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Translation elongation factor eEF1A2 constitutes the alpha subunit of the elongation factor-1 complex, responsible for the enzymatic
binding of aminoacyl-tRNA to the ribosome. Since 2012, 21 pathogenic missense variants affecting EEF1A2 have been described in 42
individuals with a severe neurodevelopmental phenotype including epileptic encephalopathy and moderate to profound intellectual
disability (ID), with neurological regression in some patients. Through international collaborative call, we collected 26 patients with
EEF1A2 variants and compared them to the literature. Our cohort shows a significantly milder phenotype. 83% of the patients are
walking (vs. 29% in the literature), and 84% of the patients have language skills (vs. 15%). Three of our patients do not have ID. Epilepsy
is present in 63% (vs. 93%). Neurological examination shows a less severe phenotype with significantly less hypotonia (58% vs. 96%),
and pyramidal signs (24% vs. 68%). Cognitive regression was noted in 4% (vs. 56% in the literature). Among individuals over 10 years,
56% disclosed neurocognitive regression, with a mean age of onset at 2 years. We describe 8 novel missense variants of EEF1A2.
Modeling of the different amino-acid sites shows that the variants associated with a severe phenotype, and the majority of those
associated with a moderate phenotype, cluster within the switch Il region of the protein and thus may affect GTP exchange. In contrast,
variants associated with milder phenotypes may impact secondary functions such as actin binding. We report the largest cohort of
individuals with EEF1A2 variants thus far, allowing us to expand the phenotype spectrum and reveal genotype-phenotype correlations.

European Journal of Human Genetics (2024) 32:1144-1149; https://doi.org/10.1038/s41431-024-01560-8

'Département de Génétique, Hopital Robert-Debré, Paris, France. *Centre for Genomic and Experimental Medicine and Simons Initiative for the Developing Brain, Institute of
Genetics and Cancer, Edinburgh, Scotland, UK. 3Laboratoire Cerba, Saint-Ouen I’Auméne, France. “UCD School of Medicine and Medical Science Consultant in Clinical Genetics,
Dublin, Ireland. *Regional Genetics Service, NHS Tayside, Dundee, Scotland, UK. ®Yorkshire Regional Genetics Service, Leeds Teaching Hospitals NHS Trust, Leeds, England, UK.
"Department of Clinical Genetics, Research unit of Clinical Medicine, Medical Research Center Oulu, Oulu, Finland. 80ulu University Hospital and University of Oulu, Ouly, Finland.
°Centre de Génétique Humaine, CHU Besancon, Besancon, France. '%Service de Génétique Médicale, CHU de Montpellier, Montpellier, France. ''South-East of Scotland Clinical
Genetics Service, General Hospital, Edinburgh, Scotland, UK. "*Clinical Genetics, Children’s Health Ireland, Dublin, Ireland. '*Department of Neuropediatrics, University Children’s
Hospital, Tuebingen, Germany. '“Service de Génétique, CHU Saint-Etienne - Hopital Nord, Saint-Etienne, France. '*University Hospitals of Geneva, Geneva, Switzerland.
'®Department of Clinical Genetics, Odense University Hospital, Odense, Denmark. '”Human Genetik, Syddansk Universitet, Odense, Denmark. '®Service de Médecine Génétique,
Hopitaux universitaires de Genéve, Geneva, Switzerland. '°Department of Clinical Genetics, Erasmus MC University Medical Center, Rotterdam, The Netherlands. 2°Department of
Human Genetics, Radboud University Medical Center, Nijmegen, The Netherlands. 2'Donders Institute for Brain, Cognition and Behaviour, Radboud University, Nijmegen, The
Netherlands. 2’Center of Excellence for Neuropsychiatry, Vincent van Gogh Institute for Psychiatry, Venray, The Netherlands. 2>Molecular Biology, Nouvel Hopital Civil, Strasbourg,
France. **Service de Génétique Médicale, Hopital Sud, CHU de Rennes, Rennes, France. 2UMR-Inserm, Génétique des Anomalies du développement, Université de Bourgogne
Franche-Comté, Dijon, France. Servizio di Genetica Medica, Dipartimento di Pediatra, Padova, Italia. 2’Unité Fonctionnelle Innovation en Diagnostic génomique des maladies
rares, FHU-TRANSLAD, CHU Dijon Bourgogne, Dijon, France. 2UMR1231 GAD, Inserm - Université Bourgogne-Franche Comté, Dijon, France. 2°Génétique Médicale, CHU de Caen,
Caen, France. *%Institute of Medical Genetics and Applied Genomics, University of Tibingen, Tiibingen, Germany. 3'MRC Human Genetics Unit, Western General Hospital,
University of Edinburgh, Edinburgh, Scotland, UK. 324 C Andersen Children’s Hospital, Odense University Hospital, Odense, Denmark. 33pediatric Movement Disorders Program,
Division of Pediatric Neurology, Barrow Neurological Institute, Phoenix Children’s Hospital, Phoenix, AZ, USA. 34steve and Cindy Rasmussen Institute for Genomic Medicine
Nationwide Children’s Hospital, Colombus, Ohio, USA. 3*Department of Pediatrics, The Ohio State University College of Medicine, Colombus, USA. **Department of Human
Genetics, Inselspital Bern, University of Bern, 3010 Bern, Switzerland. *Institute of Human Genetics, Friedrich-Alexander-Universitat Erlangen-Nirnberg, 91054 Erlangen,
Germany. **University of Lille, EA7364-RADEME, Medical Genetics Institute, Chu Lille, Lille, France. **Medical Genetic Department for Rare Diseases and Personalized Medicine,
Reference Center AD SOOR, AnDDI-RARE, Groupe DI, Inserm U1298, INM, Montpellier University, Montpellier, France. *“°Centre Hospitalier Universitaire de Montpellier,
Montpellier, France. "UMR1231 GAD, Inserm, Université de Bourgogne-Franche Comté, Dijon, France. “*Centre de Référence Maladies Rares « Anomalies du développement et
syndromes malformatifs », Centre de Génétique, FHU-TRANSLAD et Institut GIMI, CHU dijon, Bourgogne, Dijon, France. “*Pediatric Neurology and Muscular Diseases Unit, IRCCS
Istituto Giannina Gaslini, Genoa, Italy. **Department of Neurosciences, Rehabilitation, Ophthalmology, Genetics, Maternal and Child Health, University of Genoa, Genoa, Italy.
“>Division of Child Neuropsychiatry, Martini Hospital, Torino, Italy. “*Laboratorio Di Genetica Medica, Bergamo, Italy. *’Department of Clinical Genetics, Leiden University Medical
Centre, Leiden, the Netherlands. ®email: alix.paulet@hotmail.fr

Received: 16 June 2023 Revised: 10 January 2024 Accepted: 1 February 2024
Published online: 15 February 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-024-01560-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-024-01560-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-024-01560-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-024-01560-8&domain=pdf
http://orcid.org/0009-0002-8498-9719
http://orcid.org/0009-0002-8498-9719
http://orcid.org/0009-0002-8498-9719
http://orcid.org/0009-0002-8498-9719
http://orcid.org/0009-0002-8498-9719
http://orcid.org/0000-0002-1077-7417
http://orcid.org/0000-0002-1077-7417
http://orcid.org/0000-0002-1077-7417
http://orcid.org/0000-0002-1077-7417
http://orcid.org/0000-0002-1077-7417
http://orcid.org/0000-0002-9909-7142
http://orcid.org/0000-0002-9909-7142
http://orcid.org/0000-0002-9909-7142
http://orcid.org/0000-0002-9909-7142
http://orcid.org/0000-0002-9909-7142
http://orcid.org/0000-0002-8072-699X
http://orcid.org/0000-0002-8072-699X
http://orcid.org/0000-0002-8072-699X
http://orcid.org/0000-0002-8072-699X
http://orcid.org/0000-0002-8072-699X
http://orcid.org/0000-0001-5244-5325
http://orcid.org/0000-0001-5244-5325
http://orcid.org/0000-0001-5244-5325
http://orcid.org/0000-0001-5244-5325
http://orcid.org/0000-0001-5244-5325
http://orcid.org/0000-0002-6603-7469
http://orcid.org/0000-0002-6603-7469
http://orcid.org/0000-0002-6603-7469
http://orcid.org/0000-0002-6603-7469
http://orcid.org/0000-0002-6603-7469
http://orcid.org/0000-0003-4540-8096
http://orcid.org/0000-0003-4540-8096
http://orcid.org/0000-0003-4540-8096
http://orcid.org/0000-0003-4540-8096
http://orcid.org/0000-0003-4540-8096
http://orcid.org/0000-0002-5206-4327
http://orcid.org/0000-0002-5206-4327
http://orcid.org/0000-0002-5206-4327
http://orcid.org/0000-0002-5206-4327
http://orcid.org/0000-0002-5206-4327
http://orcid.org/0000-0002-2535-2198
http://orcid.org/0000-0002-2535-2198
http://orcid.org/0000-0002-2535-2198
http://orcid.org/0000-0002-2535-2198
http://orcid.org/0000-0002-2535-2198
http://orcid.org/0000-0003-3717-8374
http://orcid.org/0000-0003-3717-8374
http://orcid.org/0000-0003-3717-8374
http://orcid.org/0000-0003-3717-8374
http://orcid.org/0000-0003-3717-8374
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0000-0002-8986-8222
http://orcid.org/0000-0003-4132-0628
http://orcid.org/0000-0003-4132-0628
http://orcid.org/0000-0003-4132-0628
http://orcid.org/0000-0003-4132-0628
http://orcid.org/0000-0003-4132-0628
http://orcid.org/0000-0002-7022-577X
http://orcid.org/0000-0002-7022-577X
http://orcid.org/0000-0002-7022-577X
http://orcid.org/0000-0002-7022-577X
http://orcid.org/0000-0002-7022-577X
http://orcid.org/0000-0002-1373-7891
http://orcid.org/0000-0002-1373-7891
http://orcid.org/0000-0002-1373-7891
http://orcid.org/0000-0002-1373-7891
http://orcid.org/0000-0002-1373-7891
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0002-8822-816X
http://orcid.org/0000-0003-4819-0264
http://orcid.org/0000-0003-4819-0264
http://orcid.org/0000-0003-4819-0264
http://orcid.org/0000-0003-4819-0264
http://orcid.org/0000-0003-4819-0264
http://orcid.org/0000-0001-8794-7173
http://orcid.org/0000-0001-8794-7173
http://orcid.org/0000-0001-8794-7173
http://orcid.org/0000-0001-8794-7173
http://orcid.org/0000-0001-8794-7173
http://orcid.org/0000-0003-4940-5896
http://orcid.org/0000-0003-4940-5896
http://orcid.org/0000-0003-4940-5896
http://orcid.org/0000-0003-4940-5896
http://orcid.org/0000-0003-4940-5896
https://doi.org/10.1038/s41431-024-01560-8
mailto:alix.paulet@hotmail.fr
www.nature.com/ejhg

INTRODUCTION

The eEF1 family of eukaryotic elongation factor genes, which
comprises the two paralog eEF1A proteins eEF1A1 and eEF1A2
and the 3 subunits of the eEF1B complex (eEF1Ba, eEF1B{, and
eEF1By) encodes integral components of the translation elonga-
tion factor complexes whose function is delivery of aminoacyl
tRNA to ribosome during the elongation step of protein synthesis
[1]. The two eEF1A proteins, the second most abundant protein in
the cell [2], share 92% identity. eEF1A binds aa-tRNAs in a GTP-
dependent manner, relying on its cognate guanine exchange
factor (GEF), eEF1B, to recycle the inactive eEF1A-GDP complex
into the active GTP-bound form. EEF1AT gene is expressed almost
ubiquitously. EEF1A2 is expressed mainly in muscle (including
cardiac muscle) and in neurons [3,4]. During development, eEF1A1
is down-regulated in muscle and neurons and is undetectable in
mouse muscle by 3 weeks post-natal [5,6].

No pathogenic EEF1AT variants have been described, presumably
because they would not be compatible with life [7]. In contrast, in 1972,
a deletion of 15.8 kb that abolishes expression of eEF1A2 (MIM_ 01958)
was discovered in mice that developed motor neuron degeneration,
muscle atrophy, gait abnormalities and then died by four weeks [3,5]. A
trio-based exome in 2012 revealed a EEFTA2 variant in a patient with
early onset epilepsy, severely delayed psychomotor development, and
autistic behavior [8]. Subsequent individual reports and a series of 14
patients [9] allowed to further delineate the neurodevelopmental
phenotype, combining moderate to severe Intellectual Disability (ID),
epilepsy, Autism Spectrum Disorder (ASD), sleep disorders, neurode-
generation and movement disorders [9-13].

Since 2012, 21 EEF1A2 variants have been reported [8-27]. All
variants are missense. In one pedigree, a variant was inherited
from a parent with less than 25% of mosaicism [9]. Other variants
were de novo. To date, no genotype-phenotype correlation has
been studied.

Through an international collaboration, we collected data on 26
unreported EEF1A2 patients, the largest cohort to date, and
investigated possible genotype-phenotype correlations.

MATERIAL AND METHODS

Individual ascertainment

Between December 2020 and December 2021, 26 individuals with variants
in EEF1A2 were identified through European Reference Network ERN-

Table 1. Cognitive abilities of patients in our series compared to those

previously reported.

Cognitive Cohort Literature P-value Cl 95%

evaluation (13 (33

patients) patients)

No ID 23% (3) 0% 0.082 [—-0.03;
0.49]

Mild 31% (4) 3% (1) 0.063 [—0.02;
0.57]

Moderate 15% (2) 6% (2) 0.418 [-0.14;
0.33]

Severe® 31% (4) 76% (25) 0.008 [-0.77;
—0.13]

Profound? 0 15% (5) 0.023 [—0.28;
—0.02]

This table shows comparison in terms of cognitive abilities between our
patients and the previously reported ones. The 4 categories classification
strategy has been explained in the Material and Method section. The
number of patients are in parentheses.

Cl Confidence Interval.

“Means the comparison is statistically significant, p-value < 0.05.
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ITHACA (https://ern-ithaca.eu/) using its collaborative call system. Patients
were evaluated by a geneticist. Written informed consents for DNA and
data analyses were obtained from individuals or their legal guardians.

Cognitive assessment

Out of the 26 patients included in our study, we assessed cognitive abilities
for 13 individuals (Table 1): six underwent a Wechsler Intelligence Scales
for Children according to age (Scales IV and V: 6 years to 16 years
11 months old, or Wechsler Preschool and Primary Scale of Intelligence Il
or IV: 4 years to 7 years 3 months old) and 7 patients were evaluated by
clinicians (Supplementary Table S1).

Among 6 patients which performed Wechsler tests, only 4 of the 6
patients had a computable Total Intelligence Quotient (TIQ). For the
remaining two, they had too heterogenous profiles to allow TIQ
calculation. We therefore utilized the available indices data (VCI, FRI, VSI,
WMI, PSI) to estimate their intellectual levels.

For the 7 patients evaluated by clinicians, cognitive assessments were
provided but we did not have quantitative data (Supplementary Table S1).

Patients were divided into 4 categories such as “not ID” for TIQ =70,
“mild ID” for 50 <1Q < 70, “moderate ID” for 35 <1Q < 50, and “severe ID”
for 1Q < 35, according to their IQ scores especially TIQ. In total, we classified
13 patients according to their level of intellectual efficiency (Table 1).

We excluded 13 individuals of cognitive analysis because they were too
young at the last follow-up appointment or they have been lost to follow-up.

To categorize individuals from the literature when Weschler's Full-
Scale Intelligence Quotient (FSIQ) was not available, we took into account
the authors’ assigned category ID for each individual or we used the
information on individual developmental milestones (walking age, capacity
for language, verbal abilities...) to estimate the developmental delay as
“mild”, “moderate” or “severe” phenotype (Supplementary Table S2). The
individuals whose information was insufficient to be to be classified into
these categories were not scored.

Genetic investigations
DNA was extracted from the peripheral blood leukocytes of the patients
and parents (whenever possible) using standard procedures.

In 24/26 patients, genotyping was performed by exome sequencing (ES)
(single or trio) using routine methods. Confirmation and segregation of
variants in single ES were carried out by Sanger sequencing. Variant
prioritization was conducted according to the transmission mode (de
novo, autosomal recessive and X-linked), and the frequency of the variants
in the gnomAD database. Those variants were classified according to
American College of Medical Genetics (ACMG) (ACMG and Combined
Annotation Dependent Depletion (CADD) score in Supplementary data,
Supplementary Table S3). There were no other pathogenic variants in
ClinVar and HGMD or loss-of-function variants which could explain the
patient phenotypes. Two variants were identified on a NGS panel of 119 ID
genes using standard NGS procedures.

Protein modeling

The structures of eEF1A2*GDP (4C0S), eEF1Ay*eEF1Ba (pdb: 11JF), aEF1A*GTP
(pdb: 3AG)J), and EF-TU*EF-TS (pdb:1EFU) were used for analysis using Pymol
(The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC.)
and CCP4MG [28]. Structure-based variant predictions made using Missense
3D [29] and dimer predictions using FoldX [30]. Briefly, eEF1A2 (pdb: 4C0S)
was repaired, then the protein stability was estimated for each amino acid
change in both monomeric and the dimeric eEF1A2.

Statistical analysis

We compared our patients to the previously reported ones. We used
Student Test with bilateral hypothesis, have tolerated a risk of error of less
than 5% (p-value < 0.05).

Literature review

PubMed was searched for peer-reviewed articles published in English using the
following keywords: «EEF1A2», «epileptic encephalopathy gene», «EEF1A»
«phenotype of EEF1A2» «EEF1A2 with no intellectual disability» «epilepsy gene».

RESULTS
In our series, the mean age at last examination is 10.67 years vs. 9.6
years for literature patients (Supplementary Table S4). The mean
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100%

p=0.00004
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80%
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40%

20%

18/22 10/34 15/18 5/35 7/19 2/34

Ambulatory* Verbal* Words*

Motor Speech

H Cohorte

Fig. 1

8/18 3/34

Sentences*

p=0.0013 p=0.007 p=0.005 p=0.0005

]
13/23 27/28 5/20 15/23 16/26 39/42 1/26 10/18
Hypotonia* Pyramidal Epileptic* Regression*
syndrome*

Neurological features

Literature  * = Significant P-Value

Our series main features compared with the patients from the literature. The Fig. 1 shows the proportion of our patients (in black) in

comparison to those from the literature (featured in gray) according to the main criteria studied. Walking abilities is represented by the motor
category. Concerning the speech abilities, “verbal” means the patient can speak and be understandable, “words” means he can express
himself in words but not in sentences, “sentences” stands for the ability of the patient to make proper sentences. On the right part of the
diagram, the neurological features are shown with the presence of hypotonia, pyramidal syndrome, epilepsy and the presence of regression.
*Stands for statistically significance p < 0.05. P-values are framed at the top.

Table 2. Cohort and literature comparison regarding epilepsy and brain MRI characteristics.
Cohort Literature p-value Cl 95%
Epilepsy Epilepsy refractory to therapy 25% 3/12 50% 15/30 0.13 [-0.58; 0.08]
Epileptic encephalopathy 7% 1/15 24% 9/38 0.085 [-0.36; 0.02]
Brain MRI Normal 50% 11/22 47% 15/32 0.8258 [-0.25; 0.31]
Thin corpus callosum 14% 3/22 17% 5/30 0.767 [-0.23; 0.17]
Delayed myelinization 9% 2/22 13% 4/30 0.636 [-0.22; 0.13]
White and gray matter abnormalities 27% 6/22 9% 3/32 0.114 [—-0.04; 0.40]
Cerebellar and cortical atrophy? 9% 2/22 34% 11/32 0.0207* [—0.46; —0.04]

This table shows comparison between our cohort and the previously reported cases regarding epilepsy and brain MRI features. P-value and Cl 95% are

mentioned.
Cl Confidence Interval.
“When significant.

Occipito-Frontal Circumference (OFC) is —0.67 SD (vs. —1.33SD)
(Supplementary Table S4). Most patients can walk on indepen-
dently. The mean age for acquiring walking is 30 months. For the 4
individuals in the literature this mean is 39 months, p-value = 0.41
(Supplementary Table S4).

Among 18 individuals aged more than 2 years, 83% are verbal
(Fig. 1) with a mean age of first words at 29 months (Supplementary
Table S4) (data not available for published cases). The average age
at onset of epilepsy is 3.5 years (Supplementary Table S4) (data not
available for previously reported patients).

Neuropsychologist assessments were performed in six patients
(Table 1). For the 4 patients for whom a TIQ could be calculated,
the FSIQ ranged from 40 to 77 (mean = 60.2; median = 58.5)
(Supplementary Table S1).

Patient 1 has a FSIQ in the low normal range (77) and the two
others (patients 6 and 19) have several indexes >70 despite their
heterogeneous profile do not allow to compute FSIQ. Patient 19
has a FSIQ of 69, but with low normal verbal comprehension index
(76) and fluid reasoning (71) (Supplementary Table S1).

In our cohort of 13 for whom we have developmental
information, 4 patients have a phenotype described as severe
(31%) compared to those from the literature (76%) p-value = 0.008
(—0.77;—0.13) (Table 1). Among published patients, 5/33 (15%)
have profound ID (Table 2), whereas there is no patient classified
as having profound ID in our cohort. There is no difference
observed concerning mild and moderate ID (Table 1).

SPRINGER NATURE

The individuals of this series are more ambulant than previous
reported ones: 82% (18/22) vs. 29% (10/34), p-value = 0.00004
(0.29; 0.76). They are more likely to have acquired language (83%
vs. 14% p-value = 10E—7 (0.47;0.91)) (Fig. 1).

In our cohort, less patients have hypotonia and pyramidal
syndrome (Fig. 1). There is no difference in the incidence of ataxia
and ASD. A majority of our patients have sleep disorders (11/24),
with limited effectiveness of melatonin treatment (Supplementary
Table S1). Half of our patients (53%-9/17) have ADHD (Supple-
mentary Table S1). More than a half of our patients (14/25) have
gross motor issues with mainly unstable walk, and 77% (17/22)
have fine motor issues particularly concerning coordination
(Supplementary Table S1).

We also compared our patients to the previously described
ones regarding several items. The percentage of patients with
epilepsy refractory to therapy, the percentage with epileptic
encephalopathy were compared, so as our series brain MRI
features. The results are presented in Table 2.

We report 8 new EEFTA2 variants (T24M, R96H, D97N, T104R,
G356S, D362N, P420L, V437F) with detailed phenotyping. Pheno-
types observed varies from mild to severe (Fig. 2a). The patients
with variants T24M and R96C have no ID but are symptomatic:
have epilepsy (R96C) or speech delay with first sentences at age 6
(T24M). For patients with P420L and V437F, we could not
document ID because of the lack of psychometric evaluation
(Supplementary Table S1).

European Journal of Human Genetics (2024) 32:1144-1149
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Fig. 2 Distribution of pathogenic EEF1A2 variants. a Distribution of variants from our cohort (up) and the previously reported ones (down).
Novel variants are underlined. Variants are classified by their associated phenotype in terms of ID, classification is as described as above with
associated symbols (circle for not deficient, triangle for mild ID, square for moderate ID and star for severe). Blank when the variant is not
clearly classified (for example when associated with 2 ID categories). b Variants mapped onto the crystal structure of GDP-bound eEF1A2
(PDB:4C0S). New variants are shown in black, with labels in bold, previously described mutations are in white. T24M and V437F are buried. The
binding site of eEF1B is highlighted in white, and the GTP binding site in dark gray.

Molecular modeling

We explored the impact of the variants through 3D-modeling of
eEF1A2, comparing the GDP-bound form of eEF1A2 (pdb:4C0S)
with eEF1Ay*eEF1Ba (pdb:11JF), aEF1A*GTP (pdb:3AGJ), and EF-
TU*EF-TS (pdb:1EFU). All variants have CADD scores above 20
(Supplementary Table S3).

Mapping of the variants onto the structure of eEF1A2 (Fig. 2b)
showed that several of the variants cluster around the switch Il region,
a flexible motif key for GTP hydrolysis and GEF-mediated GDP
dissociation. R96C, R96H, and D97N are found in a loop in the Switch Il
region, whilst T104R, R381W, and V437F are situated nearby. These
variations are anticipated to contribute towards switch Il destabilization
and interfere with GTP recycling, whilst another variant, T24M, is
located at the GTP-binding pocket, and is predicted to directly disrupt
nucleotide binding (Supplementary modeling in Supplemental data).

Further from the GDP-binding or switch regions, several variations
(E297K, G356S, D362N, and P420L) are located near the actin binding
region (Fig. 2b) and are anticipated to disrupt actin-related functions
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(Supplementary modeling). Three of these variants, E297K, D362N and
P420L are located near the tRNA-binding site, and may affect eEF1A2
interactions with aminoacyl-tRNA. Given the overlap between the
binding sites for actin and aa-tRNAs and the eEF1B-binding region,
some of these variants may also impact eEF1B binding. Additionally,
the presence of variants T104R and D362N on the dimer interface, and
the change in amino acid charge, suggest they may influence eEF1A2
dimer formation (Supplementary modeling).

DISCUSSION

Widening EEF1A2-related spectrum

Our results show that patients with EEFT1A2 variants can have
efficient cognitive abilities. Indeed, in our cohort, 3 individuals do
not have an intellectual disability (IQ > 70), while in the literature,
no patients are reported with preserved intellectual efficiency. In
addition, within our cohort, the severity of ID is lower, with a
majority of patients with mild to moderate ID.
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In terms of development, the majority of our individuals have
access to language and walking, contrary to what has already
been described.

Taken together, the phenotypic spectrum associated with
EEF1A2 variants is wider than previously suggested. All previously
reported patients had intellectual disabilities and the majority
(93%) were epileptic and nonverbal. We have shown that
individuals with EEF1A2 variants may have milder phenotypes
and that nearly half of them do not have epilepsy at time of
report. Epilepsy can be late-onset, as illustrated by patient 7
(ref. 2°) with the D252H variant who did not develop epilepsy until
age of 8 and the average age in the cohort is 10.7 years.

Young individuals are difficult to assess using the WPPSI-IV or
WISC scales. There are 13 individuals who have received cognitive
evaluation but only 4/13 have a valid TIQ because profiles are too
heterogenous. For this study, we chose to take the heterogenous
profiles into account even if partial Weschler’ scales remain an
objective way to evaluate individuals’ cognitive capacities.

To date, the only reported patient of autosomal dominant
inherited EEFTA2 variant was from a mother with <25% of
mosaicism [9] but there was no clinical information available. We
newly report 2 patients (patient 6 (whose father is patient 7) and
patient 20) with inherited variants from an asymptomatic parent
(in terms of neurodevelopmental disorder) which suggests an
incomplete penetrance of these variants (G356S and R96C). G356S
is not reported in the database and the position of the residue is
highly conserved. For G356S, the asymptomatic parent has a
history of irregular heartbeat, and he has at least 3 relatives who
had seizures (the relatives have not been tested for the variant
yet). One individual (patient 6) has the variant R96C inherited from
his affected father (patient 7), this variant had been shown to be
associated with Genetic Generalized epilepsies (GGE) [27]. No
mosaicism detected in unaffected parents.

These two examples of inherited EEF1A2 variants strongly
suggest incomplete penetrance. Although only 3 patients
(including our 2) are reported so far, incomplete penetrance
should be considered in EEFTA2 variants. More individuals are
needed to confirm this hypothesis and we recommend to test
proband’s parents even if there are apparently not affected. This
incomplete penetrance is relevant to genetic counseling.

We can notice a fairly variability of expression in patients with the
same variation. For example, in our series, patients 15, 16 and 17 have
the same E124K variant already reported by Kaur et al. [15]. Whereas
patients 15,16 and Kaur et al. patient acquired independent walk
before 2 years with good language abilities and epilepsy, our patient 17
acquired walk at 4 years and had no epilepsy.

We also report 2 patients (11 and 5) with de novo EEFTA2 variant
mosaicism which did not cause milder phenotypes. Patient 11
presents epileptic encephalopathy and has TIQ of 52 at 3years.
Patient 5 can speak in sentences. Nevertheless, they have some
similarities: they both have white and gray matter abnormalities on
brain MRI and focal epilepsy, controlled with antiepileptic treatment.
Concerning patient 5, the variation D91N has been reported three
times in the literature in patients with severe to profound ID and early
onset epilepsy [9,15,18], whereas our patient is obviously less severe
affected than the three others. This mosaicism (estimated to 23%)
could have caused bias in comparison because this milder phenotype
is possibly only a result of mosaicism. So, mosaicism state should be
taken into account while considering an EEF1A2 variant, although the
impossibility to estimate percentage of mosaicism in brain makes the
phenotype difficult to be predicted.

Ten patients [9,10,12,22,23] have been reported to have
regression in childhood. In our cohort, only patient 22 (R381W)
has shown regressive traits which began in her third decade (but
she is also the only individual to have reached this age). She has
started to show less interest in activities she used to like such as
writing, swimming and she lost some abilities. This individual
suggests that regression may appear later than we thought while
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reviewing the literature patients (where most of patients showed
regression in infancy [9]). It's clear that patients must be followed
up and supported to prevent complications during time.

Molecular insights

Plotting the patients’ variants and those previously described on
the surface of the eEF1A2 protein (Fig. 2b) suggests that variants,
resulting in severe ID are generally clustered around the switch |
and switch Il regions, or nucleotide/GEF binding sites for GTP and
GTP exchange factor eEF1B. The growing cluster of variants
around the switch Il region or GDP-binding site (Fig. 2b) suggests
that disruption of GDP-binding and GEF-induced GDP dissociation
may be a key mechanism for the NDD-causing EEFTA2 missense
variants, adding to the evidence from Carvill et al. [9]. Four of the
19 variants classified as severe directly coincide with defined
eEF1B binding sites (Fig. 2b).

Many of the milder variants map further away but could affect
tRNA or actin binding (Fig. 2b). There is evidence that E295K, the
equivalent E297K mutation in yeast, affects translational fidelity.
Variants affecting translational fidelity might be less likely to affect
neurodevelopment, but would be anticipated to lead to
neurodegeneration, which is observed in a subset of individuals
with EEF1A2 variants. There is also the possibility that these
variants are not pathogenic and the cause of the individual
phenotype was misunderstood.

CONCLUSION
We have described a cohort of individuals with a less severe
phenotype, though they share characteristics such as develop-
mental delay (especially speech delay), mild to severe intellectual
disability, ASD, ADHD, early onset epilepsy, hypotonia, ataxia and
sleep disorder which are concordant with the features related to
variants in this gene in the literature. We suggest the existence of
incomplete penetrance of certain variants which was not
described so far with EEF1A2. Our series illustrate how the
evolution of diagnostic strategies may lead to redefine the
phenotypic spectrum of known genes that have been initially
reported with a homogeneous and usually “severe” phenotype.
There was probably an ascertainment bias in older patients that
were more likely to be reported because they were severe, and
were perhaps selected on this basis. The widespread adoption of
the whole genome and whole exome sequencing, which results in
an agnostic pan-genomic evaluation lead to the diagnosis of
patients that would not be sent to targeted panel diagnosis. The
first genotype-phenotype correlations are emerging, but new
patients will be necessary to confirm these correlations.

To conclude, we expanded the phenotype spectrum and
described new EEFTA2 variants.
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