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1 | INTRODUCTION

Rett syndrome (RTT; OMIM 312750) is a severe, rare X-
linked neurodevelopmental disorder that primarily affects
females and is notable for its progressive nature." There are
two major clinical categories of RTT syndrome: classical (or
typical) RTT and atypical (or variant) RTT. Patients may also
be classified as RTT-like who do not meet the diagnostic cri-
teria for a clinical diagnosis of classical or atypical RTT.} In
classical RTT, after a period of normal growth and develop-
ment, patients exhibit distinct stages of disease. During stage
I (6 - 18 months of age), RTT females do not meet expected
milestones due to developmental stagnation. Between 1 and
4 years (stage 1) a rapid developmental regression phase fea-
tures loss of acquired skills (eg, hand use and speech) with

Using whole exome sequencing, we found a pathogenic variant in the EEF1A2 gene
in a patient with a Rett syndrome-like (RTT-like) phenotype, further confirming the
association between EEF1A2 and Rett syndrome RTT and RTT-like phenotypes.

EEF1A2, elongation factor-1, intellectual disability, mutation, Rett syndrome

impaired social contact and patients develop stereotypic hand
movements (wringing and washing). Microcephaly may be-
come evident. Between 4 and 10 years (stage III) the clinical
phenotype may stabilize, but affected individuals may de-
velop breathing irregularities, seizures, and intense eye gaze.
Beyond 10 years (stage IV), patients lose ambulation and ex-
perience muscle weakness, rigidity, spasticity, dystonia, and
scoliosis; however, the hand stereotypic movements become
less intense while eye contact and communication remain in-
tact. Atypical RTT patients share many key of the supportive
clinical features seen in classical RTT but do not have all of
the main criteria.’ Almost all classical RTT patients (~98%)
have pathogenic variants in the X-linked Methyl CpG Protein
2 gene (MECP2),* while only 60% of atypical RTT patients
have pathogenic variants in MECP2.’
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Although MECP?2 is the major causative gene for classical
and atypical RTT, mutations in other genes including cyclin-
dependent kinase-like 5 (CDKLS5), Forkhead box protein G1
(FOXG1), myocyte-specific enhancer factor 2C (MEF2C),
and transcription factor 4 (TCF4) have also been found in
patients with clinical profiles overlapping with RTT.®

Here, we report a RTT-like patient who was negative for
mutations in the more common genes associated with RTT.
Previous genetic analyses failed to identify the causative gene.
We identified a de novo heterozygous variant previously as-
sociated with intellectual disability but not RTT in the eu-
karyotic translation elongation factor 1 alpha 2 (EEFIA2:
chr20 [q13.33]: 62,119,365-62,130,668:11,304bp) gene.

2 | CLINICAL REPORT

This study was approved by the Sydney Children's Hospitals
Network Human Research Ethics Committee with written
consent obtained from the parents. The proband was born
at 39 weeks gestation following a pregnancy complicated
by gestational diabetes managed with diet and normal deliv-
ery to nonconsanguineous parents. She flipped into a breech
position at around 37 weeks and was delivered by cesarean
section. Her Apgar scores were 9 at one and 9 at 5 min-
utes. Her birthweight was 2.75 kg (10th percentile), length
was 50.5 cm (50th percentile), and head circumference was
31.5 cm (<2nd percentile). Blood sugar levels were moni-
tored in the newborn period and were normal. She smiled
at 6 weeks and was described as a sleepy baby. As she was
breech, she had a routine hip scan at 6 weeks of age, which
showed mild hip displacement, with a follow-up scan at
4 months of age revealing hip dysplasia, which was managed
in a Pavlik harness for 4 weeks. The hip dysplasia subse-
quently resolved, as evidenced by a normal pelvic X-ray at
2 years of age (Figure 1). At 4 months of age, she was noted
to have increased tone, scissoring of her legs and stared at
her hands. At 6 months, she was thought to have a seizure.
An EEG showed mild slowing for age but no epileptiform
activity, while a head ultrasound was normal. At 14 months,
she was seen by a Paediatric Neurologist who noted that she
had small cold, hands and feet, was bringing her hands to
her mouth, was babbling but not saying any words. The elec-
troencephalogram and brain magnetic resonance imaging
(MRI) were normal at this time. By 2 years and 3 months,
her weight was 8.64 kg (2nd percentile), length was 72 cm
(2nd percentile), and head circumference was 43 cm (<lst
percentile). No facial dysmorphism was noticed by two ex-
perienced clinical geneticists. She was unable to roll or sit
unsupported, articulate distinct words and had limited hand
function. She had started to exhibit midline hand clasping
movements and some hand-to-mouth movements. Her hands
and feet were cold and sometimes mottled. She had feeding
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difficulties, constipation, and bruxism and was found to have
central hypothyroidism. Seizures developed three months
later. She had abnormal muscle tone and now exhibited an
abnormal breathing pattern. She also had limited commu-
nicative abilities, inappropriate outbursts of laughter and a
diminished response to pain. She could not sit unsupported
and had poor head control. When last reviewed at 5 years
of age, her weight was 14.3 kg (1st percentile), height ap-
proximately 100 cm (1st percentile), and head circumference
was 46 cm (1st percentile). She continued to have episodes
of breath-holding and deep sighing respirations but no hy-
perventilation. She continued to grind her teeth, although not
as frequently as previously. Her eye contact had improved.
She had developed some additional stereotypic hand move-
ments in the form of hand-to-mouth movements, sucking her
knuckles, midline hand clasping, and tapping or rubbing her
stomach. She had central hypotonia with increased tone of
her limbs. Cardiovascular and respiratory examinations were
normal. She also had a postural upper thoracic kyphosis and
was able to stand with assistance.

3 | GENETIC ANALYSIS

As part of the genetic diagnosis for the patient with RTT-like
features, sequencing of the MECP2 gene at the Molecular
Genetics Department, Children's Hospital at Westmead, did
not identify any sequence variation and no deletion or dupli-
cation was detected by multiplex ligation-dependent probe
amplification studies. Subsequent genomic analysis of an
epileptic encephalopathy gene set using the TruSight One

FIGURE 1
hip dysplasia

Pelvic X-ray at 2 y of age showing resolution of the
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sequencing panel at The Children's Hospital at Westmead,
NSW, Australia, was also negative, although the cover-
age for some genes including FOXGI and CDKLS5 was not
100%. Singleton WES was therefore undertaken in order
to try to identify the causative gene. WES SureSelectQXT
Clinical Research Exome libraries were prepared and
loaded onto a NextSeq 500 sequencer (Illumina; NextSeq
control Software v2.1.031) and 2 X 150 bp paired-end se-
quencing was performed at the Translational Genomics
Unit, Victorian Clinical Genetic Services (VCGS). Samples
passed sequencing QC with >89.7% bases with at least Q30,
and mean coverage of at least 100-fold. Raw sequencing
data were converted to FASTQ format using Illumina's
bcl2fastq2 converter (v2.17.1.14). Data were processed
using Cpipe (http://cpipeline.org/),7 in order to gener-
ate annotated variant calls within the target region (cod-
ing exons + 2bp), via alignment to the reference genome
(GRCh37). Variants were annotated against all gene tran-
scripts, with reporting of variants against the HGNC rec-
ommended transcript (according to HGVS nomenclature).
Classification of variants was based on ACMG guidelines.8
A total of 25 679 variants were found via Cpipe analysis. All
variants were uploaded onto Leiden Open (source) Variation
Database (LOVD) prior to further analysis.9 First, the RTT
associated genes were screened to examine any previously
missed variants.'®!" We then used a precurated phenotype-
specific gene list (https://www.vcgs.org.au/sites/default/
files/media/TGW024_genelist_V3_0.pdf) provided by the
VCGS for targeted analysis of known intellectual disability
(ID) associated genes. This list consists of a total of 1,064
genes implicated in syndromic and nonsyndromic ID.

An unknown singleton inheritance filter was used to fil-
ter out variants with low quality (<100), genomic mean al-
lelic frequency (>5%), and intronic splice region variants,
untranslated region (UTR) variants, synonymous as well as
low impact variants. The remaining 550 variants were fur-
ther prioritized based upon the impact of the variant in the
order of early stop gain, frameshift and missense variants.
Pathogenicity of variants was evaluated using in silico tools
including SIFT (http://sift.jcvi.org/), MutationTaster (Www.
mutationtaster.org/), PolyPhen-2 (http://genetics.bwh.harva
rd.edu/pph2/), CADD, and Grantham scores.'*'® The final
shortlisted variants were then classified using The American
College of Medical Genetics and Genomics (ACMG) guide-
lines ® to interpret the consequence of the sequence variants.
A literature search was conducted on each of the filtered
variants to identify their implications in known disorders. In
addition, 3-dimensional molecular modeling was performed
using the already published protein crystal structure through
the automatic variant analysis server HOPE (http://www.
cmbi.ru.nl/hope/).14

Using this filtering process, variants were prioritized
based upon variant characteristics, in silico predictions of

pathogenicity and expression in brain. We identified a hetero-
zygous missense variantin EEF1A2 (chr20: g.62127262C>T;
NM_001958.3: ¢.271G > A; p.(Asp91Asn)) that has been
previously reported 15 (Figure 2A). This variant was con-
firmed by Sanger sequencing DNA from child's parents to be
de novo (Figure 2B). Based on multiple sequence alignment
of the protein sequence using CLUSTAL O (1.2.4) (https://
www.ebi.ac.uk/Tools/msa/clustalo/), the position of this as-
partic acid is very highly conserved between different species
including human (NP_001949.1), mouse (NP_031932.1),
and rat (NP_036792.2) (Figure 3A). This variant is predicted
to create an amino acid change from aspartic acid (Asp) to
asparagine (Asn) at amino acid position 91 (Figure 3B). This
variant was absent in population databases including Exome
Aggregation Consortium (http://exac.broadinstitute.org) and
gnomAD (http://gnomad.broadinstitute.org/). In silico analy-
sis predicted the variant to be damaging (SIFT, score 0.001),
deleterious (PROVEN, score —3.85), and disease causing
(MutationTaster) with a CADD Phred-like score of 19.88 and
Grantham score of 23. Based on the current in silico analysis,
this variant has been classified as likely pathogenic based on
ACMG criteria.

4 | DISCUSSION

In this study, we have identified a de novo heterozy-
gous variant in EEF1A2 (NM_001958.3: c.271G > A;
p.(Asp91Asn)) in a patient with a RTT-like phenotype.
The identified NM_001958.3 (EEF1A2): ¢.271G > A sub-
stitution variant is predicted to change Asp to Asn at amino
acid position 91, NP_001949.1 (EEF1A2): p.(Asp91Asn)
affecting an evolutionarily conserved site in exon 3, and is
situated within the guanosine triphosphate (GTP) binding
domain. Heterozygous de novo mutations in EEF1A2 have
previously been associated with neurodevelopmental dis-
orders including epilepsy, autism, and severe intellectual
disability.lS'24 Moreover, three siblings with dilated car-
diomyopathy, global development delay, failure to thrive,
epilepsy and ultimately death in early childhood have
been reported to carry a homozygous mutation in EEF1A2
(NM_001958: c.1164C > T; p.Pr0333Leu).25 The vari-
ant identified in our case has been previously reported as
a de novo heterozygous variant in a 14-year-old female
patient with, epilepsy, intellectual disability, hypotonia,
cold peripheries, lack of speech, and inability to walk in-
dependently.15 Our patient shares some clinical features
with the patient reported by Lam et al,’® including cold
peripheries, seizures, hypotonia, and spine deformity. In
addition, our patient also exhibits distinct features typi-
cally seen in RTT, including stereotypic hand movements,
teeth grinding, limited speech, feeding difficulties, breath-
holding, inappropriate outbursts of laughter, a diminished
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FIGURE 2 A, Schematic showing (A)
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response to pain, and no facial dysmorphism. This high-
lights that a variable neurodevelopmental phenotype may
be associated with EEFIA2 variants, with the same vari-
ant resulting in overlapping neurological presentations.
Interestingly, a single case with a de novo heterozygous
variant NM_001958: ¢.274G > A, p.(Ala92Thr) has also
been reported in case of a 6-year-old RTT-like female
patient with stereotypic hand movements, loss of spoken
language but no regression. She had seizures at 1 month
of life and her development was significantly delayed,
with delayed onset of speech (3 years) and ability to walk
unaided (4 years). The patient also had hand stereotypies,
bruxism, and crying spells when awake, sleep problems,
hyperpnoea and apnea, and poor eye contact and was clas-
sified as RTT-like."®

Three-dimensional molecular modeling of the EEFA12
protein (Protein Data Bank code: 4COS) performed using

HOPE ' predicted a change in the charge of the wild-
type (Asp; negative) to the mutant residue (Asn; neutral).
Moreover, the wild-type residue forms a hydrogen bond with
Ala92 and Asnl101, and a salt bridge with Arg67 %6 which are
predicted to be disrupted by the mutated residue. The differ-
ence in charge is likely to disturb ionic interactions created by
the wild-type residue and thus interfere with the conforma-
tional changes of the EEFA1A protein.

The eEF1A2 protein promotes the GTP-dependent bind-
ing of aminoacyl-tRNA to the A-site of ribosomes during
protein biosynthesis. During this process, eEF1A2 transits
between an active GTP bound state and an inactive GDP
bound state thus classified as Translational GTPase (trGT-
Pases), a family of proteins in which GTPase activity of the
protein is stimulated by the large ribosomal subunit. The
other subunit, eEF1Bafy, then catalyses the nucleotide ex-
change of GDP for GTP in order to re-activate the eEF1A
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FIGURE 3 A, Evolutionary sequence conservation of EEF1A2. Schematics represents the multiple sequence alignment of EEF1A2 protein
from human (NP_001949.1), mouse (NP_031932.1), and rat (NP_036792.2) performed using CLUSTAL O (1.2.4) (https://www.ebi.ac.uk/Tools/
msa/clustalo/).The three structural domains are highlighted as domain I (residue 1-240, highlighted blue), domain II (residue 241-336, highlighted
orange), and domain III (residue 337-443, highlighted green). Domain I contains a helix that associates with the GTP and GDP. Domain I and
domain II contain the eEF1B complex binding site for GTP/GDP exchange. Domain II and domain III harbor the aa-tRNA binding site. Domain III
contains an actin-binding domain. The affected amino acid residue Asp91 (D) identified in our patient is marked (#) and the mutated residue Ala92

(A) described in Lopes, Barbosa et al (2016) is marked (¥). B, Schematic structures of the wild type and variant amino acids with the close up of the

variant site modeled with HOPE website. The protein is colored in gray, the side chain of the wild type and variant is green and red respectively.

The backbone, which is the same for each amino acid, is colored red, the side chain, unique for each amino acid, is colored black

complex for the next cycle of hydrolysis. Because of its func-
tional role, binding, and hydrolysis of guanine (G) nucleo-
tides, the G-binding domain is a highly conserved between
different species (Figure 3A). The amino acid Asp91 resides
in this highly conserved domain and is stabilized by other
amino acids when GDP is bound to the complex. This reac-
tion is compromised during GDP displacement by the amino
acid change we identified in this patient and consequently

is predicted to affect the catalytic function of the protein.
Because of the critical role of de novo protein synthesis
machinery at the synaptic terminal, and the enrichment of
eEF1 complex at the postsynaptic density region, the opti-
mal functioning of the complex becomes critical for proper
neuronal development. Any perturbation to this complex (in
particular eEF1A2) is likely to result in neurodevelopmental
dysfunction, as evidenced by affected individuals exhibiting
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varying clinical features including autism, epilepsy, and in-
tellectual disability.'®'%>%” Therefore, our in silico analysis
supports this variant to be disease causing for this RTT-like
patient.

S | CONCLUSIONS

We have identified a de novo variant in EEFIA2 in a patient
with a Rett-like phenotype that confirms the association be-
tween EEFIA2 and a RTT-like phenotype. This study also
further emphasizes the clinical utility of singleton WES to
identify causative genes in MECP2 negative patients with
RTT and RTT-like phenotypes, and we suggest that analysis
of EEFIA2 should be included in the curation of genomic
sequencing data from individuals with a RTT or RTT-like
clinical picture.
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