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Summary. 

Eukaryotic initiation factor 2B (eIF2B) is a guanine nucleotide exchange factor 

(GEF) and a master regulator of translation control. eIF2B recycles inactive eIF2-

GDP to active eIF2-GTP. Under transient/acute cellular stress, a family of kinases 

phosphorylate the alpha subunit of eIF2 at serine 51 (eIF2α-P) activating the 

integrated stress response (ISR). This response pathway inhibits eIF2B activity 

resulting in overall translation attenuation and reprogramming of gene expression 

to overcome cellular stress. The duration of an ISR programme can dictate cell 

fate wherein chronic activation is adaptive to prologued stress but has 

pathological outcomes. Leukoencephalopathy with Vanishing White Matter 

Disease (VWMD) is a chronic ISR-related disorder linked to mutations in eIF2B. 

eIF2B is vital to all cell types, yet VWMD eIF2B mutations primarily affect 

astrocytes and oligodendrocytes suggesting cell-type specific functions of eIF2B. 

Regulation of the cytoplasmic localisation of eIF2B, also termed eIF2B bodies, 

has been implicated in the ISR. The work in this dissertation reveals that eIF2B 

localisation is cell-type specific in neuronal and glial cells. Each cell type 

possesses its own steady-state repertoire of eIF2B bodies with varying eIF2B 

subunit composition and GEF activity. This thesis also reports that neuronal and 

glial cells respond similarly to acute induction of the ISR whilst chronic ISR exerts 

cell-type specific differences. Herein, eIF2Bδ composition of eIF2B bodies is 

differentially modulated in a manner that correlates to the action of acute and 

chronic ISR. This dissertation also reports cell-type specific responses of the 

chemical inhibitor of the ISR (ISRIB) on eIF2Bδ composition and GEF activity of 

eIF2B bodies, providing evidence of a cell-specific action of ISRIB. 
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FRAP – Fluorescence recovery after 

photobleaching 

FRET – Fluorescence resonance 

energy transfer 

FUS – Fused in sarcoma 

G-418 – Geneticin 

GADD34 – Growth arrest and DNA 

damage-inducible protein 34 

GAP – GTPase-activating protein 

Gcd – General control depressible 

Gcn – General control 

nondepressible 

GCN2 – General control 

nondepressible 2 

GDI – GDP dissociation inhibitor 

GDP – Guanosine diphosphate 

GEF – Guanine exchange factor 

GFAP – Glial fibrillary acidic protein 

GFP – Green fluorescent protein 

Gln1 – Glutamine synthetase 

GTP – Guanosine triphosphate 

h – Hours 

HA – Primary human astrocytes 

HCl – Hydrochloric acid 

HD – Huntington’s disease 

HEAT – Huntingtin, elongation factor 

3, protein phosphatase 2A and 

yeast kinase TOR1 
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HRI – Heme-regulated inhibitor 

ICC – Immunocytochemistry 

IF – Immunofluorescence 

IMS – Industrial Methylated Spirit 

IP – immunoprecipitation 

iPSCs – Induced pluripotent stem 

cells 

IRES – Internal ribosomal entry site 

ISR – Integrated stress response 

ISRIB – ISR Inhibitor 

L180F – Leucine to phenylalanine 

mutation at residue 180 

LB – Lysogeny broth 

LLPS – Liquid-liquid phase 

separation 

LTD – Long-term depression 

LTP – Long-term potentiation 

M – Molar 

m6A – N6-methyladenosine 

m7G – Methylated guanosine 

MBP – Myelin basic protein 

MEDS - Microcephaly with simplified 

gyral pattern, epilepsy, and 

permanent neonatal diabetes 

Syndrome 

MEHMO – Mental retardation, 

Epileptic seizures, Hypogenitalism, 

Microcephaly, Obesity Syndrome 

MEM – Minimum Essential Medium 

Eagle 

Met-tRNAi – Methionylated initiator 

transfer RNA 

MFC – Multifactorial complex 

mGFP – Monomeric green 

fluorescent protein 

min – minutes 

mM – Millimolar 

MO3.13 – hybrid primary 

oligodendrocytic cell line 

MRI – Mass Resonance Imaging 

mRNA – Messenger RNA 

ms – Milliseconds 

mTOR - Mechanistic target of 

rapamycin 

NaF – Sodium fluoride 

NEAA – Nonessential amino acids 

NeuN – Neuronal nuclei 

nm – Nanometre 

NPCs – Neural progenitor cells 

ns – Non-significant 

NT – Nucleotidyl-transferase 
oC – Celsius 

OPCs – Oligodendrocyte progenitor 

cells 

ORF – Open reading frame 

p – P-value  

P/S – Penicillin/streptomycin 

PABP – Poly(A)-binding protein 

PAPs – Perisynaptic astrocytic 

processes 

P-bodies – Processing bodies 

PBS - Phosphate buffered saline 

PD – Parkinson’s disease 

PDCD4 – Programmed cell death 4 

PEI – Polyethylenimine 

PERK – PKR-like endoplasmic 

reticulum kinase 

PERKi – PERK inhibitor 

PERK-P – Phosphorylated PERK 

PFA – Paraformaldehyde 

PFKM – Phosphofructokinase 

PGK1 – Phosphoglycerate kinase 1 

PI3K – Phosphoinositide 3-kinase 

PIC – Pre-initiation complex 

PKR – Protein kinase R 

PNDM – Permanent neonatal 

diabetes mellitus 

PP1c - Protein phosphatase 1 

PTMs – Post-translational 

modifications 

PVOD – Pulmonary Veno-Occlusive 

Disease 

RBP – RNA binding protein 

RBPI - Ribose-1,5-bisphosphate 

isomerase 

RFP – Red fluorescent protein 

RGCs – Retinal ganglion cells 

RNA – Ribonucleic acid 

RNP – Ribonucleoprotein 

ROI – Region of interest 
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ROS – Reactive oxygen species 

rpm – rotations per minute 

rRNA – ribosomal RNA 

RSC – Regulatory sub-complex 

RT – Room temperature 

s – seconds 

s.e.m. – standard error of mean 

S51 – residue serine 51 

S51A – serine to alanine mutation at 

residue 51 

SA – Sodium arsenite 

SDS – Sodium dodecyl sulfate  

SDS-PAGE – SDS-polyacrylamide 

gel electrophoresis 

SGs – stress granules 

SH-SY5Y – adrenergic 

neuroblastoma cell line 

SILAC – Stable isotope labelling of 

amino acids in cell culture 

t1/2 – Half-life 

TBI – Traumatic brain injury 

TBS – Tris buffered saline  

TBST – TBS/Tween-20 

TC – Ternary complex 

TDP-43 – TAR DNA-binding protein 

43 

TEMED - N,N,N′,N′-Tetramethyl 

ethylenediamine. 

Tg – Thapsigargin 

tGFP – Turbo green fluorescent 

protein 

TOP – Terminal oligopyrimidine 

tRNA – transfer RNA 

U373 – astrocytoma cell line 

uORF – upstream open reading 

frame 

UTR – untranslated region 

v/v – Volume/volume 

VWMD – Leukoencephalopathy with 

Vanishing White Matter Disease 

w/v – Weight/volume 

WRS – Wolcott–Rallison Syndrome 

XBP1 – X-box binding protein 1 

α – Alpha  

β – Beta  

γ – Gamma  

δ – Delta  

ε – Epsilon  

μM – Micromolar 
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Chapter 1. General introduction. 
 
1.1. Overview of eukaryotic translation. 
 

All biological processes are intrinsically dependent upon the highly conserved 

and hierarchical process of translating thousands of messenger ribonucleic acids 

(mRNAs). mRNAs are first transcribed from genes and provide the blueprint to 

synthesize polypeptide chains complementary to specific DNA sequences. Once 

transcribed, post-transcriptional mechanisms mediate the stability and maturation 

of mRNAs (Corbett, 2018; Zhao et al., 2016), hence regulating the control of gene 

expression at the RNA level. Fully matured mRNAs are assembled with 

ribosomes to translate its encoding polypeptide. Eukaryotic translation is 

segregated into three stages: initiation, elongation, and termination. Ribosomes 

consist of two subunits: a smaller 40S subunit and a larger 60S subunit, which 

jointly form the 80S eukaryotic ribosome. Assembly of the fully formed 80S 

ribosome occurs at initiation stage after the start codon of mRNA is scanned and 

recognised by several eukaryotic initiation factors (eIFs). Next, the elongation-

competent 80S ribosome moves along the mRNA sequence and mediates 

transfer RNA (tRNA) codon base-pairing. tRNAs molecules are amino-acids 

carriers which are orderly loaded into the ribosome as it concomitantly 

synthesizes a polypeptide chain. At the termination stage, stop codon recognition 

releases the newly-made polypeptide chain and disassembles the ribosome for 

upcoming rounds of translation. 

The translation initiation stage can be summed up as the process of start codon 

recognition and ribosomal assembly (Hinnebusch, 2014; Jackson et al., 2010). A 

key protein integral to start codon recognition is eIF2, a heterotrimeric G protein 

bound to GTP as its active state. GTP-bound eIF2 initially attaches to 

methionylated initiator transfer RNA (Met-tRNAi), forming a ternary complex (TC) 

to be delivered to the 40S ribosomal subunit, ultimately establishing the 43S pre-

initiation complex (PIC), in a reaction facilitated by other eIFs (Hinnebusch, 2014; 

Jackson et al., 2010). The PIC scans the mRNA base-per-base until it reaches 

the first AUG start codon. Successful recognition triggers hydrolysis of eIF2-

bound GTP to allow joining of the 60S subunit. A full 80S ribosome is then 

competent for the elongation phase of translation (Hinnebusch, 2014; Jackson et 

al., 2010).  
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1.1.1. Post-transcriptional regulation of gene expression. 

 

mRNAs (or pre-mRNAs) must be processed to produce mature mRNAs before 

departing the nucleus. mRNA processing includes modifications such as 5’-end 

capping, splicing of introns and 3’-end cleavage/polyadenylation to generate a 

mature, polyadenylated mRNA competent for the first stage of translation. These 

nuclear modifications are mediated by RNA-binding proteins (RBPs) and begin 

as the first nucleotides of the 5’-end of pre-mRNAs exit from RNA polymerase II 

(Singh et al., 2015). 5’-end capping, or 7-methyguanosine (m7G) cap, is the first 

modification made to pre-mRNAs and is required for cap-dependent translation 

(discussed in section 1.1.2.1.) and mRNA stability (Cheng et al., 2006; Jackson 

et al., 2010). Interestingly, the capping machinery is evolutionary diverse and may 

take in the cytoplasm to re-cap mRNAs (Ramanathan et al., 2016). Next, the 

binding of the spliceosome scans and removes the introns of the coding 

sequence. Alternative RNA splicing can also occur where a combination of 

introns and exons are removed to create different mRNA variants of the same 

gene (Kelemen et al., 2013). Splicing also dictates mRNA export to the cytoplasm 

by facilitating the binding of the Transcriptional Export (TREX) complex (Masuda 

et al., 2005), a collective of RBPs (mainly export factors and helicases) that 

ultimately mediate the efficient RNA handover for translation. The poly-A-tail is a 

long chain of adenine nucleotides that promotes mRNA stability by preventing 

degradation, aids in mRNA export and enhances cap-dependent translation 

(Moqtaderi et al., 2014).  

Structurally, the coding sequence of mRNAs is flanked by untranslated regions 

(UTRs) at the 5’- and 3’-end. UTRs are key post-transcriptional control domains 

with a myriad of regulatory elements (notably secondary structures) and each 

UTR (5’ or 3’) have distinct functions in mRNA processing, stability, and 

translation. The length of 3’-UTRs controls the sub-cellular localisation of mRNAs 

(Berkovits & Mayr, 2015). Other cis-regulatory elements such as zip-code 

sequences also control mRNA localisation which is crucial for polarized cellular 

functions (Patel et al., 2012). Most notably, the 3-‘UTR can bind to the RNA-

induced silencing complex (RISC). miRNAs, or microRNAs, are short RNA 

molecules (~21-24 nt) that bind to target sequences in mRNAs. When 

incorporated into the RISC, these complexes target 3’-UTR of target mRNAs, 

albeit not exclusively (e.g., miR-103a-3p) (Zhou & Rigoutsos, 2014), and promote 
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their decay hence controlling mRNA stability (Peng & Croce, 2016). The 5’-UTR 

lodges the 5’-cap and contains specific sequences and motifs (e.g., 5’ terminal 

oligopyrimidine (5’TOP) motif, G-quadruplex structure, and cytosine-enriched 

regulator of translation (CERT)) which regulate different stages of translation 

(Schuster & Hsieh, 2019). 

 

 

 

Figure 1.1. Mechanisms of post-transcriptional regulation of gene expression (modified 

from Halbeisen et al., 2008).  

Post-transcriptional regulation of gene expression is a multi-step program that starts at the 

nucleus by the recruitment of a cohort of RBPs to nascent pre-mRNA as it exists the RNA 

polymerase II. These RBPs (spliceosome, TREX, etc.) mediate 5′-end capping, splicing, editing, 

3′-end cleavage and polyadenylation, which ultimately control mRNA fate by regulating its export 

and subsequent translation. The 3’-UTR regulate the mRNA localisation and is targeted by RISC 

to promote mRNA decay, hence the sub-cellular levels of mRNA availability. The 5’-UTR can be 

differently targeted at the three stages of translation. 
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1.1.2. Translation initiation. 

 

1.1.2.1. Cap-dependent initiation.  
 

The first stage of translation initiation relies on the availability Met-tRNAi. Met-

tRNAi binds to its well-known carrier eIF2 which is regulated by the guanine 

exchange nucleotide factor (GEF), eIF2B (Figure 1.1.). The greater affinity of 

eIF2-GTP for Met-tRNAi than its GDP form allows TC assembly (Erickson & 

Hannig, 1996; Kapp & Lorsch, 2004) and further handover to the 40S ribosomal 

subunit.   eIF2 comprises a core γ-subunit with major guanine binding sites for 

Met-tRNAi docking (Schmitt et al., 2012) and two anchoring α- and β- subunits 

that stabilise eIF2-GTP:Met-tRNAi interactions (Naveau et al., 2013). TC transfer 

to 40S subunits is then mediated by eIF1, -1A, -3 and -5. eIF1 and -1A 

cooperatively fine-tune 40S subunits into an open conformation for TC loading 

(Maag & Lorsch, 2003; Majumdar et al., 2003). eIF3 is composed of 13 non-

identical subunits (eIF3a-m) with varying functions in translation initiation. Initially 

shown to be associated with native 40S subunits to keep it apart from larger 60S 

subunits prior PIC assembly (Chaudhuri et al., 1999; Thompson & Stone, 1977), 

some studies now show that each eIF3 subunit yield unique roles on maintaining 

PIC integrity (Erzberger et al., 2014; Simonetti et al., 2016). Additionally, eIF5 

anchors eIF2:eIF3 interactions (Asano et al., 2000). Interestingly, eIF1, 2, 3, and 

5 initially form a multifactorial complex (MFC) conserved between yeast and 

mammalian cells prior to its delivery to TC to form the 43S PIC (Asano et al., 

2000; Sokabe et al., 2012). More importantly, MFC is not rate-limiting for Met-

tRNAi delivery to the 40S ribosome but is critical for the assembly of the 80S 

ribosome and eIF2 release (Sokabe et al., 2012).   

The PIC is recruited to the 5’end of mRNAs via cap recognition mediated by the 

eIF4F complex (eIF4F comprises eIF4E, -A and -G) (Gingras et al., 1999). The 

cap-binding protein eIF4E stimulates eIF4A helicase activity onto 5'UTR of target 

mRNAs to remove secondary structures that prevent binding of PIC (Feoktistova 

et al., 2013). eIF4G scaffolding activity enhances recruitment for stabilising the 

cap:eIF4E interaction whilst linking both ends of target mRNAs (5' and 3') into a 

circular-like conformation (closed loop) (Yanagiya et al., 2009); previously 

suggested to be the most effective initiation model (Jackson et al., 2010). 

Following cap recognition, the PIC scans along the 5’UTR in search for the start 
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codon. Additionally, 40S subunits may display direct recruitment to mRNAs in a 

cap-independent manner which is discussed further in section 1.1.1.2. 

During scanning, the co-activity of eIF1 and eIF1A maintain an open RNA binding 

channel conformation of the 40S subunit (Passmore et al., 2007).  Upon start 

codon recognition eIF2-bound GTP is hydrolysed by GTPase-activating protein 

eIF5 (Huang et al., 1997; Paulin et al., 2001).  This function is blocked by eIF1 in 

the absence of AUG codons (Cheung et al., 2007). However, upon start codon 

recognition, eIF1 is dissociated from the 40S subunit to release Pi from 

eIF2:GDP:Pi, counterbalanced with a tighter eIF1A-40S interaction to stall further 

RNA scanning (Llácer et al., 2018; Maag et al., 2006; Passmore et al., 2007). 

Then, eIF2-GDP complexed with eIF5 is recycled to eIF2-GTP by eIF2B for next 

rounds of TC assembly. At the final stage, eIF5B arbitrates 60S subunit joining 

accompanied by the release of the remaining eIFs (eIF1, -3, -1A) as it assembles 

into a fully formed 80S ribosome to commence elongation (Acker et al., 2006; 

Acker et al., 2009). 
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Figure 1.1. Cap-dependent translation initiation.  
A ternary complex comprised of tRNA-bound eIF2 assembles on the small 40S ribosomal subunit, 
facilitated by eIF1, eIF1A, eIF3 and eIF5, to form the 43S preinitiation complex. This complex is 
loaded to target mRNA and subsequently starts scanning for the AUG start codon. After AUG 
recognition, eIF2-bound GTP is hydrolysed and dissociates together with other eIFs. eIF5B 
mediates large 60S ribosomal joining to form elongation-competent 80S ribosome. Guanine 
nucleotide exchange on eIF2, which is dissociated hand in hand with eIF5, is catalysed by eIF2B 
to allow upcoming runs of translation initiation. 
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1.1.2.2. Cap-independent initiation. 

 

Although recognition of the m7G cap structure of mRNAs is the most common 

mechanism of translation initiation, a smaller cohort of mRNAs are still translated 

without cap recognition (hence named “cap-independent”).  Cap-independent 

translation predominantly involves recognition of internal ribosomal entry sites 

(IRES) located at 5′UTRs that directly binds the 40S ribosome to the mRNA 

sequence albeit still requiring a cohort of canonical eIFs (mostly the eIF4F 

complex) and recruits other IRES trans-acting factors (Lacerda et al., 2017). First 

discovered by Pelletier and Sonenberg as the evading mechanism of poliovirus 

to translate its repertoire of viral proteins (Pelletier & Sonenberg, 1988), IRES-

mediated translation is now appreciated as a eukaryotic mechanism of translation 

and may account for ~10% of mRNAs (Weingarten-Gabbay et al., 2016). IRES-

containing mRNAs predominantly encode for proteins required to be translated 

when canonical initiation is suppressed such as cellular stress responsive, pro-

apoptotic, mitotic, and cellular differentiation-involved proteins (Liberman et al., 

2015; Shi et al., 2016; Vaklavas et al., 2016). More recently uncovered is a 

mechanism that is neither cap- nor IRES-dependent but instead is facilitated 

through the presence of N6-methyladenosine (m6A) in the mRNA 5′ UTRs (Meyer 

et al., 2015). m6A is a reversible base modification that can bind eIF3 which is 

sufficient to recruit the 40S ribosome (Meyer et al., 2015). Interestingly, m6A 

modifications occur more frequently under stress conditions (Zhou et al., 2015) 

and are not eIF4F-dependent (Coots et al., 2017), which may serve as a less 

regulatable pathway of translation initiation thus a more ubiquitous expression of 

selective mRNAs. 

 

1.1.2.3. Novel and non-canonical functions of initiation factors. 
 

Translation initiation factors yield specialised functions to support the 

process of initiating translation. A significant amount of the cell’s resources is 

allocated to generating and recruiting proteins that coordinate translation, aside 

from the energy demanded to synthesize the peptide chain itself. It is then 

perhaps unsurprising that translation factors may have alternative functions 

during protein synthesis. Recent evidence has furthered our understanding on 

these additional roles highlighting the functional versatility of translation factors 

as indicated in Table 1.1.  



Chapter 1 

22 
 

Table 1.1. Novel and other functions of translation initiation factors. 

Gene/Protein Canonical function(s) Novel function(s) References 

EIF5/eIF5 
• GTPase-activating protein: promotes 

hydrolysis of GTP from the TC 

• GDP dissociation inhibitor (GDI) 

• Physically replaces eIF1 on the 40S ribosomal subunit to 
promote start-codon selection. 

• Stimulates a conformation of the 48S PIC compatible with 
eIF5B binding and 80S assembly. 

• Supports eIF5B recruitment to the PIC.   

(Llácer et al., 
2018; Lin et al., 

2018) 

EIF1/eIF1 
• Blocks Pi release from eIF2-GTP complex 

until start-codon recognition. 
• Key preventer of excessive uORF translation.  

(Fijalkowska et 
al., 2017; Zhou et 

al., 2020) 

EIF5B/eIF5B 
• Promotes joining of the 40S and 60S 

ribosomal subunits and stabilizes Met-tRNAi 
binding. 

• Mediates the delivery of Met-tRNAi and translation of IRES-
dependent mRNAs. 

• Involved in uORF-mediated regulation of ATF4 translation by 
cooperating with eIF1A and eIF5: eIF5B depletion 
constitutively activates the ISR in an eIF2α-independent 
manner. 

(Thakor et al., 
2012; Yamamoto 
et al., 2014; Ross 

et al., 2019)  

EIF3D/eIF3d 

• Subunit of eIF3 complex. 

• mRNA cap-binding protein that is 
required for specialized translation 
initiation. 

• Directly interacts with viral IRESes and bridges PABP complex 
with poly(A)-end of specific mRNAs to enable RNA 
circularization and, subsequently, facilitating ribosome 
recruitment. 

• Functionally overlaps with eIF4E as an alternative cap 
recognition factor 

• Key regulator of protein synthesis during chronic ER stress. 

(Guan et al., 
2017; Lee et al., 
2016; Thakor et 

al., 2017) 

EIF3A/eIF3a 
• Subunit of eIF3 complex. 

• Scaffolding subunit for the primary eIF3 
octamer. 

• Interacts with p190A RhoGAP (which promotes GTP 
hydrolysis on a range of Rho GTPases involved in cell 
adhesion, cell migration, and cytokinesis): p190A●eIF3 
complexes are suggested to direct eIF3 to sites of local 
translation and/or regulate levels of PIC formation. 

(Parasuraman et 
al., 2017) 

EIF3K/eIF3k 
• Non-essential eIF3 subunit. 

• Function in eIF3 complex remains 
undefined.  

• Physically interacts with cyclin D3, a key component of the 
progression of G1 phase. 

(Shen et al., 
2004) 

EIF3F/eIF3f 
• Subunit of eIF3 complex. 

• Function in eIF3 complex remains 
undefined. 

• Positive regulator of the Notch pathway. 
(Moretti et al., 

2010) 
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1.1.3. Translation elongation and termination. 
 

The 80S initiation complex comprises of three tRNA-binding sites (A[aminoacyl]-

site, P[peptidyl]-site and E[exit]-site) to allow proper docking and joining of free 

aminoacylated tRNAs to synthesize a nascent polypeptide chain, aided by the 

action of eukaryotic translation elongations factors (eEFs) (Dever et al., 2018).  

As translation initiation concludes with the formation of the 80S ribosome 

positioned with an aminoacyl-tRNA bound in the P-site, elongation commences. 

eEF1A in its active GTP-bound form generates an eEF1A•GTP•aminoacyl-tRNA 

ternary complex which binds to the ribosomal A-site. Complementary base-

pairing induces GTP hydrolysis, eEF1A•GDP is released and the aminoacyl-

tRNA is lodged in the A-site (Gromadski et al., 2007). Structural studies support 

specialised roles for each subunit of the 80S ribosome for the decoding process. 

The 18S ribosomal RNA (rRNA), embedded in the 40S ribosomal subunit, 

performs a critical function in stabilising codon-anticodon interactions in the A-

site (Demeshkina et al., 2012; Loveland et al., 2017) while the 60S ribosomal 

subunit promotes eEF1A hydrolysis (Shao et al., 2016).  

The peptidyltranferase activity of the ribosome forms a peptide bond which is 

catalysed between the aminoacyl-tRNA in the A-site and the aminoacyl-tRNA in 

the P-site. A new aminoacyl-tRNA can now occupy the empty A-site hence 

allowing subsequent rounds of elongation. This cycle is repeated until the 

elongating ribosome encounters a stop codon (UAA, UGA, or UAG) in the A site, 

which recruits eukaryotic release factors (eRF) eRF1 and eRF3 to promote 

mRNA and polypeptide release, and ribosome dissociation (Hellen, 2018). 
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1.1.4. Local translation in neural and glial cells. 
 

It is well-established that protein synthesis is fine-tuned to meet the required 

energetic demand and proteome load of different cell types. Neurons are highly 

complex cells with specialised morphology and long cytoplasmic extensions to 

process brain information. Efficient neuronal activity requires dendritic signal 

collection, "decision-making" at the soma and signal transport through the axon, 

which releases neurotransmitters at synapses to neighbouring neurons; all within 

a short time course (~one-thousandth of a second) (Rangaraju et al., 2017). To 

overcome this time constraint, neurons are particularly reliant on mRNA sorting 

and trafficking from the nucleus to be locally translated hence synthesising 

"ready-to-use" proteins, providing sets of local proteomes to each neuronal sub-

compartment (Jung et al., 2012). mRNAs are transported bi-directionally along 

microtubules to reach the far-end of axons and report back signalling from 

extrinsic cues (Sahoo et al., 2018). mRNAs are packaged together with RNA-

binding proteins (RBPs) - forming ribonucleoprotein (RNP) granules - which 

mediate their affinity to motor proteins and determine mRNA fate. For example, 

RBP zip-code protein 2 (ZBP2) interacts with 3'-UTR cis-acting sequences in β-

actin mRNA to repress translation during transport to outgrowing axon terminals 

and is alleviated by post-translation modifications (PTMs) as it reaches its 

destination (Condeelis & Singer, 2005; Huttelmaier et al., 2005). This action was 

found to be required for cytoskeleton-enriched deposition during axonal 

branching (Donnelly et al., 2013; Turner-Bridger et al., 2018; Wong et al., 2017); 

whilst in mature dendrites it regulates synaptic plasticity (Eom et al., 2003). 

Several other studies have pinpointed how local translation in axons support 

axonal growth, survival, and maintenance, as highlighted by local proteome 

changes of RhoA, ErbA2 and TC10 in developing sensory neurons (Gracias et 

al., 2014; Walker et al., 2012; Zivraj et al., 2010). 

Nonetheless, translation of mRNAs, even if spatially localised, requires the 

presence of eIFs at these sites. Although it may be generally assumed that eIFs 

are randomly dispersed throughout the cytoplasm, it remains poorly understood 

how neurons coordinate a concentrated stock of translation components to 

cellular regions. One hypothesis could be that the translation machinery may also 

be locally translated. Earlier studies have shown that RNPs house 40S and 60S 

ribosomal subunits, eIF2, and eIF4E (Krichevsky & Kosik, 2001; Smart et al., 
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2003). Yeast studies detected RNP granules harbouring mixed combinations of 

translation factor mRNAs at polarizing growth edges (Pizzinga et al., 2019). The 

Holt group has elegantly provided insights towards these unanswered questions 

by investigating the role of local translation in brain development. Brain 

development relies in proteome plasticity: cytoskeleton and adaptor proteins 

(e.g., β-actin, vimentin, fascin) are elevated during branching and wiring of axons, 

while upregulation of vesicle receptors and neurotransmission proteins occurs 

during maturation (Low & Cheng, 2006; Shigeoka et al., 2016; Zivraj et al., 2010). 

Interestingly, several eIFs are translated in a stage-specific manner during 

development (Shigeoka et al., 2016). Wiring axons are enriched with active 

translation of various eIF3 complex subunits (eIF3c,d,f,I,k,m) and eIF1, and 

decreased upon adulthood. eIF4G-2 mRNA translation remains low during wiring 

processes, then enriched upon axonal pruning, only to be decreased again in 

adult mice (Shigeoka et al., 2016). Whether this synthesis pattern is due to 5’-

UTR elements (Thoma et al., 2004) or spliced transcripts (Krichevsky & Kosik, 

2001) it remains unknown.  

However, this leads to the question of whether neurons rely on cell non-

autonomous inputs to modulate their translation factory pool. Indeed, neurons 

require the interaction with glial cells to support on its function. Eyman et al. 

suggested that mRNAs are translocated from glial cells to axons to be translated 

(Eyman et al., 2007). However, they failed to address the impact of each glial 

sub-type of the central nervous system (CNS). Broadly, astrocytes and 

oligodendrocytes are the main CNS glial cell types. Oligodendrocytes generate 

the insulating myelin-based sheath around axons to promote electrical 

conductivity (Ozgen et al., 2016). An earlier study by Court et al. showed transfer 

of ribosomes from adjacent Schwann cells (myelin-forming glia of the peripheral 

nervous system (PNS)) to axons (Court et al., 2008), which is quite surprising 

given the ribosome’s macromolecular size. Astrocytes support neuronal 

metabolism, bridge the brain-blood barrier, and regulate ion and glutamate 

homeostasis in the synaptic cleft (amongst other functions). Astrocytes also 

regulate the activity of pre- and post-synaptic ends (also referred to as neuropil) 

by releasing its own repertoire of gliotransmitters (Harada et al., 2016). 

Interestingly, astrocytic perisynaptic processes and neuropil comparative 

translatomes showed enrichment of different cohorts of eIFs for each cell type 

(Carney et al., 2014) while the membrane-to-membrane proximity is suggested 
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to explain the presence of astrocyte-derived proteins in the neuropil (Chicurel et 

al., 1993; Shavit et al., 2011). 

Apart from this possible link in regulating neuronal translation pool, astrocytes 

also rely heavily on local translation for cell-autonomous functions. A single 

astrocyte can contact (several) neurons as far as 300μm from the cell body (Sun 

& Jakobs, 2012), hence requiring rapid protein availability like neurons. Sakers 

et al. highlighted a set of mRNAs locally translated at astrocytic processes 

including Aqp4, responsible for modulating water homeostasis; Kif1c and Myo1D, 

associated with maintaining the cytoskeleton (Sakers et al., 2017). In addition, 

the glial fibrillary acidic protein (GFAP), although known to be abundantly 

expressed in astrocytes, displayed unevenly concentrated pools at astrocytic 

processes (Bushong et al., 2002). Indeed, later reports showed GFAP mRNA 

transport is mediated by a RBP implicated in schizophrenia (Aberg et al., 2006) 

and brain cancers (Molenaar et al., 2012), suggesting the concentration of GFAP 

at the astrocytic processes may be a controlled event. 
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1.2. Regulation of translation initiation. 
 

Stress consists of any disturbing factor(s) that threaten cellular homeostasis 

which involves fine-tuning of protein synthesis to reset homeostasis or, under 

severe conditions, trigger cell death. Given that full rounds of protein synthesis 

require tremendous cellular energetic rates, the initiation phase is targeted with 

control mechanisms to promote early-on and energy-efficient translation 

reprogramming. 

 

1.2.1. The integrated stress response (ISR) pathway. 
 

eIF2 is a heterotrimeric complex composed of 3 subunits (α,β,γ) and a key target 

of translation control as the core inducer of the integrated stress response (ISR). 

eIF2 is phosphorylated at the α subunit (eIF2α-P) on serine 51 by eIF2α kinases 

in response to cellular stress. Once phosphorylated, eIF2α-P has a higher affinity 

to eIF2B and inhibits its GEF activity (further discussed in section 1.2.1.2.), 

preventing the replenishment of eIF2-GTP and therefore, TC formation. This 

results in a global inhibition of protein synthesis which is complemented with a 

paradoxical translation upregulation of stress-responsive mRNAs. 

 

1.2.1.1. eIF2α kinases. 
 

A plethora of cellular stresses induce the phosphorylation of the α subunit of eIF2 

through eIF2α kinases. Thus, kinase activation is the first step of the ISR and 

occurs via autophosphorylation and/or dimerization (Donnelly et al., 2013; 

Kashiwagi et al., 2017; Rabouw et al., 2020). Four well-described eIF2α kinases 

exist in mammalian cells: heme-regulated inhibitor (HRI), protein kinase R (PKR), 

PKR-like endoplasmic reticulum kinase (PERK), and general control 

nondepressible 2 (GCN2). The latter is the only eIF2α kinase present in 

Saccharomyces cerevisiae (Donnelly et al., 2013). Each eIF2α kinase have been 

extensively reported to respond to a specific set of stresses. HRI was firstly 

discovered for downregulating protein synthesis in erythroid cells upon heme 

deficiency (Han et al., 2001; Pal et al., 1991). Further studies demonstrated that 

HRI can be activated in non-erythroid cells by non-heme-related mechanisms 

including arsenite-induced oxidative stress, heat shock and osmotic stress (Lu et 

al., 2001; McEwen et al., 2005). PKR is mainly activated by the presence of 
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double-strand RNA (dsRNA) generally from viral infection (Galluzzi et al., 2008; 

García et al., 2007). However, PKR is suggested to be the most versatile eIF2α 

kinase given that has been shown to be activated independently of dsRNA 

including ER stress (Onuki et al., 2004), oxidative stress (Ruvolo et al., 2001), 

bacterial surface proteins (Goh et al., 2000) and cytokine signalling (Cheshire et 

al., 1999; Goh et al., 2000). PERK, as an ER transmembrane protein, is 

predominantly activated by ER stress usually caused by the accumulation of 

misfolded proteins in the ER lumen (Donnelly et al., 2013).  GCN2 is activated 

upon nutrient deficiency by sensing the availability of amino acid levels in yeast 

(Yang et al., 2000) and mammals (Ye et al., 2010). Activation of GCN2 has also 

been associated with viral infection (Berlanga et al., 2006) and UV irradiation 

(Jiang & Wek, 2005). Recently, a fifth mammalian eIF2α kinase – microtubule 

affinity-regulating kinase 2 (MARK2) – has been reported to phosphorylate eIF2α 

in response to proteotoxic stress (Lu et al., 2021). Moreover, while a single eIF2α 

kinase is activated at early stages of cellular stress, prolonged or extreme stress 

may activate multiple eIF2α kinases (Zhan et al., 2004).  

 

1.2.1.2. eIF2α phosphorylation and eIF2B inhibition. 
 

eIF2α-P inhibits eIF2B activity, the hub event of the ISR. Cryo-EM structural 

studies have shed light on the interaction between eIF2α-P and eIF2B 

(Adomavicius et al., 2019; Bogorad et al., 2017; Gordiyenko et al., 2019; Jennings 

et al., 2017; Kashiwagi et al., 2019; Kenner et al., 2019; Schoof et al., 2021) 

(Figure 1.2.). The structure and function of eIF2B is further discussed in section 

1.3. Phosphorylation of eIF2α at S51 results in conformational changes to eIF2 

which changes how eIF2 binds to eIF2B. eIF2α-P binding to eIF2B does not 

overlap with its unphosphorylated cognate binding interface (eIF2Bβ/δ), and 

rather contacts the eIF2Bα/δ surface of the regulatory sub-complex of eIF2B 

(α2β2δ2) (also referred in literature as eIF2BRSC). Structurally, S51-P refolds the 

S-loop of eIF2α in a manner that increases the hydrophobic attraction between 

eIF2α (residues I55, I58, and L61) and eIF2Bδ (residues L314, A315, A318, and 

F322) (Kenner et al., 2019) (Figure 1.2.). Partial contact with eIF2Bβ facilitates 

the insertion of eIF2α-P to the eIF2Bα/δ surface (Adomavicius et al., 2019). 

Refolding induced by eIF2α-P alters the localisation of eIF2γ (the GDP/GTP 

binding subunit of eIF2) towards an orientation that either loosely or transiently 
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interacts with eIF2Bε (and HEAT domain), and instead favours its anchoring onto 

eIF2Bγ (Adomavicius et al., 2019; Jennings et al., 2017; Kashiwagi et al., 2019). 

Recent evidence by the Ron group suggests that this alternative eIF2γ:eIF2Bγ 

interaction stabilizes the eIF2α-P:eIF2B complex (Zyryanova et al., 2021), 

although this remains to be performed experimentally. Hence, eIF2α-P-driven 

misplacement of eIF2γ prevents guanine nucleotide exchange activity 

(Adomavicius et al., 2019; Kashiwagi et al., 2019). In yeast, however, 

unphosphorylated eIF2α and eIF2α-P share the same eIF2Bα/δ binding surface, 

wherein the latter prompts a conformational shift of higher affinity to eIF2Bα and 

eIF2Bδ which displaces eIF2γ from proximity to the HEAT domain of eIF2Bε 

(Adomavicius et al., 2019; Gordiyenko et al., 2019). Moreover, in both yeast and 

mammals, two molecules of eIF2 (either unphosphorylated and/or 

phosphorylated) can anchor simultaneously at opposing tetrameric platforms of 

the eIF2B decamer. The eIF2α-P:eIF2B complex arrangement is referred to as 

‘unproductive state’ (Figure 1.2.). Other terms have been considered such as 

‘I(inactive)-State’ and ‘wings-down’ (Schoof et al., 2021), the latter alluding to the 

conformational shape of eIF2B. Cellular levels of eIF2B are approximately 3- to 

5-fold less than levels of eIF2 (Merrick & Pavitt, 2018), highlighting how even a 

minimal level of eIF2α-P can decrease eIF2B GEF activity and inhibit translation 

initiation. 
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Figure 1.2. CryoEM structures of human eIF2B:eIF2 and eIF2B:eIF2α-P complexes.  
(A) (i) Orthogonal surface views of human decameric eIF2B bound to two unphosphorylated 

human eIF2 heterotrimers (productive state). (ii) Cartoon representation of eIF2 binding to human 

eIF2BRSC (α, β, δ subunits) (PBD: 6O81, resolution: 3.21 Å; drawn in PyMOL). (B) (i) Orthogonal 

surface views of human decameric eIF2B bound to two phosphorylated eIF2α subunits (non-

productive state). (ii) Cartoon representation of phosphorylated eIF2α binding to human 

eIF2BRSC. (iii) Hydrophobic interactions of eIF2Bδ and eIF2α residues upon phosphorylation of 

α51 based on Kenner et al., 2019. Dashed yellow lines indicate distance between residues of <5 

Å (PBD: 6O9Z, resolution: 3.03 Å; drawn in PyMOL). 
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1.2.1.3. Cellular signalling of the ISR. 
 

Upon global suppression of protein synthesis, a number of stress-responsive 

proteins are upregulated to allow cellular recovery of homeostasis (~3% of total 

mRNAs; (Dang Do et al., 2009)) (Figure 1.3.). The translation of such mRNAs is 

mostly regulated by the presence of upstream open reading frames (uORFs) in 

their 5’-UTR and, less commonly, by IRES mechanisms (Pakos-Zebrucka et al., 

2016). The most well-characterized uORF-containing transcript induced by 

eIF2α-P is the ATF4 mRNA (and yeast equivalent GCN4) (Figure 1.3.). ATF4 

mRNA is ubiquitously expressed and exists at low levels during steady-state 

conditions. This transcript contains two uORFs (Harding et al., 2000; Vattem & 

Wek, 2004) with the second uORF (uORF2) overlapping the main ORF at a 

different reading frame. Following loading of the 43S PIC at the 5’-cap, the 

ribosome scans towards the 3’-end until AUG recognition of the first ORF 

(uORF1). Because levels of TCs are abundant at normal conditions, the scanning 

ribosome can re-charge Met-tRNAiMet at the subsequent AUG sites of uORF1. 

Because uORF2 overlaps out-of-frame with the main ORF of ATF4, the ATF4 

protein is not expressed. In the presence of cellular stress, eIF2α-P reduces the 

abundance of TCs. Hence, the scanning ribosome is less likely to be re-charged 

with Met-tRNAiMet in a timely manner to translate uORF2. Instead, this delay in 

re-initiation bypasses the scanning ribosome from uORF2 and continues to scan 

the transcript until it reaches the main ORF of ATF4. 

The translated ATF4 protein can dictate two different cellular outcomes, either 

inducing pro-survival or pro-apoptotic pathways. ATF4-mediated 

dephosphorylation of eIF2α is crucial for a pro-survival ISR (Kojima et al., 2003). 

ATF4 protein is a transcription factor of the ATF/CREB sub-family. ATF4 forms 

homodimers and can heterodimerize with various other transcription factors and 

binding partners (e.g., C/EBPβ) to act as a trans-activator (Pakos-Zebruscka et 

al., 2016) or, although less well-known, as a repressor (Bartsch et al., 1995; 

Karpinski et al., 1992). ATF4 activates the expression of transcription factor 

C/EBP homologous protein (CHOP) and growth arrest and DNA damage-

inducible protein 34 (GADD34) (Figure 1.3.). Although ATF4 itself induces 

GADD34 activation, ATF4/CHOP heterodimers have been shown to facilitate 

GADD34 expression (Han et al., 2013); hence CHOP expression is suggested to 

precede GADD34. GADD34 recruits protein phosphatase 1 (PP1c) which 
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together act as a stress-induced eIF2α phosphatase. CReP (or PPP1R15B) is a 

GADD34 paralogue, also able to interact with PP1c, but is constitutively 

expressed to sustain baseline levels of eIF2α dephosphorylation (Jousse et al., 

2003).  Hence, GADD34 acts as a negative feedback loop to restore translation 

after cellular stress is resolved. If a pro-survival ISR cannot replenish 

homeostasis, the ISR shifts towards an apoptotic regiment (Figure 1.3.). One of 

the most well-studied mechanism of ISR-driven cell death is due to a second 

output of ATF4:CHOP interaction (Kaspar et al., 2021; Marciniak et al., 2004; 

McCullough et al., 2001; Teske et al., 2013; Yamaguchi & Wang, 2004) (Figure 

1.3.). CHOP has been extensively implicated as pro-apoptotic through a variety 

of mechanisms. CHOP up-regulates the expression of death receptors DR5 (Zou 

et al., 2008). Interestingly, CHOP’s interaction with ATF4 contributes to the 

survival/death balance of the ISR by regulating ATF4’s binding affinity to 

promoters of autophagy genes (B'Chir et al., 2013). Furthermore, CHOP leads to 

ATF5-mediated transcription of various cell death genes (Teske et al., 2013). 

Nonetheless, an earlier study shows that cells can partially avoid cell death upon 

CHOP depletion (Oyadomari et al., 2001), suggesting that additional factors are 

at play in mediating the apoptotic arm of the ISR. 

 

1.2.1.4. Length of ISR signalling and cell fate. 
 

It has been commonly reported that transient activation of the ISR induces 

phosphorylation of eIF2α which represses global levels of translation (‘acute ISR’) 

and induces expression of genes involved in supporting cellular recovery to 

regain homeostasis. In contrast, transition to a chronically activated ISR (‘chronic 

ISR’) is widely reported as adaptive to prolonged stress, ultimately pro-apoptotic 

when cells are unable to overcome sustained stress with pathological 

consequences such as neurodegeneration and cancer (Bond et al., 2020; 

Ghaddar et al., 2021; Rutkowski et al., 2006) (Figure 1.3.). This duality of the ISR 

(protective and pro-apoptotic) is intrinsically time-dependent but remains poorly 

defined as to what mediates this switch.   
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Figure 1.3. Activation of the ISR pathway.  
In response to various cellular stress stimuli eIF2α kinase molecules are activated through 
dimerization. eIF2α kinases phosphorylate the α subunit of eIF2. In its phosphorylated form, eIF2 
is a competitive inhibitor of eIF2B activity preventing replenishment of eIF2-GTP within the cell. 
This leads to inhibition of global protein synthesis while the translation of specific stress response 
mRNAs, including ATF4, is upregulated. During episodes of acute ISR, ISR effectors are able to 
restore homeostasis and ATF4-mediated activation of CHOP induces the transcription of 
GADD34 to promote dephosphorylation of eIF2α. In cases where ISR effectors are unable to 
restore homeostasis, the cell transitions into a chronically activated ISR. Protein synthesis is 
restored via an eIF2B independent mechanism and ATF4-mediated activation of CHOP promotes 
proapoptotic gene expression. 
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1.2.2. The mTOR pathway. 

 

Another major pathway that regulates translation initiation is through the 

mammalian target of rapamycin (mTOR). mTOR exists as two distinct complexes: 

mTORC1, which is crucial in the control of translation initiation; and mTORC2, 

with additional roles in cytoskeleton reorganisation. mTORC1 is a 

serine/threonine kinase that is activated in response to growth factors by 

phosphoinositide 3-kinase (PI3K) and extracellular signal-regulated kinase (ERK) 

pathways. Upon mTORC1 activation, a subset of eIFs is phosphorylated to 

enhance global translation as well as promoting privileged expression of mRNAs 

harbouring terminal oligopyrimidine (TOP) at their 5’-end (Thoreen, 2017). 

Phosphorylation of eIF4G, which promotes assembly of eIF4E and eIF4A to form 

the eIF4F complex, enhances its scaffolding activity. Similarly, phosphorylation 

of eIF4B allows the required cooperative interaction with eIF4A to promote 

eIF4A’s helicase activity of unwinding secondary structures of target mRNAs 

(Andreou et al., 2017). Another key target of mTOR are eIF4E-binding proteins 

(4E-BPs). 4E-BPs directly bind to eIF4E and compete with eIF4G which prevent 

formation of the eIF4F complex. During steady-state, mTORC1 activation 

phosphorylates 4E-BPs which hinders their binding affinity for eIF4E, allowing 

eIF4F-depedent translation initiation (Pelletier et al., 2015; Sonenberg & 

Hinnebusch, 2009). Additionally, mTORC1 phosphorylates programmed cell 

death 4 (PDCD4) which prevents eIF4A binding and relieves eIF4A inhibitory 

activity (Dennis et al., 2012). 

 

1.2.3. Alternative signalling. 
 

During stress the translation apparatus remains necessary to support selective 

cap-dependent gene expression, (notably stress-responsive genes), despite the 

deficiency of canonical eIF2 activity and TC formation. Alternative signalling of 

translation initiation exists to overcome this limitation such as eIF3d-, eIF2A- and 

eIF2D-dependent mechanisms. 
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1.2.3.1. eIF3d. 

 

The multi-subunit eIF3 complex is critical in recruiting mRNA to the 40S ribosome 

(Hinnebusch, 2014). However, some evidence highlights specialised roles for the 

eIF3d subunit in mediating translation initiation. PAR-CLIP experiments 

performed to identify binding sites of RBPs highlighted ~500 mRNAs involved in 

cell proliferation that are translationally regulated by eIF3d due to internal stem 

loops located at the 5’-UTR (Lee et al., 2015). Further investigation by the same 

group resolved the eIF3d cap-binding domain at atomic resolution and elegantly 

reported that eIF3d mediates cap recognition alternatively to the eIF4F complex 

(Lee et al., 2016). It was therefore proposed an eIF3-specialised mode of 

translation initiation may occur for a subset of mRNAs involving the 5’ cap and/or 

5’-UTR-specific secondary structures (Lee et al., 2015; Lee et al., 2016). Recent 

work also suggests eIF3d-specialised translation under conditions of chronic ISR 

(Guan et al., 2017). This study showed that translation recovery during chronic 

ER stress occurs independently of eIF4F cap recognition and restoration of eIF2B 

activity, and instead requires eIF3d in a PERK-dependent manner (Guan et al., 

2017). eIF3d-RNA co-IP experiments displayed increased binding affinity of 

transcriptionally induced mRNAs such as ATF4, GADD34 and BiP (Guan et al., 

2017), implying eIF3d as a key mediator of ISR responsive transcripts hence 

avoiding repression mechanisms reliant upon the eIF4F complex. eIF3d-

dependent translation has been recently shown to be harnessed for HCMV-

infected cell protein synthesis (Thompson et al., 2022) in a manner that mimics 

the ISR translational reprogramming observed by (Guan et al., 2017).  

 

1.2.3.2. eIF2A and eIF2D. 
 

eIF2A is an initiator tRNA carrier that functionally replaces eIF2, the canonical 

carrier of Met-tRNAiMet, when its activity is compromised during cellular stress 

(Kim et al., 2011; Kwon et al., 2017). The same group later reported that eIF5B, 

harbouring ribosome-binding and GTPase activities, releases eIF2A from the 40S 

ribosome hence facilitating the handover of Met-tRNAiMet as eIF2A lacks a 

GTPase domain (Kim et al., 2018). Hence, eIF2A:eIF5B cooperative interaction 

allows baseline translation in the absence of active eIF2. Similarly, eIF2D can 

also interact with the 40S ribosomal subunit to deliver the Met-tRNAi yet in a GTP-

independent manner (Dmitriev et al., 2010). This shift towards eIF2A/eIF2D upon 
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eIF2α-P is apparent given that a few studies in both yeast and mammalian 

models highlight that viability and steady-state global translation is insensitive to 

eIF2A and eIF2D depletion (Dmitriev et al., 2010; Golovko et al., 2016; Sanz et 

al., 2017; Zoll et al., 2002); while the Walter group demonstrated that uORF 

translation of BiP mRNA cannot be translated in the absence of eIF2A (Starck et 

al., 2016). Another recent study highlighted that ATF4 translation requires eIF2D 

to resolve ER stress in Drosophila and human cell lineages (Vasudevan et al., 

2020), suggesting that eIF2D-driven control of ATF4 translation is an 

evolutionarily conserved control mechanism. The authors postulate that eIF2D 

alongside other identified factors (DENR, MCTS-1) act as eIF2α-independent 

deliverers of Met-tRNAiMet to the scanning ribosome to re-initiate ORF translation. 
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1.3. eIF2B. 
 

1.3.1. eIF2B structure and sub-complexes. 
 

eIF2B is composed of five non-identical proteins named eIF2Bα-ε based on their 

increasing size. eIF2Bγ and eIF2Bε subunits are responsible for the GEF activity 

of eIF2B. While eIF2Bε can carry out GEF by itself, eIF2Bγ can stimulate eIF2 

binding to eIF2Bε (Gomez & Pavitt, 2000). In contrast, the regulatory subunits 

(eIF2Bα, eIF2Bβ, eIF2Bδ) are not required to provide basal GEF activity, however 

their presence boosts the full GEF capacity of eIF2B. Moreover, eIF2B regulatory 

subunits are pivotal to inhibiting the GEF activity of eIF2B by sensing eIF2α-P 

(Pavitt, 2005). Interestingly, yeast eIF2Bα is the only non-essential gene of eIF2B 

but is particularly important in eIF2α-P sensing (Dever et al., 1993; Elsby et al., 

2011; Hannig & Hinnebusch, 1988).  

Before the crystal structure of the full eIF2B complex was resolved, eIF2B was 

believed to be a heteropentamer composed of one copy of each subunit (Webb 

& Proud, 1997). In 2014, several publications identified an eIF2B complex 

yielding twice the expected mass of the putative pentamer, hence existing instead 

as a decamer containing two copies of each subunit (Bogorad et al., 2014; 

Gordiyenko et al., 2014; Wortham et al., 2014) (Figure 1.4.). At the time these 

reports sparked some debate as one study anticipated that eIF2B assembled 

through a catalytic core (γ2ε2) bound to adjacent regulatory complexes (αβδ) at 

opposite sides (Gordiyenko et al., 2014); while others proposed an hexameric 

regulatory core (αβδ)2 flanked by opposing catalytic heterodimers (γε) (Wortham 

et al., 2014; Bogorad et al., 2014). The latter model was validated by Kashiwagi 

and colleagues after successfully resolving the crystal structural of the S.pombe 

eIF2B decamer (Kashiwagi et al., 2016).  

By combining high-collision energy, mass spectrometry and pulldown assays, 

Wortham and colleagues elegantly proposed a model for eIF2B decamer 

assembly through precursors of eIF2B sub-complexes (Wortham et al., 2016). 

Because eIF2Bε expression is regulated by levels of eIF2Bγ and both can 

dimerize, eIF2Bγε heterodimers are initially formed. eIF2Bβ and δ can also form 

heterodimers and bind to eIF2Bγε to assemble an intermediate eIF2Bβδγε 

tetramer. Unlike the remaining subunits, eIF2Bα can form homodimers and act at 

the final stage of eIF2B assembly by stapling two opposing tetramers to generate 

the full eIF2B(αβδγε)2 holocomplex (Wortham et al., 2016). eIF2B sub-complexes 
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are sufficiently stable to exist in its (supposedly) intermediate state. It is proposed 

that eIF2B(βδγε) and eIF2B(γε) sub-complexes are present in mammalian cells 

and yield increasingly lower GEF activity compared to the full holocomplex (~50% 

and ~20%, respectively) (Liu et al., 2011; Wortham et al., 2014). It remains to be 

understood if eIF2B sub-complexes hold intrinsic functions as stand-alone 

complexes beyond transient precursors of eIF2B decamers. In mammalian cells, 

it has been recently proposed that eIF2B sub-complexes, which have different 

binding affinity to eIF2α-P, reside at eIF2B bodies and provide two distinct sub-

populations of GEF hotspots that are differently targeted during cellular stress 

(Hodgson et al., 2019). This model is discussed in detail in section 1.3.4.2. 

Catalytic subunits eIF2Bε and γ share homologous regions with each other. Both 

contain a nucleotidyl-transferase (NT) domain and an acyl-transferase (AT) 

domain that secures interaction between ε- and γ- subunits, as well as the 

interactions with other subunits (Wang et al., 2012). The HEAT domain of eIF2Bε 

is the most critical motif for GEF activity and resides at the distal edge of the C’-

terminus. The HEAT remains structurally unresolved (Kashiwagi et al., 2016) due 

to its intrinsically disordered nature. Regulatory subunits share a higher degree 

of homologous regions, mostly differing at their N-terminal, and are more well 

conserved than its catalytic partners (Price et al., 1996). More impressively is how 

closely related the hexameric regulatory core eIF2B(αβδ)2 is to the hexameric 

core of archaeal ribose-1,5-bisphosphate isomerase (RBPI) (Kuhle et al., 2015; 

Nakamura et al., 2012) which implies that, in an evolutionary sense, eIF2B(αβδ) 

may have existed as an ancient sugar phometabolite-sensing enzyme which later 

evolved to serve as the core of eIF2B as a GEF protein. This model is supported 

by earlier observations that glucose-6-phosphate regulates eIF2B activity (Gross 

et al., 1988) and, more recently, an activity-based screening identifying various 

sugar phosphate metabolites that bind to conserved regions of eIF2Bα and 

enhance decamer formation (Hao et al., 2021). 

  



Chapter 1 

39 
 

 

 

Figure 1.4. Structure of mammalian eIF2B.  
eIF2B is composed of two copies of each of its five subunits.  The regulatory subunits (eIF2Bα, 

eIF2Bβ, and eIF2Bδ) reside in the centre of the decamer, forming a hexameric regulatory core. 

This core is bordered on either side by a heterodimer of the catalytic subunits. The image of the 

left is the resolved crystal structure of mammalian eIF2B (PBD: 6O81, drawn in PyMOL), 

highlighting the unresolved region at the HEAT domain due to its high flexibility. The image on 

the right is the cartoon representation of the crystal structure of mammalian eIF2B.   
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1.3.2. Guanine nucleotide exchange activity. 

 

The main function of eIF2B is to catalyse the GDP:GTP exchange of eIF2 thus 

acting as a rate-limiting factor for levels of TCs (eIF2-GTP●Met-tRNAi). eIF2B 

blunts the binding of Mg2+ ion and GDP from eIF2 which favours GDP release 

and a transient complex of nucleotide-free eIF2 (apo-eIF2). However, eIF2B 

poses as an atypical GEF protein. Initially it was anticipated that eIF2B behaved 

similarly to tRNA-binding elongation factor-T (EF-T), a bacterial GEF protein for 

EF-Tu with conserved domains to eIF2 (Schmitt et al., 2010). EF-T has a higher 

affinity to nucleotide-free EF-Tu than its GDP/GTP-bound cognate, which 

facilitates the anchoring of EF-Tu to EF-T while promoting nucleotide exchange 

(Gromadski et al., 2002). This binding mode is recapitulated by many other GEF 

proteins and respective G protein partners (Bos et al., 2007). However, nucleotide 

binding does not influence the affinity of eIF2 with eIF2B as both yeast apo-eIF2 

and nucleotide-bound (GDP or GTP) bind similarly to eIF2B (Jennings et al., 

2017). Strikingly, eIF2B serve as an antagonist for Met-tRNAi binding to eIF2-

GTP (Jennings et al., 2017), which can be viewed as contradictory to eIF2B’s 

function in forming TCs. Instead, the catalytic core of eIF2B (eIF2Bγ,ε) firstly 

dissociates eIF2 from the eIF2-GDP●eIF5 complex, then nucleotide exchange 

takes place and Met-tRNAi competes with eIF2B for eIF2-GTP binding which is 

facilitated by eIF2B’s lack of binding specificity as described previously (Jennings 

et al., 2017; Jennings & Pavitt, 2010; Jennings et al., 2013). Upon TC formation, 

eIF5 is recruited back to generate a quaternary complex of eIF2-GTP, Met-tRNAi 

and eIF5 (eIF2-GTP●Met-tRNAi●eIF5) that prevents eIF2B from re-joining 

(Jennings et al., 2017). This sequential mechanism of eIF2B GEF activity 

provides different checkpoints for regulation (Jennings et al., 2017) and may be 

seen as an evolutionary tunning given that bacterial GEF protein EF-T is included 

in an intermediate quaternary complex EF-Tu-GDP/GTP●tRNA●EF-T that is 

used as a template for EF-Tu TC formation during optimal conditions or EF-Tu 

TC decline when confronted with cellular stress  (Burnett et al., 2014; Burnett et 

al., 2013).   

A key question that remains is how GTP is transferred from eIF2B to eIF2. It has 

been shown that GTP transfer occurs from eIF2Bγ to eIF2γ as the only subunits 

with GDP/GTP-binding domains (Gordiyenko et al., 2014; Hannig et al., 1993; 

Kershaw et al., 2021). It was recently proposed that GTP availability regulates 
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the GEF activity of eIF2B (Kershaw et al., 2021). GTP only binds to eIF2Bγ when 

complexed to eIF2Bε (eIF2Bγε) which in return encourages GDP release from 

eIF2 (Kershaw et al., 2021). This falls in agreement with earlier findings that 

eIF2Bγε subcomplexes have increased GEF activity than eIF2Bε (Fabian et al., 

1997; Gomez & Pavitt, 2000; Pavitt et al., 1998; Williams et al., 2001). Although 

recent biochemical reports revealed these GTP-binding surfaces in eIF2B-eIF2 

complexes are placed in adjacent to each other, they are not in proximity 

(Adomavicius et al., 2019; Gordiyenko et al., 2019; Kashiwagi et al., 2019; Kenner 

et al., 2019). Kershaw at. al provide the attractive suggestion that GTP binding to 

eIF2Bγ promotes moderate conformational changes that decrease this gap with 

eIF2γ (Kershaw et al., 2021), which would strikingly resemble the local 

arrangements adopted by eIF2 to perform its functional roles (Beilsten-Edmands 

et al., 2015). 

 

1.3.3. Other intrinsic roles of eIF2B subunits. 
 

Martin et al. showed that expression of an alternative isoform of eIF2Bδ correlates 

to the magnitude of ISR activation in a cell-type manner (Martin et al., 2010).  

These isoforms derive from alternative splicing of eIF2Bδ mRNA and produces a 

long-variant and short-variant of eIF2Bδ, which differ in their N-terminal 

sequence. Cell lines with an attenuated induction of classical ISR markers 

(eIF2α-P, ATF4, CHOP) upon cellular stress treatments showed high expression 

of the long-variant eIF2Bδ protein (Martin et al., 2010). In contrast, 

overexpressing the short-variant of eIF2Bδ in a shRNA-knockdown cell line for 

endogenous eIF2Bδ (hence initially depleted of all isoforms) caused an increased 

upregulation of ISR markers (Martin et al., 2010). Moreover, cells exclusively 

expressing the short-variant eIF2Bδ protein showed similar inhibition of protein 

synthesis upon ER stress to control cells, while protein synthesis levels in cells 

expressing the long-variant protein were unchanged by cellular stress (Martin et 

al., 2010). While both variants of eIF2Bδ do not affect the integrity of eIF2B 

complex, the long-variant protein has impaired binding to eIF2α-P (Martin et al., 

2010). Although these observations were performed in cancer-derived cell lines, 

which have inherently defective rates of protein synthesis (Dolfi et al., 2013), 

these data show that eIF2Bδ isoforms have divergent intrinsic roles in activating 

the ISR. 
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More recently, an intronically polyadenylated mRNA isoform of eIF2Bγ was 

identified (Circir et al., 2022). Alternative polyadenylation sites produces either 

truncated proteins (isoforms) or encode the same protein but with different 3’-

UTR lengths (Di Giammartino et al., 2011). In the study conducted by Circir et al., 

the C’-terminus truncated isoform of eIF2Bγ is constitutively expressed across 

different tissues and co-regulated with full-length eIF2Bγ in a ~1:9 ratio (truncated 

: full-length). Structural modelling revealed significant electrostatic changes that 

antagonize the eIF2Bγ:eIF2γ interaction hence likely to loosen or completely 

abrogate eIF2 binding to eIF2B (Circir et al., 2022).  How the expression of 

truncated eIF2Bγ is impacted upon cellular stress or if the phosphorylation state 

of eIF2α alters an already unstable eIF2B:eIF2 complex was not investigated.  

Altogether, it is plausible to speculate that eIF2B subunit isoform expression may 

play a key role in regulating the equilibrium between active (eIF2B:eIF2) and 

inactive (eIF2B:eIF2α-P), this requires further investigation specially in the 

context of disease (Keefe et al., 2020; Slynko et al., 2021). Other isoforms of 

eIF2B subunits are reported in the NCBI database but remain to be explored. 

 

1.3.4. eIF2B localisation: the ‘eIF2B body’. 
 

1.3.4.1. eIF2B bodies in yeast. 
 

The spatial re-localisation of cytoplasmic proteins into large assemblies has been 

extensively reported as an adaptive energetic strategy. These assemblies 

inherently protect, store, and regulate the activity of proteins (Franzmann et al., 

2018).  Notably in yeast models, specific eIFs have been observed to localise to 

cytoplasmic assemblies upon glucose starvation as a response to downregulate 

protein synthesis.  Poly(A) binding protein Pab1p localise to P-bodies alongside 

poly(A)+ mRNA and translation initiation factors eIF4E and eIF4G2 during 

conditions of translation inhibition (Brengues & Parker, 2007). Similarly, Hoyle et 

al. observed the same mRNP complex containing Pab1p, eIF4E and eIF4G2 to 

localise to functionally distinct granules known as yeast stress granules (SGs) 

(Hoyle et al., 2007). Additionally, under certain stresses, these yeast SGs harbour 

eIF3 and 40S subunits (Grousl et al., 2009), further emphasizing the selective 

targeting of translation factors to cytoplasmic granules. Despite the ongoing 

debate between the compositional crossover between P-bodies and SGs 

(Kedersha et al., 2005; Wilczynska et al., 2005), the co-localisation of RNA-
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binding proteins and translation factors is ultimately induced upon suppression of 

translation initiation.  

In 2005, eIF2B joined this repertoire of translation factors able to localise to 

cytoplasmic granules and termed as “eIF2B bodies” (Campbell et al., 2005). 

eIF2B bodies did not co-localise with Met-tRNAi hence not active site of TC 

formation (Campbell et al., 2005). eIF2 (eIF2B’s substrate) dynamically shuttles 

through eIF2B bodies at a rate that mirrored cellular levels of eIF2B GEF, hence 

eIF2B bodies are sites of active GEF activity (Campbell et al., 2005). Interestingly, 

yeast eIF2B bodies are shaped as a filamentous structure. A screening of GFP-

tagged yeast strains showed that additional proteins can form filamentous 

structures (Noree et al., 2010). Extended screening in budding yeast identified 

many more metabolic enzymes with filament-forming capability (Shen et al., 

2016). Filament formation has been recently reviewed for its variety of 

physiological functions including metabolic control, protein stabilisation and 

intracellular transport (Park & Horton, 2019). More significantly, filamentation can 

either promote or inversely inhibit enzymatic activity. These divergent 

functionalities of filament formation may be due to the accessibility of substrate’s 

binding sites and the stacking-like architecture of filamentation. For example, the 

active conformation of SgrAI, a bacterial allosteric type II restriction 

endonuclease, is more stable when polymerized into a filament (Polley et al., 

2019). Glutamine synthetase (Gln1), which converts glutamate into glutamine, 

form starved-induced inactive filaments which is reversed upon filament 

dissolution to allow efficient recovery of translation (Petrovska et al., 2014). In 

contrast, Acetyl CoA carboxylase, a component of the fatty acid biogenesis, 

possess the ability to form both active and inactive filaments (Hunkeler et al., 

2018). eIF2B bodies are suggested to follow this latter mode of enzymatic 

regulation.  

Norris et al. showed that GCN3 (eIF2Bα) mutations that evokes loss of eIF2B 

body formation (Gcn-) sustains GEF activity even in the presence of eIF2α-P, 

while mutations that decrease eIF2B’s catalytic activity (Gcd-) breaks down eIF2B 

bodies into smaller building blocks (‘micro’ eIF2B bodies) (Norris et al., 2021). 

These data imply that yeast eIF2B bodies enhance eIF2B activity and are 

necessary for normal regulation of eIF2B activity, which falls in agreement with 

eIF2Bα-depleted complexes harbouring decreased activity (Wortham et al., 

2014).  Nonetheless, the functional relevance of eIF2B body formation is a 



Chapter 1 

44 
 

debatable issue. Conflicting reports in yeast models either observe formation of 

eIF2B bodies exclusively upon cellular stress (Moon & Parker, 2018a; Nüske et 

al., 2020), while others have observed the steady-state presence of  eIF2B bodies 

which is further stimulated during stress (Campbell et al., 2005; Noree et al., 

2010; Norris et al., 2021), and remains to be fully agreed on. 

 

1.3.4.2. eIF2B bodies in mammalian cells. 
 

In mammalian cells, eIF2B localisation forms under normal conditions but with a 

more complex morphology. Unlike in yeast where a single eIF2B body exists, 

Hodgson et al. proposed that mammalian eIF2B bodies exist as two major sub-

populations based on its size and eIF2B subunit composition: small eIF2B bodies 

and medium/large eIF2B bodies (Hodgson et al., 2019) (Figure 1.5.). The 

large/medium bodies contain all five subunits of eIF2B while small bodies 

predominantly contain the γ- and ε- subunits of eIF2B. eIF2 is a mobile 

component of both types of eIF2B bodies and the movement or shuttling of eIF2 

within these bodies correlates with cellular eIF2B GEF activity. Expectedly, upon 

induction of the acute ISR, eIF2α-P co-localised to large/medium bodies and 

showed decreased eIF2 shuttling (Hodgson et al., 2019). Smaller bodies, being 

depleted of regulatory subunits, did not co-localise with eIF2α-P but increased 

the shuttling of eIF2. This was accompanied by an increased degree of co-

localisation with eIF2Bδ, suggesting that novel eIF2B(γδε) subcomplexes 

potential form following ISR activation (Hodgson et al., 2019). Hodgson et al. 

interpret these results with the compelling idea that different eIF2B sub-

complexes reside at eIF2B bodies which may facilitate cellular stress responses. 
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Figure 1.5. eIF2B subcomplexes localise to different sized eIF2B bodies (model proposed 

by Hodgson et al., 2019).   

eIF2B exists as different eIF2B sub-complexes. Small eIF2B bodies are mainly composed of 

catalytic subunits (eIF2Bγ and eIF2Bε), which suggests that  eIF2B(γε) heterodimers reside at 

these sites. Medium contained modest levels of regulatory subunits (eIF2Bα, eIF2Bβ, eIF2Bδ) 

and large eIF2B bodies contained all subunits of eIF2B, which suggests that eIF2B(βδγε) 

tetrameric and eIF2B(αβδγε)2 decameric complexes reside at these bodies. 
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1.4. ISRIB. 
 

1.4.1. Mechanism of action of ISRIB. 
 

ISRIB was first published as a memory-enhancing small molecule capable of 

binding to eIF2B and reversing the inhibitory effects of eIF2α-P by restoring 

translation (Sekine et al., 2015; Sidrauski et al., 2013; C. Sidrauski et al., 2015a; 

Sidrauski et al., 2015b). It was later shown by size-exclusion chromatography 

that ISRIB’s mechanism of action centred on its ability to stabilize eIF2B decamer 

observed in lysates of HEK293 cells (Sidrauski et al., 2015b). In 2018, the crystal 

structure of human eIF2B and ISRIB appeared in the literature by two 

independent groups and showed that ISRIB binds to β- and the δ- subunits of 

eIF2B (Tsai et al., 2018; Zyryanova et al., 2018). Given ISRIB’s own symmetry 

as a small molecule, it was expected that ISRIB lodged in a symmetrical interface 

pocket, which was confirmed as it engages with the same residues of opposing 

eIF2Bβδ dimers (Tsai et al., 2018; Zyryanova et al., 2018). This way ISRIB 

dimerizes two eIF2Bβδγε tetramers to form eIF2B(βδγε)2 octamers which 

facilitates the joining of eIF2Bα2 dimers to generate eIF2B decamers (Tsai et al., 

2018; Zyryanova et al., 2018) (Figure 1.6.). It is still not clear whether ISRIB 

directly binds to eIF2B tetramers to form a ‘stapled’ octamer with direct effect on 

GEF activity and/or whether it induces conformational changes that alter eIF2B’s 

binding mode to favour nucleotide exchange and discourage eIF2α-P interaction. 

This confusion is mostly attributed to the fact that ISRIB did not enhance the in 

vitro GEF activity of a fully assembled human eIF2B complex but promoted 

eIF2B(βγδε)2 octamers with higher GEF activity in cell lysates (Tsai et al., 2018; 

Zyryanova et al., 2018); which favours a direct mode of ISRIB binding. In contrast, 

two eIF2Bδ mutations that are seemingly distal from ISRIB’s binding pocket are 

ISRIB resistant (Sekine et al., 2015) which warrants that ISRIB evokes modest 

allosteric changes as it binds two opposing tetramers. 

ISRIB’s mode of action depends however on evoking allosteric outputs to eIF2B 

(Zyryanova et al., 2021). Taking into account that two eIF2 (either both 

unphospho-, both phospho- or one of each) substrates can bind at opposing sides 

of eIF2B decamer, once ISRIB is bound to pre-existing eIF2B decamers it 

prevents formation of the strongly inhibited complex of eIF2α-P:eIF2B:eIF2α-P 

(Zyryanova et al., 2021). This strongly inhibited complex has a deformed ISRIB-

binding pocket, hence addition of ISRIB discourages eIF2B complexed with two 
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eIF2α-P substrates and favours all other remaining states, which inherently hold 

either partial or full catalytic activity (Zyryanova et al., 2021).  The same study 

also showed that high levels of eIF2α-P blunted this ISRIB-induced balance of 

eIF2:eIF2B (Zyryanova et al., 2021), arguably by depleting the majority of free 

eIF2B and preventing binding of ISRIB. This is consistent with other studies 

showing that ISRIB rescues protein synthesis within modest levels of eIF2α-P but 

not upon high(er) levels (Hodgson et al., 2019; Rabouw et al., 2019).  

 

 

Figure 1.6. ISRIB stabilizes decameric eIF2B.  
ISRIB binds at a symmetrical interface of eIF2Bβ/δ of two eIF2B tetramers (PBD: 6EZO, drawn 
in PyMOL) and joins into an eIF2B octomer, which encourages joining of a eIF2Bα2 dimer to form 
the eIF2B decamer.  
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1.4.2. Therapeutical value of ISRIB. 

 

The therapeutic effects of ISRIB have gained momentum over the past years. 

ISR impairment is a common hallmark of multiple human pathologies (Pakos-

Zebrucka et al., 2016) and since the publication of Halliday et al. which showed 

that ISRIB counteracts prion-causing phenotypes without immediate toxic effects 

akin to other compounds (GSK2606414, a PERK inhibitor, caused pancreatic 

toxicity despite its restorative properties) (Halliday et al., 2015), it has placed 

eIF2B activation as a promising “fine-tuner” of the ISR. Another small molecule 

that targets eIF2B is 2BAct which activates eIF2B similarly to ISRIB although its 

unknown if it shares a similar binding pocket (Wong et al., 2019). Like ISRIB, 

2BAct reversed neuropathology signs in VWMD mice models harbouring an 

eIF2BɛR191H/R191H mutation (Wong et al., 2019). ISRIB has also proven effective 

in ameliorating disease models of Alzheimer’s disease (Hu et al., 2022; Oliveira 

et al., 2021), Down syndrome (Zhu et al., 2019), Huntington’s disease (Xu et al., 

2022), amyotrophic lateral sclerosis (Bugallo et al., 2020), traumatic brain injury 

(Chou et al., 2017), intellectual disability (Young-Baird et al., 2020), lung fibrosis 

(Watanabe et al., 2021; Dobrinskikh et al., 2022) and various types of cancer 

(Dudka et al., 2022; Jewer et al., 2020; Palam et al., 2015; Varone et al., 2022) 

(Table 1.2.). The fact that ISR modulators such as ISRIB can be applied to such 

a variety of human pathologies showcases the unsurprising interest in unveiling 

eIF2B’s function and its regulation in the context of disease. 
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Table 1.2. ISRIB is effective in various disease models. 

Disease Model used Diseased phenotype Effect of ISRIB References 

Alzheimer’s disease (AD) 
• Synthetic-Aβ-injected 

mice model 

• Brain accumulation of the amyloid-β 
peptide (Aβ) as the main culprit for 
deregulation in AD brains and 
manifested symptoms of memory loss. 

• ISR markers are elevated in AD brains. 

• Restored synapse function and 
memory. 

• Prevents Aβ-induced synaptic 
loss.  

(Oliveira et al., 
2021; Hu et 
al., 2022) 

Down syndrome (DS) 

• Ts65Dn mice, DS 
post-mortem tissue 
and iPSC from DS 
patients 

• Increased (PKR-)eIF2α-P levels in DS 
mouse brain, DS human brain and DS 
iPSC cells. 

• Severe loss of long-term memory and 
synaptic plasticity. 

• Full restoration of synaptic 
transmission, long-term memory 
and protein synthesis rates in 
Ts65Dn mice. 

(Zhu et al., 
2019) 

Huntington’s disease (HD) 

• Primary cortical/striatal 
neuronal cultures. 

• Striatal cell line 
derived from HD 
knock-in mice 

• Caused by expanded polyglutamine 
repeat in the huntingtin (Htt) protein. 

• Protein synthesis recovery after cellular 
stress is impaired and increases 
vulnerability to neuronal death. 

• Restored protein synthesis 
upregulation during post-stress 
recovery in HD cells. 

(Xu et al., 
2021) 

Traumatic brain injury 
(TBI) 

• Mice with focal 
contusion injury in the 
hippocampus 

• Increased eIF2α-P levels persisting up 
to 4 weeks post-TBI. 

• Spatial learning and memory severely 
impaired. 

• Single dose of ISRIB reversed 
long-term TBI-induced cognitive 
deficits. 

 

(Chou et al., 
2017) 

Amyotrophic Lateral 
Sclerosis (ALS) 

• G93A SOD1 (ALS 
mutant)-expressing 
primary cortical 
neurons 

• Increased neuronal cell death linked to 
upregulated ISR and UPR markers. 

• Improved the survival of ALS-
SOD1-expressing neurons. 

• Attenuated PERK-mediated 
inhibition of translation. 

(Bugallo et al., 
2020) 

MEHMO syndrome • MEHMO-mutant iPSC 

• X-linked intellectual disability 
associated to mutations in eIF2γ; 

• Chronic activation of the ISR, shorten 
neurites and less dendrite projections. 

• Rescued the cell growth, 
translation, and neuronal 
differentiation defects associated 
with the EIF2S3 mutation 

(Young-Baird 
et al., 2020) 

Leukoencephalopathy 
with Vanishing White 

Matter disease (VWMD) 

• VWMD transgenic 
mice 

• see section 1.5.1. • see section 1.5.1. 

(Abbink et al., 
2019; Wong et 
al., 2018) 

Breast cancer 
• 2D and 3D cultures of 

T47D, MCF7, and 
MDA-MB-231 cells 

• Hypoxia-induced stem-cell-like 
phenotypes that encourages 
tumorigenesis and is resistant to 
chemotherapy drugs. 

• Prevents expression of stem-cell-
like key transcripts that are 
regulated by the ISR. 

• Increased action of paclitaxel, a 
canonical chemotherapy 

(Jewer et al., 
2020; Varone 
et al., 2022) 
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Chronic Myeloid 
Leukaemia (CML) 

• Mice models injected 
with peripheral blood 
mononuclear cells 
isolated from CML 
patients 

• Exaggerated activation of PERK-eIF2α 
axis of the ISR promotes oncogenic 
JAK/STAT5 signalling.  

• ISRIB combined with imatinib 
increases sensitivity to imatinib. 

• Decreased leukaemia tumour 
engraftment. 

(Dudka et al., 
2022) 

Lung Fibrosis 
• SFTPC-Muc5b 

transgenic mice. 

• Muc5b overexpression is the strongest 
risk factor for idiopathic pulmonary 
fibrosis. 

• Muc5b enhances ER stress markers in 
lung epithelial cells upon exposure to 
damaging substances. 

• Single injection of ISRIB 
diminished Atf4 translation in 
Muc5b-overexpressing mice; 

• Accelerated epithelial repair 

(Dobrinskikh 
et al., 2023; 
Watanabe et 
al., 2021) 

Pancreatic ductal 
adenocarcinoma 

• PANC-1 cells 
• Upregulation of ISR-driven 

antiapoptotic signalling which provides 
chemoresistance. 

• Improved chemosensitivity to 
gemcitabine. 

Palam et al., 
2015) 
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1.5. Translation dysregulation and disease. 
 

Translation is intrinsically dysregulated in a variety of human diseases which 

include, amongst the most reported ones, cancer (Bhat et al., 2015), viral 

infection (Stern-Ginossar et al., 2019), immunodeficiency (Piccirillo et al., 2014), 

2014), metabolic disorders (Morita et al., 2013), and neurological disorders 

(Buffington et al., 2014). The aetiology of these diseases is assigned into three 

groups of disease-causing mutations (Scheper et al., 2007; Tahmasebi et al., 

2018). (1) Mutations that alter the structure of specific mRNAs which impairs its 

processing and expression of the encoded proteins; (2) mutations in translation 

factors hence affecting global mRNA translation and the steps that regulate them; 

and (3) mutations in components of the translation machinery such as ribosomal 

proteins, tRNAs and amino-acyl-tRNA synthetases. 

Given the essential role of translation and its control in all cell types, there is a 

surprising pattern of tissue-specificity of the diseases associated with deficiencies 

in protein synthesis. Tissues such as the brain and pancreas are more reliant on 

a tight regulation of its proteome and by proxy more vulnerable to defects in the 

translation machinery (Scheper et al., 2007; Tahmasebi et al., 2018). 

Mutations in EIF2S3, encoding the γ subunit of eIF2 (eIF2γ), are linked to Mental 

retardation, Epileptic seizures, Hypogenitalism, Microcephaly, Obesity (MEHMO) 

Syndrome, a rare X-linked intellectual disability (Skopkova et al., 2017). MEHMO 

mutations impair eIF2 function by compromising the integrity of eIF2 

heterotrimeric complex and ability to form TCs (Borck et al., 2012, Young-Baird 

et al., 2019; Young-Baird et al., 2020). Consistent with lowered eIF2 function, 

MEHMO mutations constitutively activate the ISR (Skopkova et al., 2017). Like 

MEHMO, Leukoencephalopathy with Vanishing White Matter Disease (VWMD) 

is caused by mutations in any of the five subunits of eIF2B which is mostly linked 

to a hypersensitive ISR (Hanson et al., 2022; Kantor et al., 2005). In contrast to 

MEHMO, VWMD is a more localised disorder as it predominantly affects the white 

matter of the brain. VWMD and impact of eIF2B mutations are discussed in more 

depth in section 1.5.1.  

However, insufficient activation of the ISR is also linked to similar pancreatic and 

neurological symptoms. Autosomal recessive mutations in the gene encoding 

eIF2α kinase PERK (EIF2AK3) cause Wolcott–Rallison Syndrome (WRS). WRS 

manifests mostly as early onset diabetes, although intellectual deficits and 



Chapter 1 

52 
 

microcephaly have also been reported in some cases (Delépine et al., 2000; 

Scheper et al., 2007; Zhang et al., 2006). At the hub of WRS pathogenesis is a 

deficiency in insulin-secreting β-cells. WRS mutations either impair or fully 

abrogate PERK activity, which is selectively detrimental to these cells by not 

being able to fine-tune their easily overloaded ER which triggers excessive 

apoptotic signalling (Zhang et al., 2002; Zhang et al., 2006). 

Apart from PERK mutations, other mutations that threaten ER homeostasis have 

been observed in syndromes with overlapping clinical features to WRS. 

Mutations in PPP1R15B, encoding the steady state eIF2α phosphatase CReP, 

cause multiple failures including diabetes, severe microcephaly, growth 

retardation, developmental delay, and intellectual disability (Abdulkarim et al., 

2015; Kernohan et al., 2015). CReP has been recently shown to promote local 

translation at ER sites (Kastan et al., 2020), although the impact of the reported 

mutational landscape in this novel function remains unknown. Moreover, 

mutations in genes encoding ER components have also been implicated in other 

disorders by preventing clearance of misfolded proteins. Mutations in DNAJC3 

(Ladiges et al., 2005; Synofzik et al., 2014), SIL1 (Chung et al., 2002; Senderek 

et al., 2005) and IER3IP1(Abdel-Salam et al., 2012; Arlt & Schäfer, 2011; Poulton 

et al., 2011), which encode for ER chaperones and regulatory factors have been 

linked to pancreatic β-cell failure and neural tissue degeneration.  

Homozygous and compound-heterozygous mutations in EIF2AK4, which encode 

eIF2α kinase GCN2, are associated with Pulmonary Veno-Occlusive Disease 

(PVOD). Histological studies show a consensus of obstructive changes in 

pulmonary veins due to capillary dilation and proliferation (Longchamp et al., 

2018; Montani et al., 2017; Pietra et al., 2004). Given the role of GCN2 in the ISR 

it remains remarkable why ISR-sensitive tissues (brain and pancreas) are 

unaffected by GCN2-PVOD mutations. However, mutations in GCN1, which 

activate GCN2, are observed in cases of intellectual disability (Hu et al., 2019) 

suggesting non-canonical roles of GCN2 activity in CNS health. 

Notably, these disease-causing mutations represent a fraction of the landscape 

of known disorders of translation malfunction (Tahmasebi et al., 2018). Yet a clear 

overlapping of affected tissues and phenotypes exists despite the vast array of 

impaired functions in protein synthesis. A table which summarises the normal 

functions of key mutated genes, how they dysregulate translation and associated 

disorders is provided in Table 1.3. 
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Table 1.3. Dysregulation of translation in disease.  

Gene/Protein Function/mechanism Disease phenotype Disorder(s) References 

EIF2AK3/PERK • Stress-responsive eIF2α kinase. 

• Impaired or abolished PERK 
activity. 

• Exaggerated UPR activation and 
β-cell apoptosis. 

Wolcott-Rallison 
syndrome (WRS). 

(Delépine et al., 
2000; Scheper et 

al., 2007; Zhang et 
al., 2006) 

EIF2AK4 (GCN2) • Stress-responsive eIF2α kinase. 

• Impairs proangiogenic function of 
the GCN2/ATF4 signalling 
pathway during amino acid 

starvation. 

Pulmonary Veno-
occlusive Disease 

(PVOD). 

(Pietra et al., 2004; 
Montani et al., 2017; 
Longchamp et al., 

2018) 

EIF2S3/eIF2γ 

• GTP-binding subunit of the eIF2 
complex. 

• Promotes ribosomal scanning and 
selection of the AUG start codon. 

• Loss of eIF2 complex integrity. 

• Increased ATF4 mRNA levels. 

• Dysregulated rates of Met-
tRNAiMet formation. 

MEHMO syndrome (X-
linked intellectual 

disability). 

(Skopkova et al., 
2017; Young-Baird 

et al., 2020) 

EIF2B1-5/ eIF2Bα-
ε* 

• Guanine nucleotide exchange factor 
of eIF2. 

• Attenuation of translation. 

• Inappropriate ATF4-CHOP 
induction 

Leukoencephalopathy 
with vanishing white 

matter (VWMD); 
permanent neonatal 

diabetes mellitus (PNDM). 

(Hanson et al., 
2022) 

PPP1R15B/ 
CReP 

• eIF2α phosphatase: constitutively 
expressed PP1c-binding regulatory 

subunit that dephosphorylates 
eIF2α-P[S51]. 

• Promotes local translation initiation 
at the ER unregulable by cellular 

stress. 

• Decreased affinity to PP1c and 
eIF2α dephosphorylation. 

• Increased β-cell apoptosis. 

Severe microcephaly; 
intellectual disability; 

diabetes. 

(Abdulkarim et al., 
2015; Kastan et al., 
2020; Kernohan et 

al., 2015) 

DNAJC3/p58IPK 

• ER chaperone that facilitates 
protein folding and protein 

homeostasis. 

• Component of the UPR-mediated 
negative feedback loop of PERK 
activity during recovery phase. 

• Pancreatic β cell failure. 
 

Diabetes mellitus; 
multisystemic 

neurodegeneration. 

(Ladiges et al., 
2005; Synofzik et 

al., 2014) 

SIL1 
• Nucleotide exchange factor (ATP-

ADP exchange) for ER chaperone 
BiP. 

• SIL1 loss-of-function mediated 
through aggregation of mutant 

SIL1. 

• Clinical features include cell type 
sensitivity: cerebellum and 

Marinesco-Sjögren 
syndrome. 

(Chung et al., 2002; 
Senderek et al., 

2005) 
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cerebellar Purkinje cells are more 
vulnerable to loss of SIL1 function. 

IER3IP1 

• ER-stress induced protein that 
mediates cell differentiation. 

• Component of DNA damage and 
p53-mediated apoptosis pathway. 

• Elevated apoptosis of the cerebral 
cortex and pancreatic β cells. 

Microcephaly with 
simplified gyral pattern, 

epilepsy, and permanent 
neonatal diabetes 

syndrome (MEDS). 

(Poulton et al., 
2011; Arlt and 
Schäfer, 2011; 

Abdel-Salam et al., 
2012) 

GARS, KARS, 
AARS, 

YARS, HARS, 
MARS 

• tRNA synthetases. 
• Loss-of-function and 

mislocalisation to cytosolic 
granules. 

Charcot-Marie-Tooth 
(CMT) disease; distal 

spinal muscular atrophy 
type V (dSMA-V). 

(Antonellis et al., 
2003; Tahmasebi et 

al., 2018) 

RPS19 
• Required for the maturation of 40S 

ribosomal subunits. 
• p53 activation which promotes 

erythroid deficits 

Diamond–Blackfan 
anaemia (DBA). 

(Draptchinskaia et 
al., 1999) 

 

* The author refers the reader to section 1.5.1. for a comprehensive review of eIF2B mutations and VWMD. 
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1.5.1. Leukoencephalopathy with Vanishing White Matter disease. 
 

Mutations in any of the five subunits of eIF2B lead to the fatal neurological 

disorder Leukoencephalopathy with Vanishing White Matter Disease (VWMD) 

(Leegwater et al., 2001; van der Knaap et al., 2002). VWMD is amongst the most 

prevalent inherited leukodystrophies (white matter disorders), also referred to as 

childhood ataxia coupled with central nervous system hypomyelination (CACH) 

(Schiffmann et al., 1994; van der Knaap et al., 1999). VWMD is a progressive 

disorder where patients experience worsened neurological decline following 

episodes of acute physiological distress such as head trauma, acute fright, 

infections, and fever (Bugiani et al., 2010; van der Knaap et al., 2006; Vermeulen 

et al., 2005). Given that eIF2B is at the hub of the ISR, most of the research has 

focused on eIF2B’s function in the regulation of protein synthesis and ability to 

respond to cellular stress of brain tissue. Despite the well-known role of eIF2B in 

general translation (Hanson et al., 2022; Pakos-Zebrucka et al., 2016), the tissue 

specificity observed in VWMD remains poorly understood. Moreover, the 

genotype-phenotype correlation in VWMD is imperfect (Liu et al., 2011; van der 

Lei et al., 2010) which implies that eIF2B holds unknown functional features. 

There is no current cure for VWMD, and treatment is limited to symptomatic care 

(van der Knaap et al., 2022). 

 

1.5.1.1. Clinical diagnosis and neuropathology of VWMD. 
 

A large-scale study partially decoded VWMD’s clinical variability by inversely 

correlating age of onset to disease severity (Hamilton et al., 2018). Congenital 

and early infantile forms often present extreme neurologic symptoms (severe 

encephalopathy, strong seizures) with short lifespan, whilst adult onset are 

mostly associated to behavioural and cognitive impairments with slow disease 

progression (Hamilton et al., 2018; van der Knaap et al., 2003). Although there 

are similar numbers of cases in males and females, females tend to develop 

milder pathology than males (van der Lei et al., 2010), and some VWMD 

mutations can cause ovarian failure (Boltshauser et al., 2002). Diagnosis of 

VWMD is currently limited to Mass Resonance Imaging (MRI) and then later 

confirmed through genotyping potential VWMD patients to determine the 

presence of eIF2B mutations. MRI findings show progressive white matter 

rarefaction lacking reactive glial scarring concomitant with cerebrospinal fluid 
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replacement and accumulation, leading to cystic degeneration and tissue 

cavitated lesions without any signs of improvement (Patay, 2005; Stellingwerff et 

al., 2021; van der Knaap et al., 1997; van der Knaap et al., 1998). However, 

certain brain areas yielding lower myelin content show signs of mild repair over 

time (Stellingwerff et al., 2022). Although the brain white matter is selectively 

vulnerable in VWMD, a recent report now shows that cortical structures (grey 

matter) are not spared from VWMD mutations (Man et al., 2022) which failed to 

be originally identified in post-mortem VWMD tissues (Bugiani et al., 2010; 

Bugiani et al., 2018; Rodriguez et al., 1999).  

Immunohistochemical examinations indicate atypical myelin features ranging 

from thin/dispersed sheaths to complete myelin loss (Bruck et al., 2001). 

Ultimately, myelin abnormalities lead to axonal atrophy and numeral density 

decrease at sites of relatively undamaged white matter, whereas complete loss 

of axons is appreciated in cavitated lesions (Fogli et al., 2002; Klok et al., 2018). 

However, the histopathologic hallmark features of VWMD are restricted to 

macroglial cells - astrocytes and oligodendrocytes. VWMD-affected 

oligodendroglial cells display an aberrant finely vacuolar-like cytoplasmic 

morphology, often referred in literature as "foamy" oligodendrocytes (Rodriguez 

et al., 1999; Wong et al., 2000; Bugiani et al., 2018). Increased pro-apoptotic 

markers in oligodendrocytes of infants and young children with VWMD could 

explain the higher degree of oligodendrocytic loss (Francalanci et al., 2001), 

whereas older patients with prolonged clinical course show a somewhat reverse-

like phenotype of anti-apoptotic and pro-proliferative profile concomitant with 

increased oligodrondroglial density (Van Haren et al., 2004; Wong et al., 2000). 

Astrocytes in human VWMD are dysmorphic with large blunt processes alongside 

reduced efficiency of astrogliosis (Dooves et al., 2016; Zhou et al., 2019). 

Additionally, Bergmann glia - a subclass of astrocytes - show translocation to 

outer brain layers coupled with aberrant processes with distinctive cytoskeleton 

features (Dooves et al., 2018). 
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1.5.1.2. Astrocyte-driven pathology of VWMD.  

 

Initially, oligodendrocyte pathology was the focus of VWMD pathology due to the 

reduced myelination in VWMD patients. However, the current view has shifted 

towards deficiency in astrocytic maturation and function driving oligodendrocyte 

pathology and axonal abnormalities (Bugiani et al., 2018; Dooves et al., 2016). In 

the affected white matter areas, VWMD astrocytes show an untypical splicing of 

the intermediate filament GFAP isoform GFAPδ, which favours condensed 

filament networks associated with blunt cell processes (Huyghe et al., 2012; 

Perng et al., 2008). Unlike control brains, where GFAPα is predominantly 

expressed and induces astrocytic differentiation at stages of human cortex 

development, increased GFAPδ/GFAPα ratio were observed in VWMD 

suggesting arrested immaturity (Bugiani et al., 2011; Huyghe et al., 2012; 

Kamphuis et al., 2012). Several approaches have consistently shown higher 

levels of astrocyte precursor cells, which results in pathological consequences 

prior to clinical disease onset (Bugiani et al., 2018; Liu et al., 2004). In fact, co-

culture models of VWMD astrocytes and control oligodendrocyte progenitor cells 

(OPCs) have shown stalled oligodendroglia maturation into myelin-forming cells 

potentially linked to exaggerated secretion of glucosaminoglycan hyaluronan, a 

major component of the brain ECM profile, later confirmed in post-mortem VWMD 

tissues (Bugiani et al., 2013; Dooves et al., 2016). A recent secretomics profiling 

of VWMD astrocytes demonstrates impairment of classic OPC maturation 

markers (Deng et al., 2023). Others have shown that stem cell-derived and iPSC-

derived neurons and oligodendrocytes from VWMD patients grown normally in 

culture while astrocytes exhibit classic VWMD impairments (Dietrich et al., 2005; 

Zhou et al., 2019). Moreover, VWMD astrocytes promote axonal de-myelination 

and increased axon density while VWMD forebrain cells co-cultured with control 

astrocytes show no differences (Klok et al., 2018). VWMD cortical astrocytes 

have been recently reported to show similar pathologic traits, albeit less severe, 

than VWMD white matter astrocytes (Man et al., 2022) which implies the 

involvement of grey matter astrocytes in VWMD. Additionally, VWMD mutant 

OPCs also display mitochondrial dysfunction in a cell autonomous manner 

(Herrero et al., 2019) thus also underlining an intrinsic role of oligodendrocytes in 

VWMD pathology. These previous findings indicate that astrocyte dysfunction is 

central in VWMD, which falls under the astrocytopathies (van der Knaap & 
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Bugiani, 2017), by primarily driving immature oligodendrocytes and ultimately 

disrupting axonal structures. 

 

1.5.1.3. Genotype-phenotype correlation of VWMD. 
 

VWMD is an autosomal recessive disorder caused by mutations in any of the 

genes EIF2B1-5, encoding the five subunits (α-ε) of eIF2B. Thus far, around 200 

mutations have been identified predominantly missense mutations. Nonsense 

and frameshift mutations have also been reported albeit less common (Shimada 

et al., 2015). VWMD is an extremely complex disease given that no clear 

relationship exists between the eIF2B mutational landscape and disease severity 

(Liu et al., 2011; van der Knaap et al., 1998). Biochemically, eIF2B mutations 

have been shown to (1) disrupt GEF activity of eIF2B, (2) destabilise complex 

integrity by affecting the core structure or binding of subunit interfaces, and (3) 

affect the binding of eIF2B to eIF2 (de Almeida et al., 2013; Kashiwagi et al., 

2016; Li et al., 2004; Slynko et al., 2021). Intriguingly, mutations associated with 

some of the most ultra-severe cases have little to no impact on eIF2B function 

and stability (Liu et al., 2011; Wortham & Proud, 2015) but may alternatively affect 

mRNA processing and expression of eIF2B subunits (Slynko et a., 2021), 

although the latter suggestions remain to be performed experimentally. This 

possibility is consistent with another study that identified truncated EIF2B5 

transcripts with divergent functions to full-length EIF2B5 in VWMD zebrafish 

models (Keefe et al., 2020). Adult-onset mutations have a milder decrease of 

GEF activity of eIF2B complexes (~20-40%) than mutations reported in 

childhood-onset VWMD cases (~30-80%) (Li et al., 2004; Matsukawa et al., 

2011), potentially suggesting that robust decrease of eIF2B activity may be linked 

to earlier ages of VWMD onset.  
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1.5.1.4. Cellular pathogenesis of VWMD. 

 

The ISR is chronically dysregulated in VWMD (Abbink et al., 2019; van 

Kollenburg et al., 2006). The basis of this dysregulation in VWMD is linked to 

hypersensitivity upon stress-induced activation. Under normal conditions, VWMD 

mutations that decrease eIF2B activity do not impact basal global translation 

which falls in line with the initial viability of VWMD patients. However, under acute 

stress treatments, in vitro models of VWMD have shown a stronger repression of 

translation coupled with exaggerated ISR activation compared to controls (Kantor 

et al., 2005; Moon & Parker, 2018b; Sekine et al., 2016; Wong et al., 2018). 

VWMD patient-derived lymphoblasts showed increased levels of phosphorylated 

eIF2α persisting over a longer time span, which was linked to a delayed induction 

of the GADD34-mediate negative feedback to allow recovery (Moon & Parker, 

2018b). In contrast, VWMD mice brains unexpectedly showed reduced levels of 

eIF2α-P, although an increased GADD34 signature is suggested to explain this 

feature (Abbink et al., 2019; Wong et al., 2019). GADD34 expression seems to 

be progressively enhanced as evidenced at three different time points of VWMD 

mice (2.5, 5 and 7 months) (Wong et al., 2019). Despite these conflicting results, 

it suggests that VWMD cells can respond to acute stress episodes, eventually 

normalising eIF2α levels, but develop a gradually higher threshold of ISR-

inducible GADD34. Therefore, all these data imply that VWMD features a 

pathological prolonged ISR that worsens upon stress, albeit through mechanisms 

still not fully known. In a clinical perspective it follows in agreement with disease 

progression, wherein stress-related episodes like febrile infections exacerbate 

neurological deterioration. 

A prolonged ISR activation is expected to maintain lower levels of ternary 

complexes, hence favouring ATF4 expression (Harding et al., 2000). In 

agreement, two in vivo studies have shown increased ATF4-regulated 

transcriptomes and proteomes specifically to astrocytes in mutant-harbouring 

mice (Abbink et al., 2019; Wong et al., 2019). Wong et al. dissected the 

differential enrichment of ISR targets between CNS cell types of mutant VWMD 

mice in comparison to control mice and identified that wild-type astrocyte clusters 

exclusively showed an enriched basal ISR signature, and VWMD mutant mice 

showed further exacerbation (Wong et al., 2019). This provided the first in vivo 

evidence of the ISR hypersensitivity of VWMD (Moon & Parker, 2018b; Sekine et 
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al., 2016; Wong et al., 2018). In contrast, VWMD neurons and myelinating 

oligodendrocytes clusters showed little differences in comparison to their control 

equivalents (Wong et al., 2019). It is noteworthy that blocking the ISR entirely by 

introducing an eIF2αS51A mutation (hence unable to phosphorylate eIF2α at 

serine 51) in VWMD mutant cells worsened VWMD pathology (Sekine et al., 

2016). This puzzling reliance on a faulty ISR remains poorly understood; however 

several papers provide strong evidence that downregulation of this crippled ISR 

(rather than a full blockage) by eIF2B activation via small molecules that stabilise 

the eIF2B holocomplex (ISRIB, 2Bact) ameliorates VWMD pathology (Tsai et al., 

2018; Zyryanova et al., 2018; Wong et al., 2018; Wong et al., 2019; Abbink et al., 

2019; Schoof et al., 2021; Zyryanova et al., 2021) as discussed in section 4. 

These data centres the ISR activity as the main target for therapeutic intervention 

in VWMD pathophysiology. 

However, additional cellular mechanisms beyond a dysregulated ISR are at play 

in VWMD (Wisse et al., 2017). Defective mitochondrial activity is particularly 

detrimental to VWMD glial cells (Herrero et al., 2021; Herrero et al., 2019), 

despite evidence of the same abnormalities in VWMD primary fibroblasts (Gat-

Viks et al., 2015; Raini et al., 2017) albeit not manifested in VWMD patients. 

eIF2B physically interacts with a wide scope of proteins involved in cellular 

transport, immune response, and differentiation (among others) (Hanson et al., 

2022) which may contribute to the complexity of VWMD. eIF2B mutations 

commonly affect functions of amino acids biosynthesis and transport of serine, 

glycine, and cysteine (Abbink et al., 2019). These amino acids alongside 

glutamate are involved in glutathione synthesis, an antioxidant that carefully 

modulates the redox potential of the brain (Banerjee, 2012); wherein deregulated 

glutathione is prone to imbalance this state. Altered redox potential has been 

previously linked to myelin maturation impairment (Alameda et al., 2018; Monin 

et al., 2016). Strikingly, Foster et al. listed a set of proteins that are locally 

translated at presynaptic astrocytic processes which included components of the 

glycolysis metabolism such as ATP-dependent 6-phosphofructokinase (PFKM) 

and phosphoglycerate kinase 1 (PGK1) (Foster et al., 2018). PFKM and PGK 

mediate intermediate steps of glucose conversion to pyruvate that overlap with 

the biosynthesis machinery of serine and cysteine (Li et al., 2015). These reports 

highlight that VWMD mutations may affect local translation - which is pivotal to 

brain cells - and may contribute to the tissue specificity observed in VWMD.  
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1.5.1.5. eIF2B bodies and VWMD. 
 

It has been shown that VWMD mutations can impact the integrity and functionality 

of eIF2B bodies in yeast model systems (Moon & Parker, 2018a; Norris et al., 

2021). Deletion of eIF2Bα causes complete loss of eIF2B bodies and different 

VWMD eIF2Bα mutations alter localisation and activity phenotypes of eIF2B 

bodies (Norris et al., 2021), highlighting the likely involvement of localised pools 

of eIF2B in VWMD pathology. More importantly, eIF2B bodies are targeted for 

regulation during cellular stress in both yeast and mammalian models (Campbell 

et al., 2005; Hodgson et al., 2019; Taylor et al., 2010). Exclusive to mammalian 

cells, different sub-populations of eIF2B bodies exist and are differently regulated 

in their subunit composition and rate of shuttling eIF2 upon activation of the acute 

ISR (Hodgson et al., 2019), as described in section 3.4.2. Given the role of the 

ISR in VWMD (Abbink et al., 2019), the impact of this tiered regulation of eIF2B 

localisation may contribute to the pathology of VWMD which remains to be 

addressed. 

 

1.5.2. Other eIF2B-related disorders. 
 

1.5.2.1. Permanent neonatal diabetes mellitus. 
 

Heterozygous de novo missense mutations in the EIF2B1 gene (eIF2Bα) have 

been reported in patients with permanent neonatal diabetes mellitus (PNDM), a 

disorder that causes early-onset diabetes (De Franco et al., 2020). PNDM 

mutations predominantly affect the binding surface of eIF2α-P which may hinder 

eIF2B’s regulation upon cellular stress (Pavitt et al., 1997; Taylor et al., 2014).  

Unlike VWMD, PNDM mutations are prevalent in the N-terminal of eIF2Bα while 

the former mostly occur at the C-terminal (De Franco et al., 2020; Slynko et al., 

2021). eIF2B activity is fine-tuned via insulin-stimulated phosphorylation of 

eIF2Bε for pancreatic β-cell function (Gilligan et al., 1996; McManus et al., 2005; 

Welsh et al., 1998). It is currently suggested that PNDM mutations may 

intrinsically disrupt pancreatic β-cell health due to inadequate regulation of eIF2B 

(Hanson et al., 2022). Although PNDM patients do not exhibit severe neurological 

features, two reported cases displayed mild learning disability or attention deficit 

disorder (Alamri et al., 2016) highlighting a link between cognition and eIF2B. 
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1.5.2.2. Cognitive decline. 
 

eIF2B and the regulation of protein synthesis plays a key role in synaptic plasticity 

and cognitive function (Costa-Mattioli et al., 2005; Huber et al., 2000; Sutton & 

Schuman, 2006). Synaptic plasticity can be defined by the activity of synaptic 

connections which ultimately coordinates the basis of learning and memory 

storage. High activity strengthens synapses prompting long-term potentiation 

(LTP), while low activity weakens it resulting in long-term depression (LTD) 

(Neves et al., 2008). Interestingly, the phosphorylation status of eIF2α, and 

therefore eIF2B activity, can dictate the fate of a given synapse either facilitating 

LTP or LTD. Synapses undergoing local reductions of eIF2α-P are predicted to 

be potentiated. Upon eIF2α-P, mRNA translation of ATF4 suppresses CREB, a 

major transcription factor of plasticity-relevant proteins (Jiang et al., 2010; Kida, 

2012). In support of this, mutant eIF2α heterozygous mice (eIF2α+/S51A) displayed 

improved LTP and long-term memory consolidation (Costa-Mattioli et al., 2005). 

In contrast, LTD relies on increased levels of eIF2α-P. Prisco et al. elegantly 

reported that uORF-driven translation remodels expression of cell surface 

receptors at synapses required for mGluR-LTD (Di Prisco et al., 2014). It is the 

current view that this modulation of the eIF2α phosphorylation status can be 

adjusted to support a given learning task. LTP-dependent paradigms, such as 

contextual fear conditioning, shifts synapses to repress eIF2α-P, while LTD 

learning programs, such as object-in-place learning, demands the regulated 

translation of transcripts containing uORFs (Costa-Mattioli et al., 2007; Di Prisco 

et al., 2014).  

As the hub of adaptability to learning and long-term memory storage, eIF2α-P, 

and thus modulation of eIF2B activity, has been studied in detail for cognition 

improvement. ISRIB, the eIF2B GEF activity enhancer, has been shown to 

attenuate eIF2α-P-dependent translational control without changes to eIF2α 

phosphorylation status per se (Guthrie et al., 2016; Rabouw et al., 2019; Zhu et 

al., 2019). Indeed, eIF2B activation strengthens synaptic plasticity and memory 

consolidation in healthy rodents (Sidrauski et al., 2013). ISRIB also proved 

beneficial to counteract abnormally elevated levels of eIF2α-P and LTP-

impairment in models of PD, DS and TBI (see Introduction section 1.4.2.) as well 

as alcohol addiction (Izumi & Zorumski, 2020) and drug abuse (Placzek et al., 

2016). However, less is known of the impact of eIF2B activity modulation on LTD 
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synapses which require eIF2α-P. Conflicting studies in AD models have shed 

some light on the involvement of eIF2B activation in LTD. Amyloid-β oligomer 

(AβO) accumulation is an age-related pathological hallmark of AD triggering 

ATF4-dependent neuronal cell death, resulting in progressive cognitive decline 

(Oliveira & Klann, 2021). ISRIB ameliorated AβO-induced cognitive deficiency in 

rodents, which the authors attribute to the loss of eIF2B content observed in post-

mortem AD brain (Oliveira et al., 2021). Surprisingly, two other studies failed to 

recapitulate the beneficial cognitive effects of eIF2B activation in AD mice models 

(Briggs et al., 2017; Johnson & Kang, 2016). Although the authors suggest 

different administration regimens and absence of ISR markers as plausible 

reasoning for these unexpected results, AβO accumulation has been previously 

reported to selectively elevate LTD (Shankar et al., 2008), favouring the eIF2α-

P-dependent axis of synaptic plasticity. In support of this, eIF2B activation 

prevented proper object-placing learning of healthy rodents, which requires 

eIF2α-P-dependent translation (Di Prisco et al., 2014). Accordingly, augmenting 

eIF2α-P corrected deficient LTD in dystonia mice models (Rittiner et al., 2016). 

Therefore, tailoring eIF2B function depending on the level of dependence eIF2α-

P could offer new avenues of therapeutic interventions. 

Potential roles of eIF2B PTM modulation in cognition also warrants further 

investigation. A recent report has shown a novel role for eIF2B modulation during 

axonal wiring (Cagnetta et al., 2019). Rapid protein synthesis in growing axons 

overloads the ER, alleviated by eIF2α-P which paradoxically prevents key bursts 

of global translation. Guidance-cue Sema3A signalling overcomes this constraint 

by transiently supressing GSK-3β-mediated phosphorylation of eIF2Bε (Ser535), 

enhancing eIF2B activity to rescue global translation over specific time courses 

(Cagnetta et al., 2019). Additionally, lithium treatment in Down syndrome rodent 

models has been shown to inhibit GSK-3β activity (Bertsch et al., 2011), and 

thereby increase eIF2B activity, and improve synaptic strength (Contestabile et 

al., 2013). 
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1.5.2.3. Cancer. 

 

Translation dysregulation is critical for cancer cell survival and proliferation (Bhat 

et al., 2015). Cancer cells hijack the translation machinery to promote high levels 

of protein synthesis while being able to tolerate lethal stresses such as hypoxia 

and nutrient deprivation (Robichaud et al., 2019). The role of the ISR has been 

extensively implicated in cancer however remains somewhat controversial. 

Induction of eIF2α-P has been shown to prevent tumorigenesis in some cancer 

types (Schewe & Aguirre-Ghiso, 2009) while being beneficial to the survival of 

others (Guo et al., 2017). However, whether eIF2B has intrinsic roles in cancer 

growth is also not fully understood. Earlier studies suggested eIF2Bε may act as 

an oncogene. EIF2B5 mRNA is upregulated in a range of different cancer types, 

but not the remaining eIF2B subunits (Balachandran & Barber, 2004). More 

strikingly, the same study reported that increased eIF2B activity caused the 

observed doubling of cell growth rate in cancer-transformed mouse embryonic 

fibroblasts. A follow-up study showed that knockdown of eIF2Bε expression 

ameliorated tumorigenesis in the same cell line (Gallagher et al., 2008) 

showcasing the potential role of eIF2Bε in cancer. 
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1.6. Project rationale. 

 

eIF2B plays a key role in regulating protein synthesis by being the main event of 

the ISR. Our group has previously shown that cellular eIF2B localisation is 

regulated during the ISR and may act as an additional regulatory mechanism of 

the ISR itself. Mutations in eIF2B leads to VWMD which is an incurable and 

complex disease with a poor correlation between eIF2B mutations, genotype 

impairment and disease severity. The paradoxical knowledge that eIF2B is an 

essential translation factor and VWMD is an ISR-driven neurological disorder 

mainly caused by astrocytic dysfunction implies the compelling idea that eIF2B 

has cell-specific functions. Hence, this thesis aims to address the following overall 

hypothesis:   

eIF2B localisation and/or regulation during the ISR is cell-type specific. 

This hypothesis was addressed via a detailed analysis of the following aims: 

(1) Examine whether cell-specific patterns of eIF2B bodies exist between 

neuronal and glial cell lines. 

(2) Investigate the regulation of eIF2B bodies during the acute and chronic 

stages of the ISR between cell types. 

(3) Assess the impact of the ISR and ISR modulators in the cell-specific GEF 

activity of eIF2B bodies. 
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Chapter 2. Material and methods. 
 

2.1. Cell culture. 

2.1.1. List of reagents and materials. 

Table 2.1. List of reagents and materials used in cell culture. 

Reagents Supplier Catalog 
number 

Other 
information 

Minimum Essential Medium (MEM) Gibco 11095-080 500mL 
Heat-inactivated fetal bovine serum 
(FBS) 

Gibco 10082-147 500mL 

MEM non-essential amino acids 
(NEAA) 

Gibco 11140-035 100x 

Sodium pyruvate Gibco 11360-070 100mM 
L-Glutamine Gibco 25030-081 200mM 
Penicillin/streptomycin (P/S) Gibco 15140-122 10000 U/mL 
Dulbecco's modified Eagle's 
medium:F-12 (1:1) (DMEM:F-12) 

Lonza F151272 25mM HEPES; 
discontinued 

Astrocyte Medium (AM) ScienCell 1801 500mL 
AM-FBS ScienCell 0010 10mL 
Astrocyte Growth Supplement 
(AGS) 

ScienCell 1852 10mL 

AM-P/S ScienCell 0503 10mL 
HyClone (Ham's Nutrient Mixture) 
F-12 

Fisher Scientific 10235122 500mL 

Trypsin-EDTA solution Gibco 25300-062 0.05% 
Trypan Blue solution Gibco 15250-061 0.4% 
Phosphate-buffered saline (PBS) Gibco 14190-094 500mL 
Dimethyl sulfoxide (DMSO) VWR BKC-17 50mL 
ISRIB Sigma-Aldrich SML0843 5mg 
Thapsigargin (Tg) Sigma-Aldrich T9033 1mg 
Sodium arsenite (SA) Sigma-Aldrich S7400 100g 
GSK2606414 Tocris 5107 50mg 

Materials Supplier Catalog 
number 

Other 
information 

Countess™ Cell Counting Chamber 
Slides 

Invitrogen C10228  

MycoAlert™ Mycoplasma Detection 
Kit 

Lonza LT07-318  

Nalgene® Mr. Frosty Thermo 
Scientific 

5100-0001 H × diam. 86 
mm × 117 mm 
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2.1.2. Cell lines and maintenance. 

Human Glioblastoma Astrocytoma (U373) cell line (purchased from ATCC, 

#08061901) were cultured in MEM supplemented with 10% (v/v) FBS, 1% (v/v) 

NEAA, 1% (v/v) sodium pyruvate, 1% (v/v) L-glutamine and 1% (v/v) 

penicillin/streptomycin (P/S).  Human neuroblastoma (SH-SY5Y) cell line 

(purchased from ATCC, CRL-2266) were cultured in DMEM:F-12 supplemented 

with 10% (v/v) FBS, 1% (v/v) L-glutamine and 1% (v/v) P/S. Human Glial 

Oligodendrocytic Hybrid Cell Line (MO3.13) cell line (kindly gifted by Prof Nicola 

Woodroofe, originally derived from Cedarlane #CLU301) were cultured in DMEM 

supplemented with 10% (v/v) FBS, 1% (v/v) L-glutamine and 1% (v/v) P/S. 

Human primary astrocytes (HA) were cultured in AM supplemented with 2% (v/v) 

AM-FBS, 1% (v/v) AGS and 1% (v/v) AM-P/S. All previous cell lines were 

validated with antibodies against lineage-specific markers.  Wild-type CHO-C30 

cells and CHO-C30 cells harbouring the L180F mutation within the EIF2B4 gene 

(Sekine et al., 2015) were a kind gift from Professor David Ron (Cambridge 

Institute for Medical Research) and cultured in F-12 Ham supplemented with 10% 

(v/v) FBS, 1% (v/v) L-glutamine and 1% (v/v) P/S. All cell lines were maintained 

at 37°C under 5% CO2 and were routinely tested by the technical team for 

contamination with MycoAlert™ Mycoplasma Detection Kit (Lonza, #LT07-318).  

2.1.3. Cell passage. 

 

Cells were all grown in T75 or T175 flasks and sub-cultured when 70%-80% 

confluent. All cell lines were sub-cultured no further than passage 25. After 

discarding the media, cells were washed once with PBS. The flasks were then 

incubated with 2 mL of trypsin-EDTA at 37ºC for a maximum of 5 min. To de-

activate trypsin, the cells were resuspended in 9 mL of growing media and the 

suspensions were transferred into 50 mL tubes. The cells were then spun at 1000 

rpm for 5 min. After spinning the supernatant was discarded and the pelleted cells 

were re-suspended in fresh media. The cells were counted by resuspending 10 

µL of the suspension with 10 µL of Trypan Blue and loaded into a CountesS™ 

Cell Counting Chamber. The cell suspension was then aliquoted into T75 or T175 

flasks containing fresh complete medium, depending on the split ratio intended. 

SH-SY5Y and U373 were normally split in a ratio between 1:3-1:6; while MO3.13, 

primary astrocytes and CHO cells were usually split between 1:8-1:10. 



Chapter 2 

68 
 

2.1.4. Thawing and freezing vials. 

 

Cell vials stored in liquid nitrogen were thawed in water bath at 37 ºC until 

defrostED (usually ~2-3 minutes). The suspended cells were then pipetted into 

T75 flasks containing 15 mL of the corresponding growth medium. Media was 

discarded the following day and replaced with fresh media to remove traces of 

DMSO. To freeze cells, after trypsinisation and spinning, the pelleted cells were 

resuspended in FBS containing 10% DMSO. The tubes were maintained for 24h 

in a Mr. Frosty™ Freezing Container (Thermo Fischer Scientific) at -80ºC and 

moved to liquid nitrogen the following day for long-term storage or maintained at 

-80ºC for short-term usage. 

2.1.5. Cell treatments. 

 

For acute/transient induction of the ISR, cells were treated with 1µM Tg (stock 

solution: 1 mg/mL diluted in DMSO stored at -20°C) for 1h at 37°C; 125 µM or 

500 µM SA (stock solution: 50mM diluted in ddH2O stored at 4°C) for 30 minutes 

at 37°C. 

For chronic induction of the ISR, cells were treated with 300nM Tg for 24h at 

37°C. For acute/transient cellular stress previously challenged with a chronic 

induction of the ISR, cells were treated with 300nM Tg for 24h at 37°C where 

1µM Tg or 125µM SA were added in the last 60 and 30 minutes at 37°C, 

respectively. For ISRIB treatment, 200nM ISRIB was added to cells for either 1h 

or 24h at 37°C. For PERK inhibition treatment, cells were treated with 500nM 

GSK2606414 for 1h at 37°C.  

As control, cells were treated with vehicle solution (DMSO) with the highest 

volume and treatment duration at 37°C depending on its respective drug 

experimental setup.  
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2.2. DNA plasmids. 

 

2.2.1. List of reagents, plasmids, and materials. 

Table 2.2. List of reagents, DNA plasmids and materials used.  

Reagents Supplier Catalog 
number 

Other 
information 

LB broth Sigma-Aldrich L3022 1kg 
LB agar Sigma-Aldrich L2897 1kg 
Carbenicillin disodium salt Merck C1389 250mg 
Glycerol Fischer Scientific G/0600/17 2.5L 
JM109 Competent Cells Promega L2005 Escherichia coli 

(E. coli) 
G-418 solution Merck G418-RO 50mg/mL 
Branched 25-kDa 
polyethylenimine (PEI) 

Sigma-Aldrich 408727 100mL 

Plasmids Supplier Catalog 
number 

Other 
information 

EIF2B5 (pCMV6-AC-tGFP) Origene RG202322 10μg  
EIF2S1 (pCMV6-AC-tGFP) Origene RG200368 10μg 
pCMV6-AC-mGFP Origene PS100040 10μg 
pCMV6-AC-RFP Origene PS100034 10μg 
Materials Supplier Catalog 

number 
Other 
information 

GeneJETTM plasmid Miniprep 
kit 

Thermo Scientific K0503  

NanoDrop 1000 
spectrophotometer 

Thermo Scientific ND-1000  

LipofectamineTM 3000 kit Invitrogen L3000001  
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2.2.2. Plasmid preparation. 

On arrival, all plasmids were centrifuged at 5000 g for 5min, added with 100ul of 

sterile water to dissolve the DNA (final concentration of 0.1μg/μL) and incubated 

for 10 minutes at RT. Plasmid solutions were briefly vortexed followed by quick 

spin (<5000 g) and stored at -20°C. 

2.2.3. Constructs. 

pCMV6-AC-tGFP plasmid vector encoding EIF2B5 (eIF2Bε) and pCMV6-AC-

tGFP plasmid vector encoding EIF2S1 (eIF2α) were purchased from Origene 

(Rockville, Maryland, USA). The coding ORF of EIF2B5 from the pCMV6-AC-

tGFP vector was sub-cloned into a pCMV6-AC-mGFP and pCMV6-AC-RFP 

vector (performed by Dr Rachel Hodgson, SHU). The constructs were verified by 

sequencing. 

2.2.4. Bacterial transformation. 

 

50µL of JM109 competent cells were mixed with 0.1μg of DNA plasmid and 

incubated on ice for 60 minutes. A 42°C heat-shock for 90s was performed, 

followed by immediate incubation on ice for 2 minutes. Resuspended 

bacteria:plasmid mixture was plated out on LB agar plates with carbenicillin (50 

µg/mL) and incubated overnight at 37°C. Single colonies were selected and 

cultured in LB broth with 50 μg/mL carbenicillin, followed by overnight incubation 

at 37°C.  

The previous solutions were made as follows: 

(1) Carbenicillin (1mg/mL stock solution): 10mg of carbenicillin disodium salt 

(Thermo Fischer Scientific) were dissolved in 10mL ddH2O.The solution 

was aliquoted and stored at 4ºC. 

(2) LB-agar: 17.5g of LB agar were dissolved in 500 mL ddH2O. The solution 

was autoclaved and kept at RT. 

(3) Carbenicillin agar plates: LB-agar was melted in the microwave. The 

solution was left to cool down for about 30 min at RT. Next, carbenicillin 

stock solution was added to a final concentration of 50µg/mL. The 

agar+carbenicillin was then poured into 10cm3 dishes and left to solidify at 

RT. The plates were stored at 4ºC. 
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2.2.5. Glycerol stocks. 

 

For long-term storage, 500 µL of an overnight liquid bacterial culture was mixed 

with 500 µL of 50% glycerol (v/v), gently mixed, transferred to cryovials and stored 

at -80ºC. 

2.2.6. DNA purification. 

 

The glycerol stock was used to inoculate into 10mL of LB broth containing 50 

μg/mL carbenicillin and grown overnight at 37ºC with constant shaking (no more 

than 250 rpm). To make up LB broth solution, 10g of LB broth powder was 

dissolved in 500mL ddH2O. The solution was autoclaved and kept at RT. After 

16-18h, cultures were centrifuged at 8000 rpm at RT for 2min and the DNA 

plasmid was isolated using a GeneJET plasmid Miniprep kit (Fisher Scientific, 

Loughborough, UK) according to the manufacturer's instructions. Plasmid DNA 

was eluted in 50µL elution buffer and quantified using a NanoDrop 1000 

spectrophotometer (ND-1000) (Thermo Fischer Scientific). 

2.2.7. Transient transfection procedures. 

U373, SH-SY5Y and MO3.13 cells were seeded at a density of 3x105, 5x105 and 

2.5x105 cells/well, respectively, in a 6-well plate and incubated at 37ºC for at least 

24h before transfection to ensure sub-culturing recovery and optimal 

physiological condition for transfection. Preparation of transfection complexes 

were performed in appropriate medium without serum for each cell line as 

indicated below. 

2.2.7.1. PEI transfection. 

Transient transfection for U373 cells was performed with transfection reagent 25-

kDa polyethylenimine, branched (PEI) (Sigma-Aldrich, #408727). Transient 

transfection was obtained by using PEI (stock: 1mg/mL, sterile-filtered) at a molar 

concentration of 4:1 [PEI(μg) : DNA(μg)]. For each well of a 6-well plate, 4μg PEI 

and 1μg plasmid DNA was diluted in 100μL of FBS-free and P/S-free MEM and 

incubated at RT for 10 minutes. 600μL of FBS-containing and P/S-free MEM was 

added to the transfection mixture, and full 700μL mixture was transferred to cover 

cells and incubated for 2h at 37°C. 2mL of P/S-free MEM was added after 2h and 

incubated overnight at 37°C. Cell culture media was fully changed to complete 

MEM and incubated for 24-48h at 37°C prior to confocal imaging.  
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2.2.7.2. Lipofectamine 3000 transfection. 

Transient transfection for SH-SY5Y and MO3.13 was performed with 

Lipofectamine-3000 following manufacturer’s instructions. Briefly, transfection 

complexes were prepared in appropriate FBS-free medium of each cell line 

(DMEM:F12 for SH-SY5Y cell line and DMEM for MO3.13 cell line) at a molar 

ratio of 1.5:1:2 (Lipofectamine [µL] : DNA [µg] : P3000 [µL])  and incubated at RT 

for 15 minutes. The transfection complex was added to cells, and they were then 

incubated for 24-48h at 37°C. 

2.2.7.3. Stable transfection. 

To prepare stable cell lines the transient transfection protocol was initially 

followed. U373 cells were transfected with 1μg of DNA plasmid and incubated for 

48 hours at 37°C. Prior to beginning the stable cell line a kill curve assay was 

performed to assess minimal selective antibiotic concentration for total cell death 

after 10 days of incubation at 37°C for untransfected cells. Once the kill curve 

was completed and the appropriate concentration of G-418 (stock: 50mg/mL) 

(Roche) was identified (600μg/mL) this was added to the media after 48 hours of 

transfection and changed every 2 days for 10 days of incubation at 37°C to 

promote the formation of stable cell lines.  

Drug-resistant colonies were trypsinized and centrifuged at 1000 g for 5 minutes, 

and the resulting pellet was resuspended in G-418-containing media and 

expanded in T75 to generate a polyclonal cell line. 
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2.3. Immunoblotting. 

 

2.3.1. List of reagents and materials. 
 
Table 2.3. List of reagents and materials used in immunoblotting. 

Reagents Supplier Catalog number Other 
information 

Phosphate-buffered saline (PBS) Gibco 14190-094 500mL 
CelLytic M Sigma-Aldrich C2978 250mL 
Sodium fluoride (NaF) Sigma-Aldrich 201154 5g 
Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich P7626 1g 
β-Glycerophosphate disodium salt 
hydrate 

Sigma-Aldrich G9422 50g 

Phosphatase inhibitor cocktail 2 Sigma-Aldrich P5726 1mL 
Phosphatase inhibitor cocktail 3 Sigma-Aldrich P0044 1mL 
Protease inhibitor cocktail Sigma-Aldrich P8340 1mL 
4x Laemmli sample buffer BioRad 1610747 10mL 
2-mercaptoethanol VWR BC98 100mL 
Chameleon® Duo Pre-stained Protein 
Ladder 

LiCor 928-60000 500μL 

RevertTM Total Protein Stain LiCor 926-11011 100mL 
Marvel Original Dried Skimmed Milk Tesco n/a n/a 
Bovine serum albumin (BSA) Merck A7906 100g 
Tris Fisher Scientific T/3710/60 1kg 
Tween-20 Sigma-Aldrich P1379 500mL 
Sodium dodecyl sulfate (SDS) VWR L5750 500g 
Ammonium persulphate (APS) Sigma-Aldrich A3678 100g 
N,N,N′,N′-Tetramethyl ethylenediamine 
(TEMED) 

Sigma-Aldrich T9281 25mL 

Puromycin dihydrochloride Gibco A1113803 10x1mL 
Cycloheximide Sigma-Aldrich 203350 25mg 
Antibodies Supplier Catalog number Dilution 

factor 
Rabbit anti-eIF2Bα Proteintech 18010-1-AP 1:500 
Rabbit anti-eIF2Bβ Proteintech 11034-1-AP 1:500 
Mouse anti-eIF2Bγ Santa Cruz sc-137248 1:500 
Rabbit anti-eIF2Bδ Proteintech 11332-1-AP 1:500 
Rabbit anti-eIF2Bε Abcam ab32713 1:500 
Mouse anti-eIF2α Abcam ab5369 1:500 
Rabbit anti-phosho-eIF2α[ser51] [E90] Abcam ab32157 1:500 
Rabbit anti-PERK Proteintech 20582-1-AP 1:1000 
Rabbit anti-GADD34 Proteintech 10449-1-AP 1:500 
Rabbit anti-CHOP Proteintech 15204-1-AP 1:1000 
Rabbit anti-ATF4 Abcam ab184909 1:750 
Rabbit anti-GAPDH Cell Signalling #2118 1:5000 
Mouse anti-puromycin (clone 12D10) Merck MABE343 1:500 
Goat anti-rabbit IRDye 680RD LiCor 925-68071 1:10000 
Goat anti-mouse IRDye 800CW LiCor 925-32210 1:10000 
Materials Supplier Catalog number Other 

information 
Qubit™ Protein Assay kit Invitrogen Q33212  
4-20% Precast Gels Mini-PROTEAN® 
TGXTM 

BioRad 4561096  

MiniPROTEAN® Handcast System BioRad 1658000FC  
Trans-Blot® Turbo™ RTA Mini 0.2 µm 
Nitrocellulose Transfer Kit 

BioRad 1704270  

Trans-Blot® Turbo™ Transfer System BioRad 1704150  
Odyssey Scanner LiCor Model 9120  
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2.3.2. Protein extraction. 

 

In order to prepare protein extracts, media was discarded, and cells were washed 

once in PBS. Cells were lysed in CelLytic M freshly supplemented for each use 

with 10mM NaF, 1mM PMSF, 17.5mM β-glycerophosphatase, 1% (v/v) 

phosphatase inhibitor cocktail 2, 1% (v/v) phosphatase inhibitor cocktail 3 and 

1% (v/v) protease inhibitor cocktail; for 30 min in ice with regular agitation. Cell 

lysates were centrifuged at 12,000 g for 10 min at 4°C and tested for protein 

quantification. Lysates were stored at – 80°C if needed. 

2.3.3. Protein quantification.  

Protein extracts were quantified using the QubitTM Fluorometric Quantification 

assay. QubitTM Working solution buffer was made up by diluting the QubitTM 

Reagent in QubitTM Buffer at a ratio of 1:200 (Reagent:Buffer). 200μL of Working 

solution was prepared for each sample and standard. 10μL of each of the three 

QubitTM Standards was diluted in 190μL of QubitTM Working solution in QubitTM 

Assay Tubes for 15 min at RT. 1μL of each extract sample was diluted in 199μL 

of QubitTM Working solution in QubitTM Assay Tubes for 15 min at RT. The 

fluorescence intensity of the standards was firstly determined to calibrate the 

QubitTM Fluorometer (automatic standard curve) followed by the readings of each 

sample (units = μg/mL).   

2.3.4. Western blot analysis. 
 

Samples were boiled in 4x Laemmli sample buffer (supplemented with fresh 10% 

(v/v) 2-mercaptoethanol) at 100°C for 5 minutes. 15-30μg of whole-protein lysate 

were loaded on a 5% stacking gel and resolved on either 10% or 7.5% 

polyacrylamide gels (Table 2.1). Alternatively, 4-20% Precast Gels were also 

used.  Gel electrophoresis was performed on the MiniPROTEAN® Handcast 

System in 1x running buffer (25 mM Tris pH 8.3, 250 mM glycine, 0.1% w/v SDS) 

at 120 V for ~60-75 minutes. 1-2 μL of Chameleon® Duo Pre-stained Protein 

Ladder was used as a molecular weight marker. Polyacrylamide gels were semi-

dried transferred onto nitrocellulose membrane using Trans-Blot Turbo Transfer 

System at 1.3A and 15V for 30 minutes, following manufacturer's instructions. 

When necessary, membranes were subjected to RevertTM Total Protein Stain for 

normalization, imaged and washed out following manufacturer's instructions. 

Membranes were blocked in Tris-buffered saline (TBS) supplemented with 5% 
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(w/v) milk or 5% (w/v) BSA for 1h at RT or overnight at 4°C. Blocked membranes 

were probed with primary antibodies diluted in TBS supplemented with  0.1 % 

(v/v) Tween-20 (TBST) and 5% (w/v) milk or 5% (w/v) BSA, overnight at 4°C. 

Membranes were then washed 3 times for 5 min/each in TBST, followed by 

probing with secondary antibodies diluted in 5% milk or 5% BSA in TBST for 1h 

at RT and washed 3 times for 5 min/each in TBST. Membranes were visualised 

and quantified on a LiCor Odyssey Scanner with Image Studio Lite software. 

 

Table 2.4. List of reagents/solutions and respective quantities to hand cast SDS-PAGE 
gels used in this study. 

 

 

2.3.5. Puromycin incorporation assay. 
 

For puromycin integration, 2.5µL of puromycin dihydrochloride solution was 

added per 1mL of medium (final concentration: 91µM) to cells incubated at 37°C 

for 5min and immediately harvested.  Cells were washed twice with ice-cold PBS 

supplemented with 355µM cycloheximide, lysed and immunoblotted as described 

previously in sections 6.3.4. Primary puromycin-specific antibody was used to 

detect puromycinylated proteins. GAPDH immunoblotting was used as a loading 

control.  

10% resolving gel 

(Bottom)

7.5% resolving gel 

(Bottom)

5% stacking gel 

(Top)

ddH2O 4.0 mL 4.85 mL 2.7 mL

30% Acrylamide/bis-

acrylamide
3.3 mL 2.5 mL 670 µL

1 M Tris base pH 6.8 500 µL

1.5 M Tris base pH 8.8 2.5 mL 2.5 mL

10% SDS 100 µL 50 µL 40 µL

10% APS 100 µL 100 µL 40 µL

TEMED 4 µL 15 µL 4 µL
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2.4. Immunocytochemistry. 

 

2.4.1. List of reagents and materials. 

Table 2.5. List of reagents and materials used in immunocytochemistry. 

Reagents Supplier Catalog number Other 
information 

Industrial Methylated Spirit (IMS) Fisher Scientific M/4470/17 2.5L 
Methanol Fisher Scientific M/3950/17 2.5L 
4% Paraformaldehyde in PBS 
(PFA) 

Alfa Aesar J61899 250mL 

Phosphate-buffered saline (PBS) Gibco 14190-094 500mL 
Tween-20 Sigma-Aldrich P1379 500mL 
Triton X-100 BDH Laboratories 306324N 500mL 
Bovine serum albumin (BSA) Merck A7906 100g 
ProLong™ Gold Antifade 
Mountant with DAPI 

Invitrogen P36935 5x2mL 

Antibodies Supplier Catalog number Dilution 
factor 

Rabbit anti-eIF2Bα Proteintech 18010-1-AP 1:25 
Rabbit anti-eIF2Bβ Proteintech 11034-1-AP 1:25 
Mouse anti-eIF2Bγ Santa Cruz sc-137248 1:50 
Mouse anti-eIF2Bδ Santa Cruz sc-271332 1:50 
Goat anti-Rabbit AlexaFluor-594® Invitrogen A-11012 1:500 
Goat anti-Mouse AlexaFluor-594® Invitrogen A-11032 1:500 
Materials Supplier Catalog number Other 

information 
Academy squared glass 
coverslips 

Smith Scientific NPS13/2222 22x22mm 
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2.4.2. Immunofluorescence assay. 

 

Squared glass coverslips were rinsed with 70% IMS, added to 6-well plates and 

left to completely dry out. Cells were seeded and transfected as described 

previously (section 6.2.7.). U373 and SH-SY5Y cell lines were fixed in ice-cold 

100% methanol at -20°C for 15 min. MO3.13 cell line was fixed in 4% (w/v) 

paraformaldehyde (PFA) in PBS at RT for 20 min. For methanol fixation, cells 

were washed with PBS supplemented with 0.05% (v/v) Tween-20 (PBST) for 3 

times for 3 minutes, then blocked in 1% (w/v) BSA diluted in PBST for 1h at RT 

or overnight at 4°C, under gentle shaker. For PFA fixation, cells were washed 3 

times with PBST for 3 minutes, permeabilized with 0.1% (v/v) Triton X-100 diluted 

in PBS for 5 minutes at RT, washed 3 times with PBST for 3 minutes, and then 

blocked in 1 % (w/v) BSA in PBST for 1h at RT or overnight at 4°C, under gentle 

shaker. Cells were probed with primary antibodies diluted in 1 % (w/v) BSA in 

PBST, overnight at 4°C under gentle shaker. Cells were then washed 3 times 

with PBST for 5 minutes, followed by probing with the appropriate host species 

AlexaFluor-594® conjugated secondary antibody diluted in 1% (w/v) BSA in PBS, 

for 60 minutes at RT. Following secondary antibody incubation, cells were 

washed with PBST, three times for 5 minutes, and mounted with ProLong™ Gold 

Antifade Mountant with DAPI and left to dry out for 24 hours at RT. Cells were 

visualised on a Zeiss LSM 800 confocal microscope.  
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2.5. Confocal imaging and analysis. 

 

Imaging was performed using a Zeiss LSM 800 confocal microscope combined 

with Zeiss ZEN 2.3 (blue edition) software for data processing and analysis. 63x 

or 40x plan-apochromat oil objectives and a 488 nm diode laser with maximum 

output of 1.0 % laser transmission were used for excitatory imaging at 488 nm. 

Additionally, a 561 nm laser with maximum output of 5.0% laser transmission was 

used for excitatory imaging at 594 nm. A 63x plan-apochromat oil objective, diode 

lasers with maximum output of at 0.2 % laser transmission and a maximal 0.8x 

zoom input was used for Airyscan imaging. Image acquisition was performed by 

maximum intensity orthogonal projection of a Z-stack of automatically calculated 

increments for complete single cell imaging and 3D projection. Live cell imaging 

was performed by pre-heating the incubation chamber to 37°C and regulate CO2 

levels of stage area sealed box to 5%. 

2.5.1. Fluorescence recovery after photobleaching (FRAP) analysis. 
 

FRAP analysis was performed to quantify the shuttling rate of eIF2 through eIF2B 

bodies as in the methodology described for mammalian cells by (Hodgson et al., 

2019). FRAP experiments were carried out by live cell imaging on the LSM 800 

confocal microscope. Specific areas containing cytoplasmic eIF2α-mGFP foci 

were targeted for bleaching using 23 iterations at 100 % laser transmission (488 

nm diode laser). Pre-bleaching image and intensity of targeted foci (ROI – region 

of interest) was captured followed by 44 images captured every 151ms for a total 

of 7.088s. In-cell fluorescence intensity was captured to normalise against ROI. 

Out-of-cell fluorescence, or background intensity (B), was measured and 

subtracted from ROI and T values to provide corrected measurements. 

Normalised data was fitted to a one-phase association curve using GraphPad 

Prism to quantify rate of recovery and half-time of recovery. The relative 

percentage of eIF2 recovery was determined as the plateau of the normalised 

FRAP curve.  
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2.5.2. Analysis of eIF2B bodies. 

 

eIF2B body analysis was carried out using Zeiss ZEN 2.3 (blue edition) software. 

eIF2B bodies were categorised by size and sub-divided to small bodies (<1μm2) 

and large bodies (≥1μm2). Single-cell images were captured and processed for 

automatic detection of 488nm fluorescence foci (eIF2B bodies) prior manual 

setup of intensity threshold to include all eIF2B bodies on a cell-by-cell basis. A 

singular threshold setup for all images was not possible due to fluctuations of 

fluorescence between different captured cells.  mGFP-positive cells were counted 

blindly until desired number was reached and details on total counted bodies and 

independent biological replicates is provided in Table 2.6. Risk of cell counting 

bias was reduced by applying the same counting direction pattern throughout all 

imaging experiments (Figure 2.1.). 

 

 

Figure 2.1. Schematic of the cell counting direction. 
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Table 2.6. Descriptive statistics of cell counting. Additional information on total number of 

GFP-positive cells analysed per experiment (and respective Figure numbering), number of 

technical replicates and number of independent biological repeats (N). ICC, 

immunocytochemistry. 

ICC 

Experiment 

(Figure) 

Cells 

counted  

Technical 

replicates N 

3.2. 100 1 4 

3.3. 50 1 3 

3.4. 50 1 3 

3.5. 30 1 3 

3.7. 50 1 1 

4.7. 30 1 3 

4.8. 30 1 3 

4.9. 30 1 3 

4.10. 30 1 3 

5.1. 30 1 3 

 

 

2.5.3. Relative percentage of eIF2B body sub-populations. 
 

The relative percentage of each size category of eIF2B bodies was performed 

with the average of each biological repeat: the number of small bodies and large 

bodies was divided by the total number of bodies per cell and converted into 

percentages (% small bodies = [number of bodies with area <1μ2/total number of 

bodies] x 100; (% large bodies = [number of bodies with area ≥1μ2/total number 

of bodies] x 100). 

2.5.4. Manual analysis of co-localisation. 
 

Co-localisation was performed by eye and assessed on a body-by-body basis of 

all detected eIF2B bodies per cell. A positive co-localisation was observed when 

a secondary antibody (Alexa-Fluor-594®) signal full overlapped with a GFP-

tagged eIF2Bε foci (Figure 2.2. A). In contrast, co-localisation was classified as 

negative upon partial or no overlapping of secondary antibody signal with eIF2Bε-

mGFP (Figure 2.2. B).  
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Figure 2.2. Co-localisation with eIF2B bodies.  
Representative image of a (A) positive and (B) negative colocalization of an eIF2B body (488nm 
channel) with secondary antibody signal foci (561 nm channel). 3D modelling of co-localisation of 
488nm signal and 561 nm signal captured on a Zeiss LSM 800 Confocal. 
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2.6. Illustration tool and statistical analysis. 

 

All diagrams, expected when referencing the source publication, were drawn in 

Adobe Illustrator (v26). All statistical assessments were made in GraphPad Prism 

7 software, with a significance at p<0.05. All data is presented as means ± 

standard errors of the mean (s.e.m.). Due to discrepancies between cell line 

batches and technical variation between experiments, the data of each 

experiment was normalized to vehicle samples when appropriate, which were 

assigned the mean value of 1. Data was subjected to Shapiro-Wilk normality test. 

If parametric, data was analysed by one-way ANOVA test for comparison of three 

of more groups followed by Tukey's correction post-hoc test. If non-parametric, 

data was analysed by Kruskal-Wallis test for comparison of three of more groups 

followed by Dunn's correction post-hoc test. Asterisks indicate respective 

statistical significance as follows: *p<0.05; **p<0.01 and ***p<0.001. Detailed p-

values are included in the caption of each figure. 
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Chapter 3. Characterisation of eIF2B localisation in 

neuronal and glial cells during steady-state 

conditions. 
 

3.1. Introduction. 
 

A key protein complex involved in ensuring efficient translation initiation takes 

place is eIF2. eIF2 is a heterotrimeric G-protein (Naveau et al., 2013; Schmitt et 

al., 2012). In its active GTP-bound state, eIF2 is complexed with methionylated 

initiator transfer RNA (eIF2-GTP-Met-RNAi) forming a TC to locate the first start 

codon to the ribosome (Hinnebusch & Lorsch, 2012). Following codon 

recognition, eIF2-GTP is hydrolysed to eIF2-GDP through the action of the 

canonical GTPase-activating protein eIF5 (Paulin et al., 2001). eIF5 hinders GDP 

release (GDP dissociation inhibitor, GDI) from eIF2 (Jennings & Pavitt, 2010). 

Crucial for successive rounds of translation is the regeneration of GTP-bound 

eIF2 catalysed by eIF2B. Prior to its GEF function, eIF2B acts as a GDI 

displacement factor (Jennings et al., 2013) removing eIF5, followed by GDP 

release from eIF2 (Williams et al., 2001); all in all, posing as a powerful control 

checkpoint for the availability of TCs. In its native form, eIF2B is a 

heterodecameric complex composed of two copies of 5 non-identical subunits 

(termed eIF2Bα-ε). The γ and ε subunits catalyse the GEF activity, whereas the 

α, β and δ subunits regulate this activity in response to different cellular stress 

insults (Bogorad et al., 2014; Kimball et al., 1998; Pavitt et al., 1998; Pavitt et al., 

1997). Structurally, eIF2B decameric conformation is comprised of an 

eIF2B(αβδ)2 hexameric regulatory core laid between two opposing eIF2Bγε 

catalytic heterodimers (Tsai et al., 2018; Zyryanova et al., 2018). In mammalian 

cells, eIF2B has been reported to exist in different sub-complexes arrangements 

with varying subunit composition (Wortham et al., 2014). 

In yeast cells, eIF2B localises to stable cytoplasmic foci termed ‘eIF2B bodies’ 

where GEF activity takes place and are targeted for eIF2B regulation (Campbell 

et al., 2005; Moon & Parker, 2018a; Norris et al., 2021; Nüske et al., 2020; Taylor 

et al., 2010). These studies were further extended in human astrocytic cells and 

showed that heterogeneous populations of different-sized bodies correlated to its 

eIF2B subunit makeup (Hodgson et al., 2019). Larger bodies contained all eIF2B 
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subunits, whilst small bodies predominantly consisted of the γ and ε catalytic 

subunits. 

Despite its essential role in the ISR across all cell types (Pakos-Zebrucka et al., 

2016), mutations in any of the five subunits of eIF2B result in the neurological 

disorder VWMD (van der Knaap et al., 2006). VWMD mutations are selectively 

detrimental to astrocytes, triggering immature oligodendrocytes and, ultimately, 

cause neuronal death due to axonal de-myelination (Bugiani et al., 2011; Dooves 

et al., 2016; Dooves et al., 2018; Klok et al., 2018; Leferink et al., 2018). 

Nonetheless, studies have shown that cultured neurons are surprisingly 

unaffected by eIF2B mutations (Klok et al., 2018), collectively implying cell-type 

specific features of eIF2B function and regulation at least to brain cell types, 

which remains to be understood.   
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3.2. Hypothesis and rationale. 

 

eIF2B localisation has been reported in yeast models (Campbell et al., 2005) and, 

more recently, in mammalian cells (Hodgson et al., 2019). However, the latter 

has shown a higher degree of diversity and complexity. VWMD is directly linked 

to eIF2B mutations (Leegwater et al., 2001). The understanding of VWMD 

pathology has shifted towards astrocyte dysfunction being the central cell type to 

be primarily drive white matter loss (Dooves et al., 2016). Oligodendrocytes have 

been implicated with maturation abnormalities and mitochondrial decay (Herrero 

et al., 2019) while neurons remain directly resilient to VWMD mutations (Klok et 

al., 2018). Because of this cell type vulnerability of eIF2B mutations, the main 

scientific aim of this chapter is to investigate the cellular localisation of eIF2B in 

neuronal, astrocytic and oligodendrocytic cell types. To test this hypothesis, the 

following experimental objectives were employed:  

• Analyse the prevalence and distribution of the different sub-populations of 

eIF2B bodies by transient transfection, immunocytochemistry, and 

confocal imaging. 

• Assess the composition make-up of the different sub-populations of eIF2B 

bodies by co-localisation imaging and analysis. 

• Perform FRAP to quantify the substrate shuttling of the different sub-

populations of eIF2B bodies. 



Chapter 3 

86 
 

3.3. Results. 

 

3.3.1. eIF2B localises to heterogenous cytoplasmic foci (‘eIF2B bodies’) in 

a cell-type specific manner. 

 

To analyse eIF2B localisation, transient transfection using the catalytic ε subunit 

of eIF2B tagged with monomeric Green Fluorescent Protein (eIF2Bε-mGFP) 

were performed in neuroblastoma (SH-SY5Y), astrocytoma (U373) and hybrid 

primary oligodendrocytes (MO3.13) cell lines. Given the main goal of this study 

was to address potential distinct localisation patterns between cell types, the cell 

lineage of each cell line was validated through immunostaining with selective 

markers anti-NeuN, anti-GFAP and anti-MBP antibodies in SH-SY5Y, U373 and 

MO3.13, respectively (Figure 3.1.). Next, a PEI transfection protocol as 

described in (Hodgson et al., 2019) resulted in increasing cytotoxicity in a dose-

dependent manner of PEI(μg):DNA(μg) ratios in MO3.13 cells; and low GFP+ 

transfection efficiency (<10%) in SH-SY5Y cells (data not shown). These 

technical impediments were solved by transfecting SH-SY5Y and MO3.13 cells 

using the Lipofectamine 3000 protocol.    

All cell types unanimously displayed either dispersed expression of eIF2Bε-

mGFP throughout the cytoplasm or localised to cytoplasmic foci (termed ‘eIF2B 

bodies’) (Figure 3.2. A). Analysis of the percentage of transfected cells displaying 

eIF2B bodies showed that U373 cells have the highest % of cells containing 

eIF2B bodies (53.50% ± 2.18) followed by MO3.13 cells (33.25% ± 1.65) and SH-

SY5Y cells exhibiting the lowest % (19.25% ± 2.06) (Figure 3.2. B). 

The size and abundance of eIF2B bodies per cell also varied across the cell 

types. eIF2Bε-mGFP localisation was categorised into two groups based on size 

ranges: small eIF2Bε-mGFP bodies (<1µ2) and large eIF2Bε-mGFP bodies 

(≥1µ2) (Figure 3.3.A). Small eIF2Bε-mGFP bodies were the predominant 

subpopulation across cell types ranging from ~ 10-30 bodies per cell (SH-SY5Y: 

10.33 ± 2.48; U373: 30.83 ± 6.59; MO3.13: 28.65 ± 3.59) (Figure 3.3. B). In 

contrast, all cell types displayed a minority of ~ 1-3 large eIF2Bε-mGFP bodies 

per cell (SH-SY5Y: 1.73 ± 0.36; U373: 2.53 ± 0.28; MO3.13: 1.79 ± 0.33) (Figure 

3.3. B). For cross-comparison between cell types, the raw counting data was 

transformed into the % of the number of bodies of each size category normalised 

against the total number of detected bodies per cell.  U373 and MO3.13 cells 
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exhibited no significant differences in the % of small bodies per cell (U373: 

88.19% ± 1.55; MO3.13: 89.34% ± 0.81), while SH-SY5Y cells showed a 

significantly decreased % of small bodies (71.46% ± 2.83) compared to the glial 

cells (Figure 3.3. B). SH-SY5Y cells displayed a significant increase % of large 

eIF2Bε-mGFP bodies per cell (30.54% ± 2.83) in comparison to U373 and 

MO3.13 cells (U373: 13.81% ± 1.55; MO3.13: 12.66% ± 0.81) (Figure 3.3. B). 

Furthermore, small eIF2B bodies across the cell types have similar average size 

(SH-SY5Y: 0.222 µm2 ± 0.015; U373: 0.243 µm2 ± 0.013; MO3.13: 0.247 µm2 ± 

0.005), while neuronal cells display bigger large eIF2B bodies (SH-SY5Y: 5.154 

µm2 ± 0.844; U373: 2.556 µm2 ± 0.239; MO3.13: 2.010 µm2 ± 0.039) (Figure 3.3. 

C). 
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Figure 3.1. Antibodies against selective markers for neuronal and glial cells were used to 
validate cellular lineage. 
Representative confocal images of neuroblastoma (SH-SY5Y), astrocytoma (U373) and hybrid 
primary oligodendrocytes (MO3.13) immunostained for neural marker neuronal nuclei (NeuN), 
astrocytic marker glial fibrillary acidic protein (GFAP), and oligodendrocytic marker myelin basic 
protein (MBP), respectively. DAPI shows nuclei. Scale bar: 50µm.  
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Figure 3.2. eIF2B localisation is higher in astrocytic cells.  
(A) Representative confocal images of (i) SH-SY5Y, (ii) U373 and (iii) MO3.13 cells transiently 
transfected with eIF2Bε-mGFP displaying exclusively dispersed throughout the cytoplasm or co-
exhibiting localised foci (termed ‘eIF2B bodies’). DAPI stains nuclei. 
(B) Mean percentage of cells displaying dispersed cytoplasmic and eIF2Bε-mGFP bodies in a 
population of 100 transfected cells was quantified manually and analysed using two-way ANOVA 
followed by post-hoc Tukey’s test for multiple comparisons. Error bars: ± s.e.m. (N=4). 
***p<0.0001 (SH-SY5Y vs. U373/MO3.13); ***p=0.0003 (U373 vs. MO3.13). 
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Figure 3.3. Astrocytic and oligodendrocytic cells share size distribution of eIF2B 
localisation.  
(A) Representative confocal image of U373 cells transiently transfected with eIF2Bε-mGFP and 
displaying the two sized categories of eIF2B localisation: small eIF2Bε-mGFP bodies (<1µm2) 
and large eIF2Bε-mGFP bodies (≥1µm2). Scale bar: 50 µm. 
(B) Mean number of small eIF2Bε-mGFP bodies and large eIF2Bε-mGFP bodies in a population 
of 50 transfected cells per replicate was quantified manually and is graphed in red (N=3). The 
mean percentage of eIF2Bε-mGFP bodies was quantified for small ([number of small bodies/total 
bodies] x 100) and large ([number of large bodies/total bodies] x 100 and analysed using one-
way ANOVA followed by post-hoc Tukey’s test for multiple comparisons. Error bars: ± s.e.m. 
(N=3). **p=0.0020 (SH-SY5Y vs. U373); **p=0.0014 (SH-SY5Y vs. MO3.13); ns: non-significant. 
(C) The mean size average (µ2) of eIF2Bε-mGFP bodies was quantified and analysed using one-
way ANOVA followed by post-hoc Tukey’s test for multiple comparisons. Error bars: ± s.e.m. 
(N=3). *p=0.0258 (SH-SY5Y vs. U373); *p=0.0110 (SH-SY5Y vs. MO3.13); ns: non-significant. 
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3.3.2. Stable expression of tGFP-tagged eIF2Bε shows similar localisation 

patterns to transient expression of mGFP-tagged eIF2Bε. 

 

Transient transfection yields temporary overexpression of a given protein-

construct of interest. To confirm that this technical feature did not impact on eIF2B 

localisation, stable cell line expressing tGFP-tagged eIF2Bε in U373 cells were 

generated (Figure 3.4. A). tGFP (or TurboGFP) is a dimeric version of the mGFP 

tag. Transient transfection with eIF2Bε-tGFP showed a similar size distribution of 

eIF2B bodies in SH-SY5Y, U373 and MO3.13 cells when compared to the data 

presented in section 3.2.1. 

Western blot analysis confirmed the co-expression of endogenous eIF2Bε and 

tGFP-tagged eIF2Bε at a ratio of 1:0.11 (eIF2Bε:eIF2Bε-tGFP) in stably 

transfected U373 cells (Figure 3.4. B). Immunofluorescence analysis exhibited 

cells displaying either dispersed expression of eIF2Bε-tGFP throughout the 

cytoplasm or containing eIF2Bε-tGFP bodies (Figure 3.4. C). Next, the same cut 

off for body size as in section 3.2.1 to classify small bodies (<1μ2) and large 

bodies (≥1μ2) was carried out. Similarly to transiently transfected cells, small 

bodies were the predominant sub-population of eIF2B bodies of ~ 19 bodies per 

cell (18.76 ± 5.51), representing 92.89% ± 2.57 of total bodies per cell (Figure 

3.4. D). Large eIF2B bodies represented a minority of ~ 1 bodies per cell (1.16 ± 

0.29), thus the remaining 7.11% ± 2.57 of total bodies (Figure 3.4. D).  
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Figure 3.4. Stable expression of eIF2Bε-tGFP shows similar localisation patterns to 
transient expression.  
(A) Schematic representation outlining the protocol to generate a stable cell line expressing 
eIF2Bε-GFP (see Methods section for detailed description). 
(B) (i) Western blotting analysis of U373 cells on the expression levels of eIF2Bε. Cells are either 
unstransfected (lane 1) or stably expressing eIF2Bε-tGFP. ‘eIF2Bε’ denotes endogenous eIF2Bε 
and ‘eIF2Bε-tGFP’ denotes GFP-tagged eIF2Bε. ST, stable transfection. (ii) Quantification of the 
intensity levels of endogenous eIF2Bε and eIF2Bε-GFP in stably transfected U373 cells. Fold-
change of eIF2Bε-tGFP is relative to endogenous eIF2Bε. Error bars: ± s.e.m. (N=3). 
(C) Representative confocal images of U373 stably transfected with eIF2Bε-tGFP displaying 
exclusively dispersed throughout the cytoplasm or co-exhibiting localised foci (termed ‘eIF2B 
bodies’). Scale bar: 20µm. DAPI shows nuclei. 
(D) (i) Representative confocal image of U373 cells stably transfected with eIF2Bε-tGFP and 
displaying the two sized categories of eIF2B localisation: small eIF2Bε-GFP bodies (<1µ2) and 
large eIF2Bε-tGFP bodies (≥1µ2). Scale bar: 20µm. DAPI shows nuclei. (ii) The mean number of 
small eIF2Bε-tGFP bodies and large eIF2Bε-tGFP bodies in a population of 50 cells per replicate 
was quantified manually and is graphed in red (N=3). The mean percentage of eIF2Bε-tGFP 
bodies was quantified for small ([number of small bodies/total bodies] x 100) and large ([number 
of large bodies/total bodies] x 100 and analysed using one-way ANOVA followed by post-hoc 
Tukey’s test for multiple comparisons. Error bars: ± s.e.m. (N=3).   
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3.3.3. eIF2B subunit make-up of eIF2B bodies is cell-type specific. 

 

A relationship between eIF2B body size and subunit composition in U373 cells 

has been previously shown, where larger eIF2B bodies contains all five subunits 

and smaller eIF2B bodies are largely composed of catalytic make-up (Hodgson 

et al., 2019). Having demonstrated that eIF2B localisation harbours cell-type 

specific features regarding size and abundance (Section 3.2.1), the next aim was 

to investigate whether this size:subunit relationship was conserved between 

different cell types. 

To analyse the subunit composition of eIF2B bodies, SH-SY5Y, U373 and 

MO3.13 cells transiently expressing eIF2Bε-mGFP were immunostained with 

antibodies against regulatory (anti-eIF2Bα, anti-eIF2Bβ, anti-eIF2Bδ) and 

catalytic (anti-eIF2Bγ) subunits of eIF2B (Figure 3.5. A). During the 

immunocytochemistry protocol, all three cell lines were firstly fixed in methanol, 

which led to drastic morphology changes and poor staining in MO3.13 cells (data 

not shown).  Methanol dehydrates cells, removing lipids from membranes and 

precipitate proteins (Troiano et al., 2009). Oligodendrocytes have sensitive 

protein-protein and lipid-protein interactions prior and post-myelination processes 

(Ozgen et al., 2016), hence a methanol-driven disruption of these interactions 

could interfere with cellular architecture and antibody access to subcellular 

compartments. A PFA approach overcame this limitation as PFA crosslinks 

proteins and lipids, whilst maintaining cell structures and membranes are kept 

intact (Mason & O'Leary, 1991).  

eIF2Bγ co-localisation showed the highest mean percentage in small eIF2B 

bodies across all cell types (SH-SY5Y: 51.99% ± 1.52; U373: 31.86% ± 1.46; 

MO3.13: 31.63% ± 8.57) (Figure 3.5. B). Also for small bodies, SH-SY5Y cells 

displayed a higher percentage of co-localisation of regulatory subunits eIF2Bα 

(SH-SY5Y: 27.58% ± 3.67; U373: 7.72% ± 2.72; MO3.13: 8.13% ± 2.00), eIF2Bβ 

(SH-SY5Y: 17.33% ± 9.35; U373: 5.94% ± 0.55; MO3.13: 0.68% ± 0.38) and 

eIF2Bδ (SH-SY5Y: 20.83% ± 2.05; U373: 10.63% ± 2.75; MO3.13: 9.03% ± 2.38).  

In large eIF2B bodies, eIF2Bγ co-localisation was dominant across all cell types 

(SH-SY5Y: 91.23% ± 8.78; U373: 93.22% ± 1.54; MO3.13: 77.02% ± 12.43) 

(Figure 3.5. B). MO3.13 cells displayed lower eIF2Bα co-localisation albeit with 

no statistical significance compared to other cell types (SH-SY5Y: 60.26% ± 7.78; 
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U373: 59.02% ± 5.18; MO3.13: 38.25% ± 2.78) and near absence of eIF2Bβ co-

localisation (SH-SY5Y: 38.38% ± 9.74; U373: 41.13% ± 9.09; MO3.13: 0.62% ± 

0.32). eIF2Bδ co-localisation to large eIF2B bodies was overall similar across cell 

types (SH-SY5Y: 62.39% ± 12.80; U373: 67.48% ± 3.68; MO3.13: 65.00% ± 

5.75). 
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Figure 3.5. Regulatory subunit composition (eIF2Bα, β, δ) is increased in neuronal small 
eIF2B bodies and decreased in oligodendrocytic large eIF2B bodies. 
(A) Representative images of SH-SY5Y, U373 and MO3.13 cells transiently transfected with 

eIF2Bε-mGFP and immunostained with primary antibodies against α-eIF2Bα, α-eIF2Bβ, α-

eIF2Bδ and α-eIF2Bγ. Scale bar: 10µm.  

(B) (i) Mean percentage of small eIF2Bε-mGFP bodies displaying co-localisation with α-eIF2B(α-

γ) cytoplasmic foci was quantified manually and analysed in a population of at least 30 cells per 

replicate using one-way ANOVA followed by post-hoc Tukey’s test for multiple comparisons for 

parametric data (error bars: ± s.e.m.; N=3). **p=0.0066 (eIF2Bα: SH-SY5Y vs. U373); **p=0.0073 

(eIF2Bα: SH-SY5Y vs. MO3.13); *p=0.0311 (eIF2Bδ: SH-SY5Y vs. MO3.13) Kruskal-Wallis 

followed by Dunn’s test for multiple comparisons as used for non-parametric data (error bars: ± 

s.e.m.; N=3). *p=0.0219 (eIF2Bβ: SH-SY5Y vs. MO3.13). (ii) Mean percentage of large eIF2Bε-

mGFP bodies displaying co-localisation with α-eIF2B(α-γ) cytoplasmic foci was quantified 

manually and analysed in a population of at least 30 cells per replicate using one-way ANOVA 

followed by post-hoc Tukey’s test for multiple comparisons (error bars: ± s.e.m.; N=3). *p=0.0308 

(eIF2Bβ: SH-SY5Y vs. MO3.13); *p=0.0229 (eIF2Bβ: U373 vs. MO3.13).  



Chapter 3 

97 
 

3.3.4. Expression levels of eIF2B subunits are similar across cell types. 

 

Endogenous expression of eIF2B subunits is tightly regulated to ensure 

stoichiometric assembly of eIF2B sub-complexes and decameric eIF2B. eIF2Bε 

expression is guided by the co-expression of eIF2Bγ, and eIF2Bβ expression 

levels mediates ubiquitin-controlled expression of eIF2Bδ (Wortham et al., 2016).  

Cell-type disparities of eIF2Bα levels are suggested to dictate the cellular 

proportions of eIF2B(βγδε):eIF2B(αβγδε)2 complexes (Wortham et al., 2014). In 

line with this, it was next determined whether cell-type specific expression of 

eIF2B subunits in the cell lines used in this study correlated with the observed 

differential eIF2Bα-γ composition of eIF2Bε-containing bodies.  

Western blotting analysis of SH-SY5Y, U373 and MO3.13 cells revealed that all 

three cell types follow the same expression trend (Figure 3.6. A). eIF2Bγ levels 

showed the lowest expressions levels followed by eIF2Bδ levels. eIF2Bα and 

eIF2Bβ remained at similar levels across the cell types. eIF2Bε levels were the 

highest expressed subunit (Figure 3.6. B). Hence, these data show that the cell-

type specific subunit composition of eIF2B bodies are independent of its 

expression levels. 
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Figure 3.6. Endogenous expression levels of eIF2B subunits (α-ε) follows the same trend 
across cell types.  
(A) Western blotting analysis of SH-SY5Y, U373 and MO3.13 cells on the expression levels of 

eIF2Bα, eIF2Bβ, eIF2Bδ, eIF2Bγ and eIF2Bε. β-actin expression levels were used as loading 

control. 

(B) Quantification of the intensity levels of eIF2Bα-ε normalised against the loading control (β-

actin) (N=1).  
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3.3.5. eIF2B subunits co-localise to stably expressed eIF2Bε-tGFP bodies.  

 

To discard the possibility that temporary overexpression of eIF2Bε could interfere 

with the co-localisation of endogenous subunits to discrete eIF2Bε-containg 

bodies observed in section 3.3.3., immunofluorescence assays were carried out 

in U373 cells stably expressing eIF2Bε-GFP to analyse the co-localisation of 

eIF2Bα-γ subunits. All four subunits (α-γ) showed co-localisation to eIF2Bε-GFP 

bodies (Figure 3.7 A). In a population of 50 cells (N=1), 9.67% of small eIF2Bε-

tGFP bodies (<1µm2) co-localised with the α-eIF2Bα signal while large eIF2Bε-

tGFP bodies (≥1µm2) showed a predominant 94.29% of co-localisation with α-

eIF2Bα (Figure 3.7 B). In contrast, 57.06% of small eIF2Bε-GFP bodies co-

localised with α-eIF2Bγ antibody signal while all large eIF2Bε-GFP bodies 

(100.00%) co-localised with α-eIF2Bγ (Figure 3.7 B). These data demonstrate 

that, like the transient transfection, stably expressed small eIF2B bodies have a 

predominantly catalytic composition, while larger bodies display a higher degree 

of regulatory and catalytic make-up.  
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Figure 3.7. eIF2B subunits (α-γ) co-localise to stably expressed eIF2Bε-tGFP.  
(A) Representative images of U373 cells stably transfected with eIF2Bε-tGFP and immunostained 
with primary antibodies against α-eIF2Bα, α-eIF2Bβ, α-eIF2Bδ and α-eIF2Bγ. DAPI stains nuclei. 
Scale bar: 10µm. 
(B) Scatter dot plot showing the number of eIF2Bε-tGFP bodies that displayed co-localisation with 
α-eIF2Bα (left panel) and α-eIF2Bγ (right panel) cytoplasmic foci in a population of 50 cells from 
1 biological experiment. Dotted red line indicates the size threshold of small (<1µm2) and large 
(≥1µm2) eIF2Bε-tGFP bodies. Percentage values below red line indicate percentage of small 
bodies co-localised with antibody signal (left side) or showing no co-localisation (right side). 
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3.3.6. The eIF2 shuttling through eIF2B bodies is cell-type specific.  

 

eIF2B controls the availability of TCs by its guanine exchange activity in 

converting inactive GDP-bound eIF2 to active GTP-bound cognate (Jennings et 

al., 2017). Previous studies have shown that the shuttling rate of the alpha subunit 

of eIF2 (eIF2α) through eIF2B bodies directly measures the activity of an 

individual eIF2B body (Campbell et al., 2005; Hodgson et al., 2019; Norris et al., 

2021). Based on the protocol established by (Campbell & Ashe, 2006), 

fluorescence recovery after photobleaching (FRAP) was performed to quantify 

the movement of eIF2 through eIF2B bodies. This technique relies on the 

irreversibility of photobleaching hence photon-induced loss of fluorescence in a 

given region of interest can only be recovered through movement of neighbouring 

fluorophore-bound constructs.  

SH-SY5Y, U373 and MO3.13 were transiently co-transfected with eIF2α-tGFP 

and eIF2Bε-RFP. Live cell imaging confirmed the co-localisation of eIF2α-tGFP 

foci and eIF2Bε-RFP foci (Figure 3.8. A). FRAP analysis was performed by 

quantifying the rate of recovery of fluorescence intensity of an individual region 

of interest containing an eIF2α-tGFP foci (Figure 3.8. B) which is directly 

correlated to an eIF2Bε-RFP body of the same size category and plotted as a 

FRAP recovery curve. FRAP analysis revealed that eIF2α-tGFP recovery of small 

eIF2B bodies was relatively similar across cell types, although slightly higher for 

U373 cells despite not being statistically significant (SH-SY5Y: 34.21% ± 1.92; 

U373: 42.32% ± 3.61; MO3.13, 34.16% ± 2.64) (Figure 3.8. C). Overall, eIF2 

recovery was rapid – measured in seconds (s) – with a similar t1/2 across cell 

types (SH-SY5Y: 0.86 s ± 0.03; U373: 0.68 s ± 0.12; MO3.13: 0.67 s ± 0.16). 

Large eIF2B bodies showed drastic discrepancies. SH-SY5Y and U373 cells 

exhibited similar eIF2α-tGFP recovery (SH-SY5Y: 36.13% ± 2.61; U373: 37.08% 

± 0.40) whilst MO3.13 cells have significantly lower recovery (22.51% ± 3.76) 

(Figure 3.8. D). Furthermore, eIF2 recovery was significantly faster in U373 cells 

when compared to MO3.13 cells (SH-SY5Y: 1.13 s ± 0.08; U373: 0.90 s ± 0.05; 

MO3.13: 1.23 s ± 0.03). 
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Figure 3.8. Shuttling of eIF2α-tGFP through large eIF2Bε-RFP bodies is decreased in 
oligodendrocytic cells.  
SH-SY5Y, U373 and MO3.13 cells transiently co-transfected with eIF2α-tGFP and eIF2Bε-RFP. 

eIF2α-tGFP foci fluorescence was quantified to carry out fluorescence recovery after 

photobleaching (FRAP). eIF2Bε-RFP foci mark the eIF2B body.  

(A) Representative live cell imaging of a U373 cell co-expressing eIF2α-tGFP and eIF2Bε-RFP. 

(B) FRAP was performed in single small (<1μm2) and large (≥1μm2) eI2FB bodies.  

(C) (i) Quantification of normalised FRAP curves for eIF2α-tGFP of 10-15 small eIF2Bε-RFP 

(<1µm2) bodies of SH-SY5Y, U373 and MO3.13 cells. The data were graphed and shown as the 

mean and s.e.m. bands (N=3). (ii) Mean percentage of eIF2α-tGFP recovery determined from 

normalised FRAP curves replicate using one-way ANOVA followed by post-hoc Tukey’s test for 

multiple comparisons. (iii) Quantification of the half time need for post-bleach full recovery of 

eIF2α-tGFP. Error bars: ± s.e.m. (N=3). ns: non-significant.  

(D) (i) Quantification of normalised FRAP curves for eIF2α-tGFP of 10-15 large eIF2Bε-RFP 

(≥1µm2) bodies of SH-SY5Y, U373 and MO3.13 cells. The data were graphed and shown as the 

mean and s.e.m. bands (N=3). (ii) Mean percentage of eIF2α-tGFP recovery determined from 

normalised FRAP curves replicate using one-way ANOVA followed by post-hoc Tukey’s test for 

multiple comparisons. Error bars: ± s.e.m. (N=3). *p=0.0256 (SH-SY5Y vs. MO3.13); *p=0.0191 

(U373 vs. MO3.13). (iii) Quantification of the half time need for post-bleach full recovery of eIF2α-

tGFP. Error bars: ± s.e.m. (N=3). *p=0.0116 (U373 vs. MO3.13).  
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3.4. Discussion. 

 

eIF2B localisation has gained attention over the past years. First discovered by 

Campbell and Ashe and colleagues in the yeast S. cerevisiae where all five 

subunits of eIF2B were observed to localise to a single cytoplasmic focus, earning 

its term as ‘eIF2B bodies’ (Campbell et al., 2005).  Further studies have shown 

eIF2B localisation is a cellular feature not only in other yeast strains (Noree et al., 

2010; Taylor et al., 2010; Moon & Parker, 2018a; Norris et al., 2021) but also 

present in mammalian cells (Hodgson et al., 2019). However, the latter has 

shown a higher level of diversity and functional complexity. Despite the ubiquitous 

role of eIF2B in the control of protein synthesis in all cell types, mutations in any 

of the five subunits of eIF2B are causative of the neurological disorder VWMD. 

The pathobiology of VWMD is mainly characterized by astrocytic dysfunction and 

abnormal maturation of oligodendrocytes, suggesting cell-type specific functions 

of eIF2B. Thus, the aim of this chapter was to address potential cell-type specific 

features of basal eIF2B localisation of brain cells which special focus to VWMD-

sensitive cell types (astrocytic and oligodendrocytic cells). 

 

3.4.1. Insights into the cell-type specific functional relevance of eIF2B 

localisation. 

 

The characterisation of cellular eIF2B localisation in neuronal, astrocytic and 

oligodendrocytic cells was undertaken based on the protocol and categorising 

approach of (Hodgson et al., 2019). The three cell types were transiently 

transfected with mGFP-tagged eIF2Bε to analyse the localisation and 

functionality of eIF2B bodies. Transient expression of GFP-tagged eIF2Bε in 

U373 cells (Figures 3.2., 3.3. and 3.5) showed similar eIF2B body distribution 

and subunit composition compared to stable transfection (Figures 3.4. and 3.7.). 

These experiments were of upmost importance to discard whether transient 

overexpression of eIF2Bε affects eIF2B localisation patterns. Importantly, stable 

transfection was also performed in SH-SY5Y and MO3.13 cells however due to 

low efficiency of GFP expression verified by western blot analysis and ICC (data 

not shown), transient transfection was carried out throughout this thesis. 

eIF2B bodies pose as steady-state clusters of eIF2B complexes and sites of local 

GEF activity (Campbell et al., 2005; Hodgson et al., 2019; Norris et al., 2021; 



Chapter 3 

105 
 

Taylor et al., 2010). The data presented in this chapter now demonstrates that 

the prevalence of eIF2B bodies is modulated in a cell-type specific manner 

(Figure 3.2.). Amongst the cell types used in this study, astrocytic cells exhibited 

increased number of cells harbouring eIF2B bodies (~54%) in comparison to 

oligodendrocytic (~33%) and neuronal (~19%) cells (Figure 3.2. B). Because 

eIF2B bodies accounts for only a certain portion of total eIF2B, with the remaining 

GEF exchange occurring elsewhere in the cytoplasm, it is hypothesized that the 

degree of eIF2B localisation differs depending on the cellular requirement for 

regulated GEF activity, both for steady state purposes and ability to respond to 

stress. It is quite established that the rate of global protein synthesis varies to 

accommodate cell-type specific cellular needs. Accordingly, astrocytes rely on 

speedy induction of growth factors, chemokines, and cytokines; whilst also 

manifesting shorter half-lives of proteins in comparison to neurons (Dörrbaum et 

al., 2018; Toyama et al., 2013) which indicates that cell identity determines 

protein turnover. Protein turnover is crucial for the maintenance of the cellular 

proteome and to dynamically fine-tune the abundance of individual proteins when 

confronted with internal or external cues. In agreement with the above, synaptic 

plasticity is inherently dependent on specific rates of protein turnover (Rosenberg 

et al., 2014; Schanzenbächer et al., 2016). Oligodendrocytes face similar 

demands when, during differentiation to fully matured myelinating 

oligodendrocytes, undergo production of high contents of proteins and lipids to 

produce myelin sheaths.  It is therefore plausible that the localisation of eIF2B 

mirrors this dependency on cell-type specific protein turnover, which is further 

supported by aberrant astrogliosis upon robust stimulation of gene expression in 

VWMD eIF2B5R132H/ R132H mutant mice (Cabilly et al., 2012). Although reduced 

eIF2B activity does not affect the total proteome of the brain nor translation rates 

under basal conditions (Cabilly et al., 2012; Gat-Viks et al., 2015; Geva et al., 

2010; Raini et al., 2017) it would be worthy to investigate how disruption of eIF2B 

localisation, for instance with VWMD mutations that abolishes eIF2B bodies 

(Norris et al., 2021), impacts on protein turnover on a cell type-basis by 

quantitative methods of amino acid labelling like SILAC (Stable Isotope Labelling 

of Amino acids in Cell culture), in which proteome abundance differences in 

unlabelled and fully labelled samples are compared (Ong et al., 2002).  
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Other GEF proteins also show a localised phenotype and may thus be a general 

feature to allow proper GEF activity. Cdc42, a Rho GTPase involved in 

endothelial barrier control, is activated by Rho GEFs (Gef1 and Scd1) where 

specific cellular localisation may facilitate its function (Fritz & Pertz, 2016; 

Reinhard et al., 2016). Rab proteins, involved in the spatiotemporal regulation of 

vesicular transport, require physical interaction with intracellular compartments 

which is partially mediated by local recruitment of its cognate Rab GEFs (Blümer 

et al., 2013). The reliance on local GEFs is particularly prominent in key neuronal 

functions such as spine remodelling and synaptic signalling (Evans et al., 2015; 

Komiyama et al., 2002; Wilkinson et al., 2017). Interestingly, local pools of Cdc42, 

the substrate of GEFs Gef1 and Scd1, controls cellular polarization to promote 

cell cycle progression in budding yeast and migrating astrocytes (Nern & 

Arkowitz, 2000; Osmani et al., 2010). In budding yeast, eIF2B body formation are 

mainly observed in the mother cell (Campbell et al., 2005), which have a different 

cell cycle identity to the daughter cell (Thomas et al., 2018) hence eIF2B bodies 

could play role in cell division like other GEFs (David et al., 2012). Another recent 

study showed that knockout of GEF protein Vav3, a mediator of intracellular 

reorganizations of the cytoskeleton, in astrocytes altered its secretory repertoire 

of neurotrophic factors which led to exaggerated outgrowth of dendrite processes 

in co-cultured hippocampal neurons (Wegrzyn et al., 2022). In addition, Vav3 also 

aids in oligodendrocyte maturation and remyelination which are key dysfunctional 

characteristics observed with VWMD eIF2B mutations (Ulc et al., 2017). Akin to 

the GEFs mentioned previously, Vav3 function requires specific membrane 

localisation (Charvet et al., 2005). It is therefore not surprising that GEFs have 

been appreciated for their multi-layered role in neurodegeneration, as reviewed 

in detail by (Droppelmann et al., 2014). 

It is noteworthy to point out that the data in this chapter furthers our understanding 

in the functional relevance of GEFs. Herein, a cell-type specific pattern of eIF2B 

bodies, a highly conserved GEF protein involved in translation initiation, is 

presented. It is quite surprising that only a portion of cells harbour eIF2B bodies 

as opposed to all cells, given this apparent functional role that cellular localisation 

has on GEFs. Others have argued that the subcellular localisation of GEFs acts 

as a guidance cue to direct its substrate localisation (Blümer et al., 2013), 

however eIF2B localisation is somewhat more robust; wherein eIF2B bodies, 
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apart from being sites of shuttling of its substrate eIF2 (Campbell et al., 2005), 

can display high area sizes (≥1µm2) (Figure 3.3. A) and exhibit a rather 

randomised distribution throughout the cytoplasm (Figure 3.2. A). However, the 

movement of eIF2B bodies may not be random and may also display cell-specific 

features given its link to eIF2B regulation (Taylor et al., 2010). Fusel alcohols, 

which inhibits translation in budding yeast, tethers eIF2B bodies to specific sites 

hence slowing its movement across the cell which is observed in tandem with 

decreased shuttling of eIF2 (Taylor et al., 2010), however whether this 

mechanism is conserved in mammalian cells is not known.  

By default, given that different cell types harbour distinct eIF2B localisation 

patterns (Figure 3.2. B), implies that the presence of eIF2B bodies is, albeit not 

mutually exclusively, a dynamic phenomenon with cell-type specific rates of 

eIF2B body dissolution and assembly. Given these emerging roles of GEFs in the 

brain (and other cell types but beyond the scope of this thesis), it would be 

interesting to investigate potential cell-type specific patterns in the localisation of 

other GEFs. 
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3.4.2.  The relationship between eIF2B body size and eIF2B subunit 

composition is cell-type specific. 

 

Hodgson et al. demonstrated that, in astrocytic cells, all five 5 subunits localise 

to large eIF2B bodies, suggesting that decameric eIF2B resides at these sites, 

whilst small eIF2B bodies harbour mainly eIF2Bγε heterodimers given its 

predominant catalytic make-up (Hodgson et al., 2019). The data in this chapter 

expanded these studies by showing that this relationship between eIF2B subunit 

composition and eIF2B body size is cell type dependent (Figure 3.5.).  

Firstly, neuronal cells harboured increased levels of regulatory subunits (eIF2Bα-

δ) in small bodies in comparison to both types of glial cells. Secondly, in the larger 

eIF2B bodies, neuronal and astrocytic cells followed the size:subunit relationship 

described by (Hodgson et al., 2019), wherein all four subunits (eIF2Bα-γ) showed 

a higher degree of co-localisation to eIF2Bε compared to its cognate small 

bodies; while oligodendrocytes exhibited the surprising absence of eIF2Bβ 

(Figure 3.5. B).  

It was previously argued that the co-localisation of eIF2B subunits to eIF2Bε-

containing bodies correlates to the presence of different eIF2B sub-complexes 

(Hodgson et al., 2019; Wortham et al., 2014). Thus, the data in this chapter 

demonstrates small eIF2B bodies of astrocytic and oligodendrocytic cells mainly 

contain eIF2Bγε heterodimers, while in neuronal cells these small bodies may 

contain tetrameric and decameric complexes. Furthermore, the full eIF2B 

decameric is suggested to reside in large eIF2B bodies of neuronal and astrocytic 

cells, whilst in oligodendrocytes the lack of eIF2Bβ is somewhat intriguing.  

eIF2B body formation in yeast is highly debated to this date. Numerous studies 

have observed the exclusive presence of eIF2B bodies during stress conditions 

such as acidic cytoplasm, glucose depletion and amino acid deprivation (Marini 

et al., 2020); whilst others have shown steady-state localisation of eIF2B, further 

stimulated by cellular stress (Norris et al., 2021). The role of cellular stress in the 

cell-type specific localisation of eIF2B is further discussed in Chapter 4. 

Nonetheless, these studies provided pivotal evidence to the organizational 

structure of eIF2B bodies and its enzymatic regulation. It is the current view that 

multiple dimerization of eIF2B decamers are bundled together to form the 

membraneless filament-like eIF2B body (Marini et al., 2020; Nüske et al., 2020). 
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These body-forming interactions are somewhat more dependent on some eIF2B 

subunits than others. Structural evidence supports the notion of eIF2B 

dimerization via eIF2Bα (Gcn3p in yeast) (Bogorad et al., 2014; Wortham et al., 

2014; Kashiwagi et al., 2016; Norris et al., 2021) although others have proposed 

an additional dimerization of eIF2B through the Gcd1p (eIF2Bγ) and Gcd6p 

(eIF2Bε) subunits (Gordiyenko et al., 2014). Further cryo-EM studies of eIF2B 

pinpoints a predominant interaction of opposing Gcd6p/eIF2Bε subunits to drive 

the dimerization of eIF2B decamers (Marini et al., 2020). Interestingly, Gcn3p 

(eIF2Bα) deletion fully abrogates eIF2B body formation in yeast while Gcn3p 

mutants that affects the catalytic activity (Gcd-) of eIF2B still displays localisation 

phenotype albeit as “microfoci” bodies with decreased GEF activity (Norris et al., 

2021). Altogether, these reports support that eIF2B body formation is due to a 

versatile interaction of eIF2B subunits when assembled as decamers while 

heterodimeric and tetrameric eIF2B sub-complexes fail to drive body formation. 

It is however noteworthy that regulatory mutations of eIF2Bα/Gcn3p (Gcn-) mimic 

the dispersed phenotype of eIF2Bα/Gcn3p null strains (which supports the role 

of eIF2Bα in body formation), but are also viable mutations (Norris et al., 2021); 

suggesting that eIF2B sub-complexes may be present in a dispersed manner. In 

mammalian cells, the data presented in this chapter demonstrates that catalytic 

heterodimeric eIF2B (eIF2Bγε) can localise to eIF2B bodies, here termed small 

eIF2B bodies, irrespective of the observed cell type (Figure 3.5. B). Hence, 

decameric eIF2B is not required for eIF2B body formation in mammalian cells. 

Nonetheless, it cannot be ruled out that the presence of the eIF2B decamer may 

play a role in the integrity of eIF2B bodies. In this chapter, neuronal cells 

displayed small eIF2B bodies which have increased regulatory composition 

accompanied by a higher proportion of large eIF2B (which includes all five 

subunits) (Figure 3.5. B). In yeast, eIF2B bodies are suggested to arise from the 

stacking of smaller filament-like bodies (Nüske et al., 2020; Marini et al., 2020). 

It is therefore plausible that an increased presence of decameric eIF2B in small 

eIF2B bodies (as seen in neuronal cells) prompts the fusion of small bodies and 

is responsible for the shift towards large eIF2B bodies. This is further 

strengthened by the fact that large eIF2B bodies in neuronal cells have increased 

average size (Figure 3.3. C).  
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However, this begs the question why are eIF2B sub-complexes able to localise 

to discrete bodies in mammalian cells but not in yeast? Given the essential role 

of eIF2B in translation, it is unsurprising that eIF2B subunits are conserved 

between yeast and mammals (Price et al., 1996). It is therefore plausible that 

PTMs participate in this higher complexity on eIF2B body formation in mammalian 

cells. In line with this, acetylation sites have been identified in eIF2B. Acetylation 

has linked to the regulation of phosphorylation susceptibility of large protein 

complexes (Choudhary et al., 2009). Interestingly, eIF2Bε are largely absent of 

acetylation sites, whereas all eIF2B regulatory subunits have N-terminal 

acetylation sites (Beilsten-Edmands et al., 2015). Such sites may have a role in 

stabilising complex formation as N-terminal acetylation can either prevent or 

redirect degradation (Arnesen, 2011). Moreover, recent evidence highlights the 

existence of PTM variability in a cell-type manner (Carpenter et al., 2022). Given 

that PTMs regulate protein localisation (e.g., GAPDH (Ventura et al., 2010)), a 

further understanding of the significance of these PTMs sites could uncover new 

regulation layers in the context of cell-type specific eIF2B localisation. 

 

3.4.3. eIF2B bodies are heterogeneous sites of eIF2B complexes. 

 

In MO3.13 cells, co-localisation of eIF2Bα and eIF2Bδ to eIF2Bε-containing 

bodies increases proportionally to body size (Figure 3.5. B). Given that eIF2Bβ 

remains largely depleted in all eIF2B bodies (including large bodies), it suggests 

that in oligodendrocytes the decameric eIF2B does not localise to eIF2B bodies. 

This is an almost contradictory feature given the high demand of translation 

machinery to generate myelin sheaths (Ozgen et al., 2016).  The lack of 

decameric eIF2B to large eIF2B bodies may allow consistently stable levels of 

GEF activity, even when confronted with cellular stress, providing a continuous 

source of eIF2B activity rather than a complete shutdown. Surprisingly, eIF2Bβ 

can form eIF2B bodies in MO3.13 cells but do not co-localise with eIF2Bε-mGFP 

(Figure 3.5. A). It would be important to confirm if these eIF2Bβ-containing 

bodies in MO3.13 cells are functionally active by FRAP analysis. For instance, 

activation of PKR coalescences a portion of cellular PKR to non-active clusters 

to buffer eIF2α-P (Zappa et al., 2022). In agreement, pharmacological dissolution 

of these clusters caused an exaggerated ISR (Zappa et al., 2022). It is possible 

that eIF2Bβ localises to discrete foci in a PKR fashion, in this case to control its 
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localisation from eIF2Bε-containing bodies thus preventing the presence of 

decameric eIF2B. 

The presence of eIF2Bα (in the absence of eIF2Bβ) to large eIF2B bodies in 

MO3.13 cells is itself surprising. Decameric eIF2B is assembled from two 

intermediate eIF2B(βδγε) subcomplexes stapled together by an eIF2Bα2 dimer. 

Hence, the data presented in this chapter supports the presence of eIF2Bγε 

dimer; however, localisation of eIF2Bα without eIF2Bβ is suggested to be 

somewhat biochemically inconceivable (Wortham et al., 2014). While the 

expression levels of eIF2Bβ are relatively similar across cell types (Figure 3.7.). 

PTMs may take place and might disrupt its interface contacts with eIF2Bδ to form 

eIF2Bβδ heterodimer precursors (Bogorad et al., 2014; Kuhle et al., 2015). 

Moreover, collision-induced dissociation releases eIF2Bβ from eIF2B(βδγε) 

tetramers (Wortham et al., 2014), hence its assembly to the eIF2B sub-complex 

may be flexible which would make its localisation to eIF2B bodies more easily 

controlled. Understanding this cell type ability of eIF2Bβ depletion from eIF2B 

bodies (given that other cell types do not show this) warrants further investigation. 

Yeast models have shown that all five subunits localise to eIF2B bodies and 

eIF2Bα mutants fully disrupt body formation (Norris et al., 2021), supporting a 

homogenous composition of eIF2B decamers to eIF2B bodies (Figure 3.9.). 

However, the unexpected lack of eIF2Bβ, but not remaining subunits, to large 

eIF2B bodies in MO3.13 cells (Figure 3.5.) implies the heterogeneous presence 

of sub-complexes to these bodies (Figure 3.9.). Moreover, although the % of 

eIF2Bγ co-localisation to small eIF2B is paramount in all cell types (hence mainly 

sites of catalytic sub-complexes), the fact that regulatory eIF2Bα, β, and δ show 

a lower but not absent % of co-localisation implies by default the existence of a 

cell-specific threshold of regulatory composition to small bodies, thus suggesting 

the presence of other sub-complexes rather than solely eIF2Bγε dimers. In 

accordance, the absence of colocalization of eIF2Bβ to eIF2B bodies in MO3.13 

cells (ranging from 0.62-0.68%) but not in SH-SY5Y and U373 cells (ranging from 

5.94-41.13%) (Figure 3.5. B) corroborates the sensitivity of our 

immunocytochemistry and co-localisation assays to support our hypothesis of a 

cell-specific heterogeneous presence of eIF2B sub-complexes to eIF2B bodies. 

This hypothesis on the aetiology of eIF2B bodies is further strengthened by the 

FRAP analysis of small versus large bodies (Figure 3.8.). Small eIF2B bodies, 
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despite slight increased regulatory composition in neuronal cells, are functionally 

similar across the cell types; suggesting that the predominantly catalytic 

composition is responsible for a cell type-independent rate of eIF2α shuttling (and 

therefore GEF activity) during steady-state conditions. However, cell type 

disparities are observed in the activity of large eIF2B bodies, where the regulatory 

make-up in oligodendrocytic cells is drastically distinct.  Biochemical assays have 

shown sub-complexes of eIF2B have reduced activity when compared to the full 

holocomplex containing all five subunits (Liu et al., 2011). In line with these 

findings, the absence of decameric eIF2B in large eIF2B bodies agrees with the 

observed lessened rate of eIF2α shuttling in oligodendrocytes (Figure 3.8. C).  
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Figure 3.9. The homogenous versus heterogenous composition of eIF2B bodies 
hypothesis.  
(A) In yeast, eIF2B bodies are composed of eIF2B decamers (eIF2B(αβγδε)2 holocomplex) 
stacked together in a filamentous structure (also called eIF2B filaments). (B) In mammalian cells, 
the data in chapter proposes that eIF2B bodies are sites of heterogeneous composition of eIF2B 
complexes (both sub-complexes and decamers) in a size and cell-type manner. 
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3.4.4. The localisation of eIF2B is cell-type specific: implications of a 

tailored regulation of translation initiation in brain cell types. 

 

The existence of two functionally distinct sizes of eIF2B bodies is suggestive to 

allow a level of plasticity of translation control  with: (1) predominantly catalytic-

containing bodies, hence unregulatable by stress; (2) and bodies that when they 

surpass a certain threshold of regulatory composition provides both increased 

basal activity (Liu et al., 2011) and be tightly modulated in the presence of cellular 

stress (Elsby et al., 2011; Fabian et al., 1997; Krishnamoorthy et al., 2001; Pavitt 

et al., 1998). The presence of different eIF2B subcomplexes localised to 

cytoplasmic foci could facilitate the local availability of TCs in comparison to a 

scattered pool accomplished by dispersed eIF2B (both decameric and other 

subcomplexes). It provides flexible availability of eIF2B subcomplexes of specific 

eIF2B activity and regulatable sensitivity that can accommodate translational 

needs on a cell type manner upon cellular stress. Interestingly, spatial distribution 

and local translation of mRNAs is paramount to allow efficient synaptic 

transmission (Holt et al., 2019; Jung et al., 2012) and functional polarization of 

astrocytes (Boulay et al., 2017; Mazaré et al., 2021). Another study highlighted 

newly translated ribosomal proteins in axons of primary cultured neurons to allow 

local protein synthesis (Shigeoka et al., 2019). Furthermore, perisynaptic 

astrocytic processes (PAPs), known to regulate synaptic transmission by the 

release of its repertoire of gliotransmitters (Harada et al., 2016), have shown 

alterations to its local proteome after fear conditioning (Mazaré et al., 2021). 

Contextual fear-based memory acquisition requires local reductions of eIF2α-P 

to increase synaptic strength (Costa-Mattioli et al., 2007). Hence, it is an attractive 

possibility that the cell type specificity of eIF2B localisation contributes to synaptic 

plasticity, which warrants further investigation. 

eIF2B has been extensively studied for its pivotal roles in general initiation of 

translation (Hanson et al., 2022), however in this chapter, cell-type specific 

localisation and activity of eIF2B is presented which further supports specialised 

functions of the translational machinery in brain cells. In line with this, eIF3g 

mediates translation of mRNAs involved in neuronal activity in a 5’-UTR-

depedent manner (Blazie et al., 2021). eIF3 complex and the helicase eIF4A are 

selectively required during dendrite pruning in Drosophila sensory neurons (Rode 

et al., 2018). Strikingly, several initiation factors are translated in a development-
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stage-specific manner (Shigeoka et al., 2016) as opposed to an expected 

constitutive translation. Taken together, emerging evidence support that certain 

translation initiation complexes (such as eIF3) are tailored to fine-tune the 

production of relevant proteins in a cell-type manner.  It is therefore plausible to 

hypothesise that the cell-type specific patterns of eIF2B localisation mirrors 

specialised functions in these cells to sustain a tailored demand of TCs. Indeed, 

astrocytes and oligodendrocytes are observed to harbour similar distribution of 

small eIF2B bodies (Figure 3.3. B), which during steady-state conditions are 

suggested to be functionally similar (Figure 3.8. B) and may be accommodate 

the high levels of translation required by these cells. In contrast, neuronal cells 

contain a higher abundance of large bodies (Figure 3.3. B), which contain all 

subunits, which might make translation more efficient and/or more easily 

regulated.  



Chapter 3 

116 
 

3.4.5. Final observations. 

 

The results in this chapter demonstrate that eIF2B localises to spatially discrete 

cytoplasmic foci of varying size (small and large eIF2B bodies) in a cell-type 

specific manner amongst brain cells. Each cell type has its own repertoire of 

eIF2B bodies regarding abundance, composition, and basal GEF activity. These 

data provide attractive insights to whether the localisation of other GEF proteins 

could contribute to cell-type specific rates of translation and other biological 

processes. Similarly, the existence of cell-type specific patterns of eIF2B bodies 

may contribute to a tailored initiation of translation, which may facilitate the 

challenging demands of local translation in brain cells.  

Taken together, the size variability of eIF2B bodies correlates to the presence of 

eIF2B sub-complexes in a cell-type manner (Figure 3.10.). Distinct eIF2B sub-

complexes have different affinity to cellular stress (Liu et al., 2011), which grants 

different stress sensitivities to eIF2B bodies (Hodgson et al., 2019). Therefore, 

the next chapter of this thesis will focus on how cell-type specific induction of 

cellular stress impacts eIF2B localisation. 
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Figure 3.10. eIF2B bodies are modulated in a cell-type specific manner during basal 
conditions.  
eIF2B localises to cytoplasmic foci (eIF2B bodies) of specific subunit composition and eIF2B 
activity, the latter being measured as the shuttling rate of substrate eIF2. Small eIF2B bodies is 
the predominant sub-population of total eIF2B bodies amongst all cell types, however the 
small:large ratio is cell-type specific. (A) Neurons harbour a higher proportion of large eIF2B 
bodies compared to glial cell types. Small eIF2B bodies contain increased regulatory make-up, 
suggesting variability of eIF2B complexes (heterodimer, tetramer, decamer) residing in these foci. 
Large eIF2B bodies contain a high degree of all subunits, implying a predominantly composition 
of decameric eIF2B. (B) In astrocytes, small eIF2B bodies are mainly composed of catalytic 
heterodimers, whilst large eIF2B bodies, for containing all subunits, are made-up of decameric 
eIF2B. (C) Oligodendrocytes harbour a somewhat more uniform composition between small and 
large eIF2B bodies. Both size categories contain a predominantly catalytic make-up, and large 
eIF2B bodies are partially depleted of regulatory composition. Amongst the sub-complexes 

validated by native MS (Wortham et al., 2014), co-localisation data presented here suggests 

small and large bodies mainly contain catalytic heterodimers and not other sub-complexes. 
Accordingly, large eIF2B bodies show a reduced basal activity (quantified by FRAP analysis as 
the shuttling rate of eIF2) in comparison to other cell types, which is in line with previous findings 

that subcomplexes of eIF2B have reduced activity when compared to the full holocomplex (Liu et 
al., 2011). 
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Chapter 4. Cellular stress responses regulate eIF2B 

localisation in a cell-type manner. 
 

4.1. Introduction. 
 

At the hub of translation control is the regulation of eIF2B activity by the ISR 

(Pakos-Zebrucka et al., 2016). During acute or transient activation of the ISR 

pathway, stress-sensing kinases (PERK, PKR, GCN2, HRI) activate the 

phosphorylation of the α subunit of eIF2 at serine 51 (eIF2α-P). Phosphorylated 

eIF2α acts as a competitive inhibitor to its unphosphorylated cognate, blocking 

GEF activity of the decameric eIF2B by inhibiting the interaction of eIF2γ with the 

eIF2Bε subunit (Adomavicius et al., 2019; Kashiwagi et al., 2017; Kashiwagi et 

al., 2019; Kashiwagi et al., 2016). Attenuated eIF2B activity limits TC levels and 

overall reduces global protein synthesis. Concomitantly, a specific subset of 

mRNAs harbouring uORFs bypass this translation attenuation including ATF4 

and CHOP (Harding et al., 2000). ATF4 reprogrammes the translation landscape 

by activating privileged gene expression to promote homeostasis (Pakos-

Zebrucka et al., 2016). If the stress is prologued or unresolved, transition to a 

chronically activated ISR is widely reported as adaptive and ultimately pro-

apoptotic when cells are unable to overcome it with pathological consequences 

(Bond et al., 2020). 

Previous work from our lab demonstrated that upon transient ER and oxidative 

stress, the acute ISR differentially modulates eIF2B body subpopulations, 

decreasing the GEF activity of larger bodies and inversely increasing GEF activity 

within small bodies in a manner dependent of levels of eIF2α-P (Hodgson et al., 

2019). This increase in GEF activity was concomitant with a redistribution of 

eIF2Bδ to small bodies, suggesting the existence of a previously unidentified 

eIF2Bγδε heterotrimeric sub-complex. ISR-targeting drugs (e.g. ISRIB) which 

boost translation, recapitulated this eIF2Bδ redistribution to small bodies in 

unstressed cells (Hodgson et al., 2019), thus implying this action might be an 

innate response to the ISR to allow low baseline levels of translation to cope with 

cellular stress. The functional relevance of eIF2Bδ redistribution is still unknown. 

Furthermore, the impact of chronic ISR programme on eIF2B localisation remains 

to be addressed.   
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4.2. Hypothesis and rationale. 

 

The main scientific aim of this chapter is to characterise the cellular stress 

responses of neuronal, astrocytic and oligodendrocytic cells during acute (or 

transient) and chronic induction of the ISR and its correlation with changes in 

eIF2B localisation. It is hypothesized that the ISR is upregulated in a cell-type 

specific manner which triggers cell-type specific changes to patterns of eIF2B 

localisation. To test this hypothesis, the following experimental objectives were 

employed: 

• Quantify the induction magnitude of the acute and chronic ISR 

programmes across the cell types by western blot. 

• Utilize a devised VWMD-mimicking stress protocol to determine 

different stress responses across cell types.   

•  Analyse the changes in abundance and eIF2Bδ composition upon 

different stress treatments by transient transfection, 

immunocytochemistry, and confocal imaging.  
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4.3. Results. 

 

4.3.1. The acute ISR is heightened in neuronal cells compared to glial 

cells. 
 

Upon various cellular stress stimuli, acute ISR is activated where eIF2α is 

phosphorylated at serine 51 (eIF2α-P[S51]), inhibiting eIF2B activity thus 

attenuating global protein synthesis (Pakos-Zebrucka et al., 2016). Firstly, an 

acute ISR was activated in SH-SY5Y, U373 and MO3.13 cells using thapsigargin 

(Tg) and sodium arsenite (SA) as stress inducers.  To quantify this response 

western blot analysis with antibodies against phosphorylated eIF2α and total 

eIF2α was carried out (Figure 4.1. A). Tg and SA are canonical ISR inducers, 

triggering ER stress and oxidative stress, respectively.  Tg disrupts calcium levels 

from the ER triggering PERK-mediated phosphorylation of eIF2α, whilst SA 

induces reactive oxygen species (ROS) generation and activates HRI-mediated 

phosphorylation (see Introduction section 1.2.1.1.).  

In the absence of stress, baseline levels of phosphorylated eIF2α are similarly 

low across all cell types (SH-SY5Y: 0.23 a.u ± 0.04, U373: 0.40 a.u ± 0.11, 

MO3.13: 0.25 a.u ± 0.03) (Figure 4.1. B). Upon treatment with Tg (1µM) for 1 h, 

SH-SY5Y exhibited a higher upregulation of eIF2α-P in comparison to U373 and 

MO3.13 cells (SH-SY5Y: 1.87 a.u ± 0.05, U373: 1.24 a.u ± 0.23, MO3.13: 1.16 

a.u ± 0.05). Next, cells were treated with two different concentrations of SA for 30 

minutes to induce mild (125μM) and high (500μM) oxidative stress. A mild SA 

exposure similarly upregulated eIF2α-P levels across cell types (SH-SY5Y: 1.75 

a.u ± 0.66, U373: 1.23 a.u ± 0.51, MO3.13: 0.95 a.u ± 0.33), whilst a higher 

exposure to SA led to a statistically significant upregulated phosphorylation of 

eIF2α in SH-SY5Y cells in comparison to U373 and MO3.13 cells (SH-SY5Y: 4.72 

a.u ± 0.91, U373: 1.63 a.u ± 0.26, MO3.13: 1.60 a.u ± 0.30). Taken together, 

these data indicate that neuronal cells have an upregulated acute ISR in 

comparison to astrocytes and oligodendrocytes, hence showing higher sensitivity 

to cellular stress.  
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Figure 4.1.Neuronal cells have an upregulated ISR induction upon acute cellular stress. 
(A) Western blot analysis of SH-SY5Y, U373 and MO3.13 cells after treatment with thapsigargin 
(Tg) (1 µM, 1h), mild sodium arsenite (SA) (125 µM, 0.5h) or high sodium arsenite (500 µM, 0.5h) 
and immunoblotted against phosphorylated eIF2α at serine 51 (eIF2α-p[S51]) and total eIF2α. 
GAPDH was used as loading control.  
(B) Quantification of intensity levels of eIF2α-p[S51] normalised against total levels of eIF2α and 
analysed using one-way ANOVA followed by post-hoc Tukey’s test. Error bars: ± s.e.m. (N=2-3). 
ER stress: Tg 1 µM 1h; Mild oxidative stress: 125 µM 0.5h; High oxidative stress: 500 µM 0.5h. 
*p=0.0451 (ER stress, SH-SY5Y vs. U373); *p=0.0281 (ER stress, SH-SY5Y vs. MO3.13); 
*p=0.0213 (High oxidative stress, SH-SY5Y vs. U373); *p=0.0203 (High oxidative stress, SH-
SY5Y vs. MO3.13). 
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4.3.2. Chronic ER stress is protective against further ER stress insults.  

 

Sustained exposure to unresolved cellular stress transitions the acute ISR 

program into a chronically activated ISR. This chronic ISR stimulates ATF4-

mediated transcriptional reprogramming to allow cellular adaptation to sustained 

stress leading to: (a) dephosphorylation of eIF2α, and (b) recovery of protein 

synthesis. However, a chronic ISR can be tipped towards the expression of pro-

apoptotic genes when cells are unable to overcome sustained stress with 

pathological consequences (Rutkowski et al., 2006; Bond et al., 2020; Ghaddar 

et al., 2021). VWMD is associated with a chronically activated ISR mainly in 

astrocytes and myelinating oligodendrocytes (Dooves et al., 2017; Abbink et al., 

2019; Wong et al., 2019) wherein neurological deterioration occurs upon 

episodes of acute stress (e.g. head trauma, infections) (van der Knaap et al., 

2006). Taken together, this suggests that exposure of acute cellular stress, and 

therefore activation of the acute ISR program, are potentially detrimental to 

astrocytes and oligodendrocytes undergoing chronic ISR. 

To test this hypothesis, a VWMD-mimicking environment was devised whereby 

cells exposed to chronic ER stress are subsequently challenged with an acute 

insult. To do that, cells were treated for 24h with Tg 300nM followed by a 

treatment with Tg 1µM in the last 1 h (Tg 24h + Tg last 1h). To properly assess 

the impact of an additional stress treatment on chronically preconditioned cells, 

the cells were also treated solely with either Tg 1µM for 1h (Tg 1h) or with Tg 

300nM for 24h (Tg 24h) (Figure 4.2.1. i). Importantly, the terms of “acute” and 

“chronic” used throughout this thesis do not intend to fully recapitulate clinical 

timespans (Figure 4.2.1. ii).  

(i)        (ii) 

 
Figure 4.2.1. VWMD-mimicking experimental setup: repeated stresses. 
(i) Timeline indicates time of first Tg treatment (0h), second treatment (23h) and time of harvest 

(24h). (ii) Timespan of drug-induced stress treatment used in cell models in this thesis and clinical 

acute episodes (infections, fever) and chronic stress reported in VWMD. 

  

Acute Chronic

Cell-based model 0.5-1h 24h

VWMD Days/weeks Months/years
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Then, cells were subjected to (a) western blot analysis against phosphorylated 

eIF2α and total eIF2α (Figure 4.2.2. A), to quantify the induction of the ISR 

programme, and (b) puromycin incorporation assay (Figure 4.2.2. B), to quantify 

levels of global protein synthesis. Basal levels of eIF2α-P were similar across cell 

types (as also shown in Figure 4.1.) while MO3.13 cells showed higher basal 

global translation (Figure 4.2.2. C i), hence the data was normalised to its 

respective vehicle sample given these cell-specific variations. Overall, all cell 

types displayed a similar trend of levels of eIF2α-P upon the aforementioned Tg 

treatments, although the significance of these changes was cell type specific 

(Figure 4.2.2. C ii). Tg for 1h robustly upregulated eIF2α-P in SH-SY5Y and 

MO3.13 cells, and a more modest upregulation in U373 cells in comparison their 

respective vehicle levels (SH-SY5Y: 3.67-fold ± 0.49; U373: 2.60-fold ± 0.86; 

MO3.13: 4.42-fold ± 0.59), confirming the induction of the acute ISR by ER stress. 

Next, levels of eIF2α-P significantly dropped at Tg 24h in SH-SY5Y and MO3.13 

cells and more modestly in U373 cells (SH-SY5Y: 2.08-fold ± 0.28; U373: 2.07-

fold ± 0.50; MO3.13: 2.71-fold ± 0.34), which is in line with the notion that 

dephosphorylation of eIF2α is observed upon chronic ISR (Pakos-Zebrucka et 

al., 2016). Interestingly, an additional (acute) Tg treatment in the last 1h of a Tg 

24h treatment did not significantly alter the levels of eIF2α-P (SH-SY5Y: 2.33-fold 

± 0.33; U373: 2.14-fold ± 0.58; MO3.13: 2.89-fold ± 0.36). These data suggest 

that chronic ISR prevents further phosphorylation of eIF2α when confronted with 

a similar stressor. 

Western blot analysis of puromycin incorporation with the same Tg treatments 

revealed a stronger trend between cell types regarding inhibition and recovery of 

translation (Figure 4.2.2. C iii). Tg for 1h significantly decreased translation in 

comparison to vehicle levels (SH-SY5Y: 0.14-fold ± 0.05; U373: 0.20-fold ± 0.06; 

MO3.13: 0.16-fold ± 0.09). When Tg was treated for 24h, translation levels 

showed significant recovery of translation as expected (SH-SY5Y: 0.68-fold ± 

0.10; U373: 0.42-fold ± 0.05; MO3.13: 0.56-fold ± 0.11). However, an additional 

Tg treatment in the last 1h did not further alter levels of translation (SH-SY5Y: 

0.58-fold ± 0.07; U373: 0.42-fold ± 0.06; MO3.13: 0.46-fold ± 0.12). Thus, chronic 

ISR primes cells to be unresponsive to additional similar cellular stress.  

Altogether, these data conclude that chronic ISR may play a ubiquitous protective 

role against a repeated stress insult.    
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Figure 4.2.2. Protein synthesis levels shows recovery upon chronic ER stress and remains 
unchanged when challenged with a subsequent acute ER stress treatment.  
SH-SY5Y, U373 and MO3.13 cells were treated with acute thapsigargin (Tg) for 1h (1 μM), mild 
Tg for 24h (300 nM) or with mild Tg for 24h with an additional acute Tg in the last 1 hour (300 nM 
24h + 1 μM last 1h). DMSO for 24h was used as vehicle control. 
(A) Western blot analysis of SH-SY5Y, U373 and MO3.13 cells immunoblotted against eIF2α-
p[S51] and total eIF2α.  
(B) Western blot analysis of SH-SY5Y, U373 and MO3.13 cells subjected to puromycin 
incorporation assay. GAPDH levels were used as loading control. (C) (i) Quantification of intensity 
levels of eIF2α-p[S51] normalised against total levels of eIF2α and analysed using one-way 
ANOVA followed by post-hoc Tukey’s. Data is presented as fold-change levels of eIF2α-
p[S51]:total-eIF2α ratio in comparison to vehicle levels. Error bars: ± s.e.m. (N=4-5).SH-SY5Y: 
***p=0.0004, *p=0.0222; MO3.13: ***p<0.0001; *p=0.0273; ns, non-significant. (ii) Quantification 
of intensity levels of puromycinylated proteins normalised against GAPDH levels and analysed 
using one-way ANOVA followed by post-hoc Tukey’s test. Data is presented as fold-change levels 
of puromycin:GAPDH ratio in comparison to vehicle levels. Error bars: ± s.e.m. (N=4). SH-SY5Y: 
***p<0.0001 (Vehicle vs. Tg 1h), ***p=0.0005 (Tg 1h vs. Tg 24h); U373: ***p<0.0001, *p=0.0404; 
MO3.13: ***p=0.0001; *p=0.0348; ns, non-significant. 
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4.3.3. Differential GADD34-mediated recovery within neuronal and glial 

cells. 

 

A chronic ISR induction is characterized by ATF4-mediated expression of 

GADD34, which dephosphorylates eIF2α-P and promotes expression of 

downstream ISR effectors such as CHOP (see Introduction section 1.2.1.3.).  

To confirm that ATF4 expression took place before the 24h time point of cell 

harvest, ATF4 levels in SH-SY5Y, U373 and MO3.13 cells were monitored over 

time. Cells were treated with Tg (300nM) for 1h, 4h, 8h and 24h and western blot 

analysis of ATF4 was carried out (Figure 4.3). ATF4 levels peaked at 4h, 1h and 

8h after Tg treatment for SH-SY5Y, U373 and MO3.13 cells, respectively, and 

was undetected after 24h treatment. 

Expression of GADD34 and CHOP across the three cell types were next 

examined (Figure 4.3). SH-SY5Y cells showed a heightened expression of 

GADD34 at 8h following and decreased at 24h, which correlated to a decrease 

of eIF2α-P and was also proportional to CHOP induction. Interestingly, GADD34 

levels remained elevated at 24h in U373 cells which correlated to the absence of 

eIF2α dephosphorylation. In MO3.13 cells, GADD34 also remained elevated at 

24h, although eIF2α dephosphorylation took place ~4h of Tg treatment, yet it 

correlated with increased CHOP expression. 

Taken together, these findings may indicate that GADD34 feedback loop is faster 

in neuronal cells, and controls eIF2α dephosphorylation and CHOP expression 

in a cell-type manner. 
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Figure 4.3. GADD34 feedback loop during chronic ER stress is faster in neuronal cells. 
Western blot analysis of SH-SY5Y, U373 and MO3.13 cells after treatment with Tg (300 nM) for 
0h (untreated; “-”), 1h, 4h, 8h and 24h and immunoblotted against eIF2α-P[S51], total eIF2α, and 
ISR markers ATF4, CHOP and GADD34. Fold-enrichment of eIF2α-P[S51]:total-eIF2α and 
GADD34:total protein ratios in comparison to untreated levels are labelled below respective blots.  
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4.3.4. Primary human astrocytes exhibit a similar ISR profile pattern to 

U373 cells.  

 

U373 cells exhibited a somewhat weak upregulation of eIF2α-P after treatment 

with Tg 1h and non-significant differences when further exposed to prologued ER 

stress treatment (Tg 1h vs. Tg 24h) (Figure 4.2. C i).  To confirm that these 

findings are specific to astrocytes, given that SH-SY5Y and MO3.13 cells 

exhibited significant differences amongst the different Tg conditions (Figure 4.2. 

C i), primary human astrocytes (HA) were subjected to the Tg treatments as 

described in section 4.2. Western blot analysis against phosphorylated eIF2α and 

total eIF2α, and puromycin incorporation assay was then carried out (Figure 4.4. 

A). 

Following the treatments, HA cells displayed a significantly upregulation of eIF2α-

P when treated with Tg 1h alone in comparison to vehicle levels (8.884-fold ± 

0.999) (Figure 4.4. B i). Upon treatment with Tg 24h, levels of eIF2α-P remained 

elevated (11.950-fold ± 0.827) while an additional Tg treatment in the last 1h of a 

24h pre-treatment displayed non-significant changes to both Tg 1h and Tg 24h 

alone (13.940-fold ± 2.822) (Figure 4.4. B i). Puromycin incorporation assay 

revealed that an acute Tg 1h treatment significantly suppressed levels of protein 

synthesis when compared to vehicle levels (0.199-fold ± 0.062) (Figure 4.4. B ii) 

while protein synthesis levels upon Tg 24h treatment displayed slight recovery 

(0.430-fold ± 0.072) albeit without statistically significance (p=0.1239). When the 

cells were treated with an additional Tg treatment for the last 1 h of the 24h 

chronic treatment similar translation levels to Tg 24h alone were observed 

(Figure 4.4. B i).  

Taken together, despite a more robust upregulation of the acute ISR in primary 

astrocytes in comparison to U373 cells (Figure 4.2. C i), astrocytes do not exhibit 

significant dephosphorylation of eIF2α when transitioning to a chronic ISR 

although recovery of translation is observed. 
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Figure 4.4. Protein synthesis levels shows recovery upon chronic ER stress and remains 
unchanged when challenged with a subsequent acute ER stress treatment in human 
primary astrocytes.  
Human primary astrocytes (HA) cells were treated with acute thapsigargin (Tg) for 1h (1 μM), mild 
Tg for 24h (300 nM) or with mild Tg for 24h with an additional acute Tg in the last 1 hour (300 nM 
24h + 1 μM last 1h). DMSO for 24h was used as vehicle control.  (A) Western blot analysis of HA 
cells immunoblotted against eIF2α-p[S51] and total eIF2α. (B) Western blot analysis of HA cells 
subjected to puromycin incorporation assay. GAPDH levels were used as loading control. (C) (i) 
Quantification of intensity levels of eIF2α-p[S51] normalised against total levels of eIF2α and 
analysed using one-way ANOVA followed by post-hoc Tukey’s test. Data is presented as fold-
change levels of eIF2α-p[S51]:total-eIF2α ratio in comparison to vehicle levels. Error bars: ± 
s.e.m. (N=3). ns, non-significant. (ii) Quantification of intensity levels of puromycinylated proteins 
normalised against GAPDH levels and analysed using one-way ANOVA followed by post-hoc 
Tukey’s test. Data is presented as fold-change levels of puromycin:GAPDH ratio in comparison 
to vehicle levels. Error bars: ± s.e.m. (N=3). *p=0.0278. 
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4.3.5. The acute ISR is reset upon a different stressor during chronic ISR 

in a cell-type specific manner. 

 

Having shown that a chronic ISR induction can protect cells from repeated stress 

insult (Figure 4.2.2.), it was questioned whether this preconditioning remains 

protective with a different ISR stressor as the second insult. To test this 

hypothesis, SH-SY5Y, U373 and MO3.13 were treated with Tg (300nM) for 24 h 

and then treated with SA (125µM) for the last 30 minutes (Tg 24h + SA last 0.5h). 

As control, cells were also treated solely with either 125µM SA for 30 minutes 

(SA 0.5h) or with 300nM Tg for 24h (Tg 24h) (Figure 4.5.1.).  

 

 

 

Figure 4.5.1. VWMD-mimicking experimental setup: alternative stresses. Timeline indicates 

time of first Tg treatment (0h), second treatment (23h) and time of harvest (24h). 

 

Cell extracts were then subjected to (a) western blot analysis against 

phosphorylated eIF2α and total eIF2α (Figure 4.5.2. A), to quantify the induction 

degree of the ISR programme; and (b) puromycin incorporation assay (Figure 

4.5.2. B), to quantify levels of global protein synthesis. 

Overall, SA alone for 30min significantly increased eIF2α-P in comparison to 

vehicle levels (SH-SY5Y: 7.713-fold ± 1.212; U373: 8.311-fold ± 1.553; MO3.13: 

5.382-fold ± 0.544) (Figure 4.5.2. C i), which marked the acute ISR induced by 

oxidative stress as expected (Pakos-Zebrucka et al., 2016). Surprisingly, 

preconditioning cells to Tg showed cell-specific disparities in levels of eIF2α-P 

(Figure 4.5.2. C i). In SH-SY5Y cells, an additional SA treatment did not 

significantly upregulated eIF2α-P when compared to the Tg 24h alone (Tg 24h: 

4.098-fold ± 0.354; Tg + SA: 4.392-fold ± 0.435). However, a significant increase 

of eIF2α-P was observed in U373 (Tg 24h: 3.767-fold ± 0.328; Tg + SA: 8.311-

fold ± 1.553) and MO3.13 cells (Tg 24h: 3.360-fold ± 0.503; Tg + SA: 5.382-fold 
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± 0.544). Thus, chronic ISR primes cells to be unresponsive in the presence of a 

different stressor in a cell-specific manner. 

Interestingly, analysis of puromycin incorporation assays did not reveal cell-

specific differences in levels of translation (Figure 4.5.2. C ii). An initial SA 

treatment robustly suppressed translation in all cell types (SH-SY5Y: 0.294-fold 

± 0.101; U373: 0.317-fold ± 0.057; MO3.13: 0.197-fold ± 0.038) and this decrease 

was similarly observed in cells pre-conditioned with Tg (SH-SY5Y: 0.294-fold ± 

0.101; U373: 0.2331-fold ± 0.033; MO3.13: 0.180 ± 0.064).  

These data imply that suppression of protein synthesis during chronic ISR is 

uncoupled from eIF2α-P when confronted with an alternative stressor in neuronal 

cells. In contrast, astrocytes and oligodendrocytes reset an acute-like ISR by 

being able to upregulate eIF2α-P and inhibiting translation in the presence of 

chronic ISR. 
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Figure 4.5.2. A subsequent mild oxidative stress treatment to chronically ER stressed cells 
further increase eIF2α-P in a cell-type manner and suppresses protein synthesis. 
SH-SY5Y, U373 and MO3.13 cells were treated with mild oxidative stress (SA) for 0.5h (125μM), 

mild Tg for 24h (300nM) or with mild Tg for 24h with an additional mild oxidative stress in the last 

0.5 hour (300nM 24h + 125μM last 0.5h). DMSO for 24h was used as vehicle control. 

(A) Western blot analysis of SH-SY5Y, U373 and MO3.13 cells immunoblotted against eIF2α-

p[S51] and total eIF2α.  

(B) Western blot analysis of SH-SY5Y, U373 and MO3.13 cells subjected to puromycin 

incorporation assay. GAPDH levels were used as loading control.  

(C) (i) Quantification of intensity levels of eIF2α-p[S51] normalised against total levels of eIF2α 

and analysed using one-way ANOVA followed by post-hoc Tukey’s test. Data is presented as 

fold-change levels of eIF2α-p[S51]:total-eIF2α ratio in comparison to vehicle levels. Error bars: ± 

s.e.m. (N=4-5). SH-SY5Y: ***p<0.0001, *p=0.0137; U373: **p=0.0051, *p=0.0388; MO3.13: 

***p=0.0001; *p=0.0425; ns, non-significant. (ii) Quantification of intensity levels of 

puromycinylated proteins normalised against GAPDH levels and analysed using one-way ANOVA 

followed by post-hoc Tukey’s test. Data is presented as fold-change levels of puromycin:GAPDH 

ratio in comparison to vehicle levels. Error bars: ± s.e.m. (N=3-4).SH-SY5Y: ***p<0.0001 (Vehicle 

vs. SA), ***p=0.0007 (Tg vs. Tg + SA); U373: ***p<0.0001, *p=0.0305; MO3.13: ***p<0.0001, 

**p=0.0054; ns, non-significant.  
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4.3.6. Inhibition of translation by the ISR is partially eIF2α-independent in 

a cell-type manner.  

 

In the previous section, strong suppression of translation despite a significant 

absence of elevated eIF2α-P was observed in SH-SY5Y cells (Figure 4.5. C). 

These data imply that inhibition of protein synthesis under this specific stress 

environment (chronic ER stress + oxidative stress) may be independent from 

eIF2α. To test this hypothesis, cells were treated with ISR inhibitor ISRIB (Figure 

4.6. A). ISRIB stabilizes the eIF2B decamer and reverses the inhibitory effects 

downstream of eIF2α-P (Sidrauksi et al., 2013). Hence, upon ISRIB treatment an 

expected restoration of protein synthesis should be observed if cells are 

dependent on the eIF2α-axis of translation control. 

Western blotting against eIF2α-P and total eIF2α was performed on SH-SY5Y, 

U373 and MO3.13 and showed that ISRIB did not alter stress-induced induction 

of phosphorylated eIF2α (Figure 4.6. B). Cells were also subjected to puromycin 

incorporation assay to investigate rates of translation (Figure 4.6. B). Western 

blot analysis of puromycinylated proteins of SH-SY5Y cells revealed that ISRIB 

was unable to fully restore translation to control levels (p=0.0116) in SH-SY5Y 

cells. In contrast to SH-SY5Y cells, ISRIB treatment fully recovered translation in 

U373 and MO3.13 cells to control levels (U373: 1.003-fold ± 0.119; MO3.13: 

1.037-fold ± 0.190).  

Taken together, translation control upon chronic ISR (chronic ER stress) in 

neuronal cells further challenged with an oxidative stress is partially eIF2α-

independent, while glial cells remain eIF2α-dependent.  
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Figure 4.6. Inhibition of protein synthesis of chronically ER stressed neuronal cells 
challenged with an additional mild oxidative stress treatment is partially eIF2α-
independent.  
(A) SH-SY5Y, U373 and MO3.13 cells were treated with mild Tg for 24h with an additional mild 
oxidative stress in the last 0.5 hour (300 nM 24h + 125 μM last 0.5h). Cells were additionally 
treated with or without ISRIB (200 nM) in the last 1h of treatment. DMSO for 24h was used as 
vehicle control.  
(B) Western blot analysis of SH-SY5Y, U373 and MO3.13 cells immunoblotted against eIF2α-
p[S51] and total eIF2α. Cells were also subjected to puromycin incorporation assay. GAPDH 
levels were used as loading control. (C) Quantification of intensity levels of puromycinylated 
proteins normalised against GAPDH levels and analysed using one-way ANOVA followed by 
post-hoc Tukey’s test. Data is presented as fold-change levels of puromycin:GAPDH ratio in 
comparison to vehicle levels. Error bars: ± s.e.m. (N=3-4).; SH-SY5Y: ***p=0.0007, *p=0.0116 
(control vs. +ISRIB); *p=0.0452 (-ISRIB vs. +ISRIB); U373: ***p<0.0001; MO3.13: *p=0.0491 
(control vs. -ISRIB), *p=0.0370 (-ISRIB vs. +ISRIB); ns, non-significant. 
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4.3.7. eIF2B localisation increases upon induction of the ISR in a cell-type 

manner. 

 

Efficient eIF2B activity is at the core of the ISR by dictating the fate of the acute 

ISR: decreased eIF2B activity initiates the acute ISR and is terminated upon 

restoration of eIF2B activity, allowing recovery of protein synthesis (Pakos-

Zebrucka et al., 2016). In yeast models, eIF2B localisation is suggested to play a 

role during acute cellular stress albeit with conflicting results. While some studies 

show that eIF2B bodies are not present during unstressed conditions but are 

rather stress-induced entities (Moon & Parker, 2018a; Nüske et al., 2020), others 

demonstrate eIF2B bodies as a steady-state feature further stimulated upon 

cellular stress (Norris et al., 2021). Our lab has previously shown that mammalian 

cells also display eIF2B bodies and the abundance and composition of eIF2B 

bodies are modulated upon induction of the acute ISR (Hodgson et al., 2019). 

The role of eIF2B localisation during chronic ISR remains to be addressed.  

The impact of acute and chronic ISR on eIF2B localisation therefore next 

examined. Treatments as described in sections 4.3.2. and 4.3.5. were used to 

induce the acute ISR (Tg 1h, SA 0.5h) and chronic ISR (Tg 24h, Tg 24h + Tg last 

1h, Tg 24h + SA last 0.5h). To observe eIF2B bodies, SH-SY5Y, U373 and 

MO3.13 cells were transiently transfected with eIF2Bε-mGFP, treated with the 

above-mentioned conditions, and subjected to immunofluorescence analysis to 

quantify the % of cells displaying localised eIF2B (Figure 4.7.). 

In SH-SY5Y cells, acute induction of the ISR showed no significant differences in 

eIF2B localisation upon acute Tg and SA treatment (Tg 1h: 23.67% ± 4.70; SA 

0.5h: 26.33% ± 1.76).  However, Tg 24h + SA last 0.5h treatment, SH-SY5Y cells 

displayed a significant increase of cells harbouring eIF2B bodies (46.00% ± 6.81) 

in comparison to the vehicle % (22.00% ± 2.08).  

U373 cells displayed an overall higher sensitivity in stimulating eIF2B localisation 

upon cellular stress. Induction of the acute ISR significantly increased % cells 

harbouring eIF2B bodies via oxidative stress (SA 0.5h: 68.67% ± 1.86) as did ER 

stress (Tg 1h: 59.67% ± 3.84), despite the latter showed statistical non 

significance. Similar increases in the % cells containing eIF2B bodies were also 

observed during chronic treatments (Tg 24h: 66.67% ± 1.86; Tg 24h+ Tg last 1h: 
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66.00% ± 0.58; Tg 24h + SA last 0.5h: 79.33% ± 2.19) in comparison to vehicle 

levels (48.33% ± 5.78).  

 MO3.13 cells showed a general increase of % cells containing eIF2B bodies 

across both acute and chronic treatments (Tg 1h: 29.00% ± 1.53; SA 0.5h: 

32.00% ± 1.53; Tg 24h: 30.33% ± 3.48; Tg 24h + Tg last 1h: 33.00% ± 4.51; Tg 

24h + SA last 0.5h: 35.00% ± 4.73) in comparison to vehicle % (20.33% ±  1.45), 

despite only the combinational condition of Tg 24h + SA last 0.5h exhibited 

statistical significance. 

Taken together, these findings indicate that cellular eIF2B localisation is 

enhanced predominantly upon chronic ISR in neuronal and oligodendrocytic 

cells, while astrocytic cells exhibited a higher degree of eIF2B localisation in both 

acute and chronic ISR. 
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Figure 4.7. eIF2B localisation increases during cellular stress in a cell-type manner.  
SH-SY5Y, U373 and MO3.13 cells after treatment with acute cellular stress (Tg 1 μM 1h; SA 125 
μM 0.5h), chronic cellular stress (Tg 300 nM 24h) or chronic cellular stress followed by a 
subsequent acute treatment (Tg 300 nM 24h + Tg 1 μM last 1h/SA 125 μM last 0.5h). DMSO for 
24h was used as vehicle control. Percentage (%) of cells transiently transfected with eIF2Bε-
mGFP and expressing eIF2B bodies and analysed using one-way ANOVA followed by post-hoc 
Tukey’s test. Error bars: ± s.e.m. (N=3). SH-SY5Y: **p=0.0020; U373: **p=0.0028 (SA 0.5h), **p= 
0.0061 (Tg 24h), **p= 0.0079 (Tg 24h + Tg last 1h), ***p<0.0001; MO3.13: *p=0.0276. 
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4.3.8. The sub-population profile of eIF2B bodies changes during cellular 

stress in a cell-type manner. 

 

eIF2B bodies are divided into two sub-populations based on size termed small 

and large bodies, with different compositional make-up and sensitivity to stress 

(Hodgson et al., 2019). Here, the number of small and large eIF2B bodies during 

different stress conditions was investigated. During acute Tg and SA treatment, 

SH-SY5Y cells displayed an increase of the number of small eIF2B bodies in 

comparison to vehicle (Tg 1h: 1.279-fold; SA 0.5h: 1.943-fold), albeit only 

statistically significant for the latter stress (Figure 4.8. A). Upon the chronic ISR 

stress treatments (Tg 24h, Tg 24h + Tg last 1h, Tg 24h + SA last 0.5h), the 

number of small eIF2B bodies were similar to vehicle levels (Figure 4.8. A). 

Surprisingly, U373 and MO3.13 cells showed only minor changes to the number 

of small eIF2B bodies with no statistical significance (Figure 4.8. A). Moreover, 

large eIF2B bodies in all cell types showed either minor (and nonsignificant) or 

highly variable changes in their abundance upon acute and chronic cellular stress 

(Figure 4.8. B).  
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Figure 4.8. The abundance of eIF2B bodies is impacted during cellular stress in a cell-
type manner.  
SH-SY5Y, U373 and MO3.13 cells were transiently transfected with eIF2Bε-mGP and treated with 
acute cellular stress (Tg 1 μM 1h; SA 125 μM 0.5h), chronic cellular stress (Tg 300 nM 24h) or 
chronic cellular stress followed by a subsequent acute stress treatment (Tg 300 nM 24h + Tg 1 
μM last 1h/SA 125 μM last 0.5h). DMSO for 24h was used as vehicle control. Number of (A) small 
eIF2B bodies and (B) large eIF2B bodies were quantified manually and analysed using one-way 
ANOVA followed by post-hoc Tukey’s test. Error bars: ± s.e.m. (N=3). **p=0.0034; ns, non-
significant. 
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4.3.9. Remodelling of eIF2Bδ composition of small eIF2B bodies is a 

general cellular feature during the acute ISR. 

 

The regulatory composition of small eIF2B bodies is remodelled upon induction 

of the first ISR programme in astrocytes (Hodgson et al., 2019). More specifically, 

eIF2Bδ localisation is increased in small eIF2B bodies whilst large eIF2B bodies 

remain unchanged. These previous findings suggest that eIF2Bδ redistribution of 

eIF2B bodies plays a role in the acute ISR although its functional relevance is still 

elusive. Whether this feature is recapitulated in other mammalian cell types also 

remains unknown. Furthermore, whether this compositional remodelling is 

maintained upon transition to a chronic ISR programme is unknown. 

To address these aims, SH-SY5Y, U373 and MO3.13 cells were transiently 

transfected with eIF2Bε-mGFP and subjected to stress conditions as previously 

outlined. Immunofluorescence analysis with a specific eIF2Bδ antibody (Figure 

4.9. A) showed a significant fold-change increase of % small eIF2B bodies co-

localising with α-eIF2Bδ upon Tg 1h treatment across all cell types in comparison 

to the vehicle control (SH-SY5Y: 1.863-fold ± 0.206; U373: 1.680-fold ± 0.207; 

MO3.13: 1.808-fold ± 0.296) (Figure 4.9. B i). This implies that eIF2Bδ 

redistribution upon induction of the acute ISR is a general cellular feature.  

Upon chronic stress, no significant differences to vehicle levels of % small bodies 

co-localising with α-eIF2Bδ was observed for all cell lines (SH-SY5Y: 0.808-fold 

± 0.111; U373: 1.129-fold ± 0.068; MO3.13: 0.993-fold ± 0.160) (Figure 4.9. B i), 

suggesting the acute-induced redistribution of eIF2Bδ localisation to small bodies 

is reversed upon transition to a chronic ISR. Furthermore, a subsequent acute Tg 

treatment (Tg last 1h) to preconditioned cells did not impact the % small bodies 

co-localising with α-eIF2Bδ (SH-SY5Y: 0.838-fold ± 0.208; U373: 0.824-fold ± 

0.139; MO3.13: 0.814-fold ± 0.067) (Figure 4.9. B i), suggesting that an ongoing 

chronic ISR buffers the acute-induced redistribution of eIF2Bδ upon repeated 

stress.  

Overall, the % of large eIF2B bodies co-localising with α-eIF2Bδ remained 

unchanged upon all stress treatments (Figure 4.9. B ii), implying that small 

bodies are selectively targeted for regulatory remodelling upon acute induction of 

the ISR.  
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Figure 4.9. Remodelling of eIF2Bδ localisation of small eIF2B bodies is transient during 
ER stress and unchanged when challenged with a subsequent acute ER stress treatment. 
(A) Representative images of SH-SY5Y, U373 and MO3.13 cells transiently transfected with 
eIF2Bε-mGFP and immunostained with an antibody against α-eIF2Bδ. Cells were treated with 
acute thapsigargin (Tg) for 1h (1 μM), mild Tg for 24h (300 nM) or with mild Tg for 24h with an 
additional acute Tg in the last 1 hour (300 nM 24h + 1 μM last 1h). DMSO for 24h was used as 
vehicle control. Scale bar: 10µm.  
(B) Mean percentage of (i) small and (ii) large eIF2Bε-mGFP bodies displaying co-localisation 
with α-eIF2Bδ cytoplasmic foci was quantified manually and analysed in a population of 30 cells 
per replicate using one-way ANOVA followed by post-hoc Tukey’s test for multiple comparisons. 
Data is presented as the fold-change relative to vehicle-treated cells. SH-SY5Y: **p=0.0061 (Tg 
1h vs. Tg 24h), **p=0.0072 (Tg 1h vs. Tg 24h+Tg last 1h), *p=0.0189; U373: **p=0.0069, 
*p=0.0245; MO3.13: *p=0.0419 (vehicle vs. Tg 1h), *p=0.0401 (Tg 1h vs. Tg 24h), *p=0.0147 (Tg 
1h vs. Tg 24h+Tg last 1h).  
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4.3.10. eIF2Bδ composition of small eIF2B bodies is increased during 

chronic ISR in a cell-type manner. 

 

eIF2Bδ remodelling of small eIF2B bodies is suggested to be a ubiquitous feature 

of the acute ISR, whilst transition to a chronic ISR reverses this redistribution to 

unstressed levels and further insults with similar stresses did not redistribute 

eIF2Bδ. However, chronically stressed cells exposed to an alternative acute 

stress triggered cell-type specific induction of eIF2α-P.  Therefore, it was tested 

whether this would also mirror cell-type specific eIF2Bδ remodelling of small 

eIF2B bodies. 

SH-SY5Y, U373 and MO3.13 cells were transiently transfected with eIF2Bε-

mGFP and subjected to SA treatment alone for 30 minutes (SA 0.5h), inducing 

the acute ISR, or added at the last 30 minutes of a 24h treatment of Tg (Tg 24h 

+ SA last 0.5h). Immunofluorescence analysis with a specific eIF2Bδ antibody 

(Figure 4.10. A) showed that SA 0.5h treatment led to a fold-change increase of 

% small bodies co-localising with α-eIF2Bδ in comparison to vehicle % in all cell 

types (Figure 4.10. B i). Interesting for SH-SY5Y cells treated with Tg 24h + SA 

last 0.5h, no significant increase in the % of small bodies co-localising with α-

eIF2Bδ. In contrast, U373 and MO3.13 cells treated with Tg 24h + SA last 0.5h 

exhibited similar fold-change increase of % small bodies co-localising with α-

eIF2Bδ to levels of SA-only treatment. Finally, the % of large eIF2B bodies co-

localising with α-eIF2Bδ showed no significant fold-change differences to vehicle 

%, for any stress treatment (Figure 4.10. B ii).   

Taken together, chronic ER stress impairs the neuronal response of remodelling 

the regulatory composition of small eIF2B bodies upon exposure to transient 

oxidative stress. In parallel, chronically ER stressed glial cells retain the ability of 

inducing eIF2Bδ redistribution when confronted with oxidative stress. 
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Figure 4.10. A subsequent oxidative stress on chronically ER stressed cells remodel 
eIF2Bδ localisation of small eIF2B bodies in a cell-type manner.  
(A) Representative images of SH-SY5Y, U373 and MO3.13 cells transiently transfected with 
eIF2Bε-mGFP and immunostained with an antibody against α-eIF2Bδ. Cells were treated with 
acute sodium arsenite (SA) for 0.5h (125μM), mild Tg for 24h (300nM) or with mild Tg for 24h with 
an additional acute SA in the last 0.5 hour (300nM 24h + 125μM last 0.5h). DMSO for 24h was 
used as vehicle control. Scale bar: 10µm. (B) Mean percentage of (i) small and (ii) large eIF2Bε-
mGFP bodies displaying co-localisation with α-eIF2Bδ cytoplasmic foci was quantified manually 
and analysed in a population of 30 cells per replicate using one-way ANOVA followed by post-
hoc Tukey’s test for multiple comparisons. Data is presented as the fold-change relative to 
vehicle-treated cells. **p=0.0039; ns, non-significant. 
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4.3.11. Regulatory remodelling of small eIF2B bodies is partially dictated 

by eIF2α-P. 

 

Induction of the acute ISR selectively targets the eIF2Bδ composition of small 

eIF2B bodies. However, it remains unknown what directly triggers this movement 

of eIF2Bδ into small eIF2B bodies. eIF2α-P acts as the initial ISR signal. Thus, 

eIF2α-P could play an additional role of regulating the composition of eIF2B 

bodies. To test this hypothesis, cells were treated with Tg for 1h in the presence 

or absence of GSK2606414, a potent inhibitor of eIF2α kinase PERK (PERKi), 

thus blocking eIF2α-P in the presence of ER stress.  

Western blot analysis of the eIF2α-P levels and puromycin incorporation assay 

of SH-SY5Y, U373 and MO3.13 cells confirmed the inhibitory effects of PERKi in 

the presence of Tg (Figure 4.11. A). Tg alone elevated levels of eIF2α-P and 

inhibited translation. Co-treatment of Tg and PERKi completely blocked eIF2 

phosphorylation and protein synthesis rates remained at control levels. Next, 

immunofluorescence analysis was carried out using an eIF2Bδ antibody in cells 

transiently expressing eIF2Bε-mGFP under the previously described Tg and 

PERKi conditions (Figure 4.11. B). 

While Tg treatment showed an increase of small bodies co-localising with α-

eIF2Bδ compared to vehicle, the presence of PERKi diminished the effect of Tg 

in SH-SY5Y and U373 cells (Figure 4.11. C). However, this effect did not 

normalise eIF2Bδ localisation to vehicle levels. Furthermore, the effect of PERKi 

was modest in Tg-treated MO3.13 cells and showed no statistical significance 

(Figure 4.11. C). In contrast, eIF2Bδ localisation in large eIF2B bodies were 

unchanged in all described conditions (Figure 4.11. C).   

Taken together, these data indicate that eIF2Bδ localisation to small eIF2B 

bodies is partially dictated by eIF2α-P in a cell-type specific manner.  
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Figure 4.11. eIF2Bδ remodelling of small eIF2B bodies is partially dictated by levels of 
eIF2α-P in a cell-type manner.  
SH-SY5Y, U373 and MO3.13 cells were treated with GSK2606414 (PERKi) (500 nM), Tg (1 μM) 
or co-treated with PERKi and Tg for 1 h. DMSO for 1h was used as vehicle control.  
(A) Western blot analysis of cells immunoblotted against total PERK (phospho-PERK and pan-
PERK), eIF2α-p[S51] and total eIF2α (top panels). Western blot analysis of cells subjected to 
puromycin incorporation assay (bottom panels). GAPDH levels were used as loading control.  
(B) Confocal images of cells transiently expressing eIF2Bε-mGFP and immunolabelled with 
primary anti-eIF2Bδ subjected to treatment conditions as described previously. Scale bar: 10µm.  
(C) Mean % of (i) small eIF2B bodies and (ii) large eIF2B bodies displaying co-localisation with 
α-eIF2Bδ antibody signal was quantified manually in 30 cells per biological repeat and analysed 
using one-way ANOVA followed by post-hoc Tukey’s test. Data is presented as fold-enrichment 
of % eIF2Bδ co-localisation in comparison to vehicle levels. Error bars: ± s.e.m. (N=3). 
***p=0.0003; *p=0.0484 (SH-SY5Y); *p=0.0277 (U373); *p=0.0201 (MO3.13); ns, non-significant. 
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4.4. Discussion. 

 

eIF2B localisation has been implicated during the activation of the acute ISR 

(Hodgson et al., 2019). It was demonstrated that eIF2Bδ composition is 

selectively increased in small eIF2B bodies in astrocytes, however the functional 

relevance of this cellular feature is vastly unknown. The role of eIF2B GEF activity 

during acute translation inhibition is well-known (Pakos-Zebrucka et al., 2016), 

however the role of eIF2B during a chronic action of the ISR is still poorly 

understood. Deciphering these mechanisms would provide insights into the novel 

roles of eIF2B during cellular stress scenarios relevant to ISR-related diseases. 

In Chapter 3, a cell-type specific pattern of eIF2B localisation during unstressed 

conditions was reported. For this chapter, the impact of acute and chronic ISR 

programmes on eIF2B localisation will be investigated in neuronal, astrocytic and 

oligodendrocytic cells. 

 

4.4.1. Insights into cell-type specific induction of the acute ISR. 

 

The acute ISR was firstly characterised to further investigate its impact on eIF2B 

localisation. The data in this chapter exhibited the expected increased 

phosphorylation of eIF2α when treated with canonical ISR stressors (Tg, SA), 

indeed confirming the induction of the acute ISR (Figure 4.1.); however, neuronal 

cells have an upregulated acute ISR when compared to astrocytic and 

oligodendrocytic cells (Figure 4.1.). Hodgson et al. demonstrated that the activity 

of eIF2B bodies is regulated in a manner dependent of levels of eIF2α-P wherein 

the shuttling of eIF2 is enhanced in small eIF2B bodies upon a narrow range of 

eIF2α-P but can be inversely reduced upon robust induction of the acute ISR 

(Hodgson et al., 2019). This impact of cellular stress on the activity of eIF2B 

bodies is further discussed in Chapter 5. However, it brings an important question 

about what is the functional relevance of a cell-type specific induction of acute 

ISR programmes? Surprisingly, despite an enhanced acute ISR in neuronal cells, 

protein synthesis levels are observed to be similarly suppressed across the cell 

types (Figure 4.2.2. and Figure 4.5.2.), which implies that this neuronal-specific 

magnitude of ISR induction could play additional roles in stress coping beyond 

inhibition of bulk translation. It is plausible to speculate that an upregulated ISR 

programme serves as a cue for neuron-specific proteins regulated by eIF2α-P. A 
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detailed list of such proteins has been reviewed elsewhere (Chesnokova et al., 

2017), wherein only a minority have been examined for their role during cellular 

stress (e.g., BACE1 (O'Connor et al., 2008)() while eIF2α-P-dependent mRNA 

translation of proteins involved in synaptic plasticity is more well-known (Di Prisco 

et al., 2014; Ma et al., 2013; Ramos-Fernández et al., 2016).  

 

4.4.2. The acute ISR is dynamically ‘switched on’ during chronic ISR. 

 

A sustained induction of the ISR has been extensively implicated with 

pathological consequences. The data presented here shows the ability of cells to 

re-fire the acute ISR following chronic ISR depending on whether cells are faced 

with repeated stresses or treated with a different stressor. An initial chronic ER 

stress was protective towards a second ER stress treatment (Figure 4.2.2.). This 

has been shown by others where preconditioning cells to mild eIF2α-P, either 

through inhibition of PP1c (Yadav et al., 2017) or stress-inducing agents (Lu et 

al., 2004), has been shown to be cytoprotective. Strikingly, replacing the second 

insult with an oxidative stress reset the ISR and elevated eIF2α-P in glial cells 

whilst neuronal cells showed little impact (Figure 4.5.2.). Our observations were 

additionally strengthened by the fact that ISRIB (which reverses inhibitory effects 

of eIF2α-P) was unable to restore translation under these stress conditions 

(chronic Tg + acute SA), but not when treated with Tg alone for 24h, in neuronal 

cells (Figure 4.6.).  This provides supporting evidence that chronically ER 

stressed neurons redirect towards an eIF2α-independent mechanism only when 

exposed to oxidative stress. These results are quite unexpected given that 

GADD34 expression levels are still elevated in these cells (Figure 4.3.), as 

GADD34 mRNA levels are known to serve as a molecular memory damper to 

subsequent stresses (Batjargal et al., 2022; Klein et al., 2022; Shelkovnikova et 

al., 2017). This apparent ability of (at least) glial cells to ‘reset’ the ISR in the 

presence of GADD34 while neuronal cells seem to “forget” how to respond brings 

an important question: was it even meant to be remembered? Given this lack of 

a subsequent ISR induction in neuronal cells four possible reasons are 

considered albeit not mutually exclusive: 

 (1) The transition to a chronic ISR signals neurons to its inability to trigger 

adaptation through the ISR solely, hence shifting towards alternative and/or 
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parallel signalling pathways (e.g., mTOR (Guan et al., 2014; Terenzio et al., 

2018), eIF2A (Kim et al., 2011), eIF3d (Guan et al., 2017), or eEF1A2 (Mendoza 

et al., 2021)). Indeed, this notion of translational control plasticity in neurons is 

strikingly evident by the ability to ensure ER stress resolution even upon PERK 

deficiency (Wolzak et al., 2022).  

(2) Secondly, acute ISR in neurons may be triggered by cell non-autonomous 

mechanisms, supported by recent work where targeting PERK-eIF2α axis of 

astrocytes rescues prion-causing neuronal dysfunction (Smith et al., 2020).   

(3) Thirdly, neuronal cells may not require continuous rounds of ISR programs to 

resolve stress damage to some extent (Kole et al., 2013), so it could be that a 

single activation of the ISR, even if sustained into a chronic state, is sufficient for 

adaptive homeostasis.  

(4) Finally, multiple eIF2α kinases might be activated during neuronal chronic ER 

stress, thus less susceptible to fire an acute ISR when subsequently challenged 

with a different stressor, whereas in glial cells activation of eIF2α kinases is 

limited to a specific stimulus. This notion of ‘kinase redundancy’ was first reported 

in S. pombe by Zhan et al. where prolonged exposure to oxidative stress triggered 

both Hri2p (HRI) and Gcn2p (GCN2) (Zhan et al., 2004). Indeed, ER stress 

resolution through the canonical PERK-eIF2α axis can be shifted to a secondary 

HRI-eIF2α mechanism coupled with tRNA modulation to inhibit translation in 

neurons, while astrocytes are exclusively dependent on PERK activity (Wolzak 

et al., 2022). Moreover, despite the well-studied role of GCN2 in amino acid 

depletion and proteasomal stress (Pakos-Zebrucka, 2016), neurons preferentially 

inhibit translation upon proteasome inhibition by enhancing HRI expression 

(Alvarez-Castelao et al., 2020).  

On a side note, the notion of ISR ‘exhaustion’ has also been recently appreciated 

where translational-demanding cell types (in this study being pancreatic β cells 

as their cell model) are susceptible to ATF4-mediated transcriptome decay when 

faced with frequent ER stress insults (Chen et al., 2022). Further independent 

studies on the sensitivity of different cell types to continuous rounds of stress 

would be extremely relevant in disease context. Nonetheless, the data presented 

in this chapter provides evidence of glial-specific recurrent ISR episodes when 

exposed to different ISR-triggering stressors. 
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4.4.3. eIF2Bδ localisation is remodelled in a temporal manner during 

cellular stress and VWMD-mimicking conditions.  

 

The ISR-induced movement of eIF2Bδ to small bodies implies that compositional 

remodelling of eIF2B bodies may play a functional role during the ISR.  Key 

questions remain to be addressed: is eIF2Bδ redistribution of small bodies 

observed in other cell types? And is this stress-induced feature of eIF2B 

localisation specific to the acute ISR? Accordingly, the data in this chapter 

demonstrates that eIF2Bδ localisation is increased to small eIF2B bodies during 

acute Tg and SA treatments in all three cell types (Figure 4.9. and Figure 4.10.), 

thus a general cellular feature of the acute ISR programme. At 24h of Tg 

treatment, this re-localisation of eIF2Bδ remains at levels observed in unstressed 

levels in all cell types (Figure 4.9.).  This suggests that eIF2Bδ remodelling of 

small eIF2B bodies occurred pre-24h of Tg treatment, hence transient and may 

not be necessary upon the chronic ISR. Guan et al recently provided evidence 

that recovery of eIF2B activity is not required upon transition to a chronically 

activated ISR and may be alternatively mediated via eIF3 (Guan et al., 2017). 

Although the activity of eIF2B bodies were not characterised in this chapter 

(further discussed in Chapter 5), it strengthens the notion that eIF2B localisation 

may play an additional role in the adaption from acute to chronic ISR acts.  

Interestingly, an acute SA treatment to following chronically ER stressed cells 

displayed cell-type specific features of eIF2Bδ distribution to small eIF2B bodies 

(Figure 4.10.). Indeed, increased eIF2Bδ composition is observed in small 

bodies in astrocytic and oligodendrocytic cells, whilst neuronal cells remain 

largely unaffected. Moreover, this compositional remodelling of small bodies is 

again accompanied by increased levels of eIF2α-P in glial cells, suggesting a 

crossover between both cellular inputs (further discussed in 4.4.5). taken together 

these data suggest that eIF2Bδ remodelling of small eIF2B bodies are an 

integrative component of the acute ISR and may facilitate the transition to chronic 

stress, which requires further examination. Moreover, these data may provide 

more insightful evidence towards the VWMD glial-sensitive pathology. The 

second acute stress treatment to chronically stressed cells aimed to provide a 

cell-based platform to recapitulate VWMD. Here, glial cells are observed to 

selectively trigger a novel acute ISR, which includes eIF2Bδ redistribution of small 
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bodies, while neuronal cells redirect alternative mechanisms (as discussed in 

4.4.2.). It is therefore an attractive possibility and suggests that eIF2B localisation 

during specific stress(es) could provide a better understanding of the relationship 

between mutational landscape and disease severity (Hamilton et al., 2018).  

 

4.4.4. Insights into potential cell-type specific eIF2B subcomplex 

arrangements during cellular stress. 

 

It was previously reported that eIF2Bδ localisation is increased in small eIF2B 

bodies upon induction of the acute ISR, in astrocytic cells (Hodgson et al., 2019). 

These data entail that, given the predominantly catalytic composition of astrocytic 

small bodies, the localisation of a novel subcomplex containing the ε, γ and δ 

subunits (eIF2B(γδε)) resides at these foci upon ISR activation. This eIF2B 

subcomplex failed to be identified by native mass spectrometry (MS) (Wortham 

et al., 2014), arguably because it was not analysed during ISR stimulation. 

However, its existence is not discarded given that application of high collision 

energy to disrupt the eIF2B(βδγε) tetramer led to the dissociation of eIF2Bβ but 

not eIF2Bδ from the complex (Wortham et al., 2014), suggesting that eIF2Bδ can 

interact with the eIF2B(γε) dimer in the absence of eIF2Bβ. Native MS analysis 

of eIF2B complexes during cellular stress could provide further insight into the 

identification of an eIF2B(γδε) sub-complex. The data in this chapter 

recapitulated the stress-induced eIF2Bδ phenotype observed by (Hodgson et al., 

2019) in astrocytic cells, which now has been expanded to neuronal and 

oligodendrocytic cells (Figure 4.9.). For the latter, an increased eIF2Bδ 

localisation strengthens the existence of an eIF2B(γδε) sub-complex given its 

compositional make-up of small eIF2B bodies being like astrocytic cells. 

However, the fact that neuronal cells follow this trend is rather intriguing. In 

chapter 3 of this thesis, the basal regulatory composition (including eIF2Bδ) of 

neuronal small eIF2B bodies is increased when compared to glial cells (Figure 

3.5.), hence potentially containing a wider variety of eIF2B sub-complexes 

(dimers, tetramers and decamers); whilst glial cells predominantly harbour 

catalytic eIF2B(γε) dimers. Given the increased basal eIF2Bδ make-up of 

neuronal small bodies, it led to the theory that these bodies were primed for 

stress. Strikingly, eIF2Bδ localisation of neuronal small bodies is further 
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increased upon acute ISR stimulation (Figure 4.9. and Figure 4.10.). An 

intriguing question is whether selectively enhancing eIF2Bδ composition then 

signals the assembly of eIF2B(γδε), given that is not identified in unstressed cells 

(Wortham et al., 2014), and/or whether the already elevated regulatory 

composition of neuronal small bodies is not indicative of tetramer and/or decamer 

localising at these foci? Further studies with pulldown assays and size-exclusion 

chromatography would be instrumental to decipher the validity of these models. 

It is also noteworthy that it cannot be ruled out whether eIF2Bδ redistribution is 

accompanied with increased eIF2Bα and eIF2Bβ localisation to neuronal small 

bodies as it was not quantified in this study. If these other subunits are present, 

then this suggests that decameric eIF2B predominantly resides at both small and 

large eIF2B bodies thus providing a pool of stress-sensitive sub-complexes for 

more robust repression of GEF activity at these sites. These hypothetical models 

will be tested on Chapter 5. 

Another key question that remains unaddressed is the kinetics of eIF2B(γδε) sub-

complex formation. It remains unknown whether eIF2B(γδε) is firstly formed and 

then assembled as small eIF2B bodies, or the existence of eIF2Bδ movement to 

pre-assembled small eIF2B bodies. To answer these questions future 

experiments could focus on live cell imaging using GFP-tagged eIF2Bδ to track 

its assembly and/or movement alongside tagged eIF2Bε to mark ε-containing 

small bodies.  However, the data presented here strengthens the assembly model 

given that the number of neuronal small eIF2B bodies significantly increases 

during the acute ISR and at a lower magnitude in astrocytes and 

oligodendrocytes (Figure 4.8.). 
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4.4.5. Remodelling of eIF2Bδ localisation involves non-ISR mechanisms. 

 

The data in this chapter and previous studies (Hodgson et al., 2019) shows that 

eIF2Bδ localisation to small eIF2B bodies during the ISR correlates with 

increased levels of eIF2α-P. However, from data presented in this chapter these 

two events may be mutually exclusive to a certain degree (Figure 4.11.). When 

cells were treated with PERKi in the presence of ER stress, inhibition of eIF2α-P 

did not fully prevent eIF2Bδ redistribution to small eIF2B bodies and these 

changes were cell-specific. ISR stressors have obvious adversities by triggering 

multiple pathways that can influence our observations. Tg in addition to activating 

the ISR can also induce ROS-related mechanisms at least in liver and neuronal 

cells (Li & Hu, 2015; Wink et al., 2017). Recently, “stress-free” virtual activation 

of eIF2α sensors is sufficient to prompt the acute-to-chronic temporal phases of 

the ISR (Batjargal et al., 2022); nonetheless, a faultless ISR may rely on other 

cascade of mechanisms within specific time windows, which would not be 

recapitulated with “stress-free” approaches. The crossover between the ISR and 

the non-ISR branches of the unfolded protein response (XBP1 splicing, ATF6) 

occurs, where the ISR regulates non-ISR transcriptional programs and signalling 

magnitude (Majumder et al., 2012; Teske et al., 2011). Underlying UPR-mediated 

feedback control of the ISR has been vastly unappreciated. More importantly, 

given that ER stress-induced eIF2Bδ remodelling exists upon PERK inhibition 

(yet at a lower level), it is plausible to speculate that other pathways could serve 

as an activator of eIF2B body remodelling, further enhanced and/or maintained 

by eIF2α-P. This is consistent with previous observations that eIF2Bδ remodelling 

can occur in the absence eIF2α-P (Hodgson et al., 2019). It is a complicated 

question to answer whether the ISR can, or even should, act single-handedly 

which warrants further investigation.  

This stress-free increase of eIF2Bδ to small bodies is due to direct interaction of 

ISRIB molecule to eIF2Bδ (Hodgson et al., 2019). ISIRB’s binding site lies in the 

interfaces between eIF2Bβ and eIF2Bδ of opposing tetramers, serving as 

molecular stapler to promote decameric formation (Zyryanova et al., 2018). ISRIB 

also seems able to individually target eIF2Bδ and no other eIF2B subunits 

(Sidrauski et al., 2015b) which suggests that eIF2Bδ remodelling of small bodies 

may involve eIF2B-interacting molecules. Indeed, natural sugar metabolites bind 

to eIF2Bα2 dimers and promote eIF2B decameric formation (Hao et al., 2021). 
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More recently, viral proteins counteract ISR-induced translational shutdown by 

binding to host eIF2B via the interface between eIF2Bβ and eIF2Bδ subunits, 

hence competing with phospho-eIF2α due to overlapping binding sites 

(Kashiwagi et al., 2019; Rabouw et al., 2020). In yeast, YBR159W, an ER-

anchored keto-acyl reductase involved in synthesis of fatty acids, physically 

interacts with the eIF2B subunits Gcd6p (eIF2Bε) and Gcd7p (eIF2Bβ) (Browne 

et al., 2013). Interestingly, YBR159W knockdown phenocopied the effects of 

some Gcn3p/eIF2Bα mutants by inducing “microfoci” of eIF2B, as well as 

disrupted lipid membranes (Browne et al., 2013; Norris et al., 2021). Although the 

relationship between localisation of translation initiation factors and lipidic 

membranes has been established (Willett et al., 2011), it further suggests that 

membrane-anchored proteins regulate eIF2B body dynamics by direct contact 

with specific eIF2B subunits. Understanding the mechanism(s) and/or molecules 

that drive eIF2Bδ redistribution are still unknown and warrant further 

investigation. 
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4.4.6. Final observations. 

 

The results shown in this chapter demonstrate that eIF2B localisation is 

differentially impacted during the acute and chronic phases of the ISR. At the hub 

of these stress-induced localisation changes is eIF2Bδ redistribution of small 

eIF2B bodies, which may play a key role during the acute ISR and be less 

required upon a chronic ISR. Here it was also reported a glial specific ability to 

reset an acute ISR programme while undergoing chronic ER stress, whereas 

neuronal cells trigger eIF2α-independent mechanisms to control bulk translation. 

This subsequent acute ISR programme involves elevated eIF2α-P accompanied 

by enhanced eIF2Bδ composition to small eIF2B bodies in glial cell types. 

Moreover, remodelling of eIF2Bδ composition of small bodies is partially eIF2α-

independent, hence involving other pathways and/or molecules. 

Taken together, the regulatory composition of small eIF2B bodies is selectively 

targeted during cellular stress and leads to cell-type specific differences under 

certain stress stimulation (Figure 4.12.). The data collated and discussed in this 

chapter provides insights into the attractive concept of a cell-type specific activity 

of the ISR, here with focus on the localisation dynamics of eIF2B. For the next 

chapter, the functional relevance of these changes to eIF2B bodies and impact 

of ISR-targeting drugs will be addressed.  
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Figure 4.12. The eIF2Bδ composition of small eIF2B bodies is remodelled in a stress- and 
cell-type specific manner.   
(A) Short-term ER or oxidative stress induces eIF2α-P accompanied by increased eIF2Bδ 
composition to small eIF2B bodies across all three cell types, thus a general feature of the acute 
ISR. The kinetics of eIF2B(γδε) formation remains unknown.  
(B) During sustained ER stress (chronic ISR), GADD34 expression promotes eIF2α 
dephosphorylation coupled with eIF2Bδ composition of small bodies being restored to basal 
levels across all cell types.  
(C) A subsequent oxidative stress to chronically ER stressed cells led to cell-type specific 
differences. Levels of eIF2α-P were again elevated in glial cells alongside eIF2Bδ remodelling of 
small bodies, while in neuronal cells it remained largely unchanged. 
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Chapter 5. Impact of ISRIB and cellular stress on the 

cell-type specific functionality of eIF2B localisation. 

 

5.1. Introduction. 

 

ISRIB is a potent small molecule that mitigates the ISR by targeting and activating 

eIF2B. Structurally, ISRIB binds at a symmetrical interface between the -β and -

δ subunits and bridges two eIF2B(βδγɛ) tetramers to promote decamer formation 

(Tsai et al., 2018; Zyryanova et al., 2018). This action of ISRIB restores eIF2B 

activity which reverses the effects of eIF2α-P by recovering repression of protein 

synthesis and antagonizes ATF4-dependent reprogramming of translation 

(Sidrauski et al., 2013; Sidrauski et al., 2015b; Sekine et al., 2015; Zyryanova et 

al., 2021). ISRIB has been shown to regulate eIF2B bodies in astrocytes 

(Hodgson et al., 2019). Here, ISRIB was proposed to mimic the action of the 

acute ISR by increasing eIF2Bδ localisation and GEF activity of small eIF2B 

bodies in unstressed cells. This suggests that eIF2Bδ remodelling may be an 

additional mechanism of action of ISRIB, which remains poorly understood. In 

parallel, ISRIB reversed the inhibitory effects of eIF2α-P in the GEF activity of 

large bodies (containing all eIF2B subunits) (Hodgson et al., 2019). Thus, ISRIB 

targets eIF2B bodies depending on their sensitivity to eIF2α-P. 

As discussed previously, ISRIB is a promising neuroprotective therapeutic by 

ameliorating neuropathology and inflammation in several disorders associated 

with a chronic ISR (see Introduction 1.4.2.). ISRIB relieves VWMD pathology in 

mouse models (Abbink et al., 2019) and biochemical studies show that VWMD 

mutations that destabilize decameric eIF2B can be rescued by ISRIB which 

results in increased GEF activity (Wong et al., 2018). However, it remains 

unknown whether ISRIB’s action also involves the regulation of eIF2B bodies 

upon chronic ISR. 
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5.2. Hypothesis and rationale. 

 

The main scientific aim of this chapter is to explore the crosstalk between ISRIB 

and the ISR in the eIF2Bδ composition and GEF activity of eIF2B bodies across 

the three cell types. Several studies have demonstrated that ISRIB rescues global 

translation in a variety of cell types and disease models (see Introduction section 

1.4.2.) having a ubiquitous effectiveness on the control of protein synthesis. 

Because eIF2B is ISRIB’s target and ISRIB mimics the acute ISR, the hypothesis 

is that ISRIB regulates eIF2B bodies in the presence of acute ISR similarly 

between the cell types used in this study. The impact of chronic ISR on ISRIB’s 

action of eIF2B bodies is not known and will be investigated in this chapter. To 

achieve this, the experimental objectives were as follows: 

• To cross-compare the steady-state distribution of the eIF2Bδ subunit and 

GEF activity of eIF2B bodies between cell types upon ISRIB treatment by 

transient transfection, immunocytochemistry, and confocal imaging 

(including FRAP analysis). 

• To examine the potential cell-type specific impact of cellular stress (acute 

and chronic ISR) on the GEF activity of eIF2B bodies by FRAP analysis. 

• Investigate the impact of ISRIB on the eIF2Bδ composition and GEF 

activity during cellular stress by FRAP analysis. 
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5.3.  Results. 

 

5.3.1. ISRIB’s action is long-term and reverses the restorative effect of 

chronic ISR in eIF2Bδ localisation of small eIF2B bodies in 

astrocytes. 

 

Chapter 3 demonstrated that eIF2Bδ localisation of small eIF2B bodies is 

increased upon induction of the acute ISR (Tg 1h). This was also shown to be a 

general cellular feature as it was observed in all three cell types. Given that ISRIB 

is proposed to mimic the action of the acute ISR (Hodgson et al., 2019), ISRIB 

would also regulate eIF2Bδ redistribution in all cell types used in this study. To 

test this hypothesis SH-SY5Y, U373 and MO3.13 cells transiently expressing 

eIF2Bε-mGFP were treated with ISRIB for 1h and immunostained with an anti-

eIF2Bδ antibody (Figure 5.1. A and B). U373 cells recapitulated the data shown 

in (Hodgson et al., 2019), and MO3.13 cells also exhibited an increase in the % 

small eIF2B bodies co-localising with eIF2Bδ foci signal when compared to drug 

vehicle-control cells (Figure 5.1. C i).  Surprisingly, SH-SY5Y cells did not show 

changes in eIF2Bδ distribution in comparison to vehicle levels (Figure 5.1. C i). 

Thus, ISRIB does not impact eIF2Bδ localisation of small bodies in neuronal cells. 

eIF2Bδ re-localisation to small bodies is a transient feature specific to the acute 

ISR, and transition to chronic ISR (Tg 24h) restores eIF2Bδ composition to basal 

levels in all cell types. To further test ISRIB’s mimicry of cellular stress, it was 

hypothesized that a chronic exposure of ISRIB (24h) (Figure 5.1. A) would 

recapitulate the effect of chronic ISR thus also restoring eIF2Bδ composition of 

small bodies in comparison to its 1h treatment. ISRIB for 24h did not increase the 

% of small eIF2B bodies co-localising with eIF2Bδ in comparison to vehicle in 

SH-SY5Y and MO3.13 cells (Figure 5.1. C i).   Unexpectedly for U373 cells, the 

ISRIB for 24h significantly elevated the % of small eIF2B bodies co-localising with 

eIF2Bδ in comparison to vehicle (Figure 5.1. C i). These data suggest that ISRIB 

selectively maintains the increased eIF2Bδ composition in small eIF2B bodies of 

astrocytes during prologued treatment. 

Because ISRIB ameliorates a vast number of disorders commonly characterized 

by a chronic ISR (see Introduction), the next aim was to test whether pre-

conditioning cells to Tg for 24h would impact on ISRIB’s cell-specific targeting of 

small eIF2B bodies. To do so, cells were firstly treated with ISRIB in the last 1h 
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of a 24h exposure of Tg (Figure 5.1. C). Immunofluorescence analysis 

demonstrated that ISRIB did not increase % of small eIF2B bodies co-localising 

with eIF2Bδ in SH-SY5Y and MO3.13 cells (Figure 5.1. C i). However, U373 cells 

once more showed increased eIF2Bδ localisation to small bodies (Figure 5.1. C 

i). Furthermore, a co-treatment of Tg and ISRIB for 24h (Figure 5.1. A) only 

revealed a similar significant increase of eIF2Bδ localisation in small bodies of 

U373 cells (Figure 5.1. C i). Hence, the action of ISRIB is independent of the 

restorative effect of chronic ISR in astrocytes, while chronic ISR prevents the 

action of ISRIB in oligodendrocytes. 

In contrast to small eIF2B bodies, large eIF2B bodies remained overall unaffected 

by ISRIB and chronic ISR treatment (Figure 5.1. C ii). 

Collectively, these results provide evidence that (1) ISRIB’s action on small eIF2B 

bodies is cell-specific during unstressed conditions, (2) ISRIB has a long-term 

action in small eIF2B bodies of astrocytes, and (3) this extended action is 

selectively maintained in astrocytes during chronic ISR.  
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Figure 5.1. ISRIB increases eIF2Bδ localisation of small eIF2B bodies in astrocytic and 
oligodendrocytic cells and chronic ER stress impacts eIF2Bδ redistribution in a cell-type 
manner. 
(A) Time course of experimental setup. 
(B) Representative images of SH-SY5Y, U373 and MO3.13 cells transiently transfected with 
eIF2Bε-mGFP and immunostained with an antibody against α-eIF2Bδ. Cells were treated with 
ISRIB (200nM) alone for 1h or added on the last hour of Tg (300nM) for 24h. DMSO for 24h was 
used as vehicle control. Scale bar: 10µm.  
(C) Mean percentage of (i) small and (ii) large eIF2Bε-mGFP bodies displaying co-localisation 
with α-eIF2Bδ cytoplasmic foci was quantified manually and analysed in a population of 30 cells 
per replicate using one-way ANOVA followed by post-hoc Tukey’s test for multiple comparisons. 
Data is presented as the fold-change relative to vehicle-treated cells. *p=0.0239 (U373), **p= 
0.0058 (U373); *p=0.0015 (MO3.13). 
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5.3.2. Acute ISR and ISRIB impacts the shuttling of eIF2 through small 

eIF2B bodies in a cell-type manner. 

 

ISRIB’s mimicry of the acute ISR towards eIF2B localisation also resulted in 

increased GEF activity of small eIF2B bodies in astrocytes (Hodgson et al., 2019). 

Whether this crossover effect of acute ISR and ISRIB in GEF activity was 

recapitulated in other cell types is not known. To test this, SH-SY5Y, U373 and 

MO3.13 cells were co-transfected with eIF2α-tGFP and eIF2Bε-RFP, treated 

with: (a) ISRIB alone for 1h, (b) Tg alone for 1h, or (c) co-treated with Tg and 

ISRIB for 1h and subjected to FRAP analysis (Figure 5.2. A, Appendix data).  

ISRIB alone did not affect eIF2α-tGFP recovery of small eIF2B bodies in SH-

SY5Y cells, while Tg slightly decreased eIF2α-tGFP recovery albeit with no 

statistical significance (p=0.0868) (Vehicle: 34.72% ± 2.09; ISRIB 1h: 31.47% ± 

3.36; Tg 1h: 25.93% ± 2.49; Tg+ISRIB 1h: 29.79% ± 1.65) (Figure 5.2. B i).  

In U373 cells, Tg alone, ISRIB alone or Tg in combination with ISRIB all 

significantly increased eIF2α-tGFP recovery of small eIF2B bodies, although the 

later displayed a significantly lower upregulation than ISRIB alone (Vehicle: 

38.33% ± 2.30; ISRIB 1h: 59.40% ± 3.53; Tg 1h: 49.23% ± 1.85; Tg+ISRIB 1h: 

48.11% ± 1.28) (Figure 5.2. B i).  Additionally, the t1/2 for eIF2α-tGFP recovery 

was slightly faster when treated with ISRIB alone, although with non-significant 

significance (p=0.2925) (Vehicle: 0.68 s ± 0.10; ISRIB 1h: 0.44 s ± 0.05; Tg 1h: 

0.75 s ± 0.11; Tg+ISRIB 1h: 0.71 s ± 0.14) (Figure 5.2. B ii). 

In contrast to the U373 cells, for MO3.13 cells no treatment showed any increase 

in eIF2α-tGFP recovery of small eIF2B bodies (Vehicle: 40.21% ± 1.73; ISRIB 

1h: 41.42% ± 1.16; Tg 1h: 42.31% ± 3.17; Tg+ISRIB 1h: 36.85% ± 3.69) (Figure 

5.2. B i). 

Together these results suggest that ISRIB and acute ISR enhance eIF2 shuttling 

into small eIF2B bodies in astrocytes while acute ISR may inversely inhibit the 

movement of eIF2 in neuronal cells. In contrast, small bodies of oligodendrocytes 

are unregulatable by acute ER stress and ISRIB. 
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Figure 5.2. eIF2 shuttling is increased during acute ER stress and short-term ISRIB 
treatment in small eIF2B bodies of astrocytic cells.  
SH-SY5Y, U373 and MO3.13 cells transiently co-transfected with eIF2α-tGFP and eIF2Bε-RFP. 

eIF2α-tGFP foci fluorescence was quantified to carry out fluorescence recovery after 

photobleaching (FRAP). eIF2Bε-RFP foci mark the eIF2B body. Cells were treated with ISRIB 

(200nM) alone for 1h, Tg (1μM) alone for 1h or Tg and ISRIB were co-treated for 1h. DMSO for 

24h was used as vehicle control. 

(A) Quantification of normalised FRAP curves for eIF2α-tGFP of 10-15 small eIF2Bε-RFP (<1µm2) 

bodies of SH-SY5Y, U373 and MO3.13 cells. The data were graphed and shown as the mean 

and s.e.m. bands (N=3). 

(B) (i) Mean percentage of eIF2α-tGFP recovery determined from normalised FRAP curves 

replicate using one-way ANOVA followed by post-hoc Tukey’s test for multiple comparisons. 

U373: *** p=0.0006, *p=0.0298 (Vehicle vs. Tg 1h), * p=0.0486 (Vehicle vs. Tg + ISRIB 1h). (ii) 

Quantification of the half time need for post-bleach full recovery of eIF2α-tGFP. Error bars: ± 

s.e.m. (N=3). ns: non-significant.  
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5.3.3. Acute ISR inhibits eIF2 shuttling through large eIF2B bodies which 

is reversed by ISRIB in a cell-type manner. 

 

eIF2 shuttling is decreased in large eIF2B bodies of astrocytes upon the acute 

ISR and ISRIB reverses these inhibitory effects (Hodgson et al., 2019). Applying 

the same rationale as described in 4.3.2., FRAP analysis was performed on large 

eIF2B bodies of SH-SY5Y, U373 and MO3.13 cells in the presence of (1) ISRIB 

alone for 1h, (2) Tg alone for 1h, or (3) co-treated with Tg and ISRIB for 1h 

(Figure 5.3. A, Appendix data). 

In SH-SY5Y cells, ISRIB alone did not impact the recovery of eIF2α-tGFP 

however Tg treatment significantly decreased eIF2α-tGFP recovery and addition 

of ISRIB did not rescue this Tg-induced inhibitory effect (Vehicle: 45.42% ± 0.46; 

ISRIB 1h: 39.39% ± 4.18; Tg 1h: 32.68% ± 1.29; Tg+ISRIB 1h: 34.12% ± 2.95) 

(Figure 5.3. B i). 

For U373 cells, ISRIB alone displayed non-significant changes to eIF2α-tGFP 

recovery while Tg treatment significantly decreased eIF2α-tGFP recovery, yet Tg-

treated cells in the presence of ISRIB showed a significant rescue of eIF2α-tGFP 

recovery (Vehicle: 41.47% ± 1.73; ISRIB 1h: 43.16% ± 2.95; Tg 1h: 31.96% ± 

0.93; Tg+ISRIB 1h: 40.32% ± 3.05) (Figure 5.3. B i). Moreover, Tg-treated large 

bodies showed significantly faster rate of recovery (measured by its half-life) in 

comparison to ISRIB-treated bodies (Vehicle: 0.830 s ± 0.035; ISRIB 1h: 0.714 s 

± 0.052; Tg 1h: 1.065 s ± 0.138; Tg+ISRIB 1h: 0.829 s ± 0.002) (Figure 5.3. B 

ii). These results agree with the findings reported by (Hodgson et al., 2019). 

Finally, in MO3.13 cells, the % of eIF2α-tGFP remained largely unaffected with 

the various treatments of ISRIB and Tg (Vehicle: 28.00% ± 2.13; ISRIB 1h: 

27.42% ± 1.20; Tg 1h: 30.12% ± 3.32; Tg+ISRIB 1h: 28.88% ± 2.19) (Figure 5.3. 

B i). 

Taken together these data suggest that acute ISR inhibits eIF2 shuttling of large 

eIF2B bodies in neuronal cells and astrocytes although ISRIB is only able to 

reverse these inhibitory effects for the latter, while oligodendrocytes show no 

regulation by acute ISR and ISRIB. 
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Figure 5.3. eIF2 shuttling is decreased during acute ER stress in large eIF2B bodies of 
neuronal and astrocytic cells while ISRIB reverses the effects of acute cellular stress in a 
cell-type manner.  
SH-SY5Y, U373 and MO3.13 cells transiently co-transfected with eIF2α-tGFP and eIF2Bε-RFP. 

eIF2α-tGFP foci fluorescence was quantified to carry out fluorescence recovery after 

photobleaching (FRAP). eIF2Bε-RFP foci mark the eIF2B body. Cells were treated with ISRIB 

(200nM) alone for 1h, Tg (1μM) alone for 1h or Tg and ISRIB were co-treated for 1h. DMSO for 

24h was used as vehicle control. 

(A) Quantification of normalised FRAP curves for eIF2α-tGFP of 10-15 large eIF2Bε-RFP (≥1µm2) 

bodies of SH-SY5Y, U373 and MO3.13 cells. The data were graphed and shown as the mean 

and s.e.m. bands (N=3). 

(B) (i) Mean percentage of eIF2α-tGFP recovery determined from normalised FRAP curves 

replicate using one-way ANOVA followed by post-hoc Tukey’s test for multiple comparisons 

(mean ± s.e.m, N=3). SH-SY5Y: *p=0.0233 (Vehicle vs. Tg 1h), *p=0.0409 (Vehicle vs. Tg + ISRIB 

1h); U373: *p=0.0480 (Vehicle vs. Tg 1h), *p=0.0385 (Tg 1h vs. Tg + ISRIB 1h). (ii) Quantification 

of the half time need for post-bleach full recovery of eIF2α-tGFP (mean ± s.e.m, N=3). U373: *p= 

0.0450 (ISRIB 1h vs. Tg 1h). ns: non-significant. 
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5.3.4. eIF2 shuttling through small eIF2B bodies is unaffected during 

chronic ISR while addition of ISRIB increases the movement of eIF2 

in astrocytes. 

 

Chapter 3 reported that the enhanced eIF2Bδ localisation of small eIF2B bodies 

induced by the acute ISR is reversed to its basal composition upon transition to 

chronic ISR (section 3.3.9). Therefore, the effect of chronic ISR coupled with 

short- and long-term co-treatment of ISRIB in small eIF2B bodies across the cell 

types was examined. To test this hypothesis, SH-SY5Y, U373 and MO3.13 were 

co-transfected with eIF2α-tGFP and eIF2Bε-RFP, treated with (1) ISRIB alone for 

24h, (2) Tg alone for 24h, (3) Tg for 24h and ISRIB in the last 1h, or (4) co-treated 

with Tg and ISRIB for 24h; and then performed FRAP analysis (Figure 5.4. A, 

Appendix data,). 

In SH-SY5Y and MO3.13 none of the treatments significantly impact the % or 

half-time of eIF2α-tGFP recovery of small eIF2B bodies (Figure 5.4. B i and ii).  

In U373 cells, treatment of Tg for 24h did not affect the eIF2α-tGFP recovery in 

small eIF2B bodies in comparison to vehicle (Vehicle: 44.99% ± 2.83; Tg 24h: 

41.42% ± 1.80) (Figure 5.4. B i). In all ISRIB treated samples, a significant 

increase of % recovery of eIF2α-tGFP was observed (ISRIB 24h: 59.79% ± 3.33; 

Tg 24h + ISRIB last 1h: 52.16% ± 2.05; Tg + ISRIB 24h: 61.97% ± 5.58) (Figure 

5.4. B i). Overall, the half-life of eIF2α-tGFP displayed non-significant changes 

on the half-time of recovery (Figure 5.4. B ii). Hence, ISRIB selectively enhances 

the movement of eIF2 in astrocytes. 

These results highlight that the action of ISRIB in the movement of eIF2 through 

of small eIF2B bodies is cell-specific and independent of the restorative effect of 

chronic ISR in astrocytes. 
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Figure 5.4. eIF2 shuttling through small eIF2B bodies is restored to basal levels during 
chronic ER stress however ISRIB further increases movement of eIF2 in astrocytic cells. 
SH-SY5Y, U373 and MO3.13 cells transiently co-transfected with eIF2α-tGFP and eIF2Bε-RFP. 

eIF2α-tGFP foci fluorescence was quantified to carry out fluorescence recovery after 

photobleaching (FRAP). eIF2Bε-RFP foci mark the eIF2B body. Cells were treated with ISRIB 

(200nM) alone for 24h, Tg (300nM) alone for 24h, ISRIB added in the last hour of Tg for 24h and 

Tg and ISRIB were co-treated for 24h. DMSO for 24h was used as vehicle control. 

(A) Quantification of normalised FRAP curves for eIF2α-tGFP of 10-15 small eIF2Bε-RFP (<1µm2) 

bodies of SH-SY5Y, U373 and MO3.13 cells. The data were graphed and shown as the mean 

and s.e.m. bands (N=3). 

(B) (i) Mean percentage of eIF2α-tGFP recovery determined from normalised FRAP curves 

replicate using one-way ANOVA followed by post-hoc Tukey’s test for multiple comparisons. 

U373: *p=0.0365 (Vehicle vs. ISRIB 24h), *p=0.0174 (Tg 24h vs. Tg + ISRIB 24h). ns: non-

significant. (ii) Quantification of the half time need for post-bleach full recovery of eIF2α-tGFP. 

Error bars: ± s.e.m. (N=3). ns: non-significant.  
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5.3.5. Chronic ISR and ISRIB impact eIF2 shuttling through large eIF2B 

bodies in a cell-type manner. 

 

To investigate the impact of chronic ER stress coupled with ISRIB on the activity 

of large eIF2B bodies FRAP analysis of large eIF2B bodies was performed in SH-

SY5Y, U373 and MO3.13 cells treated with the conditions previously described 

in section 5.3.8 (Figure 5.5. A, Appendix data). 

In SH-SY5Y cells, ISRIB alone for 24h showed no significant effect on the % of 

eIF2α-tGFP recovery when compared to vehicle levels (Vehicle: 41.81% ± 1.67; 

ISRIB 24h: 38.76% ± 3.39) (Figure 5.5. B i). Tg alone for 24h modestly 

decreased the % of eIF2α-tGFP recovery compared to vehicle levels, while the 

presence of ISRIB in the last 1h or co-treated for 24h not only did not rescue this 

inhibitory effect of Tg but also showed a more significant reduction of eIF2 

recovery (Tg 24h: 34.82% ± 4.66; Tg 24h + ISRIB last 1h: 25.84% ± 4.56; Tg + 

ISRIB 24h: 27.58% ± 1.39) (Figure 5.5. B i). In addition, the t1/2 of eIF2α-tGFP 

recovery reflected these changes in the % of recovery (Figure 5.5. B ii). 

For U373 cells, the % of eIF2α-tGFP recovery remained largely like vehicle levels 

throughout all the conditions (Vehicle: 41.28% ± 3.99; ISRIB 24h: 45.43% ± 4.25; 

Tg 24h: 41.61% ± 2.38; Tg 24h + ISRIB last 1h: 42.49% ± 3.80; Tg+ISRIB 24h: 

52.17% ± 8.17), and no significant differences in their t1/2 recovery rates was 

observed either (Figure 5.5. B i and ii). 

As for MO3.13 cells, the % of eIF2α-tGFP recovery remained largely similar to 

vehicle levels throughout all the conditions with the exception ISRIB for 24h 

where large eIF2B bodies showed a significant increase of eIF2α-tGFP recovery 

compared to the vehicle control (Vehicle: 23.70% ± 2.82; ISRIB 24h: 34.18% ± 

1.85) (Figure 5.5. B i). 

While there were some subtle changes of the % recovery of eIF2 in large eIF2B 

bodies during chronic ISR, the presence of ISRIB did not alter these changes.  

This suggests post-chronic ISR large bodies have recovered or maintained their 

GEF activity at levels similar to the vehicle and ISRIB doesn’t seem to enhance 

or rescue this % recovery. 
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Figure 5.5. eIF2 shuttling in large eIF2B bodies is impacted in a cell-type specific manner 
in the presence of chronic ER stress and/or ISRIB.  
SH-SY5Y, U373 and MO3.13 cells transiently co-transfected with eIF2α-tGFP and eIF2Bε-RFP. 

eIF2α-tGFP foci fluorescence was quantified to carry out fluorescence recovery after 

photobleaching (FRAP). eIF2Bε-RFP foci mark the eIF2B body. Cells were treated with ISRIB 

(200nM) alone for 24h, Tg (300nM) alone for 24h, ISRIB added in the last hour of Tg for 24h and 

Tg and ISRIB were co-treated for 24h. DMSO for 24h was used as vehicle control. 

(A) Quantification of normalised FRAP curves for eIF2α-tGFP of 10-15 large eIF2Bε-RFP (≥1µm2) 

bodies of SH-SY5Y, U373 and MO3.13 cells. The data were graphed and shown as the mean 

and s.e.m. bands (N=3). 

(B) (i) Mean percentage of eIF2α-tGFP recovery determined from normalised FRAP curves. 

Statistical significance as indicated: *p=0.0259 (SH-SY5Y: Vehicle vs. Tg 24h + ISRIB last 1h), 

*p=0.0465 (SH-SY5Y: Vehicle vs. Tg + ISRIB 24h). ns: non-significant. (ii) Quantification of the 

half time need for post-bleach full recovery of eIF2α-tGFP. *p=0.0426 (SH-SY5Y: Vehicle vs. Tg 

24h + ISRIB last 1h). ns: non-significant. All error bars: ± s.e.m. (N=3). 
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5.3.6. Long-term ISRIB treatment rescues protein synthesis in astrocytes. 

 

Having shown that ISRIB can differentially impact small and large eIF2B bodies 

during chronic stress, the relationship between the impact of ISRIB of eIF2B 

bodies and its overall effect on global translation was determined. To do so SH-

SY5Y, U373 and MO3.13 cells were treated with Tg for 24h alone and then ISRIB 

was added either in the last 1h of treatment or co-treated with ISRIB for 24h. As 

controls, cells were treated with ISRIB alone for 1h and 24h. Cells were then 

subjected to puromycin incorporation assay to quantify levels of global protein 

synthesis (Figure 5.6. A and B).  

Quantitation of the puromycin experiments revealed that ISRIB alone (1h and 

24h) did not significantly affect basal translation levels in SH-SY5Y and MO3.13 

cells (Figure 5.6. C). Unexpectedly, ISRIB for 24h mildly increased basal 

translation levels in U373 cells (p=0.0129) (Figure 5.6. D). 

For all three cell types, exposure to Tg for 24h with the addition of ISRIB in the 

last 1h significantly increased levels of protein synthesis in comparison to ISRIB-

untreated cells (Figure 5.6. D). Interestingly, when cells were exposed to a co-

treatment of chronic ER stress and ISRIB for 24h non-significant changes in 

protein synthesis levels in SH-SY5Y and MO3.13 cells when compared to its 

respective ISRIB-untreated levels (Figure 5.6. D). This contrasted with the U373 

cells where ISRIB significantly increased levels of protein synthesis when co-

treated with chronic stress (Figure 5.6. D). These data show that long-term ISRIB 

treatment selectively rescues translation in astrocytes during chronic ISR.  
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Figure 5.6. Translation is selectively restored in astrocytes in the presence of ISRIB for 
24h during chronic ISR.  
(A) Western blot analysis of SH-SY5Y, U373 and MO3.13 cells treated with ISRIB (200nM) alone 
for 1h or 24h and subjected to puromycin incorporation assay. GAPDH levels were used as 
loading control. DMSO for 24h was used as vehicle. 
(B) Western blot analysis of SH-SY5Y, U373 and MO3.13 cells treated with Tg (300nM) alone for 
24h, in the presence of ISRIB in the last 1h, or co-treated with ISRIB for 24h and subjected to 
puromycin incorporation assay. GAPDH levels were used as loading control. DMSO for 24h was 
used as vehicle. 
(C,D) Quantification of mean intensity levels of puromycinylated proteins normalised against 
GAPDH levels and analysed using one-way ANOVA followed by post-hoc Tukey’s test. Data is 
presented as fold-change levels of puromycin:GAPDH ratio in comparison to vehicle levels. All 
error bars: s.e.m. (N=4-10). *p=0.0129 (U373: Vehicle vs. ISRIB 24h), *p=0.0389 (SH-SY5Y: Tg 
24h vs. Tg 24h + ISRIB last 1h), **p=0.0043 (U373: Tg 24h vs. Tg + ISRIB 24h), ***p<0.0001 
(U373: Tg 24h vs. Tg 24h + ISRIB last 1h), ***p=0.0025 (MO3.13: Tg 24h vs. Tg 24h + ISRIB last 
1h), ns: non-significant. 
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5.3.7. ISRIB remains active during long-term treatment. 

 

ISRIB has a half-life of ~ 8 hours in mouse plasma and in the brain (Sidrauski et 

al., 2013). Because ISRIB for 24h only showed significant impact on the eIF2Bδ 

composition and activity of small eIF2B bodies in U373 cells, whether this action 

of ISRIB was cell-specific and not due to its bioavailability was next examined.  

SH-SY5Y, U373 and MO3.13 cells were pre-treated with ISRIB for 24h and 

further treated with Tg last 1h (Figure 5.7. A i) or SA for the last 30 minutes 

(Figure 5.7. B i). As control, cells were co-treated with Tg/SA and ISRIB for 1h 

or 30 minutes (Figure 5.7. A i and B i) to confirm the rescuing phenotype of 

short-term ISRIB treatment. Cells were subjected to puromycin incorporation 

assay to quantify levels of global protein synthesis (Figure 5.7. A ii and B ii). If 

ISRIB was still functional then ISRIB would ameliorate the impact of the stress on 

global protein synthesis. 

Western blot analysis demonstrated that cells pre-treated with ISRIB showed 

significantly higher fold-change of global protein synthesis when challenged with 

Tg (Figure 5.7. C) or SA (Figure 5.7. D)  in comparison to ISRIB-untreated cells. 

These results suggest that ISRIB remains active after 24h of treatment. 

  



Chapter 5 

172 
 

 

 

Figure 5.7. Pre-treatment of ISRIB for 24h is protective against subsequent acute ER stress 
and oxidative stress.  
(A) (i) SH-SY5Y, U373 and MO3.13 cells treated with Tg alone for 1h, co-treated with ISRIB for 
1h or added in the last 1h of a 24h treatment of ISRIB and (ii) subjected to puromycin incorporation 
assay and western blot analysis. 
(B) (i) SH-SY5Y, U373 and MO3.13 cells treated with SA alone for 0.5h, co-treated with ISRIB 
for 1h or SA was added in the last 0.5h of a 1h treatment of ISRIB and (ii) subjected to puromycin 
incorporation assay and western blot analysis.  
(C,D) Quantification of mean intensity levels of puromycinylated proteins normalised against 
GAPDH levels and analysed using unpaired Student t-test. Data is presented as fold-change 
levels of puromycin:GAPDH ratio in comparison to vehicle levels. All error bars: s.e.m. (N=3-6). 
*p=0.0266 (SH-SY5Y: Tg 1h vs. ISRIB 24h + Tg 1h), **p=0.0018 (U373: Tg 1h vs. ISRIB 24h + 
Tg 1h), *p=0.0103 (MO3.13: Tg 1h vs. ISRIB 24h + Tg 1h), *p=0.0109 (SH-SY5Y: SA 0.5h vs. 
ISRIB 24h + SA 0.5h), *p=0.0188 (U373: SA 0.5h vs. ISRIB 24h + SA 0.5h), ns: non-significant. 
 
 
 
 
 

  

(C) (D) 
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5.4. Discussion. 

 

5.4.1. ISRIB predominantly targets the composition and activity of eIF2B 

bodies in astrocytes. 

 

ISRIB has recently been shown to regulate eIF2B localisation by enhancing 

eIF2Bδ localisation in small bodies and increase the % recovery of eIF2 into small 

eIF2B bodies (Hodgson et al., 2019). These findings led to a model whereby 

ISRIB may counteract stress-induced translation shutdown by providing a pool of 

GEF-enhanced and stress-insensitive eIF2B(γδε) sub-complexes localised to 

small bodies.  

In this chapter, ISRIB-induced localisation of eIF2Bδ to small eIF2B bodies was 

specific to glial cells and not SH-SY5Y cells (Figure 5.1.). This was intriguing and 

may be related to early work presented in this thesis (see section 2.3.3.) showing 

increased basal level of eIF2Bδ in neuronal small bodies compared to the glial 

cells. Therefore, it is plausible that the impact that ISRIB has on eIF2Bδ 

redistribution may be linked to the composition and basal level of small bodies, 

which would follow in agreement to our observations that glial cell lines (both 

harbouring less eIF2Bδ) are then sensitive to ISRIB (Figure 5.1.).  

Another possibility could be linked to the impact of ISRIB on eIF2Bδ’s stability. 

Sidrauski and colleagues showed that ISRIB enhances the thermostability of 

eIF2Bδ but not the other subunits (Sidrauski et al., 2015b). Although a recent 

study could not identify a correlation between in vitro thermostability and in vivo 

protein turnover (Collier et al., 2020), this study focused on luminal lysosomal 

proteins and did not consider the additional impact of small molecules (Schreiber, 

2019). Interestingly, the same group and others observed that the half-life of 

proteins varies between cell types (Collier et al., 2020; Mathieson et al., 2018; 

Rolfs et al., 2021). Future research should be carried out to investigate the ISRIB-

mediated turnover rates of eIF2Bδ between distinct cell types. It is also 

noteworthy that eIF2B subunits are stoichiometrically expressed to ensure 

efficient cycles of holocomplex formation (Wortham et al., 2016). In this article, it 

was proposed that excessive eIF2Bδ is not assembled into eIF2B(βδγε) sub-

complexes and are targeted for degradation (Wortham et al., 2016).  This study 

focused only on stead-state formation of eIF2B and did not examine the impact 

of ISR activation on eIF2B assembly. How ISRIB may affects the stoichiometric 
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levels of eIF2B subunits has, to the best of our knowledge, not yet been 

addressed. 

It has previously been shown by several groups that increasing the expression of 

regulatory eIF2B subunits (α, β, δ) enhances eIF2B GEF activity (Dev et al., 2010; 

Fabian et al., 1997; Liu et al., 2011; Williams et al., 2001). Furthermore, Hodgson 

et al argued that ISRIB enhances GEF activity of small eIF2B bodies by 

increasing its eIF2Bδ composition as observed in U373 cells (Hodgson et al., 

2019). These studies were expanded in this thesis and show that the impact of 

ISRIB in mediating eIF2Bδ remodelling in small bodies cell-type specific (Figure 

5.1.).  This led us to the hypothesis that in the presence of ISRIB the GEF activity 

of small bodies would also be enhanced in a cell-type manner.  

Surprisingly, a correlation between eIF2Bδ remodelling and GEF activity was not 

unanimously observed across the 3 cell lines tested (Table 4.1.). Despite eIF2Bδ 

being increased in small bodies of MO3.13 and U373 cells, only the small bodies 

for the latter exhibited increased shuttling of eIF2 (Figure 5.2.). These results 

suggest that enhancing basal activity of small bodies does not require increased 

eIF2Bδ as a general ISRIB-mediated feature, however it demonstrates a potential 

cell-specific relationship between eIF2Bδ remodelling and GEF activity of small 

eIF2B bodies as observed in U373 cells (Table 4.1.).  

This cell-specific impact of ISRIB was further identified when cells were exposed 

to an acute Tg treatment in the presence or absence of ISRIB. Indeed, all 

conditions of Tg (observed in chapter 4) and ISRIB led to enhanced eIF2Bδ 

localisation to small bodies in U373 cells which, in parallel, displayed increased 

movement of eIF2 (Figure 5.2.). Altogether, these results demonstrate that 

astrocytic small eIF2B bodies are selectively remodelled during the acute ISR 

and ISRIB treatment, which may be at the hub of their GEF enhancement.  

Chapter 3 argued that small bodies of SH-SY5Y cells may contain a higher variety 

of eIF2B sub-complexes. FRAP analysis data indeed point out that the movement 

of eIF2 is similarly inhibited in small and large eIF2B bodies in the presence of 

acute Tg (Figure 5.2. and Figure 5.3.) which suggests that different sized bodies 

may be functionally similar. As the catalytic eIF2B(γε) sub-complexes are 

unregulatable during cellular stress due to the lack of regulatory subunits (Liu et 

al., 2011), it is therefore likely that small bodies in neuronal cells which already 
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have regulatory subunits would be targeted by stress. It would be important that 

future research utilises proteomic techniques to validate this cell-type specific 

sub-complex composition of eIF2B bodies.   

ISRIB reverses the inhibitory effects of the acute ISR on large eIF2B bodies in 

astrocytes, hence potentially rescuing the pool of eIF2B subcomplexes 

untethered to phosphorylated eIF2α residing in large bodies (Hodgson et al., 

2019). Chapter 3 showed that large bodies of MO3.13 cells are largely depleted 

of eIF2Bβ, this suggests that the decameric eIF2B may not reside in large eIF2B 

bodies in MO3.13 cells.  Therefore, the hypothesis that cellular stress would not 

impact the GEF activity of large bodies in this cell type was posed. Accordingly, 

acute Tg treatment did not decrease the shuttling of eIF2 to large bodies in 

MO3.13 cells (Figure 5.3.). In contrast the large eIF2B bodies of SH-SY5Y and 

U373 cells which contain all subunits of eIF2B (see chapter 3) showed decreased 

eIF2 shuttling through these eIF2B bodies during acute Tg treatment (Figure 

5.3.). Rather surprisingly was the fact that ISRIB did not rescue this eIF2 shuttling 

in SH-SY5Y cells (Figure 5.3.). It has been shown that ISRIB cannot antagonize 

the ISR upon high levels of eIF2α-P (Rabouw et al., 2019). Similarly, previous 

work from the Campbell group has shown that ISRIB fails to restore the activity 

of large bodies in the presence of high levels of eIF2α-P in U373 cells (Hodgson 

et al., 2019). Since the acute ISR is upregulated in SH-SY5Y cells as previously 

demonstrated in chapter 3, it is plausible to speculate that the optimal threshold 

of eIF2α-P is surpassed upon acute Tg treatment rendering ISRIB ineffective. As 

such, a titration of lower dosages of Tg in the presence of ISRIB would be 

required to verify this hypothesis. 
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Table 5.1. Impact of ISRIB and cellular stress in eIF2Bδ composition and GEF activity of eIF2B bodies is cell-type specific.  

 

 

 

 

 

 

 

 

 

 

 

 

 

NA, not analysed; *data from Chapter 3. 

 

Cell line Parameter 

Treatments 

 ISRIB 1h Tg 1h Tg + ISRIB 1h ISRIB 24h Tg 24h 
Tg 24h + ISRIB last 

1h 
Tg + ISRIB 

24h 

S
m

a
ll
 e

IF
2

B
 b

o
d

ie
s
 SH-SY5Y 

eIF2Bδ No effect Increased* NA No effect Normalised No effect No effect 

eIF2 recovery No effect Decreased Decreased No effect Decreased Decreased Decreased 

U373 

eIF2Bδ Increased Increased* NA Increased Normalised Increased Increased 

eIF2 recovery Increased Increased Increased Increased Normalised Increased Increased 

MO3.13 

eIF2Bδ Increased Increased* NA Normalised Normalised No effect No effect 

eIF2 recovery No effect No effect No effect No effect No effect No effect No effect 

L
a
rg

e
 e

IF
2
B

 b
o

d
ie

s
 SH-SY5Y 

eIF2Bδ No effect No effect* NA No effect No effect No effect No effect 

eIF2 recovery No effect Decreased Decreased No effect Normalised Decreased Decreased 

U373 

eIF2Bδ No effect No effect* NA No effect No effect No effect No effect 

eIF2 recovery No effect Decreased Normalised No effect No effect No effect No effect 

MO3.13 

eIF2Bδ No effect No effect* NA No effect No effect No effect No effect 

eIF2 recovery No effect No effect No effect Increased No effect No effect No effect 
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5.4.2. ISRIB has lasting effects on eIF2B bodies and translation in 

astrocytes. 

 

A chronic Tg treatment did not interfere with ISRIB’s ability of enhance eIF2Bδ 

localisation in U373 cells however it mitigated this mode of action of ISRIB in 

MO3.13 cells while exhibiting no effect in SH-SY5Y cells (Figure 5.1.). These 

findings demonstrate that ISRIB’s mechanism of action involves cell-type specific 

regulation of eIF2Bδ localisation of small eIF2B bodies.  

ISRIB reverses the inhibitory effects of eIF2α-P with restorative properties on 

global translation (see Introduction section 1.4.2.). In line with these reports, a 1h 

ISRIB treatment after chronic ISR rescued protein synthesis in all cell types 

(Figure 5.6.). Surprisingly, co-treating cells with Tg and ISRIB for 24h only 

showed a rescue phenotype in U373 cells (Figure 5.6.). ISRIB’s bioavailability 

was sufficient at the 24h time point for all cell types by western blot analysis 

(Figure 5.7.). This indicates that ISRIB’s action on eIF2B bodies is transient in 

neuronal and oligodendrocytes undergoing chronic ISR however it offers long-

term rescue to astrocytes. Interestingly, in astrocytes short-term or co-treatment 

of ISRIB with chronic ISR also showed increased eIF2Bδ localisation (Figure 

5.1.), thus ISRIB’s effect on the eIF2Bδ composition of astrocytes is also long-

lasting and independent of the action of chronic ISR in reversing eIF2Bδ 

redistribution. Moreover, these small eIF2B bodies were selectively targeted 

during co-treatment of ISRIB with chronic ISR as the same treatment did not 

affect large eIF2B bodies in both eIF2Bδ localisation and activity (Figure 5.4. and 

Figure 5.5.). Indeed, eIF2Bδ plays a key role in ISRIB’s action of recovering 

translation explored here (Appendix data, Figure A5) and by others (Sidrauski et 

al., 2015b). Now, a correlation between eIF2Bδ remodelling of small eIF2B 

bodies and translation rescue in astrocytes is highlighted as a potential cell-type 

specific mechanism of action of ISRIB.  

This notion that ISRIB action on eIF2B bodies is prevalent in a cell-specific 

manner may be correlated to the poorly understood lasting effect of ISRIB 

described by some studies. Chou et al. elegantly reported that ISRIB counteracts 

elevated levels of eIF2α-P and improves cognition in mice models of traumatic 

brain injury (TBI) (Chou et al., 2017). Interestingly, cognition was still improved 

weeks after ISRIB treatment ended (given its ~8h half-life in mouse plasma) with 

long-lasting rescue of dendritic spine degeneration yet remained unclear whether 
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ISRIB directly impacted neurons and/or other cell types (Chou et al., 2017). 

Interestingly, astrocyte-derived signalling has been shown to guide spine 

formation (Chaudhuri et al., 2020; Luarte et al., 2020; Patel & Weaver, 2021) 

which then suggests, in combination with the data presented in this chapter, that 

ISRIB’s action may involve enduring changes to the eIF2Bδ composition and 

activity of small eIF2B in astrocytes that further rescues neuronal function. Others 

have highlighted long-lasting amelioration of disease- and age-related 

neurological decline after a single ISRIB treatment (Hu et al., 2022; Krukowski et 

al., 2020; Oliveira et al., 2021) yet the majority of these experimental setups were 

based on whole brain lysates hence impossible to discriminate the impact of 

ISRIB on a cell type basis.  The possibility that these observations are influenced 

by the monocultured nature of these experiments at the cost of losing the in vivo 

context which is, of course, relevant to disease cannot be discarded (Klok et al., 

2018; Wisse et al., 2018). Future work needs to be conducted in co-culture-based 

experiments to further the understanding of the cell-type specific action of ISRIB. 

 

5.4.3. Insights of a cell-specific targeting of the ISR. 

 

In this chapter demonstrated that ISRIB’s mechanism of action involves cell-type 

specific regulation of the regulatory composition and activity of eIF2B bodies 

during unstressed and stressed conditions. Indeed, this provides a new platform 

for future research towards the notion of a cell-type specific targeting of eIF2B 

and action of ISRIB. 

Interestingly, ISRIB has been recently shown to improve survival of ALS mutant 

SOD1-expressing hippocampal neurons by triggering cell-specific outputs 

(Bugallo et al., 2020). In this study, ISRIB did not reduce neuronal ATF4 

translation upon chronic ER stress as robustly as in ISRIB-treated glial cells. In 

fact, complete PERK inhibition repressed ATF4 translation as efficiently as ISRIB 

in mutSOD1-expressing glial cells but not in mutSOD1 neurons (Bugallo et al., 

2020), which implies that ISRIB may have limited inhibitory properties in neurons. 

However, ISRIB was still able to similarly rescue protein synthesis in both 

mutSOD1-expressing neurons and glia, hence relieving the neurotoxic 

translational repression imposed by PERK while maintaining translation of uORF-

containing mRNAs (ATF4) in a cell-type manner (Bugallo et al., 2020). ISRIB’s 
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action may also be influenced by the cell-specific phosphorylation status of eIF2B 

subunits. Cagnetta and colleagues have shown that growth cue Semaphorin-3A 

(Sema3A) triggers eIF2α-P and locally dephosphorylates eIF2Bε (increasing 

GEF activity) to temporally uncouple eIF2B activity from eIF2α-P in axons of 

retinal ganglion cells (RGCs) (Cagnetta et al., 2019). This dual stimulation of 

Sema3A revealed a subset of axonal proteins regulated by the Sema3A-eIF2α-P 

axis without global repression of translation as observed upon canonical stress 

(Cagnetta et al., 2019). Another interesting possibility is neuronal-specific 

metabolites that either grant modest allosteric changes to eIF2B or occupy the 

pocket cavity where ISRIB binds (Tsai et al., 2018; Hao et al., 2021), which would 

constrain the magnitude of ISRIB’s action. Altogether, pharmacological 

improvement of ISRIB formulation and/or localised delivery are warranted for 

further pre-clinical testing for ISR-related disorders. 

Tissue-specific targeting of the ISR is also relevant to cognition. Recent studies 

suggest that normal cognition relies on eIF2α-dependent translation within 

specific neuronal subtypes. Learning tasks in mouse models reduced eIF2α-P 

levels in specific subsets of excitatory and inhibitory neurons (Sharma et al., 

2020). Similarly, selective manipulation of the PERK-eIF2α signalling cascade in 

dopaminergic neurons resulted in multiple cognitive failures (Longo et al., 2021). 

Additionally, conflicting reports highlight the need to address the involvement of 

other cell types in cognitive decline. Growth factor BDNF has been shown to up-

regulate ATF4 mRNA translation independently of eIF2α-P in hippocampal 

neurons (Liu et al., 2018), whilst others report enhanced eIF2B activity upon 

BDNF treatment in similar cultured models (Takei et al., 2001). It would be 

worthwhile to investigate how cell-specific eIF2B activation within different cell 

types such as microglia, astrocytes and oligodendrocytes are involved in 

cognitive decline. 
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5.4.4. Final observations. 

 

ISRIB – a small molecule that stabilizes the eIF2B decamer and makes eIF2B 

insensitive to eIF2α-P – impacts the eIF2Bδ (thus regulatory) composition and 

GEF activity of eIF2B bodies in a cell-type manner. Here,a correlation was 

observed between enhanced eIF2Bδ localisation of small eIF2B bodies and 

increased movement of eIF2 through these bodies yet limited to astrocytes, 

suggesting that regulatory remodelling may only be functionally relevant on a cell 

type basis which warrants further examination.  
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Chapter 6. General discussion. 
 

Over the past decade several publications have deepened the understanding of 

the structure and regulation of eIF2B. These accomplishments have congruently 

shown that eIF2B is a heterodecameric GEF protein assembled by its 

stoichiometrically regulated sub-complexes. eIF2B plays a key role in facilitating 

the initiation of translation while inhibition of eIF2B’s GEF activity is the main 

regulatory event of the ISR. Recently, the Campbell group showed that eIF2B 

localises to cytoplasmic sites known as eIF2B bodies which are targeted not only 

by the action of the acute ISR but also ISR modulators.  

ISR dysregulation is a hallmark of several human pathologies, mostly related to 

chronic activation of the ISR.  More specifically, mutations in eIF2B are directly 

linked to VWMD, a neurological disorder that primarily affects glial cell types 

(astrocytes and oligodendrocytes). Whether eIF2B holds cell-type specific 

features is unknown. Thus, this thesis aimed to investigate potential cell-specific 

patterns of eIF2B localisation and correlation to the activity of the ISR. 
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6.1. eIF2B bodies are unique and regulated in a cell-specific manner. 

 

Chapter 3 demonstrated that the prevalence, composition, and activity of eIF2B 

bodies is cell-type specific in a cohort of brain cells. In line with Hodgson et al., 

(2019), two sub-populations of eIF2Bε-containing bodies based on size (small 

and large eIF2B bodies) were observed. While large eIF2B bodies (containing all 

subunits of eIF2B) were consistently present in all cell lines the smaller eIF2B 

bodies displayed some cell-specific disparities. These differences may reflect a 

cell-specific presence of eIF2B sub-complexes. Based on the co-localisation 

studies and FRAP analysis presented in this thesis, small eIF2B bodies are 

predominantly composed of catalytic subunits (γ,ε) as a general cellular feature, 

however tetramers and decamers also reside at these sites in neuronal cells 

albeit at a lower magnitude. During steady state, the rate of eIF2 shuttling in small 

bodies is similar between cell types, however the observed differences in subunit 

make-up is suggested to dictate their GEF activity during cellular stress and 

ISRIB (Hodgson et al., 2019). Furthermore, the unexpected lack of eIF2Bβ in 

large eIF2B bodies in oligodendrocytes was reported which suggests lack of 

decameric eIF2B and may contribute to their decreased basal GEF activity. 

Chapter 4 showed that the activity of the ISR is cell-type specific in a manner that 

correlates with compositional changes to eIF2B bodies. The eIF2Bδ composition 

of small eIF2B bodies is stimulated during the acute ISR across all cell types, 

however it is short-lived and not observed upon transition to a chronic ISR. 

Interestingly, chronically ER-stressed astrocytes and oligodendrocytes are able 

to reset their acute ISR when confronted with a subsequent oxidative stress.  This 

also included eIF2Bδ remodelling of small eIF2B bodies. This cellular feature was 

not observed in neuronal cells, which suggests cell-specific sensitivity to restart 

the acute ISR and these cells may employ eIF2α-independent mechanisms to 

regulate protein synthesis. 

In Chapter 5, the data presented in the previous chapters was further investigated 

using FRAP analysis to assess the functionality of eIF2B bodies during both acute 

and chronic ISR and in the presence of the eIF2B activator ISRIB. A cell-specific 

relationship between eIF2Bδ redistribution and eIF2 recovery was observed in 

astrocytic cells as illustrated in Figure 6.1. Indeed, in this cell line, ISRIB treatment 

has a dominant effect on increasing eIF2Bδ composition of small bodies, either 

alone or in combination with chronic ER stress, accompanied by an enhanced % 
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recovery of eIF2. This relationship is not recapitulated in the other cell types used 

in this study, which requires further in vitro studies to investigate the cell specific 

GEF activity of eIF2Bγδε subcomplexes. 

Collectively, these results demonstrate that cells display cell-type specific 

localisation and regulation of eIF2B bodies. The existence of different eIF2B 

subcomplexes may allow unique rates of TC levels and adaptability to stress 

which overall might make translation more efficient and/or more easily regulated. 

More importantly, evidence of cell-type specific fine-tuning of eIF2B function and 

regulation, the core event of the ISR, was provided in this thesis; further 

emphasizing the need to tailor therapeutic interventions in a cell-type manner. 
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Figure 6.1. Working model for the impact of cellular stress and ISRIB in eIF2B bodies of 
astrocytes. 
(A) eIF2B localises to small eIF2B bodies containing catalytic subcomplexes and larger eIF2B 
bodies containing a variety of regulatory subcomplexes (including decameric eIF2B).  
(B)  Upon activation of the acute ISR program, eIF2Bγδε subcomplexes are formed and localised 
to small eIF2B bodies which is suggested to have a regulatory role in eIF2B GEF activity; whilst 
large eIF2B bodies are negatively impacted. 
(C) During transition to a chronic ISR, eIF2Bδ distribution in small bodies is reversed and GEF 
activity is restored to basal rates, whereas ISRIB treatment bypasses transient eIF2Bδ distribution 
by prompting extended eIF2Bγδε formation by direct interaction with eIF2Bδ. 
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6.2. eIF2Bδ as a therapeutic target.   

 

The redistribution of eIF2Bδ to small eIF2B bodies upon induction of acute ISR 

occurs in all cell types while chronic ISR displays cell type disparities. This agrees 

with the model proposed by Hodgson et al., 2019, and is now extended to 

neuronal cells and oligodendrocytes. Interestingly, a cell-specific ability of eIF2Bδ 

remodelling of small bodies was observed using a VWMD-mimicking stress 

treatment (chronic + acute ISR) in astrocytes and oligodendrocytes. Astrocytic 

dysfunction is the central pathomechanism of VWMD and cell-autonomous 

oligodendrocytic immaturation has also been reported (Bugiani et al., 2018; 

Dooves et al., 2016; Herrero et al., 2019). Thus, these data highlight the first 

evidence of cell-specific eIF2B function wherein eIF2Bδ may be a crucial eIF2B 

subunit that contributes to the tissue-specific vulnerability of VWMD mutations. 

Furthermore, a novel mechanism of action of ISRIB is reported here, 

demonstrating that ISRIB regulates eIF2Bδ localisation and activity of eIF2B 

bodies in a cell-type manner.  

Surprisingly, astrocytes are highly responsive to both the acute ISR and ISRIB 

given the observation of a correlation between increased eIF2Bδ and enhanced 

eIF2 shuttling in small eIF2B bodies but not in neuronal cells and 

oligodendrocytes. Moreover, this increase in the localisation of eIF2Bδ was 

sustained upon a longer treatment of ISRIB (24h) and restoration of translation 

was still observed in chronic ISR-induced astrocytes, while ISRIB only transiently 

restored translation in neurons and oligodendrocytes. Because the eIF2Bδ 

remodelling of small bodies is specific to the acute ISR, this thesis cautiously 

proposes that ISRIB can mimic a “prolonged” acute ISR effect by forming a stable 

pool of small eIF2B bodies containing ε-, γ-, and δ- subunits of enhanced GEF 

activity that restore translation during chronic ISR in astrocytes.  

It is noteworthy that ISRIB’s cell-specific targeting of eIF2B bodies might be 

limited for personalised treatment for VWMD as its impact may be dependent on 

the specific causative mutation (notably eIF2Bβ and eIF2Bδ mutations that 

disrupt the binding pocket) (Abbink et al., 2019; Slynko et al., 2021). This 

highlights the need for new ISR modulators that can be appropriate for all VWMD 

patients is pivotal. 
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The protective role of a chronic ISR has been under intense investigation in the 

past years. Guanabenz and sephin 1 are inhibitors of PP1c-bound GADD34 

which leads to sustained high levels of eIF2α-P in stressed cells. Both small 

molecules ameliorate VWMD pathology and are under clinical trials (Das et al., 

2015; van der Knaap et al., 2022; Way et al., 2015; Witkamp et al., 2022) although 

the exact mechanism of action is still debatable (Crespillo-Casado et al., 2017). 

Sephin 1 is also neuroprotective in OPCs of a multiple sclerosis mouse model by 

delaying translation recovery driven by prolonged eIF2α-P (Chen et al., 2019). In 

line with these reports, the movement of eIF2Bδ is partially controlled by eIF2α-

P was observed. Therefore, investigating whether these small drugs can 

manipulate the movement of eIF2Bδ would offer novel therapeutical avenues to 

ISR disorders beyond VWMD.  

Interestingly, both ISRIB and estradiol valerate have been shown to delay ageing 

and confer thermal resistance by inhibiting the ISR in C. elegans (Derisbourg et 

al., 2021). Although estradiol valerate was not initially identified in a ISR inhibition 

screening (possibly due to disparities of reporter assays used), another estradiol 

analogue (dibenzoylmethane, DBM) was detected (Halliday et al., 2017). DBM is 

a curcumin-related molecule with anti-cancerogenic activity able to bind estrogen 

receptors (Jackson et al., 2019; Lin et al., 2006). DBM does not stabilize the 

eIF2B decamer however it increases eIF2Bδ localisation to small bodies 

(Hodgson et al., 2019). Estradiol valerate and DBM do not bind to eIF2B like 

ISRIB and therefore must inhibit the ISR through different mechanisms.  Further 

work is needed to determine the mechanism of action of these drugs. 
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6.3. How are mammalian eIF2B bodies formed? 

 

Norris et al. observed that eIF2Bα is essential to maintain the integrity of eIF2B 

bodies in yeast which fits with the model presented by others that yeast eIF2B 

bodies are aggregates of eIF2B decamers (Norris et al., 2021). Chapter 3 showed 

that, in mammalian cells, eIF2B subunits ε and γ form small eIF2B bodies, while 

the presence of regulatory subunit(s) may favour the coalescence of large eIF2B 

bodies (given the high average size of large eIF2B bodies in neuronal cells). The 

fact that eIF2B sub-complexes exist in different cells begs the question: what 

mediates this composition discrimination and how are eIF2B sub-complexes able 

to localise in a cell-type manner?  

eIF2B bodies might share protein components and assembly processes to other 

membraneless organelles. Stress granules and P-bodies are functionally distinct 

entities yet rely on a fine balance between molecular motors dynein and kinesin 

to allow foci formation and dissolution upon stress (Loschi et al., 2009). Recently, 

eIF2α kinase PKR was reported to form cytoplasmic foci upon poly I:C treatment 

(a PKR activator) that do not co-localise with eIF2α but rather act as storage sites 

of silenced PKR dimers to avoid exaggerated induction of eIF2α-P (Zappa et al., 

2022). Interestingly, these PKR bodies co-localise with P-body components Edc3 

and Dcp1 but not canonical SG markers (Zappa et al., 2022). Edc3 and Dcp1 are 

involved in mRNA decapping and degradation of P-bodies (Kedersha et al., 

2005), hence potentially weaponised to condensate dsRNA-bound PKR dimers 

to PKR bodies. Although the presence of P-body constituents might be inherently 

related to PKR’s main function to sense dsRNA, it unveils a compositional 

crosstalk between membraneless organelles that could include eIF2B bodies.  

This concentrated state is also well-known to occur via liquid-liquid phase 

separation (LLPS) (Wang et al., 2021). LLPS is a process that condensates 

proteins and RNA-binding proteins into a state that resembles lipid droplets which 

includes (apart from SGs and P-bodies) centrosomes, Cajal bodies, 

paraspeckles, and DNA damage foci (e.g., 53BP1, γH2AX) (Brownsword & 

Locker, 2023). LLPS granules can be dynamically assembled, maintained, 

segregated, and fully dissolved, usually driven by environmental triggers (pH, 

temperature) or internal parameters (PTMs, protein concentration) (Wang et al., 

2021). Preliminary data presented in this thesis supports that eIF2B bodies also 

possess LLPS-like characteristics (Appendix data, Figure A7) and may be 
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assembled more rapidly than SGs (Moon & Parker, 2018a). In support of this, 

yeast eIF2B bodies can be formed under acidic pH conditions (Nüske et al., 2020) 

and this thesis shows that eIF2B body formation is enhanced at different cell-

specific magnitudes upon cellular stress. A key characteristic of LLPS granules 

is the presence of RNA (Roden & Gladfelter, 2021). RNA acts as a scaffold and 

subsequent crosslinker of RNA-binding proteins which is why the majority of 

LLPS granules are involved in RNA transcription, processing, and translation 

(Jain & Vale, 2017). Thus, it is important to investigate if eIF2B bodies contain 

RNA using RNA-FISH. Low sequence complexity, repeat motifs and disordered 

domains of proteins also drive LLPS granule formation (Martin & Mittag, 2018). 

Prime examples are TAR DNA-binding protein 43 (TDP-43) and Fused in 

Sarcoma (FUS). TDP-43 can self-assemble through its intrinsically disordered C-

terminal domain while FUS contain a positively charged RGG domain that binds 

(negatively charged) RNA; and both are able to form irreversible inclusions linked 

to ALS pathology (Guerrero et al., 2016). Interestingly, the HEAT domain of 

eIF2Bε is highly flexible and structurally exposed to accommodate eIF2 binding. 

However, the flexible nature of this region may act disordered-like and prompt 

self-assembly in a LLPS fashion, which is supported by structural studies that 

highlight eIF2Bε-eIF2Bε interactions to drive eIF2B body formation in yeast 

(Gordiyenko et al., 2014; Marini et al., 2020). Altogether, it is plausible to propose 

that eIF2B bodies carry LLPS-driven features (structural and/or compositional) 

that coordinate body formation which requires experimental validation. 
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6.4. Limitations and commentary of future research. 

 

The localisation patterns of eIF2Bε-mGFP-containing bodies was investigated in 

three cell types. As proof-of-concept it was demonstrated that eIF2B bodies are 

cell-type specific when cross-compared between a neuronal, astrocytic and 

oligodendrocytic cell lines; however, this experimental model holds important 

limitations that need to be considered for proper interpretation of this study and 

future perspectives as listed below. 

(1) Transient transfection and protein localisation: Short-term expression of 

proteins and fusion-proteins through transient transfections to study the 

subcellular distribution of proteins are widely used, although the major 

disadvantage is the magnitude of overexpression coupled with it (Gibson et al., 

2013). Assessing eIF2B localisation by transiently expressing a mGFP-fused ε-

subunit may also be limited by the endogenous availability of other eIF2B 

subunits (Wortham et al., 2014) and other interacting partners (Hanson et al., 

2022), hence potentially less affected by its overexpression. The fact that similar 

localisation patterns upon stable expression of eIF2Bε-mGFP is observed in 

U373 cells provides confidence to this model used here. Nonetheless, other 

changes that eIF2Bε overexpression may trigger cannot rule out such as the 

deregulated stoichiometric expression of eIF2Bγ. Cellular levels of eIF2Bγ are 

controlled by the expression of eIF2Bε to regulate assembly rates of eIF2Bγε 

dimers (Wortham et al., 2014). Although no significant differences were observed 

in U373 cells (Hodgson, 2019), it is important to confirm that protein levels of 

eIF2B subunits are maintained upon transient transfection in all cell types. 

Another important consideration is whether the detection of eIF2B bodies is 

skewed between fixed and live cells. A recent report showed that PFA fixation 

changes LLPS behaviour by creating crosslinked-derived artifacts (Irgen-Gioro et 

al., 2022), which may partially explain critical immunostaining drawbacks when 

alternatively using methanol in MO3.13 cells as a fixative (data not shown). 

Hence, to avoid misinterpretations or false-positive foci counting, a counterpart 

live-imaging when studying eIF2B bodies (and other LLPS granules) is 

recommended. 

(2) Cell models: The nature of cell lines used in this study are another major 

drawback that needs to be considered. SH-SY5Y and U373, as neuroblastoma 

and astrocytoma cell lines (respectively), are cancer-derived and do not 
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recapitulate the metabolic burden of non-cancerous neurons and astrocytes (Ikari 

et al., 2021; Vander Heiden & DeBerardinis, 2017) which might skew the 

observations reported in this thesis on the magnitude activity of the ISR and 

stress-induced effect on eIF2B bodies given the intimate link between cancer and 

the ISR (Licari et al., 2021). This would fall in agreement with the observations 

that primary astrocytes have overall higher levels of eIF2α-P upon cellular stress 

though translation inhibition is like U373 cells. Furthermore, SH-SY5Y, despite 

being a dopaminergic neural cell line, it is cell-dividing and are not representative 

of a post-mitotic neuronal model (e.g., able to repair DNA damage in mitosis 

through homologous recombination). To surpass these issues, future work 

should be conducted in iPSC-derived neural progenitor cells (NPCs) 

differentiated to neurons, astrocytes, and oligodendrocytes (Ladran et al., 2013).  

Perhaps, even more importantly, is establishing a co-cultured system to confirm 

the findings reported in this study and offer clinical relevance to VWMD therapy. 

The experimental setup of this thesis aimed to unravel the individual contribution 

of cell types in eIF2B localisation and stress response profiles, however the cell-

to-cell crosstalk is crucial for proper neuronal metabolism (e.g., lactate 

deliverance from astrocytes), synaptic trafficking (e.g., myelin coating of axons 

by oligodendrocytes) and are central of VWMD’s cell-specific vulnerability (Klok 

et al., 2018). Park et al. elegantly presented a microfluidic platform using 

tricultures of AD neurons, astrocytes, and microglia that mimicked microglial 

spatial recruitment and neuroinflammation markers that could not be observed in 

monocultures of the same cells (Park et al., 2018). Interestingly, a 3D organoid 

with VWMD patient-derived iPSCs has been recently developed and fully 

recapitulated VWMD’s main pathological hallmarks (GFAPδ expression, 

immature oligodendrocytes, sparse myelin) (Deng et al., 2023), while cultured 

astrocytes from VWMD mutant eIF2BεR191H mice lose in vivo diseased phenotype 

(hypersensitive ISR) and instead behave like healthy astrocytes (Wisse et al., 

2018); altogether showing that future studies should devise and include co-

cultured platforms to investigate VWMD pathomechanisms.  

(3) Co-localisation assay: It is paramount to verify the presence of eIF2B sub-

complexes in eIF2B bodies by proteomic analysis. This could involve isolation of 

eIF2B bodies by size exclusion chromatography and native co-IP of eIF2B 

subunits between different cell types to confirm the differential presence of eIF2B 

sub-complexes. In this thesis, co-localisation screening of α-, β-, δ-, and γ-
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subunits to eIF2Bε-containing bodies was conducted by immunofluorescence 

analysis, which does not give direct evidence of eIF2B sub-complexes and relies 

on manual counting hence influenced by the user’s criteria. Nonetheless, other 

quantitative methods such as Pearson’s correlation coefficient were not suitable 

as it evaluates the intensity of the overlapping colour of multiple-channel 

fluorescence images and lacks sensitivity to measure individual foci signal (Dunn 

et al., 2011). Alternative methods like FRET imaging analysis, which detects the 

physical contact between a donor- and acceptor-labelled fluorescent probes with 

~0.09μm2, is widely used to determine protein-protein interactions (Nouar et al., 

2013). However, employing FRET would likely result in false-negatives as the 

epitopes of eIF2Bα-γ subunits are at different distances and orientations to the 

mGFP-tag of eIF2Bε. However, combining FRET with object-based colocalization 

and pixel-intensity correlation using a novel ImageJ plug-in employs 

mathematical corrections by considering the aforementioned limitations 

(available on Github under: https://github.com/BHochreiter/ImageJ-FRET-and-

coloc) (Lutz et al., 2017), and could be used for future colocalization experiments.  
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6.5. Thesis conclusions. 

 

The work presented in this thesis demonstrated that eIF2B localisation and its 

regulation during the activity of the ISR is cell-type specific. In mammalian cells, 

eIF2B bodies vary in size, eIF2B subunit composition and GEF activity in a cell 

type manner. eIF2Bδ composition of small eIF2B bodies is selectively remodelled 

during the acute ISR and may no longer be required during a chronic ISR. 

However, upon VWMD-mimicking stress, astrocytes and oligodendrocytes rely 

on the cellular ISR and eIF2Bδ remodelling while neurons alternatively trigger 

eIF2α-independent mechanisms. Furthermore, eIF2Bδ remodelling of small 

eIF2B bodies is suggested to be functionally relevant to astrocytes, the main 

culprit cell type in VWMD, and a potential key therapeutical target by ISR 

modulators.  In conclusion, this thesis provides evidence that eIF2B bodies may 

contribute to the tissue sensitivity of VWMD and thus a key area of future 

research. 
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Appendix. 

 
Figure A1. FRAP imaging of small eIF2B bodies upon acute ISR (ER stress) and ISRIB. 
Representative images of a single small eIF2B body (<1μm2) in (A) SH-SY5Y, (B) U373 and (C) 
MO3.13 cells. Single eIF2α-tGFP bodies were photobleached with a 488-nm laser beam and 
fluorescence recovery was monitored over a period of 8 s.  



Appendix 

218 
 

 
Figure A2. FRAP imaging of large eIF2B bodies upon acute ISR (ER stress) and ISRIB. 
Representative images of a single small eIF2B body (≥1μm2) in (A) SH-SY5Y, (B) U373 and (C) 
MO3.13 cells. Single eIF2α-tGFP bodies were photobleached with a 488-nm laser beam and 
fluorescence recovery was monitored over a period of 8 s. 
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Figure A3. FRAP imaging of small eIF2B bodies upon chronic ISR (ER stress) and ISRIB. 

Representative images of a single small eIF2B body (<1μm2) in (A) SH-SY5Y, (B) U373 and (C) 

MO3.13 cells. Single eIF2α-tGFP bodies were photobleached with a 488-nm laser beam and 

fluorescence recovery was monitored over a period of 8 s. 
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Figure A4. FRAP imaging of large eIF2B bodies upon chronic ISR (ER stress) and ISRIB. 

Representative images of a single small eIF2B body (≥1μm2) in (A) SH-SY5Y, (B) U373 and (C) 

MO3.13 cells. Single eIF2α-tGFP bodies were photobleached with a 488-nm laser beam and 

fluorescence recovery was monitored over a period of 8 s. 
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Figure A5. Global translation cannot be rescued by ISRIB in ISRIB-resistant 
eIF2BδL180F/L180F mutant cells. Wild-type (WT) and eIF2Bδ mutant (L180F) CHO cells were 
treated with Tg (1µM) alone for 1h, ISRIB (200nM) alone for 1h or co-treated with Tg and ISRIB 
for 1h. 
(A) Western blot analysis of WT and L180F CHO cells immunoblotted against PERK (low band: 
unphosphorylated PERK, upper band: phosphorylated PERK), phosphorylated eIF2α (eIF2α-
p[S51]) and total eIF2α. *non-specific band. 
(B) Western blot analysis of WT and L180F CHO cells subjected to puromycin incorporation 
assay. GAPDH levels were used as loading control. 
(C) Quantification of mean intensity levels of eIF2α-p[S51] normalised against total levels of 
eIF2α. (ii) Quantification of mean intensity levels of puromycinylated proteins normalised against 
GAPDH levels. Data was analysed using one-way ANOVA followed by post-hoc Tukey’s test. All 
error bars: s.e.m. (N=3). 
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Figure A6. eIF2B bodies act as LLPS granules. (A) Representative live-images of a MO3.13 

cell transfected with eIF2Bε-RFP and captured over 120 minutes. (B) Representative live-imaging 

time-lapse images showing formation, merging and segregation of eIF2Bε-RFP bodies. Scale 

bar: 10 µm. 

 




