4-

Luc, PTK-CHOP-Luc, and PTK-GADD34-Luc constructs that were sequenced to verify all 

nucleotide substitutions. Primer sequences used to generate the ATF4, CHOP, and GADD34 
uORF start codon mutations are as follows: ATF4 uORF1 ATG to AGG forward, 5’-

phospho-CTTGCGGCCACCAGGGCGTATTAGAGGCA-3’; ATF4 uORF1 ATG to AGG 

reverse, 5’-phospho-CCCTGCGGGAGGGGAAGAGGAAAGGGACAC-3’; ATF4 uORF2 

ATG to AGG forward, 5’-CTAGGCCAGGGCGCTCTTCACGAAATCCAGCAGC-3’; 

ATF4 uORF2 ATG to AGG reverse, 5’-AAGAGCGCCCTGGCCTAGGCCGGTGG-3’; 

CHOP uORF ATG to AGG forward, 5’-phospho-

CGATTATATCAGGTTGAAGAGGAGCGGGTGGCAG-3’; CHOP uORF ATG to AGG 

reverse, 5’-phospho-ACGTGTTAGAAGCTTATGCAGGGTCGC-3’; GADD34 uORF1 ATG 

to AGG forward, 5’-phospho-TTTGTGGAAGATTACAGGCGATATCCCG-3’; GADD34 
uORF1 ATG to AGG reverse, 5’-phospho-CTCAGAGCAAGCTTATGCAGGGTCG-3’; 

GADD34 uORF2 ATG to ATA forward, 5’-GGCGACATAAACCCGCTGGCTTCGCG-3’; 

and GADD34 uORF2 ATG to ATA reverse, 5’-

CAGCGGGTTTATGTCGCCCTCAGGCG-3’.

Plasmid Transfections—iPSCs were seeded in a monolayer at 2.5×104 cells/well in 

Matrigel coated 24-well plates and incubated overnight. WT and uORF mutant PTK-ATF4-

Luc, PTK-CHOP-Luc, and PTK-GADD34-Luc constructs were transiently transfected into 

cells at a concentration of 1μg, following the Lipofectamine 3000 manufacturer’s 

instructions. Culture media was exchanged for fresh mTeSR1 medium 8 h after transfection. 

In experiments in which cells were treated with ISRIB alone, culture media was exchanged 

24 h following transfections for mTeSR1 either without drug treatment or containing 200nM 

ISRIB. The ISRIB alone treatment lasted for a total of 12 h before cell lysis. In experiments 

with combined ISRIB and thapsigargin treatments, culture media was exchanged 24 h 

following transfections for mTeSR1 without drug treatment or containing 200nM ISRIB, 

0.1μM thapsigargin, or a combined ISRIB and thapsigargin treatment. The ISRIB, 

thapsigargin, and combined treatments lasted for a total of 6 h before cell lysis. Cell lysis 

procedures for both luciferase assays and mRNA measurements by qRT-PCR are described 

below.

Luciferase Assays—Cell lysis and luciferase assays were conducted following the 

Promega Dual-Luciferase Reporter Assay System protocol. In brief, tissue culture plates 

were transferred to ice, and cells were washed 2 times with 500μL cold 1X PBS. 100μL of 

the provided Passive Lysis Buffer was then added to cells, and culture plates were 

transferred to an orbital shaker with gentle shaking for 15 min. Lysates were transferred to 

microcentrifuge tubes placed on ice, and cell debris was pelleted by centrifugation at 

13,000RPM for 2 min at 4°C. 20μL from each sample was added to one well of a white 

polystyrene 96-well plate, and luciferase measurements were conducted in a preprogrammed 

Centro XS LB 960 High Sensitivity Microplate Luminometer. For the luciferase activity 

measurements, 100μL of Luciferase Assay Reagent II was added to each well, followed by a 

2 s delay, and a 10 s measurement period.
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mRNA measurement by qRT-PCR—For mRNA measurements of transfected luciferase 

reporters, cells were plated as described above under Plasmid Transfections. Cell lysis was 

conducted by transferring tissue culture plates to ice, washing cells 2 times with 500μL 1X 

PBS, and incubating cells with 250uL TRIzol Reagent on ice for 5 min. Cells were gently 

detached with a cell scrapper, and transferred to microcentrifuge tubes on ice, followed by 

RNA isolation as described in the TRIzol Reagent protocol.

For measurements of endogenous mRNA levels, iPSCs were grown in a 60 × 15mm dish 

and either left untreated or treated with 1μM thapsigargin in mTeSR1 for 3 h. Tissue culture 

plates were then transferred to ice, and cells were washed 2 times with 2mL cold 1X PBS. 

750μL TRIzol Reagent was added to each plate and incubated on ice for 5 min. Cells were 

gently detached with a cell scrapper, and transferred to microcentrifuge tubes on ice, 

followed by RNA isolation as described in the TRIzol Reagent protocol.

For measurements of endogenous mRNA levels from sucrose gradient fractions, gradients 

were first thawed on ice. 10ng/mL of Firefly luciferase control RNA was then spiked into 

250μL from each fraction to generate polysome shifts for specific transcripts normalized to 

an exogenous RNA control. Samples were mixed with 750μL TRIzol LS Reagent on ice, 

and RNA isolation was conducted as described in the TRIzol LS Reagent protocol.

Single-strand cDNA synthesis from all types of mRNA samples (apart from mRNA isolated 

in the co-immunoprecipitation experiments described below) were conducted using 2μg of 

isolated total RNA and the SuperScript III First-Strand Synthesis SuperMix per the 

manufacturer’s instructions. Transcript levels were measured by qPCR with the 

manufacturer’s protocol for Brilliant III Ultra-Fast SYBR Green qPCR Master Mix on a 

Roche LightCycler 480 Instrument. Primers used for measuring transcripts are as follows: 

ATF4 forward, 5’-GGAGATAGGAAGCCAGACTACA-3’; ATF4 reverse, 5’-

GGCTCATACAGATGCCACTATC-3’; CHOP forward, 5’-

CAAGAGGTCCTGTCTTCAGATG-3’; CHOP reverse, 5’-

GGGTCAAGAGTGGTGAAGATT-3’; GADD34 forward, 5’-

GAACCTCTACTTCTGCCTTGTC-3’; GADD34 reverse, 5’-

GTCTTCCTGGCTCCTTTACTTC-3’; ACTB forward, 5’-

GGACCTGACTGACTACCTCAT-3’; ACTB reverse, 5’-

CGTAGCACAGCTTCTCCTTAAT-3’; BIM forward, 5’-

TCTGACTCTCGGACTGAGAAA-3’; BIM reverse, 5’-

CTCGGTCACACTCAGAACTTAC-3’; BAX forward, 5’-

TTGCTTCAGGGTTTCATCCA-3’; BAX reverse, 5’-ACACTCGCTCAGCTTCTTG-3’; 

CASP3 forward, 5’-GGTTCATCCAGTCGCTTTGT-3’; CASP3 reverse, 5’-

CTCAAATTCTGTTGCCACCTTTC-3’; Firefly forward, 5’-

GTGTTGGGCGCGTTATTTATC-3’; and Firefly reverse, 5’-

TAGGCTGCGAAATGTTCATACT-3’. Relative mRNA levels were calculated using the 

ΔΔCT method in which either β-actin (ACTB) or Firefly luciferase mRNA levels were used 

for normalization.

Co-immunoprecipitation Experiments—In preparation for all co-immunoprecipitation 

experiments, antibodies were conjugated to magnetic Dynabeads M270 Epoxy (Cristea and 
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Chait, 2011) the day prior to cell lysis. Antibodies were dialyzed in 1X PBS at 4°C for 2 h 

immediately prior to conjugation and were used at a concentration of 10μg antibody per 1mg 

of magnetic beads. During antibody dialysis, the needed amount of magnetic beads (0.75mg 

beads per co-immunoprecipitation) were transferred to a microcentrifuge tube, washed with 

1mL of 0.1M sodium phosphate buffer (pH 7.4), vortexed for 30 s, and mixed for 15 min on 

a tube shaker at room temperature. The microcentrifuge tube was then placed on a magnet 

rack, and the supernatant was removed. The magnetic beads were washed a second time 

with 1mL of 0.1M sodium phosphate buffer (pH 7.4), vortexed for 30 s, and the supernatant 

was removed. The magnetic beads were subsequently resuspended in a reaction mix 

containing the dialyzed antibodies, 1M ammonium sulfate, and 0.1M sodium phosphate 

buffer (pH 7.4) added to reach equal volume between samples. Antibodies were conjugated 

to the magnetic beads overnight at 30°C with end-over-end rotation. The following day, the 

microcentrifuge tubes were placed on a magnetic rack and the supernatant was removed. 

The beads were then washed sequentially with 1mL of 0.1M sodium phosphate buffer (pH 

7.4), 1mL of 100mM glycine-HCl, 1mL of 10mM Tris-HCl (pH 8.8), 1mL of 100mM 

trimethylamine, four 1mL washes of 1X PBS, 1mL of PBS with 0.5% Triton X-100 for 15 

minutes, and 1mL of 1X PBS. The beads were then resuspended in 1mL of 1X PBS and 

stored at 4°C for a maximum of 45 min before incubation with cell lysates.

iPSCs used in co-immunoprecipitation experiments were grown in a 60 × 15mm dish and 

either left untreated or treated with 200nM ISRIB in mTeSR1 medium for 12 h. Cells were 

then dissociated from the tissue culture plate using Dispase dissociation reagent as described 

above, pelleted in a 15mL conical tube at 300g for 5 min at 4°C, washed with 1X cold PBS, 

pelleted again at 300×g for 5 min at 4°C, and lysed by resuspension in 100μL IP Lysis 

Buffer (150mM NaCl; 50mM Tris-HCl, pH 8.0; 1% Triton X-100; 100mM sodium fluoride; 

50mM β-glycerophosphate; and 10mM sodium pyrophosphate). The lysate was then 

transferred to a microcentrifuge tube, incubated on ice for 5 min, and cell debris was 

pelleted by centrifugation at 13,000RPM for 10 min at 4°C. The supernatant was collected 

into a new microcentrifuge tube on ice, and the protein concentration of each lysate was 

determined using diluted Bio-Rad Protein Assay Dye Reagent Concentrate per the 

manufacturer’s protocol. For protein input samples, one quarter of the lysate was 

normalized, mixed with SDS-sample buffer, and incubated at 70°C for 10 min. For analysis 

of Met-tRNAi
Met in input samples, one quarter of the lysate was normalized for protein 

levels and subjected to RNA isolation using TRIzol LS Reagent. For co-

immunoprecipitation analysis, extracts were normalized for protein concentration by 

diluting the more concentrated extracts to match the protein level of the least concentrated 

extract in a total volume of at least 100uL. 100uL of each normalized extract was then mixed 

with 0.75mg of previously prepared magnetic beads and incubated for 2 h at 4°C with end-

over-end rotation. At a constant temperature of 4°C, beads were placed on a magnetic rack, 

and the supernatant was removed, followed by three washes with 500μL IP Lysis Buffer. 

Protein and RNA were eluted by incubating the magnetic beads with either 40μL 1X SDS-

Page sample buffer (without DTT) at room temperature for 10 min or 25μL TRIzol LS 

Reagent at room temperature for 5 min. Samples incubated with SDS-Page sample buffer 

were then placed on a magnetic rack, and the supernatant was removed to a new tube. DTT 

was added, and the samples were incubated at 70°C for 10 min. Input and co-
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immunoprecipitation protein samples were subjected to SDS-Page and immunoblotting as 

described above. RNA was isolated from the samples incubated with TRIzol LS Reagent 

following the manufacturer’s protocol.

As mentioned previously, RNA was extracted from both input and co-immunoprecipitation 

samples using the manufacturer’s protocol for TRIzol LS Reagent. Single-strand cDNA 

synthesis was conducted using the manufacturer’s protocol for SuperScript III First-Strand 

Synthesis SuperMix and the following Met-tRNAi
Met specific reverse primer: 5’-

TGCCCCCTCTGAGGTT-3’. 2μL of isolated total RNA was utilized in reverse transcription 

reactions for input samples, and all of the isolated RNA was utilized in the reverse 

transcription reactions for co-immunoprecipitation samples. PCR reactions of input and co-

immunoprecipitation samples were conducted using REDTaq ReadyMix PCR Reaction Mix 

with 1μL 5μM forward primer, 1μL 5μM reverse primer, and 1μL reverse transcription 

products in a total volume of 25μL. Primers used in PCR reactions are as follows: Met-

tRNAi
Met forward, 5’-GCCTCGTTAGCGCAGT-3’; and Met-tRNAi

Met reverse, 5’-

TGCCCCCTCTGAGGTT-3’. PCR was performed under the following conditions: (1) 94°C 

for 2 min; (2) 25 cycles of 94°C for 30 s; 56°C for 30 s; and 72°C for 30 s; and (3) 72°C for 

5 min. Reactions products were resolved by gel electrophoresis on a 2.5% agarose gel and 

stained with GelRed Nucleic Acid Stain.

Generation of Isogenic iPSCs—CRISPR/Cas9 genomic editing was used to generate 

isogenic eIF2γ and eIF2γ-I465Sfs*4 iPSCs. For targeting of Cas9 to the EIF2S3 locus, a 

gRNA sequence (5’-GGTTGGGGTCAGATAAGAAG-3’) close to MEHMO patient TCAA 

mutation was selected using the online program: crispr.mit.edu. The gRNA was cloned into 

all-in-one CRISPR/Cas9 vector expressing high-fidelity eCas9 (pCAG-eCas9-GFP=U6-

gRNA, Addgene # 79145). A TCAA-correcting ssODN (5’-

AACCCCTTGGTTGTTAAGAGGAATTCCAACTTCCAAATCCATCCGAATGTATTATT

T 

AACTGGTATTCTTCAGTCATCATCTACTGTTGGCTTGATTGTCACTCCGCGGCGTA

TCTGACCCCAACCAATTAAActgcaaaatgaaaa) was designed to repair deletion of 4bp 

TCAA sequence (shown in bold; reverse complementary sequence) in patient iPSCs. A 

silent mutation (underlined) was also introduced to prevent re-cutting by CRISPR/Cas9 after 

gene editing that generated a unique SacII site for restriction fragment length polymorphism 

screening of gene-edited clones. Another control ssODN that is identical to the TCAA-

correcting ssODN except that it lacks the 4bp TCAA sequence (5’-

AACCCCTTGGTTGTTAAGAGGAATTCCAACTTCCAAATCCATCCGAATGTATTATT

T 

AACTGGTATTCTTCAGTCATCATCTACTGTTGGCTTGTCACTCCGCGGCGTATCTG

ACCCCAACCAATTAAActgcaaaatgaaaa) was used to create a control patient iPSC line. 1 

million mutant iPSCs were transfected with 3ug CRISPR/Cas9 vector and 3ug ssODN 

following the standard lipofectamine 3000 protocol. 48 hours after transfection, GFP+ 

transfected iPSCs were sorted, recovered, and subcloned by limiting dilution to 1 cell/96-

well on Matrigel coated plates with E8 medium plus 10uM ROCK Inhibitor. Gene-edited 

clones were screened by PCR using primers 5’-TGGTAATGAGAGTGAAGTGGATGT-3’ 

and 5’-ACTTCCAAATCCATCCGAATGTA-3’ and digestion by SacII. ssODN-mediated 
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gene-editing generated two smaller bands (86bp and 77bp) rather than a single 163bp band, 

as observed by gel electrophoresis. The PCR product sequence was also confirmed by 

Sanger sequencing.

Generation of Cortical Neurons—TALEN-mediated genomic integration of NGN2 and 

mCherry transgenes into the AAVS1 safe harbor locus was conducted as previously 

described (Fernandopulle et al., 2018). In brief, 1.5 million iPSCs were transfected 

following the standard lipofectamine 3000 protocol with 1.5ug NGN2 + mCherry donor 

vector and 0.75ug each of two TALEN vectors with sequences specific to AAVS1. Cells 

were cultured and expanded for one week after transfection and monitored for mCherry 

expression as an indicator of NGN2 and mCherry genomic integration. mCherry expressing 

iPSCs were subcloned by limiting dilution to 1 cell/96-well on Matrigel coated plates with 

mTeSR1 plus 10μM ROCK inhibitor. Cells were subsequently expanded and gene-edited 

clones were screened by PCR using primers 5’-GGAATCTGCCTAACAGGAGGT-3’, 5’-

CGGTTAATGTGGCTCTGGTT-3’ and 5’-CCCCCAGAATAGAATGACACC-3’ as 

described in (Fernandopulle et al., 2018). The sequences of the PCR products were 

confirmed by sequencing.

To induce neuronal differentiation, 20 million cells in single-cell suspension were plated on 

Matrigel coated plates in 18mL induction media (DMEM/F12, 1X N2 supplement, 1X non-

essential amino acids, and 1X glutamine) plus 10μM ROCK inhibitor and 2μg/mL 

doxycycline. The spent media was replaced with 20mL induction media plus 2μg/mL 

doxycycline daily for three days. Three-day differentiated neurons were then either 

cryopreserved or split and plated on poly-L-ornithine and laminin coated plates or coverslips 

in cortical neuron culture medium (BrainPhys neuron medium, 1X B27 supplement, 

10ng/mL BDNF, 10ng/mL GDNF, 10ng/mL NT-3, and 10μg/mL laminin) as described in 

(Fernandopulle et al., 2018). The neurons were cultured in cortical neuron culture medium 

for an additional 22 days before imaging and analyses.

Immunocytochemistry—Neurons grown on coverslips were washed with 1X PBS, 

followed by fixation in 4% paraformaldehyde in PBS for 20 min. Cells were washed three 

times with PBS at room temperature, permeabilized with 0.1% Triton X-100 in PBS for 15 

min, washed again with PBS, and incubated in 4% normal goat serum in PBS for 1 h. 

Coverslips then were incubated with an antibody directed against MAP2 antibody (1:50) 

diluted in 4% normal goat serum in PBS overnight at 4 °C. The following day, the cells were 

washed in PBS with gentle agitation, and incubated with a rabbit Alexa Fluor 488 antibody 

(1:1000) for 1 h. Excess antibody was washed from the coverslips with PBS, which then 

were incubated with 300 nM DAPI for 3 min, before being mounted on microscope slides 

with ProLong Diamond Antifade Mountant. A representative sample of neurons was imaged 

on a coverslip using a Zeiss LSM 710 or Leica SP8 confocal microscope using a 40X/1.4-

NA oil-immersion objective and a pinhole setting of 1. All images were acquired in 512 × 

512 8-bit z stacks. The gain was set to avoid saturation and, once determined, imaging 

settings were maintained across the experiment. Quantification of dendritic number and 

length was conducted using Fiji, and branching complexity was analyzed via the plugins 

‘Simple Neurite Tracer’ and ‘Sholl Analysis’. Sholl analyses were conducted on z stacks 
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using the number of intersections in incremental 10 μm concentric circles from the start 

point of the first trace.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data represent the mean ± standard deviation derived from at least three 

biological replicates. Statistical significance was calculated using the two-tailed Student’s t 

test with a p-value threshold of p=0.05. Statistical significance following Sholl analysis was 

determined using a repeated measures two-way ANOVA. Statistically significant differences 

from the untreated eIF2γ control are indicated by an asterisk, and TG- or ISRIB-treated 

mutant values with statistically significant differences from the untreated eIF2γ-fs mutant 

are indicated by a pound sign. Unless noted, all experiments not requiring quantitative 

analysis were performed three or more times to confirm reproducibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• MEHMO syndrome mutation eIF2γ-I465Sfs*4 in translation factor eIF2 

activates the ISR

• eIF2γ mutation disrupts chaperone CDC123 assembly of α subunit into eIF2 

complex

• MEHMO syndrome mutation impairs differentiation of iPSCs to neurons

• ISRIB rescues growth, translation and neuronal differentiation defects of 

MEHMO iPSCs
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Figure 1. eIF2γ-fs mutation decreases global translation and increases expression of key ISR 
factors.
(A) Polysome analysis of lysates from two clones of eIF2γ (WT1 and WT2) and eIF2γ-fs 

(fs1 and fs2) iPSCs; positions of 40S, 60S, and 80S ribosomes, and average (n = 3) 

polysome/monosome (P/M) ratios with standard deviations (SD) are indicated. An overlay 

of the profiles is presented in Figure S1A.

(B) Average puromycin incorporation in actively growing cells was measured as a reporter 

of protein synthesis and is shown with SD relative to WT1 (n = 3). *Values statistically 

different from WT1, p<0.05.

(C) Protein lysates from eIF2γ and eIF2γ-fs iPSCs were subjected to immunoblot analysis 

for the indicated translation factors and stress response proteins.

(D) Total RNA was isolated from fractionated sucrose gradients and the percentage of total 

ATF4 mRNA in each fraction was determined by qRT-PCR. Error bars represent SD (n = 3). 

See also Figure S1.
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Figure 2. uORF-mediated translation of ATF4, CHOP, and GADD34 mRNAs is enhanced in 
eIF2γ-fs iPSCs.
(A-D) WT and mutant versions of PTK-ATF4-Luc (A,B), PTK-CHOP-Luc (A,C), and PTK-

GADD34-Luc (A,D) constructs were transfected into eIF2γ and eIF2γ-fs iPSCs. 

Translation was measured via firefly luciferase assay and corresponding mRNA 

measurements were conducted by qRT-PCR. Reporter constructs contain the 5’-leader of the 

respective mRNAs inserted between a minimal TK promoter and the firefly luciferase CDS. 

uORFs are represented as purple (uORF1) and blue (uORF2) colored boxes, and the firefly 

luciferase CDS is represented as a green box. uORF start codons were mutated from AUG to 

AGG or AUA, as indicated, and the absence of the uORF is denoted by the gray box. 

Average values (n = 3) are represented relative to WT1 containing the respective WT 5’-

leader construct; error bars represent standard deviation; *values statistically different from 

WT1, p<0.05.
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Figure 3. Constitutive ISR in eIF2γ-fs iPSCs is exacerbated by stress, causing impaired 
translation, heightened expression of ATF4, CHOP, and GADD34, and reduced cell viability.
(A) Polysome analysis of lysates from untreated (NT) or thapsigargin treated (TG) eIF2γ 
and eIF2γ-fs iPSCs. The X-axis was broken between the monosome and disome peaks with 

the 40S, 60S, and 80S peaks graphed on a 1X scale and the polysomes graphed on a 10X 

scale.

(B) Puromycin incorporation in cells left untreated or treated with TG as described for 

Figure 1B.

(C) Protein lysates from eIF2γ and eIF2γ-fs iPSCs either left untreated or treated with TG 

were subjected to immunoblot analysis for the indicated translation factors and stress 

response proteins.

(D) Total RNA was isolated from fractionated sucrose gradients and the percentage of total 

ATF4 mRNA in each fraction was determined as in Figure 1D.

(E-F) Cells were either left untreated or treated with TG followed by measurement of 

Caspase 3/7 activity (E) or TUNEL levels (F).

(B,E, & F) Average values are shown with SD relative to WT1 (n = 3). *values statistically 

different from WT1 NT; #fs1 and fs2 TG values statistically different from fs1 and fs2 NT, 

p<0.05. See also Figure S2.
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Figure 4. Impaired eIF2 heterotrimer and ternary complex formation in eIF2γ-fs iPSCs is 
rescued by eIF2α overexpression.
(A) eIF2 heterotrimer formation is facilitated by chaperone CDC123 (CDC); eIF2B 

catalyzes GDP-GTP exchange on eIF2 to enable ternary complex (TC) formation.

(B-C) Lysates from eIF2γ and eIF2γ-fs iPSCs with (panel C) or without eIF2α 
overexpression, as indicated, were subjected to co-immunoprecipitation with eIF2β or 

control IgG antibodies. Immunoblot analyses were used to detect eIF2 subunits and 

chaperone CDC123 in input and immunoprecipitated (IP) samples.

(C) Bottom panel, Met-tRNAi
Met in input and co-immunoprecipitation samples was 

analyzed by RT-PCR and gel electrophoresis; western blot (WB) and RT-PCR panels are 

indicated. See also Figure S3.
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Figure 5. ISRIB rescues TC, protein synthesis, and cell proliferation defects caused by the eIF2γ-
fs mutation.
(A) Puromycin incorporation in cells left untreated or treated with ISRIB. *values 

statistically different from WT1 NT; fs1 and fs2 TG values statistically different from fs1 

and fs2 NT#, p<0.05 (n = 3).

(B) Untreated (NT) or ISRIB-treated cells grown for the indicated time periods were stained 

with Hoechst dye; average fluorescence with standard deviation are presented relative to the 

time 0 measurement for each cell line and treatment group (n = 3).

(C) Immunoblot analysis of the indicated proteins in lysates from eIF2γ and eIF2γ-fs iPSCs 

left untreated or treated with ISRIB; *non-specific band detected with GADD34 antibody. 

See also Figure S4.

(D) Top panel: Immunoblot analysis of input and co-immunoprecipitation samples from 

eIF2γ and eIF2γ-fs iPSCs, left untreated or treated with ISRIB. Bottom panel: Met-

tRNAi
Met in input and co-immunoprecipitation samples was analyzed as described in Figure 

4C.
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Figure 6. ISRIB rescues neuronal differentiation defects caused by the eIF2γ-fs mutation.
(A) Immunofluorescent images of day 23–25 differentiated isogenic eIF2γ (iWT1*) and 

eIF2γ-fs (ifs1*) neurons derived from isogenic iWT1 and ifs1 iPSCs (Figure S5) and 

engineered to express NGN2. Fixed cells were probed with anti-MAP2 antibody (dendrites; 

red) and stained with DAPI (soma, blue). Scale bar (white) = 50 μm. Representative neurite 

tracings are presented to the right.

(B-D) Dendritic quantification and Sholl analysis of differentiated neurons from panel A. 

*ifs1* values statistically different from iWT1* NT; #ifs1* ISRIB values statistically 

different from ifs1* NT, p<0.05 (n = 63).
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Figure 7. Model for molecular mechanisms underlying the eIF2γ-fs translational and cellular 
phenotypes.
Top panel, NT: The eIF2γ-fs mutation impairs eIF2 heterotrimer formation through 

decreased eIF2α binding to eIF2γ. Impaired eIF2 complex integrity reduces the level of 

eIF2 TC in the cell, causing a decrease in global protein synthesis and translational 

upregulation of ISR members, such as ATF4. Lowered levels of protein synthesis and 

chronic expression of ISR members in the mutant primes the cell for an elevated cellular 

stress response.

Middle panel, TG: eIF2α-P in eIF2γ cells results in decreased eIF2 TC levels, reduced 

global protein synthesis, and upregulation of the ISR. TG treatment of eIF2γ-fs iPSCs 

results in a further decrease in eIF2 TC levels through the combined action of impaired eIF2 

complex integrity and eIF2α–P. Sustained low levels of eIF2 TC exacerbates the eIF2γ-fs-

mediated translation initiation defect, while concomitantly further upregulating expression 

of ATF4 and other ISR members. Chronically low levels of protein synthesis and elevated 

ISR signaling enhances expression and signaling of pro-apoptotic factors, culminating in cell 

death.

Bottom panel, ISRIB: ISRIB rescues the effects of defective eIF2 complex integrity by 

promoting enhanced eIF2-GDP to eIF2-GTP exchange on the available eIF2 heterotrimers. 
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ISRIB treatment restores eIF2 TC formation and rescues the cell proliferation, global and 

gene-specific translational phenotypes caused by the eIF2γ-fs mutation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Polyclonal anti-eIF2β/EIF2S2 Bethyl Cat#: A301–742A; RRID: AB_1210967

Rabbit Polyclonal anti-eIF2α/EIF2S1 Bethyl Cat#: A300–721A; RRID: AB_2096512

Rabbit Polyclonal anti-CDC123/C10orf7 Bethyl Cat#: A304–943A; RRID: AB_2621137

Rabbit Polyclonal anti-eIF2γ Thermo Fisher Scientific Cat#: PA5–31177; RRID: AB_2548651

Mouse Monoclonal anti-CHOP Thermo Fisher Scientific Cat#: MA1–250; RRID: AB_2292611

Rabbit Monoclonal anti-ATF4 Cell Signaling Technology Cat#: 11815S; RRID: AB_2616025

Rabbit Polyclonal anti-IgG Cell Signaling Technology Cat#: 2729S; RRID: AB_1031062

Rabbit Polyclonal anti-GADD34/PPP1R15A Proteintech Cat#: 10449–1-AP; RRID: AB_2168724

Rabbit Polyclonal anti-PPP1R15B Proteintech Cat#: 14634–1-AP; RRID: AB_2300036

Rabbit Monoclonal anti-EIF2S1 (phospho S51) Abcam Cat#: ab32157; RRID: AB_732117

Mouse Monoclonal anti-β-actin Sigma-Aldrich Cat#: A5441; RRID: AB_476744

Rabbit Polyclonal anti-MAP2 Thermo Fisher Scientific Cat#: PA5–17646; RRID: AB_11006358

Bacterial and Virus Strains

DH5α Escherichia coli New England BioLabs Cat#: C2987H

Chemicals, Peptides, and Recombinant Proteins

Trans-ISRIB Tocris Cat#: 5285; CAS: 1597403-47-8

Thapsigargin Sigma-Aldrich Cat#: T9033; CAS: 67526-95-8

Y-27632 RHO/ROCK Pathway Inhibitor Stemcell Technologies Cat#: 72302; CAS: 129830-38-2

L(+)-Ascorbic Acid Carl Roth Cat#: 3525; CAS: 50-81-7

FGF-2 Cell Guidance Systems Cat#: GFH28

Hoechst 33342, Trihydrochloride, Trihydrate Thermo Fisher Scientific Cat#: H1399; CAS: 23491-52-3

Cycloheximide Sigma-Aldrich Cat#: C7698; CAS: 66-81-9

Laminin Thermo Fisher Scientific Cat#: 23017015

Recombinant BDNF PeproTech Cat#: 450–02

Recombinant NT-3 PeproTech Cat#: 450–03

Recombinant GDNF PeproTech Cat#: 450–10

Critical Commercial Assays

Click-iT Plus OPP Alexa Fluor™ 594 Protein Synthesis Assay Kit Thermo Fisher Scientific Cat#: C10457

CellEvent Caspase-3/7 Green Detection Reagent Thermo Fisher Scientific Cat#: C10423

SuperScript III First-Strand SuperMix Thermo Fisher Scientific Cat#: 18080400

Brilliant III Ultra-Fast SYBR Green qPCR Master Mix Agilent Cat#: 600882

TiterTACS Colorimetric Apoptosis Detection Kit Trevigen Cat#: 4822–96-K

Dual-Luciferase Reporter Assay System Promega Cat#: E1960

Deposited Data

Mendeley Database This paper http://dx.doi.org/10.17632/kv2sv5h6sx.1
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REAGENT or RESOURCE SOURCE IDENTIFIER

eIF2γ-WT WT1 iPSCs This paper N/A

eIF2γ-WT WT2 iPSCs This paper N/A

eIF2γ-I465Sfs*4 fs1 iPSCs This paper N/A

eIF2γ-I465Sfs*4 fs2 iPSCs This paper N/A

eIF2γ-WT iWT1 iPSCs This paper N/A

eIF2γ-WT iWT2 iPSCs This paper N/A

eIF2γ-I465Sfs*4 ifs1 iPSCs This paper N/A

eIF2γ-I465Sfs*4 ifs2 iPSCs This paper N/A

eIF2γ-WT iWT1* iPSCs/neurons This paper N/A

eIF2γ-I465Sfs*4 ifs1* iPSCs/neurons This paper N/A

Rat embryonic fibroblast Linta et al., 2012 N/A

Recombinant DNA

STEM CCA OKSM-dTomato Lentiviral Vector Sommer et al., 2012 N/A

PTK-ATF4-Luc Vattem and Wek., 2004 N/A

PTK-CHOP-Luc Palam et al., 2011 N/A

PTK-GADD34-Luc Young et al., 2016 N/A

pCAG-eCas9-GFP=U6-gRNA Addgene Addgene Plasmid #: 79145

Other

Matrigel® hESC-Qualified Matrix, *LDEV-Free Corning Cat#: 354277

Cryostem Freezing Media ReproCell Cat#: 01-0013-50

mTeSR™1 StemCell Technologies Cat#: 85850

Dispase (1U/mL) StemCell Technologies Cat#: 07923

Accutase™ StemCell Technologies Cat#: 07920

Lipofectamine 3000 Thermo Fisher Scientific Cat#: L3000008

Trizol Thermo Fisher Scientific Cat#: 15596018

Trizol LS Thermo Fisher Scientific Cat#: 10296028

Dynabeads M270 Epoxy Thermo Fisher Scientific Cat#: 14301

Luciferase Control RNA Promega Cat#: L4561

cOmplete EDTA-free protease inhibitor cocktail Sigma-Aldrich Cat#: 11873580001

Polybrene Infection/Transfection Reagent Sigma-Aldrich Cat#: TR-1003-G

B-27 Supplement (50X) Thermo Fisher Scientific Cat#: 17504044

N-2 Supplement (100X) Thermo Fisher Scientific Cat#: 17502048

BrainPhys Neuronal Medium StemCell Technologies Cat#: 05790

MEM Non-essential amino acids (100X) Thermo Fisher Scientific Cat#: 11140050

L-Glutamine Thermo Fisher Scientific Cat#: 25030081

Poly-L-Ornithine Sigma-Aldrich Cat#: P4957–50ML
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