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ABSTRACT (n=155 words)

Heterozygous de novo variants in the eukaryotic elongation factor EEF1A2 have
previously been described in association with intellectual disability and epilepsy but
never functionally validated. Here we report 14 new individuals with heterozygous
EEF1A2 variants. We functionally validate multiple variants as protein-damaging using
heterologous expression and complementation analysis. Our findings allow us to
confirm multiple variants as pathogenic and broaden the phenotypic spectrum to

include dystonia/choreoathetosis, and in some cases a degenerative course with
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cerebral and cerebellar atrophy. Pathogenic variants appear to act via a
haploinsufficiency mechanism, disrupting both the protein synthesis and integrated
stress response functions of EEF1A2. Our studies provide evidence that EEF1A2 is highly
intolerant to variation and that de novo pathogenic variants lead to an epileptic-
dyskinetic encephalopathy with both neurodevelopmental and neurodegenerative
features. Developmental features may be driven by impaired synaptic protein synthesis
during early brain development while progressive symptoms may be linked to an

impaired ability to handle cytotoxic stressors.

Keywords: epilepsy, EEF1A2, de novo, dyskinesia, yeast complementation assay

INTRODUCTION

Heterozygous de novo sequence variants in the eukaryotic elongation factor EEF1A2
have been described in patients with neurodevelopmental disorders, yet such variants
have yet to undergo functional genetic validation. Originally, a single patient with
intellectual disability (ID) (de Ligt et al., 2012) and then a second with developmental
and epileptic encephalopathy (DEE) (Veeramah et al., 2013) carrying EEF1A2 de novo
variants were identified by cohort-based whole exome sequencing studies. Since then, a
series of case reports have described fifteen additional patients with epilepsy and
intellectual disability and de novo variants in EEF1A2 (Inui et al., 2016; Lam et al., 2016;
Lopes et al., 2016; Nakajima et al., 2015; O'Roak et al., 2014; Ostrander et al., 2018). We

followed up these findings with in-depth phenotyping and validation studies. Here we
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describe fourteen new patients with de novo EEF1A2 missense variants, confirm many
as pathogenic variants disrupting protein function, and extend the phenotypic spectrum

of EEF1A2-associated disease in a total of 29 individuals.

The eukaryotic elongation factor 1 alpha family consists of two members, ol (EEF1A1)
and a2 (EEF1A2). These translation elongation factors deliver amino acyl-tRNAs to the
ribosome, growing the nascent polypeptide chain during the elongation phase of
protein synthesis. The two EEF1A paralogs are highly homologous (>95% sequence
identity; Supp. Figure S1) and have similar protein domains, including a common
catalytic guanine nucleotide triphosphate (GTP) hydrolysis domain, structural topologies
(domains |, Il, I1l) and two catalytic motifs (switch I/1), which form the catalytic pocket
for GTP and cation (Mg**) binding, respectively (Figure 1) (Crepin et al., 2014). The
EEF1A proteins are conserved throughout the eukaryotic kingdom. Saccharomyces
cerevisiae has two genes that code for forms of EEF1A, TEF1 and TEF2, thought to arise
as a result of an ancestral duplication event. TEF1 and TEF2 are 80% identical to the

human EEF1A2 protein (Supp. Figure S1).

Despite their similarity, EEF1A1 and EEF1A2 are differentially regulated and expressed.
While EEF1A1 is ubiquitously expressed, EEF1A2 expression is predominantly found in
brain, muscle and heart in humans, rats and mice (Ann, Lin, Lee, Tu, & Wang, 1992;
Knudsen, Frydenberg, Clark, & Leffers, 1993; Newbery et al., 2007; Pan, Ruest, Xu, &

Wang, 2004). In zebrafish, expression is limited to the brain (Supp. Figure S2). eEF1A2
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knockout mice display early onset neurodegeneration and muscle wasting(Chambers,
Peters, & Abbott, 1998), as well as spontaneous seizures and sudden death in another
null mouse model(Davies et al., 2017). In contrast heterozygous mice are normal

(Chambers et al., 1998; Davies et al., 2017).

Canonically, EEF1A proteins function as integral components of the eukaryotic protein
synthesis machinery. EEF1A is part of the EEF1 elongation complex, which is made up of
oo and B subunits. EEF1A contributes the o portion, complemented by EEF1Ba, EEF13[3
and EEF1Byin a 2:1:1:1 ratio (Sasikumar, Perez, & Kinzy, 2012). Some studies have
suggested that EEF1A self-dimerization may be important for EEF1 complex function
(Bunai, Ando, Ueno, & Numata, 2006). In addition, different faces of the EEF1A protein
complex with other proteins, including CDKN2, actin and the guanine exchange factor
EEF1G (Gross & Kinzy, 2006; Lee et al., 2013; Vanwetswinkel et al., 2003). Several of
these interactions involve differential phosphorylation of Ser/Thr and Tyr residues

(Soares, Barlow, Newbery, Porteous, & Abbott, 2009).

In addition to its canonical function, EEF1A has numerous non-canonical functions in
normal physiological states including a role in actin bundling (Perez & Kinzy, 2014) and
as a facilitator of nuclear-cytoplasmic trafficking of tRNAs during growth states(Mingot,
Vega, Cano, Portillo, & Nieto, 2013). Conversely, EEF1A also plays an important role
when normal physiology is disrupted by various forms of cytotoxic stressors. For

instance, EEF1A co-ordinates the integrated stress response by preventing premature
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activation of the GCN2 kinase (Visweswaraiah et al., 2011) and activates HSP70
transcription in response to heat shock (Vera et al., 2014). Moreover, EEF1A can
recognize damaged or misfolded proteins and possesses chaperone activity (Lukash,
Turkivska, Negrutskii, & El'skaya, 2004), or, alternatively, can facilitate delivery to the

proteasome (Chuang et al., 2004).

All patients with heterozygous de novo EEF1A2 variants described thus far have
exhibited epilepsy and/or intellectual disability (Inui et al., 2016; Lopes et al., 2016;
Nakajima et al., 2015; O'Roak et al., 2014). Functional studies evaluating how EEF1A2
variants might impair protein and ultimately brain function have not been systematically
performed. In an effort to bridge this gap in current knowledge we used heterologous
expression and functional complementation in yeast, to assess a number of EEF1A2
variants, and confirmed that these variants likely impair protein function. Our clinical
data show that pathogenic variants in EEF1A2 lead to a wider phenotypic spectrum than
previously appreciated, with fully manifesting individuals exhibiting a developmental
and epileptic encephalopathy with dystonia-choreoathetosis and neurodegeneration in

some cases.
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METHODS

Whole exome and targeted resequencing

Individuals with predicted pathogenic EEF1A2 variants were identified through clinical
whole exome sequencing (n=8; Ambry Genetics, Aliso Viejo, CA, USA) (Farwell et al.,
2015), through research targeted resequencing using molecular inversion probes (MIPs)
(n=3)(Carvill et al., 2013), research whole exome sequencing (n=1), or by panel-based
diagnostic next generation sequencing (n=2). Patients were diagnosed with
developmental and epileptic encephalopathies (DEEs) as defined by ILAE classification
criteria (Scheffer et al., 2017), intellectual disability, and/or dyskinetic movement
disorders as described previously (Madeo et al., 2016). We focused on variants that
were non-synonymous or altered acceptor/donor splice sites and were not present in
the ExAC or gnomAD datasets for further analysis and classified variants according to

ACMG criteria (Richards et al., 2015).

Computational modeling

The structural consequences of selected EEF1A2 pathogenic variants were investigated
using computational modeling. The structure of the GDP-bound form of EEF1A2
(PDB:4C0S), GDP-bound form of EEF1A1 (PDB: 11JF) and the GTP-bound form of EEF1A1
(PDB:3WXM) were used for analysis (Crepin et al., 2014). Since most residues were

identical between EEF1A1 and EEF1A2, we did not map EEF1A2 sequences to the
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EEF1A1 structures. Alignment between Domain | of GDP-bound EEF1A2 (amino acid 4-
236) to EEF1A with GTP and aPelota (amino acid 4-224) and domain | of GDP-bound
EEF1A2 (amino acid 4-236) to EEF1A1 with GDP (amino acid 4-236) was performed with
Pymol’s align feature (The PyMOL Molecular Graphics System, Version 2.0 Schroédinger,
LLC.). Instability calculations were performed using the default settings in FoldX with its
empirical forcefield (Schymkowitz et al., 2005). Breifly each structure was repaired and
then each amino acid change was evaluated for its energy change. Phosphorylation
predictions were performed using NetPhos 3.1 Server (Blom, Gammeltoft, & Brunak,

1999).

Complementation assays

The BY4742 wild type (MAT « his3A1 leu2A0 lys2 A0 ura3A0) yeast strain was purchased
from TransOMIC (Huntsville, AL, USA). The NATMX4 system was used to delete TEF2 in
BY4742 by homologous recombination (Goldstein & McCusker, 1999). The NATMX4
cassette was obtained by PCR amplification from plasmid p4339 (Goldstein & McCusker,
1999) using primers containing 50-55 bp of the sequence upstream and downstream of
the TEF2 open reading frame. Deletions were tested for resistance to Noursethricin
(clonNAT) and confirmed by PCR. Strain MC214 (MAT « ura3-52 leu2-3,112 trp1-A1
lys2-20 met2-1 his4-713 tefl1::LEU2 tef2A pTEF2 TRP1) was kindly provided by Dr. Terri

Goss Kinzy.
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Yeast strains were grown as indicated in YPD medium (1% yeast extract, 2% peptone, 2%
D-glucose) or synthetic complete (SC) medium (6.7 g/liter yeast nitrogen base, 2%
glucose) supplemented appropriately. When indicated, rapamycin was added (40
ng/ml). For plasmid shuffling experiments, FAA medium containing 5-fluoroanthranilic
acid at 0.5 g/l was used as previously described (Toyn, Gunyuzlu, White, Thompson, &
Hollis, 2000). EEF1A2 and V5 N-terminal TEF2 cDNA sequences and eight V5-tagged
variants identified in patients were synthesized (Genscript Inc.), confirmed by direct
sequencing and introduced into the p416GPD-URA3(Mumberg, Muller, & Funk, 1995)
vector using BamHI and EcoRl restriction sites, allowing us to express them under the
strong promoter GPD. The obtained plasmids were then used to transform yeast using

the lithium acetate method (Ito, Fukuda, Murata, & Kimura, 1983).

To analyze the expression of the different EEF1A2/TEF2 variants, protein extracts were
obtained from 1.0 units of ODseeo. Briefly, cells were lysed by alkaline extraction (3.5% [3-
mercaptoethanol in 2M NaoH) and precipitated with trichloroacetic acid as described
previously (Camougrand, Kissova, Salin, & Devenish, 2009). Protein extracts were
analyzed by SDS-PAGE and western blot using appropriate primary antibodies and a
secondary antibody conjugated to HRP. The primary antibodies used in these
experiments were the following: anti-V5 (1:5000, Invitrogen cat no R960) and anti-Pgk1

(1:10000, Molecular Probes cat no 459250).
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RESULTS

Whole exome and targeted resequencing

We identified sequence variants in EEF1A2 by either targeted or whole exome
sequencing in fourteen patients with epilepsy and/or a dyskinetic movement disorder
(dystonia/choreoathetosis) (Table 1 and Figure 1). Overall, we detected nine unique
missense variants, three of which were recurrent, including the p.G70S (n=2), p.E122K
(n=3) and p.R266W (n=3). These variants arose de novo in 13/14 patients, while
maternal DNA was unavailable for patient 6 with the recurrent p.E122K variant. All 14
EEF1A2 missense variants occur at highly conserved residues and are predicted to be
deleterious by the in silico prediction score, CADD (Table 1), and were absent in
population-based databases (gnomAD and TOPMED). In accordance with the ACMG
criteria these variants were classified as likely pathogenic or pathogenic (Table 1). We
also identified a variant of uncertain significance (VUS) p.M102V in an individual with a
milder presentation including ID and epilepsy (Supp. note). This variant was inherited

from her unaffected father, was not seen in gnomAD and has a CADD score of 14.

Clinical characteristics

We describe the clinical features of the fourteen newly identified patients and a clinical
summary of the fifteen previously reported individuals with de novo pathogenic variants

in EEF1A2 (Table 1, Supp. Table S1). All 29 patients presented with significant global
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developmental delay identified identified in infancy, ultimately manifesting as moderate
to profound intellectual disability in the majority of individuals. Initial fine and gross
motor development was only clearly normal in 8/14 (57%) individuals, but these
individuals did not differ from those with early delays in terms of cognitive outcomes, as
most still had moderate-profound ID and were non-verbal. In an additional previously
reported individual with a de novo ¢.370G>A (p.E124K) variant, development was
reportedly normal, but then the patient went on to develop significant impairment in
receptive language (Lam et al., 2016). This patient’s cognitive outcome was milder than
the majority of other patients, as she was able to speak in sentences. All patients
demonstrate expressive language impairment, and most patients are nonverbal (25/29),
although a number of patients could communicate basic needs through signs or
pictures. Of the 11/28 (39%) patients who achieved walking, the median age was four
years (range 2-7y); though at least half of these individuals required assistance or had an
ataxic gait. The remaining patients were non-ambulatory. Developmental regression
was seen in a subset of patients (6/19; 32%), coinciding with seizure onset in one
patient. Two patients followed a neurodegenerative course and died by age four years.

No postmortem tissue was available for analysis.

Among the patients for whom information regarding muscle tone was available, almost
all had significant truncal or generalized hypotonia (23/25; 92%). Neonatal hypotonia
was noted in multiple patients. Movement disorders were observed in the majority of

patients (10/17, 59%) and most commonly consisted of choreoathetosis and/or dystonia
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(Supp. Videos S1-S3) although ataxia was described in some patients. Behavioral
features were observed in a number of patients (7/19; 37%) and included autistic
features, aggression, bruxism, and self-injurious behaviors. In many patients, autistic
features were severe, and included not only poor social responsiveness but a

generalized hypo-responsiveness to the environment.

Epilepsy was present in all but two patients (26/28; 93%). Median age of seizure onset
was four months (range: first day of life to 8 years). Additional data about seizure types
were available for 20 patients. Myoclonic seizures were the most common presenting
seizure type. Most patients developed additional seizure types, including generalized
tonic-clonic, absence, myoclonic, tonic, and epileptic spasms. Seizures were refractory
to multiple treatments in a majority of patients and no consistently effective
anticonvulsant was identified across patients. However, patients 8 and 10 achieved
seizure-freedom on levetiracetam monotherapy, seizures in patients 4 and 12 were
reduced or controlled with clobazam, and patients 6, 12 and 14 experienced a reduction
or cessation of seizures with valproate. Common EEG features included multifocal
discharges and generalized spike- and polyspike-wave, with activation during sleep
detected in several patients. A burst-suppression pattern was observed in three

individuals.

Neuroimaging data showed variable features, with early life brain MRIs normal for age

or exhibiting delayed myelination and/or thin corpus callosum. However, the available
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longitudinal neuroimaging showed cortical and/or cerebellar atrophy in six patients that
was severe in several cases (Figure 2). Most cases that exhibited developmental
regression had evident cortical/cerebellar atrophy if serial MRIs were performed,
although in some cases the degree of neurodevelopmental disability present at baseline

made it difficult to know if symptoms had progressed.

Although birth parameters were normal for most patients, one patient was noted to
have intrauterine growth restriction. Four patients had failure to thrive. Acquired
microcephaly was also noted in four cases. Non-specific dysmorphic facial features were
noted in just over half the patients (13/23 — 57%), but a consistent facial gestalt was not
appreciated. Dysphagia, often necessitating gastrostomy placement and fundoplication,
was reported in 7 patients. Notably, three patients had significant respiratory
dysfunction, including respiratory failure requiring mechanical ventilation in two
patients. Two of these patients were also noted to have episodes of hyperpnea

alternating with apnea (Lopes et al., 2016).

Structural modeling of variants

We sought to structurally interpret the impact of the variants through EEF1A2 3D
protein and its high homology paralog EEF1A1. Mapping the observed variants on the
structure of the GDP-bound EEF1A2 protein showed a visual trend to cluster in the

switch | or switch Il regions (Figure 1B) allowing us to group variants by protein domain.
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The recurrent p.G70S variant is the only residue located in the switch | loop. It is
positioned towards the EEF1B/tRNA pocket formed by domains I/11/I1l (Figure 1B). In the
structure of EEF1A1, the catalytically competent form containing bound GTP (pdb:
3WXM), this position is redirected towards the bound GTP and Mg** (Supp. Figure S3).
The two structures show a transition of p.G70 after the hydrolysis of GTP to GDP. The
Gly is a small apolar amino acid and provides confirmational flexability to the loop. The
Ser mutation is a larger polar amino acid that could be phosphoralyted (Supp. results)
and decreases structural flexability within the catalytic loop. The variant is anticipated
alter the position of the adjacent residue Thr71 which coordinates the binding of Mg**
during the hydrolytic cycle. Five of the observed variants are found within or adjacent to
the switch Il motif. Switch Il participates in GTP hydrolysis and GDP dissociation through
interactions with switch | and GEF binding (Crepin et al., 2014). The variants p.F98C and
p.M102V are buried within the switch Il helix and three other observed alterations
(p.D91N, p.G384R and p.R423C) are directaly adjacent (Supp. Figure S4). Mutations
observed at switch Il are anticipated to result in disruption of the helix either through
direct instability or through secondary contacts (Supp. results). Together these
alterations in the switch Il region indicate that disruption of switch Il stabilization and
dissociation of GDP could be a major mechanism contributing to EEF1A2-associated
disease. Residues p.A125E and p.E122K are not directly in the switch | or Il region but
instead are adjacent to the nucleotide binding pocket (Supp. Figure S5). Both positions

are surface exposed and just outside the binding pocket interacting with the nuclotide
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through secondary contacts. This implys they might impact another function such as
interactions with GEF binding (Crepin et al., 2014) rather than nucleotide binding. The
only recurrent variant not in switch I/Il or adjacent to the nucleotide binding site is
p.R266W. This variant occurs in domain Il directed towards the GEF/tRNA binding space
in the GDP-bound form (Supp. Figure S4 and Results). Its presence at the interface and
change in a physiochemical change in the amino acid, we anticipate p.R266W in EEF1A2

would thus alter heterodimer formation at this interface.

Functional Complementation

We then turned to a series of complementation assays to investigate the functional
consequences of potential EEF1A2 mutations. These included pathogenic and likely
pathogenic variants newly-identified in our cohort, the variant of uncertain significance
(VUS) (p,M102V) and a previously reported hypomorphic variant (p.P333L)(Cao et al.,
2017). We began by introducing EEF1A2 variants identified in patients into TEF1, the
yeast counterpart of EEF1A2, and determining whether any of the patient-associated
variants led to decreased protein stability and/or degradation. Variant steady-state
protein abundance was slightly diminished for some variants compared to wild-type

(Figure 3A).

Effects on protein synthesis We asked whether EEF1A2 pathogenic variants impair
canonical protein synthesis as measured by growth in nutrient-replete conditions.

Double knockout of both the TEF1 and TEF2 genes leads to global impairment of protein
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synthesis (Cottrelle et al., 1985) and therefore is lethal in yeast. MC214 is a double
teflAtef2A strain unable to synthesize tryptophan. The strain is kept alive by exogenous
expression of the TEF1 gene from a plasmid that also carries the selectable auxotrophic

marker TRP1. TRP1, in turn, restores tryptophan synthesis.

To test whether EEF1A2 variants impair protein synthesis, we used a plasmid shuffling
approach in the MC214 strain. We introduced EEF1A2 variants identified in patients into
a second TEF1-URA3 plasmid, transformed MC214 cells with this plasmid, and then
selected for variants using fluoroanthracilic acid (FAA). FAA is an analogue of anthracilic
acid, a precursor for tryptophan biosynthesis, and cells actively synthesizing tryptophan
convert FAA to 5-methyltryptophan, a highly toxic compound that leads to cell
death(Toyn et al., 2000). Therefore, FAA medium selects for cells that have lost the
original TRP1-TEF1 plasmid and only express the EEF1A2 variant of interest. All variants,
except the hypomorphic p.P333L variant exhibited impaired growth in FAA-containing
medium (Figure 3B), indicating that all of the variants, except p.P333L, have impaired

protein synthesis.

Effects on integrated stress-response Subsequently, we sought to determine whether
patient variants interfered with a second important function of EEF1A2; the cellular

responses to cytotoxic stressors. The TOR pathway is a central regulator of growth and
proliferation. Diverse cellular stresses, including nutrient depletion, DNA damage, and

oxidative stress among others, inhibit TOR and shift cellular programming away from
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growth. These stressors activate the integrated stress response, a highly integrated
cellular program that activates autophagy(Kroemer, Marino, & Levine, 2010), promotes
chaperone activity(Starck et al., 2016), and inhibits growth-associated protein
translation in favor of highly selective translation of stress response proteins such as
ATF4(Silva, Sattlegger, & Castilho, 2016). EEF1A and TOR signaling intersect at the level

of the GCN2 kinase(Silva et al., 2016; Wengrod et al., 2015).

We first generated a yeast strain containing a deletion of the EEF1A2 ortholog
(tef2A). Loss of TEF2 causes cells to exhibit growth failure when challenged with the
TOR1 inhibitor rapamycin. The yeast tef24 strain transformed with empty plasmid
(p416GPD) was unable to reverse this deficit. However, when introduced into tef2A4
cells, wild-type TEF2 or N-terminally V5-tagged TEF2 rescue (complement) this
phenotype. We next transformed tef2A cells with TEF2 modified to incorporate one of
the human EEF1A2 pathogenic variants and the VUS p.M102V identified in this study.
None of the variants, except p.P333L was able to complement the growth defect of
tef2A cells (Figure 3C), indicating that all of the variants in this study disrupt cellular
stress responses at least when challenged with rapamycin. Steady-state protein
abundance of the variants was again similar to wild-type (Figure 3A) under these

conditions.

Finally, we sought to determine whether EEF1A2 variants exert their effects via a

dominant-negative mechanism. We expressed eight different variants in wild-type cells,
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and scored cells for growth defects in both nutrient-rich and rapamycin-treated
conditions. We found that variant expression did not inhibit growth (Figure 3D),
indicating that the EEF1A2 pathogenic variants and VUS p.M102V likely do not exert a

dominant-negative effect.

DISCUSSION

In this study, we report the predicted structural and functional consequences of de novo
EEF1A2 missense changes and expand the phenotypic spectrum for pathogenic variants.
EEF1A2-associated developmental and degenerative epileptic-dyskinetic
encephalopathy is characterized by epilepsy beginning at a median age of 4 months,
typically with refractory myoclonic, generalized tonic-clonic, absence, tonic seizures and
epileptic spasms. Early development is impaired, with global developmental delay in
infancy, typically evolving to severe to profound intellectual disability. Affected
individuals are often non-verbal and non-ambulatory, although some children are higher
functioning. Most are hyporesponsive to environmental stimuli, and may receive a
diagnosis of autism spectrum disorder or can be described as Rett-like (Lopes et al.,
2016). Nearly all patients have severe truncal hypotonia, with some developing dystonia
as well. Choreoathetosis is seen in a number of patients. The recognition of acquired
microcephaly in some patients suggested a progressive course, with early brain imaging
demonstrating abnormal myelination and thin corpus callosum in some patients.

Additionally, serial imaging disclosed a progressive cerebral and cerebellar atrophy with
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prominent white matter volume loss. Some patients show evident developmental
regression, and a subset experienced a frank neurodegenerative course culminating in

early death.

EEF1A2 pathogenic variants are characterized by marked clinical heterogeneity. This
variability is evident even for patients with the same variant. For instance, within our
cohort are the first three patients with a p.R266W variant; a one year-old male with
moderate global developmental delay (patient 10), a 3 year-old with severe global
developmental delay and neurodegeneration (patient 11), and a 10 year-old female
with profound intellectual disability (patient 12). Patient 10 and 12 had early-onset
seizures at 4 months and 1 week respectively, with heminclonic and clonic seizures,
respectively, and later absence seizures (patient 10) and tonic seizures (patient 12). In
contrast, at 10 years of age patient 11 has had no seizures and her EEG shows no
epileptiform abnormalities. Moreover, the occurrence of seizures was not predictive of
cognitive outcomes, as patient 11 has severe ID despite no apparent seizure activity,
while patient 10 had only moderate ID. This variability was also reflected in the
movement disorder, as patient 11 had chorea patient 12 had choreiform movements
while patient 10 did not have any motor features. Similarly, we were not able to identify
genotype-phenotype correlations when considering the location of all 28 pathogenic
variants reported to date with either the severity of clinical presentation or with any

specific clinical feature.
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Our bioinformatic analyses suggested that several EEF1A2 mutants disrupt EEF1
complex formation/dimerization and/or the protein’s ability to cycle GTP. Furthermore,
EEF1A2 is a fundamental cellular protein, highly conserved throughout evolution. This
permitted us to use heterologous expression in yeast to assess variants identified in this
study. Using this approach, we experimentally confirmed that many EEF1A2 patient-
associated variants may disrupt protein function in both protein synthesis-dependent
and stress-response paradigms. Our results are intriguing when considered along with
our clinical observations that although EEF1A2 patients typically have a severe
neurodevelopmental disorder, neurodegeneration occurs in a subset of affected
individuals. We suspect that defects in synaptic protein synthesis during early brain
development contribute significantly to the early developmental phenotype as seen in
an increasing number of neurodevelopmental disorders, but that suboptimal responses
to cellular stressors may predispose to neurodegeneration in parallel. In contrast, the
hypomorphic p.P333L variant, previously reported in a homozygous state in an
individual with a complex and fatal neurodevelopmental disorder(Cao et al., 2017),
failed to disrupt EEF1A2 function and protein synthesis to the same extent as variants
described in this study. However, the VUS p.M102V, showed the same effects on
EEF1A2 function as pathogenic and likely pathogenic missense variants, despite being
paternally inherited and associated with a milder phenotype. One possible explanation
is that this variant impacts EEF1A2 function in this assay and thus may be pathogenic

with reduced penetrance, though we cannot measure this in our assaym due to it’s non-
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guantitative nature. Ulitmately more robust genetic studies with a much larger cohort of
patients is needed to support this explanation. Of note, EEF1A2 was recently shown to
harbor an excess of ultra-rare, potentially deleterious variants in patients with genetic
generalized epilepsy, though this association did not reach genome-wide
significance(Collaborative, 2019). Collectively these results may suggest a role for
EEF1A2 more broadly, including in association with the milder, more common genetic
epilepsies. Finally, followup studies in higher eukaryotic systems will be valuable for

linking disease course with distinct EEF1A2 functions.

A heterozygous null variant of EEF1A2 has not been identified among the disease-
associated variants reported to date. In addition no null variants and only two
heterozygous frameshifts are present in over 110,000 individuals in gnomAD (gnomAD
v2.1.1 non-neuro). EEF1A2 is highly intolerant to genomic variation that would lead to
loss-of-function (e.g. frameshift, splice-site, premature stop, etc.), with an RVIS =-0.76
and pLI =0.96 scoring EEF1A2 in the top 15 percentile of genes intolerant to variation
by two independent models (Lek et al., 2016; Petrovski, Wang, Heinzen, Allen, &
Goldstein, 2013). Moreover, EEF1A2 is intolerant to missense variation, with a z-score of
4.82 (Lek et al., 2016). These observations suggest that heterozygous complete loss-of-
function variants may be lethal in humans. In null mouse models, complete loss of
eEF1A2 is lethal by 28 days and mice exhibit a muscle wasting phenotype with or
without seizures, while heterozygous mice display no overt phenotype (Chambers et al.,

1998; Davies et al., 2017). Moreover, in a small study mice carrying a p.Gly70Ser
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missense variant either in homozygous state or in combination with a CRISPR-generated
indel on the other allele, were phenotypically indistinguishable from complete null mice
(Davies et al., 2017). These result suggest that this missense variant acts in a loss-of-
function manner in mice. However, the translatability of these findings to human
patients with heterozygous, de novo mutations is challenging given the lack of
phenotype in heterozygous knockout mice. Moreover, the yeast complementation
assays we present here are limited in the ability to quanitavely assess the effect of each
missense variant on protein function, as evidenced by the same results from both the
VUS, p.M102V and the likely pathogenic variants. Our results, however suggest a
dominant negative mechanism is unlikely. Ideally, these pathogenic missense variants
need to be modelled in patient-derived, or genome edited induced pluripotent stem
cells (iPSCs) alongside genome edited heterozygous EEF1A2 truncation variants to

discern between partial and total loss of function as the pathogenic mechanism.

In sum, we have shown that all of the pathogenic/likely pathogenic variants, as well as a
VUS we assessed likely impair the normal function of EEF1A2. We have demonstrated
that heterozygous de novo pathogenic variants in EEF1A2 lead to a developmental
epileptic-dyskinetic encephalopathy (a broader phenotype than previously appreciated),
with neurodegeneration in a subset of individuals. Followup studies further delineating
the molecular consequences of EEF1A2 haploinsufficiency are likely to bring us closer to
effective therapies given recent developments in small molecule therapies targeting the

integrated stress response.
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Figure 1. A) Distribution of EEF1A2 de novo pathogenic variants described
previously or in this study (bold) in patients with neurodevelopmental disorders. The
number of patients observed with recurrent variants are shown in parentheses (bold, this
study), and vertical lines in the bottom panel denote missense variants from the gnomAD
dataset seen more than once. The majority of pathogenic variants tend to cluster around
the Switch | and 11 domains and these functional domains tend to be devoid of missense
variants in the general population. B) Structure of eEF1A2 complexed with GDP
showing locations of modeled variants. The locations and orientation of Domain |
(green cartoon), domain Il (teal cartoon), domain 111 (peach cartoon), switch I (red),
switch 11 (yellow) and bound GDP (teal stick) and Mg*™* are shown. Locations of
observed variants are shown as sticks with magenta spheres. Positions of EXAc variants
are shown in orange.
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Figure 2: Structural brain images from patients with EEF1A2 mutations showing
cerebral atrophy and abnormal myelination. Sagittal T1-weighted (A) and axial T2-
weighted (B,C) of Patient #11 performed at 1.5 months of age show mild diffuse
prominence of the supratentorial CSF spaces and absent myelination in the posterior
limbs of internal capsules (arrows, B). (D-F) Corresponding MR images performed in the
same patient at 5.5 years of age reveal cerebral and cerebellar atrophy with predominant
white matter volume loss, ex vacuo ventricular dilatation (asterisks, E, F), thin corpus
callosum (arrowhead, D) and diffuse enlargement of the sulci. The myelination has
slightly progressed (arrows, E), but there is persistent diffuse hazy elevated T2 signal in
the deep and subcortical cerebral white matter. Note the severe vermian atrophy (empty
arrow, D). Sagittal T1-weighted (G), axial T2-weighted (H) and coronal FLAIR (1)
images of Patient #12 performed at 2 years of life reveal diminished white matter volume
with thin corpus callosum (arrow, G), mild ex vacuo ventriculomegaly and enlarged CSF
spaces, associated with markedly reduced myelination. Mild enlargement of vermian and
cerebellar hemispheric sulci (empty arrows, G, 1) is also present. (J-L) Corresponding
images in the same patient at 7 years of age demonstrate progression of the cerebral and
cerebellar atrophy (empty arrows, J, L) and minimal interval deposition of myelin in the
posterior limbs of internal capsules and deep white matter in the temporo-occipital
regions (arrows, K).
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Figure 3: Complementation studies of EEF1A2 variants using yeast. (A)
Representative image from protein extracts obtained from 2x107 cells and analyzed by
western blot using antibodies recognizing the V5 epitope or cytosolic protein Pgkl and
graph summarizing normalized protein levels. Some variant steady-state protein levels
were significantly diminished (p<0.05) compared to wild-type. Similar trends were found
when TEF2 variants were expressed in all yeast strains used un this study. Experiments
were performed at least three times. (B) Plasmid shuffling findings using the MC214
strain transformed with TEF2 variants in p416GPD. Fresh cultures in SC medium lacking
uracil were grown overnight and equal numbers of cells were deposited on SC-uracil
plates with or without 0.5 g/l fluoroanthracilic acid (FAA). FAA medium select for
colonies that have lost pTEF2-TRP1 and only have p416GPD derived plasmids. All
TEF2 variants assayed except P333L showed failed growth on FAA plates, indicating a
deficit in protein synthesis. All experiments were performed in triplicate; representative
image shown. Note that amino acids 159-160 are not found in the yeast TEF2 sequence.
For consistency, all variants are listed as human residue equivalents. (C) Yeast tef2-

A strain shows sensitivity to the drug rapamycin that is reversed after transformation with
the plasmid p416GPD carrying a wild-type copy of the TEF2 gene. A N-terminal V5-
tagged version of TEF2 also rescued growth in presence of rapamycin. Only P333L TEF2
variant was unable to complement the rapamycin sensitivity phenotype. Yeast strains
were cultured overnight in liquid Synthetic Complete (SC) medium lacking uracil and
equal numbers of cells were deposited on YPD plates with or without Rapamycin (40
ng/ml) and incubated at 30°C for 48 hours. Representative image taken from three
independent biological replicates. (D) In order to test for a possible dominant-negative
effect, the same experiment described in (C) was performed using a wild type strain
(BY4742).

A V5-Tef2 expression
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Table 1 Genetic and clinical details for patients with EEF1A2 pathogenic or likely

pathogenic variants
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N/A = not applicable; NR= not reported/not assessed; VPA = valproate; LEV =
levetiracetam; CLB = clobazam; CLZ = clonazepam; TPM = topiramate; ZNS =
zonisamide; LTG = lamotrigine; CBZ = carbamazepine; PB = phenobarbital; CBD =
cannabadiol; VGB = vigabatrin; ESM = eslicarbamazepine; FBM = felbamate; PHT =
phenytoin; ACTH = adrenocorticotrophic hormone; OXC = oxcabarbazepine; FFM =
rufinamide; ETX = ethosuximide
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