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Summary
Eukaryotic initiation factor-4A2 (EIF4A2) is an ATP-dependent RNA helicase and amember of the DEAD-box protein family that recognizes

the 5ʹ cap structure of mRNAs, allows mRNA to bind to the ribosome, and plays an important role in microRNA-regulated gene repression.

Here, we report on 15 individuals from 14 families presenting with global developmental delay, intellectual disability, hypotonia, epilepsy,

and structural brain anomalies, all of whomhave extremely rare de novomono-allelic or inherited bi-allelic variants in EIF4A2. Neurodegen-

eration was predominantly reported in individuals with bi-allelic variants. Molecular modeling predicts these variants would perturb struc-

tural interactions in key protein domains. To determine the pathogenicity of the EIF4A2 variants in vivo, we examined themono-allelic var-

iants in Drosophila melanogaster (fruit fly) and identified variant-specific behavioral and developmental defects. The fruit fly homolog of

EIF4A2 is eIF4A, a negative regulator of decapentaplegic (dpp) signaling that regulates embryo patterning, eye and wing morphogenesis,

and stem cell identity determination. Our loss-of-function (LOF) rescue assay demonstrated a pupal lethality phenotype induced by loss

of eIF4A, which was fully rescued with human EIF4A2 wild-type (WT) cDNA expression. In comparison, the EIF4A2 variant cDNAs failed

or incompletely rescued the lethality. Overall, our findings reveal that EIF4A2 variants cause a genetic neurodevelopmental syndrome

with both LOF and gain of function as underlying mechanisms.
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Introduction

Neurodevelopmental disorders (NDDs) encompass highly

prevalent conditions such as autism, epilepsy, and intellec-

tual disability (ID), and ID alone affects 1%–3% of the

global population.1 NDDs are characterized by altered

brain development and maturation that lead to impair-

ments in cognition and adaptive behaviors.1,2 Growing

evidence suggests that the majority of NDDs are secondary

to a genetic etiology, and an increasing number of disease-

associated genes are identified each year.3

Among known NDD-associated genes, there are several

genes encoding members of the Asp-Glu-Ala-Asp (DEAD)-

box family,4–7 which is composed of 50 well-conserved

RNA helicases that use ATP hydrolysis to unwind RNA’s

secondary structures.8 A DEAD-box protein is comprised

of two helicase domains, a DEAD-box motif, and a

conserved Q motif for ATP-binding and hydrolysis.9,10

DEAD-box proteins play varied roles in brain development

from the regulation of neurogenesis, WNT (wingless-

related integration site) signaling to global inhibition of

protein translation and ribonucleoprotein processing

body defects in mRNA turnover.4,5,11 De novo variants in

DDX3X (MIM: 300160), DDX6 (MIM: 600326), DHX30

(MIM: 616423), DDX54 (MIM: 611665), DHX34 (MIM:

615475), and DHX16 (MIM: 603405) are associated with

ID syndromes,4,5,9 and pathogenic variants in DDX3X

alone account for 1%–3% of ID in females.6 Reduced

expression of DEAD-box-protein-72 and DEAD-box-pro-

tein-1 was identified in the fetal brains of individuals

with Down syndrome (MIM: 190685), an NDD character-

ized by abnormal brain morphology, which suggests that

DEAD-box proteins are essential for the growth and differ-

entiation during early brain development.12 Together,

affected individuals with pathogenic variants in genes

encoding DEAD-box proteins have a range of clinical phe-

notypes and disease severity that include ID, hypotonia,

seizures, and variable structural brain abnormalities.4–7

One of the ubiquitously expressed DEAD-box proteins is

eukaryotic initiation factor-4A2 encoded by EIF4A2 (MIM:

601102), which is part of the eIF4F-complex that binds to

the 5ʹ cap of mRNAs to promote protein translation initia-

tion.13,14 EIF4A2 is an essential regulator of protein transla-

tion, the recognition of the 5ʹ cap structure of mRNAs, and

binding of mRNA to the ribosome.15 EIF4A2 also plays an

important role in microRNA-regulated gene repression.16

Similar to its fellowDEAD-boxprotein,DDX6,EIF4A2alters

polyadenylation through interactions with the CCR4-NOT

complex. EIF4A2 binding to the CCR4-NOT complex in-

hibits CNOT7 deadenylation and increases polyadenyla-

tion of the associated mRNA.17 This pathway is important

for neurodevelopmental processes, and pathogenic DDX6

(MIM: 600326) and CNOT1 (MIM: 604917) variants are

associated with ID, hypotonia, and epilepsy.5,18

EIF4A2 is well conserved from invertebrates to verte-

brates and highly expressed in all tissues, especially in

the brain and skeletal muscle. In porcine skeletal muscle,
The Americ
EIF4A2 expression increases throughout embryonic and

neonatal development and is regulated by MyoD.19,20

Cellular assays show that MyoD binds to the EIF4A2

promoter and increases EIF4A2 transcription during myo-

genesis.20 In the Xenopus embryo, EIF4A2 is essential for

neural induction and leads to upregulation of neural fold

regulatory genes.21 In addition to vertebrate development,

the invertebrate homologs are also key mediators of devel-

opmental processes. In Drosophila melanogaster (fruit fly),

the homolog is eIF4A, which is 89% similar to the

EIF4A2 gene.22 Prior fruit fly studies demonstrate that

eIF4A negatively regulates the TGF-b/BMP pathway ortho-

logue, decapentaplegic (dpp), and leads to Smad degrada-

tion.23 In the fly, dpp signaling regulates embryo

patterning, eye and wing morphogenesis, and stem

cell identity.24–26 In vertebrates, TGF-b/BMP signaling is

critical for neuronal differentiation, development, and

function.27,28 Consistent with these essential roles, the

dysregulation of TGF-b/Smad signaling is associated with

a broad range of human neurological and neurodevelop-

mental phenotypes.27–29

Here, we report on 15 individuals from 14 families

with extremely rare EIF4A2 variants presenting with a spec-

trum of NDDs including global developmental delay (GDD)

(9/15), ID (7/15), hypotonia (14/15), epilepsy (11/15),

and structural brain alterations (10/15). Of these 15 individ-

uals, ten have de novo EIF4A2 missense variants, two have

de novo frameshift variants (germline and mosaic, one

each), one has a bi-allelic single amino acid deletion, and

two siblings are compound heterozygous for frameshift vari-

ants. The homozygous variant identified for individual, 2,

p.Asp37del, was previously reported.30 To determine the

pathogenicity and rescue potential of the EIF4A2 variants

in vivo, we examined four of the de novo EIF4A2 missense

variants, c.647C>T (p.Thr216Ile), c.728C>T (p.Thr243Ile),

c.1032G>C (p.Leu344Phe), and c.1091G>A (p.Gly364Glu),

in the fruit fly and identified variant-specific behavioral and

developmental defects. Our loss-of-function (LOF) rescue

assay demonstrated a pupal lethality phenotype induced by

loss of eIF4A, which was fully rescued with human EIF4A2

wild-type (WT) cDNA expression. In comparison, the

EIF4A2 variant cDNAs failed or incompletely rescued the

lethality. Together, our in vivo functional findings reveal

that EIF4A2 variants cause a syndromic NDD through both

LOF and gain-of-function (GOF) mechanisms.
Subjects and methods

Human subjects
Clinical data were obtained after written informed consent was

provided by a parent or legal guardian for all subjects in accor-

dance with local institutional review boards (IRBs) of the partici-

pating centers. We used Matchmaker Exchange to form an inter-

national collaboration, allowing for comparison of individuals

and their variants. Collection and analysis of the de-identified

clinical cohort was approved by the Boston Children’s Hospital

IRB. EIF4A2 mono-allelic and bi-allelic variants were identified
an Journal of Human Genetics 110, 120–145, January 5, 2023 121



Figure 1. Neuroanatomical MRI findings in individuals with EIF4A2 variants
(A) MRI images of individual 4 with compound heterozygous variants p.Arg62Serfs*7 and p.Asp387_Ile388del at 5 months (i, v),
23 months (ii, vi), and 6 years (iii, iv, vii, viii) of age. (i–iii) are sagittal T2-weighted (T2W) images showing a rotated vermis with prom-
inence of the fissures (yellow arrow) consistent with increasing volume loss of the vermis. The pons (white arrowhead) andmedulla (red
arrowhead) are small in each image. (iv) Coronal T2W image shows subtle interdigitation of the inferior midline frontal lobes (red ar-
row). (v–vii) are axial T2W images showing increasing sulcal and ventricular size consistent with diffuse parenchymal volume loss.
(viii) Axial T2W image shows small pons (white arrowhead) and thin middle cerebellar peduncles (cyan arrowhead).

(legend continued on next page)

122 The American Journal of Human Genetics 110, 120–145, January 5, 2023



by exome sequencing through each proband’s respective institu-

tion. We performed Sanger sequencing of the parental samples

as necessary to confirm de novo dominant and recessive segrega-

tion for all probands. Paternity was confirmed by the inheritance

of rare single-nucleotide polymorphisms (SNPs) from the parents.

Sample swap was excluded. MRIs from individuals (I:4, I:5, I:8,

I:10, and I:12) were obtained and independently reviewed by a pe-

diatric neuroradiologist at Boston Children’s Hospital. The clinical

phenotypes of these individuals and their EIF4A2 variants are de-

picted in Figure 1, Tables 1 and 2, and Table S1 and summarized

below.

Molecular modeling
The EIF4A2 protein structuremodel is built on the crystal structure

of EIF4A1 (PDB: 5ZC9), as EIF4A2 and EIF4A1 share high sequence

conservation. The protein structure illustration and amino acid

mutations are generated by PyMOL (The PyMOL Molecular

Graphics System, version 2.0 Schrödinger).

Drosophila melanogaster stocks and maintenance
All the fruit fly stocks used in this study were reared in standard

cornmeal- and molasses-based fly food at room temperature

(20�C–21�C) unless otherwise noted. The fruit fly stocks used in

the study were either obtained from stock centers (Bloomington

Drosophila StockCenter [BDSC], ViennaDrosophilaResearchCen-

ter [VDRC], and FlyORF) or generated at the Jan and Dan Duncan

Neurological Research Institute.We generated transgenic fly alleles

as previously described31 by utilizing the pUASg-HA-attB vector32

to express the human wild-type (WT) EIF4A2 and variant

cDNAs with a C-terminal hemagglutinin (HA) tag under the

control of upstream activating system (UAS) elements by

Gateway LR Cloning (LR Clonase II, Thermo Fisher Scientific,

Cat #11791020). To generate the EIF4A2 variants, we utilized

the human full-length cDNA of the most abundant isoform

of EIF4A2 (GenBank: NM_001967.3). EIF4A2 p.Gly364Glu

(c.1091G>A [GenBank: NM_001967.3]), EIF4A2 p.Leu344Phe

(c.1032G>C [GenBank: NM_001967.3]), EIF4A2 p.Thr243Ile

(c.728C>T [GenBank: NM_001967.3]), and EIF4A2 p.Thr216Ile

(c.647C>T [GenBank: NM_001967.3]) were generated by Q5 site-

directed mutagenesis (New England Biolabs, Cat #M0491S) in the

pDONR221 Gateway compatible donor vector. The constructs

were confirmed by Sanger sequencing. Primers for site-directed

mutagenesis and Sanger sequencing are listed in Table S2. Human

EIF4A2 WT and variant cDNAs were inserted into the
(B) MRI images of individual 5 with compound heterozygous var
(i) Sagittal T1-weighted (T1W) image shows small volume corpus cal
head) as well as small pons (white arrowhead), small medulla (red ar
row). (ii) Coronal T2W image shows subtle interdigitation of the infe
small pons (white arrowhead) and thin middle cerebellar peduncles
(C) MRI images of individual 7 with variant p.Se214Tyr at 3 years 9 m
noted (red arrow).
(D) MRI images of individual 10 with variant p.Thr216Ile at 27 mo
rostrum of the corpus callosum (white arrow points to termination o
and thin anterior commissure (yellow arrowhead). (ii) Coronal T2W
lobes (red arrow).
(E) MRI images of individual 12 with variant p.Ile315del at 9 years o
(white arrow) and thin anterior commissure (yellow arrowhead) as we
and mildly rotated vermis with mildly prominent fissures (yellow arro
thin middle cerebellar peduncles (cyan arrowhead).
(F) MRI images of individual 12 with variant p.Ile315del at 9 years
midline frontal lobes (red arrow).
(G) Representative typical MRI brain findings in a 7 year-old female.

The Americ
chromosome-3 VK33 (PBac{y[þ]-attP}VK00033) docking site by

4C31-mediated recombination for fruit fly transgenesis.32

Transgenic UAS fly alleles generated in this study include UAS-

EIF4A2-WT-HA, UAS-EIF4A2-Gly364Glu-HA, UAS-EIF4A2-Leu344-

Phe-HA, UAS-EIF4A2-Thr243Ile-HA, and UAS-EIF4A2-Thr216Ile-

HA. Fly alleles available from the stock centers include the

following: UAS-eIF4A (FlyORF-F001132), UAS-eIF4A RNAi

(VDRC#42201), UAS-eIF4A RNAi (BDSC#33970), UAS-empty-

VK33 (BDSC#9750), UAS-dpp GFP (BDSC#53716), Nubbin-GAL4

(BDSC#51635), and Elav-GAL4 (BDSC#8765). The GMR-GAL4

was obtained from Dr. Hugo J. Bellen.33

Larval imaginal discs immunostaining and confocal

microscopy
Fruit fly larval brains or wing discs were dissected from third instar

wandering larvae in ice-cold 1X-PBS and fixed in 4% paraformal-

dehyde for 20–30 min at room temperature. The tissues were

washed four times in Tri-PBS (1X-PBS þ 0.2% Triton X-100) with

1% BSA for 15 min each followed by incubation in blocking solu-

tion (Tri-PBS with 0.1% BSA and 8% normal donkey serum) for

30 min. Primary antibodies, rat anti-HA (1:50, clone 3F10, Milli-

pore Sigma, Cat# 11867423001), mouse anti-elav (1:100, Develop-

mental Studies Hybridoma Bank, Cat# 9F8A9), and rabbit anti-

Phospho-Smad1/5 (pMad) (1:75, Cell signaling technology, Cat#

9516) were diluted in blocking solution and added to the tissues

and incubated overnight at 4�C. The tissues were rinsed three

times in Tri-PBS with 1% BSA for 15 min each followed by incuba-

tion in blocking solution for 30 min. The secondary antibodies,

donkey anti-rat IgG antibody (Cy3) (1:300, Jackson Immunore-

search, Cat# 712-165-153), Alexa Flour 488 Affinipure donkey

anti-rabbit IgG (H þ L) (1:300, Jackson Immunoresearch, Cat#

711-545-152), and Alexa Flour 488 Affinipure donkey anti-mouse

IgG (H þ L) (1:300, Jackson Immunoresearch, Cat# 712-545-151),

were diluted in blocking solution and added to the tissues for

90 min incubation at room temperature on a rocker. After

removing the secondary antibody, tissues were washed three times

in Tri-PBS with 1% BSA for 15 min each. The tissues were then

rinsed in 1X-PBS followed by incubation in 406-diamidino-2-phe-

nylindole dihydrochloride (DAPI, 1 mg/mL, Cayman Chemical,

Cat# 14285) for 30 min at room temperature. After removing

DAPI, a final wash was completed with 1X-PBS for 15 min at

room temperature. The tissues were mounted in Prolong Glass

anti-fademountant (Thermo Fisher Scientific, Cat#36984). Images

were acquired on a Leica S-P8 laser-scanning confocal microscope.
iants p.Arg62Serfs*7 and p.Asp387_Ile388del at 18 years of age.
losum (white arrow) and thin anterior commissure (yellow arrow-
rowhead), and rotated vermis with prominent fissures (yellow ar-
rior midline frontal lobes (red arrow). (iii) Axial T1W image shows
(white arrows).
onths of age. Interdigitation of the inferior midline frontal lobes is

nths of age. (i) Sagittal T1W image with an incompletely formed
f the rostrum, which typically connects to the lamina terminalis)
image shows subtle interdigitation of the inferior midline frontal

f age. (i) Sagittal T1W image shows small volume corpus callosum
ll as small pons (white arrowhead), small medulla (red arrowhead),
w). (ii) Axial T2W image shows small pons (white arrowhead) and

of age. Coronal FLAIR image shows interdigitation of the inferior

(i) T1W mid-sagittal, (ii) T2W axial, and (iii) T2W coronal.
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Table 1. Clinical and genetic findings of individuals with variants in EIF4A2 (individuals 1–7)

Individual # 1 2 3 4 5 6 7

EIF4A2 variant information

Inheritance de novo autosomal
recessive

de novo
(mosaic)

autosomal recessive autosomal
recessive

de novo de novo

Genomic (GRCh38) chr3: 186,783,
615C:G

chr3: 186,784,
592_186,
502,
381TTGA:T

chr3: 186,784,
619_186,
784,620del

chr3: 186,784,674_186,
784,675del, 186,789,
206_186789211del

chr3: 186,784
,674_186,
784,675del, 186,789,
206_186,
789,211del

chr3: 186,786,
015:G:T

GRCh38:3: 186,786,
220:G:A

cDNA (GenBank:
NM_001967.3)

c.5C>G c.109_111del c.131_132delTC c.186_187del,
c.1161_1166del

c.186_187del,
c.1161_1166del

c.481G>T c.574G>A

Protein p.Ser2Cys p.Asp37del p.Leu44Profs*10 p.Arg62Serfs*7, p.Asp387_
Ile388del

p.Arg62Serfs*7,
p.Asp387_Ile388del

p.Gly161Trp p.Gly192Ser

Sequencing method research-based exome
sequencing (trio), Sanger
confirmed

research-based
exome
sequencing
(single)

clinical-based
exome
sequencing
(trio),
Sanger
confirmed

research-based exome
sequencing (single),
Sanger
confirmed,
Sanger carrier testing
of parents
and sister

research-based Sanger
sequencing after individual
4’s diagnostic exome
sequencing

clinical exome sequencing
(trio), research Sanger
pending

research-based
genome sequencing,
Sanger
confirmed

gnomAD frequency 3.976 3 10�6 3.976 3 10�6 0 0 0 0 0

CADD score 29.7 23.1 32 33, 20.7 33, 20.7 32 29.9

Polyphen-2 possibly damaging, 0.880 – – – – probably damaging, 1.00 probably damaging,
0.995

Other genetic
variants

– – – – – (1) IFIH1 c.1358T>G
(maternally
inherited), (2)
MOCS2
c.26C>T
(paternally
inherited), (3)
PHGDH
c.1406G>A
(paternally
inherited

TSC2 exon 34
c.4225C>T
heterozygous, shared
with
unaffected
mother

Patient information

Sex female female female male female male female

Ethnicity European
descent

Syrian European
descent

European
descent

European
descent

European descent European
descent

(Continued on next page)
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Table 1. Continued

Individual # 1 2 3 4 5 6 7

Institution CHU de
Nantes,
Straboug, France

University of
Leipzig, Institut
für
Humangenetik

Children’s Hospital of
Philadelphia

Carl-Thiem-Klinikum
Cottbus,
Germany

Carl-Thiem-Klinikum
Cottbus,
Germany

Texas
Children’s
Hospital

Manchester
Center for Genomic
Medicine

Family history – parents are
cousins
once removed

brother with
laryngomalacia
and
tracheomalacia

sibling affected with same
compound heterozygous
variants; parents
asymptomatic

sibling affected
with same compound
heterozygous
variants;
parents asymptomatic

older sister
with simple febrile
seizures, otherwise
healthy

–

Current age 12 years unknown 3 years
7 months

11 years 18 years 2 years 2 years
10 months

Gestational age at
birth

full term unknown 37 weeks 38 weeks 40 weeks full term 41 4/7 weeks

Birth weight
(with
percentiles
or Z score)

3.3 kg unknown 5 lbs 11 oz
(5th%ile)

3,160 g 3,640 g unknown 2.97 kg
(�0.59 SD)

Birth length
(with
percentiles
or Z score)

50 cm unknown 19 inches
(25th%ile)

53 cm 53 cm unknown unknown

OFC birth
(with percentiles
or Z score)

33.5 cm unknown 34 cm
(30th%ile)

33.5 cm 34.5 cm unknown unknown

Neurologic features

Delayed speech
development

þ þ – þ, absent speech þ, absent speech þ þ, absent
speech

Delayed gross
motor
development

– – þ þ, severe,
does not sit

þ þ þ

Delayed fine
motor skills

þ – þ þ þ þ unknown

Developmental
delay/
intellectual
disability
(IQ if available)

GDD,
borderline/
mild ID
(IQ 78)

mild ID GDD,
mild FSIQ 87

severe
neurodegenerative
disease since
infancy; severe ID,
no IQ measurable

severe
neurodegenerative
disease since
infancy; severe ID,
no IQ measurable

mild GDD severe GDD

(Continued on next page)
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Table 1. Continued

Individual # 1 2 3 4 5 6 7

Seizures – – – þ, myoclonic
seizures starting
at 1 year

þ, myoclonic seizures þ, generalized-
tonic clonic,
onset 19 months

starting at
3 months
of age;
epileptic
spasms,
tonic seizures
with clonic
component

Autism – – – – – – –

Hypotonia – þ þ þ þ þ þ

Structural
brain
abnormalities on
MRI

normal ND ND small anterior
commissure,
subtle interdigitation
of interomedial
frontal gyri,
rotated small
cerebellar
hemispheres
rotated small
vermis, small
pons, medulla
and middle
cerebellar
peduncles,
small rounded
hippocampi,
plagiocephaly, progressive
mild
cerebral volume
loss, slightly small
optic chiasm and
tracts, increasing
size of cisterna
magna

decreased
volume of
corpus
callosum,
small anterior
commissure,
prominent
ventricles,
subtle interdigitation
of interomedial
frontal gyri,
rotated small
cerebellar
hemispheres
rotated small
vermis, small
pons, medulla
and middle cerebellar
peduncles,
small rounded hippocampi,
plagiocephaly,
small temporal
tips, uncovered
insula

retrocerebellar
arachnoid cysts

short corpus
callosum
with
disproportionately
small splenium

Behavior
abnormalities

– – þ, impulsivity,
inattention,
ADHD

– – overly friendly
in comparison
with two older
sisters

–

Other clinical findings

Failure to
thrive

– – – þ, early þ, in infancy – –

Feeding
issues

– – þ þ, G-tube þ, G-tube – G-tube,
GER

Dysmotility – – – þ, difficulty
swallowing,
constipation

þ, difficulty swallowing,
constipation

– –

(Continued on next page)
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Table 1. Continued

Individual # 1 2 3 4 5 6 7

Hypoventilation – – – þ þ, nasal cannula while
asleep

– –

Vision/eye
abnormalities

– – – visual
impairment
since 1 year
of age
(suspected
first at
4 months)

blindness
impairment
since 6 years
of age

– cortical
blindness

Hearing
impairment

– – – þ, bilateral deafness,
deaf aid

þ, since 1 year
of age (deaf aid)

– –

Dysmorphic
features

epicanthal
folds,
small ears,
anteverted
nares, small
mouth

microcephaly,
short stature

mild synophrys, mild
hirsutism
on back, bilateral 5th

finger
clinodactyly

– no, only secondary due to
spasticity

– –

Congenital
anomalies

– – – – – – –

Muscle
findings
(biopsy
results if
applicable)

ND ND ND ND high variation of the fiber
size and round structures in
nerve fascicles, expression of
MHC-neonatal

– ND

Other – ataxia – – estrogen deficiency, no
menarche; 2012 skin biopsy
(neuropathology Charité
Berlin): suspicion of Morbus
Cori (glycogenosis 3), Lafora
disease (unconfirmed)

had ataxic
episode
lasting
few days
in the
context
of a URI,
microcytic anemia,
mild lymphopenia,
EEGs showing
midline
epileptiform
discharges,
intermittent
focal slow
R > L
hemisphere
and midline
central regions

poor
sleep—
required
melatonin
and
phenergen
as well as
trial of
Chloral
hydrate

Table shows personal characteristics, genetic variant information, congenital anomalies and neurologic, musculature, feeding, respiratory, vision, and hearing findings for each of the individuals. Abbreviations: CP, cerebral
palsy; IQ, intellectual quotient; ID, intellectual disability; GDD, global developmental delay; FSIQ, full scale intelligence quotient; ADHD, attention deficit and hyperactivity disorder; ND, not done; s/p, status/post; hx, history
of; G-tube, gastrostomy tube; J-tube, jejunostomy tube; GER, gastroesophageal reflux; PDA, patent ductus arteriosus; EM, electron microscopy; ASD, atrial septal defect.
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Table 2. Clinical and genetic findings of individuals with variants in EIF4A2 (individuals 8–15)

Individual # 8 9 10 11 12 13 14 15

EIF4A2 variant information

Inheritance de novo de novo de novo de novo de novo de novo de novo de novo

Genomic (GRCh38) ch3: 186,786,
515C:A

chr3: 186,
786,520A:G

chr3: 186,
786,521C:T

chr3: 186,786,
602C:T

chr3: 186,787,
530_186,
787,532del

chr3:186,787,
835G:C

GRCh38:3:
186,789,
129:G:A

chr3: 186,
789,1
36G:A

cDNA
(GenBank:
NM_001967.3)

c.641C>A c.646A>G c.647C>T c.728C>T c.945_
947delCAT

c.1032G>C c.1084G>A c.1091G>A

Protein p.Ser214Tyr p.Thr216Ala p.Thr216Ile p.Thr243Ile p.Ile315del p.Leu344Phe p.Gly362Ser p.Gly364Glu

Sequencing method exome
sequencing
(trio), Sanger
confirmed

clinical-based
exome
sequencing
(trio)

clinical-based
exome
sequencing
(trio), Sanger
confirmed

research-based
exome
sequencing
(trio), Sanger
confirmed

exome
sequencing
(trio), Sanger
confirmed

research-based
exome
sequencing
(trio), Sanger
confirmed

research-
based
genome
sequencing,
Sanger
confirmed

clinical-based
exome
sequencing
(trio)

gnomAD frequency 0 0 0 0 0 0 0 0

CADD score 28.7 26.4 26.5 26.1 22.2 25.4 33 28.5

Polyphen-2 probably
damaging,
1.00

probably
damaging,
0.987

probably
damaging,
1.00

probably
damaging,
0.993

– probably
damaging,
0.996

probably
damaging,
0.994

possibly
damaging,
0.770

Other genetic variants (1) ARFGEF3 homozygous
c.1391G>T (p.Gly464Val); (2)
GLDC homozygous c.2607C>A
(p.Pro869Pro)

– PIEZO2,
c.4807dupA
(p.Arg1603LysfsX27);
shared with
unaffected
mother

– – (1) IPO4
C2294G>A
(p.Arg765His);
(2)
IPO4 c.1337C>T
(p.Ser446Leu)

– –

Patient information

Sex male male male female male male female male

Ethnicity Arab European
descent

European
descent

European
descent

European
descent

Lithuanian European
descent

European
descent

(Continued on next page)
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Table 2. Continued

Individual # 8 9 10 11 12 13 14 15

Institution Sheba
Medical
Center,
Israel

Kaiser
Permanente
San Francisco

Cook
Children’s
Hospital,
Texas

Federico II
University
Hospital

Seattle
Children’s
Hospital,
Washington

Boston
Children’s
Hospital

Chelsea and
Westminster,
London, UK

Bambino
Gesù Children’s
Hospital,
Rome, Italy

Family
history

– – siblings with
ADHD, dyslexia,
tics; maternal
aunt with CP, ID,
hydrocephalus,
and seizures

– – father with PDA,
diagnosed at
5 years old

non-
consanguineous
parents, both
have mild
learning
difficuties,
maternal
dyslexia,
strong maternal
Fhx of epilepsy

–

Current age 3 years
9 months

3 years 48 months 9.5 years 9 years 9 years 3 years 7
months

5 years

Gestational
age at birth

full term 38 6/7
weeks

39 weeks 41 weeks 39þ1 week 37 weeks full term unknown

Birth weight
(with
percentiles
or Z score)

3kg
(50th%ile)

2,435 g
(3.81%ile)

3.07 kg
(28th%ile,
Z score �0.58)

2,810 g unknown 2,660 g unknown 3,160 g

Birth length
(with
percentiles
or Z score)

unknown 45.7 cm
(5.6%ile)

53.3 cm
(96th%ile, Z
score þ1.8)

49 cm unknown 48 cm unknown 50 cm

OFC birth
(with
percentiles
or Z score)

34 cm
(50th%ile)

34.3 cm
(22.42%ile)

35 cm
(66th%ile, Z
score þ0.42)

33 cm unknown unknown unknown 34 cm

Neurologic
features

Delayed speech
development

þ, absent
speech

þ þ þ, absent
speech

þ, absent
speech

þ þ, absent
speech

þ, absent
speech

(Continued on next page)
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Table 2. Continued

Individual # 8 9 10 11 12 13 14 15

Delayed gross
motor
development

þ þ þ þ, severe þ þ þ þ, spastic
tetraparesis

Delayed fine
motor skills

þ, severe þ þ þ – þ – þ

Developmental
delay/
intellectual
disability
(IQ if available)

severe ID GDD GDD severe
GDD, ID

GDD severe,
GDD

severe
GDD

ID

Seizures þ – Lennox Gastaut
syndrome with
tonic seizures
and atypical
absence
seizures

þ, severe
and
present in
infancy,
sitting
position
never
acquired

þ, focal, well
controlled;
starting at
3 years

þ, West
syndrome
(infantile
spasms,
onset
6months)

starting at 5
months:
infantile
spasms and
myoclonic
seizures,
diagnosed
with West
syndrome;
now with
tonic,
focal,
gelastic,
and
absence
seizures
and
diagnosed
with Lennox-
Gastaut
syndrome

þ, EEG at
birth
showed
pathological
electrical
activity

Autism þ þ not tested – þ – – –

Hypotonia þ, mild þ, history of
hypotonia,
now possible
hypertonia

þ, diffuse þ, severe
and present in
infancy,
sitting position
never acquired

þ,
central

þ present in
infancy,
now with
hypertonia
of extremities

þ, severe

(Continued on next page)
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Table 2. Continued

Individual # 8 9 10 11 12 13 14 15

Structural
brain
abnormalities
on MRI

subtle
interdigitation
of inferomedial
frontal gyri

scattered foci
of bifrontal
subcortical
and hazy
periatrial
signal
abnormality,
nonspecific,
possible
sequela of
prior injury

decreased volume
of corpus callosum,
small anterior
commissure,
subtle
interdigitation
of the
inferomedial
frontal gyri

thinned
corpus
callosum,
enlarged
lateral and
3rd ventricles

normal small temporal tips
and
uncovered insula,
decreased volume
but fully
formed corpus
callosum; small
anterior commissure,
decreased cerebral
volume
predominantly
white
matter and most
prominent right
greater than left
frontal lobe and
peritrigonal
regions
with probably
secondary
decreased
thalamic and
cerebral
peduncle volume,
gliosis in the
occipital
periventricular
white
matter,
interdigitation
of the
inferomedial
frontal gyri, small
fornices, small optic
nerves,
chiasm and
tracts, mildly
rotated, slightly
small vermis,
mild prominence
of the cerebellar
and vermian
fissures
suggesting gray
matter volume
loss, small pons,
medulla
and middle
cerebellar
peduncles

normal hypoplastic
cerebellar
vermis, thin
corpus
callosum,
hypoplastic
pons

(Continued on next page)
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Table 2. Continued

Individual # 8 9 10 11 12 13 14 15

Behavior abnormalities – head banging,
repetitive
motions

– very
limited
interactions

episodes
of rage,
ABA
therapy

– unsettled
behavioral
episodes

Other
clinical
findings

Failure to
thrive

– – – þ þ, in infancy – – –

Feeding
issues

– þ, hx of NG
after birth

þ þ, G-tube þ, G-tube þ, G-tube þ þ, no
suckling
reflex, G-
and J-tubes

Dysmotility – – þ, dysphagia,
constipation

feeding
difficulties,
dysphagia

þ – þ, dysphagia,
constipation

–

Hypoventilation – – – – – þ,
tracheostomy
in place

– þ, tracheo
stomy

Vision/
eye
abnormalities

– – bilateral
exotropia

central
blindness

– – – cortical
blindness

Hearing
impairment

– – – – – – – –

Dysmorphic
features

long palpebral
fissures,
small hands
and feet

macrocephaly,
hx sagittal
craniosynostosis
s/p repair

relative
macrocephaly

microcephaly – – micrognathia,
bilaterally
inverted
nipples

epicanthus,
upslanting
palpebral
fissures,
broad nasal root,
short
philtrum,
curved
upper lip

(Continued on next page)
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Table 2. Continued

Individual # 8 9 10 11 12 13 14 15

Congenital
anomalies

– sagittal
cranio
synostosis
s/p repair

penile chordee
with phimosis

– – PDA s/p closure – ostium
secundum ASD

Muscle findings (biopsy
results if applicable)

ND ND ND normal complex I
defect,
muscle
structure
normal
on
histochemical
and EM
analysis

type I and
II atrophic
myocytes,
�80% of
myocytes
express lipid
globules
compilations

ND ND

Other ataxia sialorrhea episodes of
dysautonomic
storm

– severe
dysautonomia
(severe
GI dysmotility,
heart rate,
temperature
dysregulation),
migraine
headaches;
episodic
elevation of
NH4
and ALT
levels

– – osteopenia

Table shows personal characteristics, genetic variant information, congenital anomalies and neurologic, musculature, feeding, respiratory, vision, and hearing findings for each of the individuals. Abbreviations: CP, cerebral
palsy; IQ, intellectual quotient; ID, intellectual disability; GDD, global developmental delay; FSIQ, full scale intelligence quotient; ADHD, attention deficit and hyperactivity disorder; ND, not done; s/p, status/post; hx, history
of; G-tube, gastrostomy tube; J-tube, jejunostomy tube; GER, gastroesophageal reflux; PDA, patent ductus arteriosus; EM, electron microscopy; ASD, atrial septal defect.
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The same settings for laser power and detector gain were used for

all genotypes. Third instar larval brain images were acquired as a z

stack with a z-step of 1 mmand line average of four at 400 Hzwith a

203 objective at 1,024 3 1,024 pixel resolution. Maximum inten-

sity projections were created from the z stack in ImageJ. All images

were processed and assembled with ImageJ and Adobe Illustrator.

Fruit fly behavioral assays

For the climbing assay, 10–11-day-old flies of both genders were

anesthetized 24 h prior to being tested and two to three flies

were housed in food-containing vials at room temperature. At

the time of assessment, these flies were transferred to a clear grad-

uated cylinder with a 15 cm mark. The flies were tapped three

times to the bottom of the cylinder to examine negative geotaxis

(climbing upward). The cutoff time to reach the 15 cm mark was

30 s. A total of 50–75 flies were tested for each genotype. Crosses

for the climbing assay were set up at 25�C and the assay was per-

formed at 20�C–21�C.

Adult fruit fly wing mounting
Adult wings were dissected from 4- to 5-day-old flies and washed

in isopropanol for 20–30 s at room temperature. The wings were

mounted with CMCP-10 High Viscosity Mountant (D/S259) (Elec-

tron Microscopy Sciences, Cat#18004-02). Wing images were

taken with the Leica MZ16 stereomicroscope. Images were pro-

cessed and assembled with Adobe Photoshop CS5.1 and Adobe

illustrator. Crosses were set up at 20�C–21�C.

Adult eye imaging and nail polish imprinting
Anesthetized flies were placed on a glass slide and the eye images

were taken with the Leica MZ10F stereomicroscope. Ommatidia

defects in the adult eyes were analyzed with nail polish

imprinting.34,35 Adult heads were dissected, and a drop of trans-

parent nail polish was poured on the heads. After 2 min, the layer

of nail polish was removed from the head and allowed to dry at

room temperature. Before drying out completely, the nail polish

on the eye field was carefully sliced off and mounted on a glass

slide with a coverslip. Images of the nail polish imprints were

taken on the Zeiss 880 Airyscan confocal microscope. The images

were processed with ZEN blue and Adobe Photoshop CS5.1 and

assembled with Adobe Illustrator. Crosses were set up at 20�C–
21�C.

Fruit fly gene expression analysis by quantitative real-

time PCR
Total RNA from ten pharate heads was extracted with Zymo

Direct-zol RNA Miniprep (Zymo Research, Cat# R2052) as per

manufacturer’s instructions. RNA was resuspended in nuclease-

free water and quantified with the Nanodrop (Thermo Fisher

Scientific-Nanodrop One C). We used an equal amount

(1,000 ng) of DNase-treated RNA for each genotype to synthesize

cDNA by using BioRad iScript Reverse Transcription supermix as

per manufacturer’s instructions (Cat#1708840). Quantitative

real-time PCR was performed with the BioRad SsoAdvanced Uni-

versal SYBR-Green supermix (Cat#1725274) and a BioRad CFX96

Touch Real-Time PCR detection system. The experiments were car-

ried out in triplicate for each dataset and repeated for three biolog-

ical replicates. The relative change in gene expression was deter-

mined by the Livak method and fold changes were calculated

with the 2�DDCT formula.36 Fly eif4A expression levels were

normalized to the expression of the endogenous reference gene

rps17 and plotted as fold-change relative to the control. Crosses
134 The American Journal of Human Genetics 110, 120–145, January
were set up at 20�C–21�C. Primers for quantitative real-time PCR

analysis are listed in Table S2.
Results

Identification of EIF4A2 variants in individuals with

global developmental delay, intellectual disability,

hypotonia, and epilepsy

An international collaboration through Matchmaker Ex-

change37–39 facilitated the identification of 15 individuals

with extremely rare de novo mono-allelic or inherited bi-

allelic variants in EIF4A2. The variants from all probands

were identified through exome sequencing and a majority

(11/15) were confirmed with Sanger sequencing (Tables 1

and 2). Twelve of the individuals harbored de novo mono-

allelic (I:1, I:3, and I:6–I:15) variants, while three had bi-

allelic variants (I:2, I:4, and I:5). Ten of the 12 de novo mu-

tations were missense, while one was frameshift and one

deletion of a single amino acid. A pair of siblings (I:4 and

I:5) had the same bi-allelic frameshift deletions, each

variant inherited from asymptomatic parents, and another

individual (I:2) was homozygous for a single amino acid

deletion inherited from asymptomatic consanguineous

first cousin parents. The combined annotation-dependent

depletion (CADD) score for the variants ranged from 22.2

to 33.40 Thirteen out of 15 of the variants were absent

from the Genome Aggregation Database (gnomAD). Two

of the variants, p.Ser2Cys (I:1) and p.Asp37del (I:2), had

a frequency of 3.976 3 10�6 (1/251,478) in gnomAD;

both variants were identified in individuals with mild clin-

ical phenotypes in the cohort: p.Asp37del was identified as

a homozygous variant.

In a statistical model of de novo variants for autism spec-

trum and ID disorders (ASD/ID), the model identified

EIF4A2 as one of �1,000 genes significantly lacking func-

tional variation in non-ASD/ID-affected individuals but

are enriched with de novo variants in ASD/ID-affected indi-

viduals.41 Furthermore, analysis of gnomAD revealed that

EIF4A2 has a high probability of LOF intolerance (pLI ¼
1.0), as 23.1 LOF variants were expected given the gene

size and GC content but only one LOF variant was

observed.42 EIF4A2 is also a highly constrained gene with

a Z score of 3.89, suggesting intolerance to missense varia-

tion. Together, these findings provide strong statistical

evidence that the de novo mono-allelic and inherited bi-

allelic EIF4A2 variants cause the neurodevelopmental phe-

notypes observed in these 15 individuals.

All individuals in the cohort had GDD and ID, while 14

out of 15 had hypotonia (Tables 1 and 2). Epilepsy was a

prevalent finding (12/15, I:4–I:8 and I:10–I:15), including

infantile spasms reported in three and myoclonic epilepsy

reported in four of the individuals. No consistent antiepi-

leptic medication regimen was found to be effective for

seizure control (Table S1). Ten out of 15probands had brain

structural changes detected by MRI, five of which were

closely reviewed and compared by a pediatric radiologist
5, 2023



(I:4, I:5, I:8, I:10, and I:12). Brain MRIs were notable for

decreased volume of the corpus collosum (6/10), small

anterior commissures (4/10), small vermis (4/10), small

pons, medulla and middle cerebellar peduncles (3/10),

and slightly small optic chiasms and tracts (3/10) (Figure 1

and Tables 1 and 2). Delayed speech development was pre-

sent in 14 out of 15 of the individuals with absent expres-

sive language in eight individuals. Seven of the 15 individ-

uals were gastrostomy tube dependent and four had

respiratory complications with two requiring tracheos-

tomies. Vision was impaired in six of the individuals,

including three individuals diagnosed with cortical blind-

ness. Gastrointestinal (GI) dysmotility characterized by

constipation and dysphagia was present in six out of 15

of the individuals. Three individuals had a history of ataxia

and one had severe dysautonomia. Dysmorphic facial fea-

tures were present in nine of the individuals and included

epicanthal folds, long palpebral fissures, short philtrum,

and micro- or macrocephaly (Figure 2 and Tables 1 and 2).

In vivo functional analysis of EIF4A2 missense variants in

fruit flies

To validate the pathogenicity of the EIF4A2 variants in vivo,

we used fruit flies to model the human variants. The fly ho-

mologofEIF4A2 is eIF4A and theflyprotein shows anoverall

74% identity and 89% similarity with the human protein

(Figure 3A). The four domains of eIF4A share significant ho-

mologywithEIF4A2, including88% identity for theQmotif,

100% identity for the DEAD-box, 66% identity for the heli-

case ATP-binding domain, and 78% identity for the helicase

C-terminal domain (Figure 3A). Conservation analysis of

affected residues reveals that the affected residues in the Q

motif, p.Asp37 and p.Leu44, are well conserved in mouse,

fruit fly, and worm (Figure 3B). The affected residues in the

helicase ATP-binding domain, p.Gly192, p.Ser214,

p.Thr216, and p.Arg62, which is near this domain, are

conserved across species. Similarly, the affected residues in

the helicase C-terminal domain, p.Ile315, p.Leu344,

p.Gly362, p.Gly364, and p.Thr243, which is near this

domain, are conserved across species. In contrast, the resi-

duesp.Asp387andp.Ile388 are conserved inmouse and fruit

flies but not in worms (Figure 3B).

Molecular modeling was completed for each of the

missense variants. Three of the variants, p.Leu344Phe

(I:12), p.Gly362Ser (I:13), and p.Gly364Glu (I:14), are

located in the C-terminal domain (CTD) and a fourth

variant, p.Thr243Ile (I:11), is located adjacent to the CTD

(Figure 3A). Three variants, p.Gly192Ser (I:7), p.Ser214Tyr

(I:8), and p.Thr216Ile (I:10), are located in the N-terminal

ATP-helicase domain (NTD) (Figure 3A). The residue

p.Thr216 forms a hydrogen bond with the CTD residue

p.His359 (Figure 3C). The variant p.Thr216Ile disrupts

the polar interaction between p.His359 and p.Thr216,

which is predicted to perturb the interaction dynamics be-

tween the NTD and CTD (Figure 3C). The variant p.Ser214-

Tyr introduces an aromatic ring, which may disrupt the

interaction between p.His359 and p.Thr216 (Figure S1).
The Americ
Residue p.Gly192 is located at the binding interface be-

tween EIF4A2 and RNA (Figure S1). The variant

p.Gly192Ser increases the interaction between EIF4A2

and RNA, which is predicted to impact the enzymatic ac-

tivity of EIF4A2. Residue p.Leu344 is located in a hydro-

phobic core composed of p.Val403, p.Ile406, and

p.Val371 (Figure 3C). The variant p.Leu344Phe introduces

a bulk side chain into this core (Figure 3C) and may desta-

bilize it. p.Gly362 and p.Gly364 are both located in a helix

within the CTD (Figures S1 and 3C); the variants

p.Gly362Ser and p.Gly364Glu both introduce bulky side

chains into the compact helix and may disrupt its confor-

mational stability (Figures S1 and 3C). Finally, residue

p.Thr216 is located on the protein surface (Figure 3C).

The hydrophobic side chain of the variant p.Thr243Ile is

predicted to potentially affect the hydroshell of the protein

(Figure 3C). Together, the molecular modeling suggests the

missense variants may perturb EIF4A2 protein function by

disrupting protein conformation and interactions

with RNA.

To study the functional consequences of EIF4A2 variants

in vivo, we selected four of the missense mono-allelic

variants to assess a dominant negative effect in a WT

fly genetic background. We generated UAS-EIF4A2-WT-

HA, UAS-EIF4A2-p.Gly364Glu-HA, UAS-EIF4A2-p.Leu344-

Phe-HA, UAS-EIF4A2-p.Thr243Ile-HA, and UAS-EIF4A2-

p.Thr216Ile-HA transgenic fly alleles. We used the

UAS-GAL4 expression system to express these variants

and WT EIF4A2 cDNAs under the spatiotemporal regula-

tion of the transactivator protein GAL4 (Figure 4A). We

used a pan-neuronal driver on the second chromosome,

elav-GAL4, to express C-terminal HA-tagged WT and

variant EIF4A2 cDNAs in neurons. Neuronal expression

of the HA-tagged cDNAs were confirmed in the third instar

larval brain by immunostaining (Figure 4B). To determine

whether the neuronal expression of EIF4A2 WT and

missense variants cause motor defects, we performed a

climbing assay to assess negative geotaxis. The normal

behavior of the flies is to climb upward, and increased

time to climb represents a motor defect. We found that

EIF4A2 WT-expressing flies had motor function similar to

controls, whereas EIF4A2 p.Gly364Glu-, p.Leu344Phe-,

and p.Thr243Ile-expressing flies exhibited climbing de-

fects (Figure 4C). In contrast, EIF4A2 p.Thr216Ile-express-

ing flies did not show any defects in climbing ability

(Figure 4C).

To assess whether overexpression of EIF4A2 WTand var-

iants affected developmental processes, we used Nubbin-

GAL4 to drive expression of the UAS-EIF4A2 cDNA alleles

in the third instar larval wing pouch and pupal wing

blade.43,44 We found that EIF4A2 WT expression did not

perturb the development of adult wings. In contrast,

EIF4A2 p.Thr216Ile caused wing margin serrations

(Figure 4Diii), which is similar to eIF4A GOF mecha-

nisms.23 However, expression of EIF4A2 p.Gly364Glu,

p.Leu344Phe, and p.Thr243Ile did not induce any wing-

specific phenotypes (Figures 4Div and 4Dvi). As eIF4a
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Figure 2. Photographs of individuals with variants in EIF4A2
Representative photographs of individuals with compound heterozygous or de novo EIF4A2 variants.
(A) Siblings with compound variants p.Arg62Serfs*7 and p.Asp387_Ile388del with individual 4 in (i) and individual 5 in (ii).
(B) Individual 7 with de novo p.Gly192Ser variant.
(C) Individual 13 with de novo p.Leu344Phe variant, (i) frontal and (ii) profile images.
(D) Individual 2 with autosomal recessive p.Asp37del variant, (i) frontal and (ii) profile images.
(E) Individual 10 with de novo p.Thr216Ile variant, (i) frontal and (ii) profile images.
(F) Individual 11 with de novo p.Thr243Ile variant, (i) frontal and (ii) profile images.
(G) Individual 14 with de novo p.Gly362Ser variant, (i) frontal and (ii) profile images.
GOF interrupts the dpp signaling in wing discs,23 we tested

the expression of pMad as a readout for dpp signaling in

Nubbin-GAL4-driven larval wing discs to see the effect of

EIF4A2 p.Thr216Ile expression. We found that similar to

the eIF4a overexpression, EIF4A2 p.Thr216Ile expression

also reduced the expression of pMad in the wing pouch

(Figures S2A and S2B). Both eIF4A and EIF4A2 p.Thr216Ile
136 The American Journal of Human Genetics 110, 120–145, January
overexpression perturb the adult wing development lead-

ing to blister formation and reduced wing size with vari-

able wing margin serration (Figure S2C). Together, the

elav-GAL4 and Nubbin-Gal4 studies reveal that overex-

pression of EIF4A2 p.Gly364Glu, p.Leu344Phe, and

p.Thr243Ile variants in neurons and expression of

EIF4A2 p.Thr216Ile in the developing wing have dominant
5, 2023



Figure 3. The EIF4A2 variants are well conserved across different species
(A) EIF4A2 variants are positioned in the corresponding protein domains (missense variants are shown in purple, deletion variants are
shown in pink, and the frameshift variants are shown in black). The fruit fly homolog, eIf4A shows 74% identity and 89% similarity with
88%matching in Qmotif, 66%matching in helicase ATP-binding domain, 100%matching in DEAD box, and 78%matching in helicase
C-terminal domain.
(B) Conservation analysis of affected residues in different species are shown.
(C) Molecular modeling of four of the missense variants are shown and the critical residues are colored in red. (i, iii, v, vii) shows theWT
residues and (ii, iv, vi, viii) shows the variant residues.

The American Journal of Human Genetics 110, 120–145, January 5, 2023 137



Figure 4. UAS-GAL4-mediated expression of EIF4A2 variants results in behavioral and anatomical defects in fruit flies
(A) Methodology for expressing UAS-EIF4A2-WTand variant cDNAs in the fruit fly CNS and wings using elav-GAL4 and Nubbin-GAL4 is
shown.
(B) elav-GAL4-mediated expression of EIF4A2-WT and four missense variants are shown in the third instar larval brain using immuno-
staining against HA (green). Elav (purple) marks the neurons in the third instar larval brain.
(C) Neuronal expression of EIF4A2 p.Thr243Ile, EIF4A2 p.Leu344Phe, and EIF4A2 p.Gly364Glu resulted in climbing defect compared to
the expression of EIF4A2 WT cDNA. Two to three flies were housed in clear cylinders and then tapped three times to the bottom of the
cylinder to examine negative geotaxis (climbing upward). The cutoff time to reach the 15 cm mark was 30 s. Flies that failed cross the
15 cmmark were given the score 30 s. One-way ANOVA followed by Tukey’s post hoc test was performed for the statistical analysis. Data
shown asmean5 SE of mean (SEM) with the sample size of total number of male and female flies shown in figure. Significance shown as
*p < 0.05, **p < 0.01, ***p < 0.001.
(D) Nubbin-GAL4-mediated wing-specific (iii) expression of EIF4A2 p.Thr216Ile resulted in wing margin serrations (black arrows)
compared to the (i) empty and (ii) EIF4A2 WT controls. Expression of (iv–vi) EIF4A2 p.Thr243Ile, EIF4A2 p.Leu344Phe, and EIF4A2
p.Gly364Glu did not induce any wing specific phenotypes.
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effects. This is consistent with the autosomal dominant

pattern identified for these mono-allelic missense variants

in our cohort.

EIF4A2 variants modify the dpp-induced eye phenotypes

and fail to rescue lethality as a result of complete loss of

fly eIF4A function

The fruit fly homolog eIF4A negatively regulates dpp

signaling. Prior studies showed increased dpp signaling

in eIF4A LOF fly embryos, whereas eIF4A GOF recapitu-

lated dpp LOF phenotypes.23 In the adult fruit fly eye,

dpp overexpression disrupts ommatidia formation, leading

to a roughened eye surface that is rescued with increased

eIF4A expression.23 In contrast, expression of eIF4A LOF

fly alleles in the background of dpp overexpression caused

lethality and severe eye roughening in fly escapers.23

Together, these findings revealed that eIF4A is a critical

negative-regulator of dpp signaling and eIF4A LOF causes

a toxic upregulation of dpp signaling.

To determine whether the EIF4A2 missense variants

cause LOF, we expressed EIF4A2 WT and variant cDNAs

in the background of GMR-GAL4-mediated overexpression

of dpp in adult fly eyes. GMR-GAL4-mediated overexpres-

sion of dpp resulted in a roughened eye surface with

misshaped and disorganized ommatidia (Figures 5Aii

and 5Avi) compared to the typical hexagonal arrangement

of ommatidia in the control (Figures 5Ai and 5Av). Expres-

sion of either fly eIF4AWT cDNA (Figures 5Aiii and 5Avii)

or human EIF4A2 WT cDNA (Figures 5Aiv and 5Aviii) in

the background of dpp overexpression did not alter the

dpp-associated roughened eye phenotype (Figures 5Ci

and 5Cii). However, we found that GMR-GAL4 mediated

overexpression of p.Leu344Phe (Figures 5Bii and 5Bvi)

and p.Thr243Ile (Figures 5Biii and 5Bvii) exacerbated the

dpp-induced ommatidial disorganization with a signifi-

cant increase in the number and percentage of misshaped

ommatidia (Figures 5Ci and 5Cii). This finding suggests

these missense variants cause strong EIF4A2 LOF and per-

turb eye development. In contrast, the GMR-GAL4-

induced expression of EIF4A2 p.Gly364Glu and

p.Thr216Ile did not cause any significant changes to the

dpp-induced eye phenotypes.

Finally, we performed in vivo rescue experiments with

eIF4A RNAi fly alleles to determine the functional nature of

the human EIF4A2 variants in the background of absent fly

eIF4A. Previous studies showed that complete loss of eIF4A

function is embryonic lethal45 and tissue-specific RNAi-

mediated knockdown of eIF4A resulted in either embryonic

or pupal lethality.45 We used two different UAS-eIF4A RNAi

lines to verify the eIF4A LOF phenotypes. Expression of

eIF4A RNAi (VDRC#42201) with both GMR-GAL4 and

Nubbin-GAL4 at 25�C resulted in embryonic lethality

(Figure S3A). In contrast, expression of eIF4A RNAi

(BDSC#33970) with GMR-GAL4 and Nubbin-GAL4 at 25�C
resulted in late pupal death (Figure S3A). When we per-

formed these experiments at 20�C, GMR-GAL4-driven

expression of both eIF4A RNAi alleles (GMR-GAL4>eIF4A
The Americ
RNAi [VDRC] and GMR-GAL4>eIF4A RNAi [BDSC)]) re-

sulted inpupal lethality at 20�C (Figure S3A). TheqPCRanal-

ysis of eIF4A transcript levels in pharate heads reveals a 50%

reduction in eIF4A transcript levels from the eIF4A RNAi

(BDSC#33970) and 60% reduction from the eIF4a RNAi

(VDRC#42201) (Figure S3B); therefore, we selected the

eIF4A RNAi (VDRC) for the rescue assessment as a result of

the higher RNAi-knockdown efficiency. The fly crosses set

up for rescue study are shown in Table S5.

We expressed the human EIF4A2 WT or variant cDNAs

in the background of GMR-GAL4>eIF4A RNAi (VDRC) at

20�C and assessed for rescue of pupal lethality. Expression

of EIF4A2 WT completely rescued the pupal lethality,

which indicates a strong functional conservation in fruit

flies (Figure 5D). In contrast, expression of the EIF4A2

variant cDNAs had differential rescue efficiencies: EIF4A2

p.Leu344Phe showed 25% rescue, p.Thr243Ile showed

7% rescue, and p.Gly364Glu showed 3% rescue in over

100 scored flies. In contrast, the expression of EIF4A2

p.Thr216Ile completely failed to rescue the pupal lethality.

Together, the in silico protein molecular modeling and

in vivo fly functional assessments demonstrate that our

probands’ missense EIF4A2 variants result primarily in

loss of EIF4A2 function (p.Leu344Phe, p.Thr243Ile,

and p.Gly364Glu) but can also cause toxic gain of EIF4A2

function (p.Thr216Ile). These findings and our clinical

characterizations show that EIF4A2 de novo mono-allelic

and inherited bi-allelic variants in key functional domains

lead to a syndromic neurodevelopmental disorder.
Discussion

We present 15 individuals with NDDs and extremely rare

variants in EIF4A2, encoding a DEAD-box-containing pro-

tein, which has not been previously associated with hu-

man disease. Each variant was identified by clinical or

research analysis of whole-exome or genome sequencing.

The results of our clinical and molecular characterizations

with in silico protein predictions and in vivo fruit fly

modeling show that mono-allelic and bi-allelic EIF4A2

variants in key functional domains lead to a syndromic

neurodevelopmental disorder comprised of GDD, ID, hy-

potonia, epilepsy, and structural brain alterations. Molecu-

lar modeling of the EIF4A2 missense variants revealed that

three of the missense variants, p.Leu344Phe, p.Gly362Ser,

and p.Gly364Glu, are located in the C-terminal helicase

domain of EIF4A2 and the variant p.Thr243Ile is very close

to this domain. The other four missense variants in indi-

viduals with severe clinical phenotypes, as defined by co-

morbid epilepsy and significantly delayed development,

p.Gly192Ser, p.Ser214Tyr, p.Thr216Ile, and p.Thr216Ala,

are located in the N-terminal helicase ATP-binding

domain. Both these domains in EIF4A2 are critical for the

RNA helicase activity. A prior study showed that variants

located in either of the two helicase domains of another

DEAD-box-containing protein, DDX3X, are associated
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Figure 5. EIF4A2 variants differently modulate dpp-induced eye phenotypes and failed to rescue the fly eIF4A LOF lethality
(A) Overexpression of dpp in the fruit fly eye using GMR-GAL4. (i) Empty control eye shows smooth eye surface and (v) hexagonal
arrangement of ommatidia in the imprint. (ii) Expression of dpp results in roughened eye surface and (vi) disorganized ommatidial
arrangement. (iii) Expression of fly eIF4A in the background of GMR-GAL4>dpp shows slight reduction in roughened eye surface (iv)
and better ommatidial arrangement. (v) Expression of EIF4A2 WT in the background of GMR-GAL4>dpp did not make any changes
to the roughened eye surface (iv) and ommatidial arrangement.
(B) Expression of EIF4A2 variants in the background of GMR-GAL4>dpp. (i) Expression of EIF4A2 p.Gly364Glu did not make significant
changes to the roughened eye surface and (v) disorganized ommatidial arrangement in the imprint. (ii and iii) Expression of EIF4A2
p.Leu344Phe and EIF4A2 p.Thr243Ile show roughened eye surface (vi and vii) and exacerbates the disorganized ommatidial arrange-
ment. (iv) Expression of EIF4A2 p.Thr216Ile did not made any changes to the roughened eye surface (viii) and ommatidial arrangement.
(C) Quantification of misshaped ommatidia. (i and ii) Expression of EIF4A2 p.Leu344Phe and EIF4A2 p.Thr243Ile shows significant in-
crease in the total number of misshaped ommatidia and percentage of misshaped ommatidia per field of view compared to the GMR-
GAL4>dpp and GMR-GAL4>dpp; EIF4A2 WT controls. One-way ANOVA followed by Tukey’s post hoc test was performed for the sta-
tistical analysis. Data shownmean5 SEMwith sample size of total number of male and female flies shown in figure. Significance shown
as *p < 0.05, **p < 0.01, ***p < 0.001.
(D) Knockdown of eIF4A in the GMR domain results in pupal lethality. Expression of human EIF4A2 WT in this background results in
complete rescue of pupal lethality, whereas the variants fail to rescue the lethality.
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with a more severe developmental phenotype due to

decreased helicase activity, which supports the critical

function of these domains in the DEAD-box family.11

Together, our detailed in silico analysis suggests that these

missense EIF4A2 variants disrupt the interaction between

key residues and introduces new bulky sidechains that

may perturb protein interactions. These changes are pre-

dicted to impact the enzymatic activity of EIF4A2, disrupt

the stability of the protein, and hinder EIF4A2 protein

function.

Comparing genotypes and phenotypes within the cohort

revealed several findings of interest, suggesting a genotype-

phenotype correlation with the affected protein domain.

Clinical severity ranged frommild ID to profound cognitive

impairment with almost absent developmental progress

and the severity correlated with the variant’s location in

key protein domains (Figure 3A). Mild clinical phenotypes

were seen in three individuals (I:1–I:3) with EIF4A2 variants

upstream of the helicase domains, p.Ser2Cys, p.Asp37del,

and p.Leu44Profs*10, respectively (Tables 1 and 2). The

variant p.Leu44Profs*10 was found to be mosaic for individ-

ual I:3, which may also contribute to the milder clinical pre-

sentation. All three individuals presented with mild ID,

normal vision, hearing, respiratory status, GI motility, and

had no history of seizures. Hypotonia was identified in two

of these individuals. In contrast, severe NDDs were seen in

12 individuals (I:4–I:15) (Tables 1 and 2). Individuals I:4–

I:10hadvariantspresent in thehelicaseATP-bindingdomain

with p.Arg62Serfs*7 (variant 1 for I:4 and I:5), p.Gly161Trp,

p.Gly192Ser, p.Ser214Tyr, p.Thr216Ala, and p.Thr216Ile

(I:6–I:10). Individuals I:12–I:15 had variants present in the

helicase C-terminal domain with p.Ile315del, p.Leu344Phe,

p.Gly362Ser, p.Gly364Glu, and p.Asp387_Ile388del (variant

2 for I:4 and I:5). Finally, individual I:11 had a variant imme-

diately adjacent to the helicase C-terminal domain,

p.Thr243Ile. All these 12 individuals had hypotonia and sei-

zures, and 11 out of 12 of themhad severe to profoundGDD

or ID. Ten of the 12 individuals had feeding difficulties with

dysmotility present in five and g-tube dependence in seven

individuals.

These affected residues in our cohort are highly conserved

in both vertebrate and invertebrate species, suggesting they

are critical for the protein’s conserved functions. Our func-

tional analysis in flies reveal an important role for EIF4A2

in mediating critical developmental processes. EIF4A2 and

its protein domains are well conserved in the fly homolog,

eIF4A, which is ubiquitously expressed during fly embryo-

genesis, larval wing imaginal disc, haltere, leg, and eye

discs.46 A recent study showed that eIF4A has an indispens-

able role in sensory dendrite pruning in flies.45 The dendrite

pruning of fly sensory neurons occurs during ecdysone-

mediated metamorphosis through a defined transcriptional

program. eIF4A is one of the proteins required for the trans-

lation of ecdysone receptor target genes to regulate dendrite

pruning.45 Another critical development role for eIF4A is the

negative regulation of dpp signaling. In flies, eIF4A physi-

cally interacts with the Smad proteins, Mad and Medea, to
The Americ
promote their degradation, which leads to decreased dpp

signaling.23 Together, these prior findings show that eIF4A

regulates key pathways required for nervous systemdevelop-

ment and function.

We found that neuron-specific expression of the EIF4A2

missense variants, p.Gly364Glu, p.Leu344Phe, and

p.Thr243Ile, resulted in fly climbing defects, revealing

these are dominant variants with potentially LOF effects.

Interestingly, expression of EIF4A2 p.Thr216Ile in the

wing pouch and blade resulted in wing margin serrations

and reduced pMad expression that is similar to the effects

of fly eIF4A overexpression in the wing margin.23 This

result reveals that EIF4A2 p.Thr216Ile is a potential domi-

nant GOF allele. As eIF4A is shown to negatively regulate

dpp signaling in fruit flies, we examined the effects of

EIF4A2 variants in the background of increased dpp

signaling. In flies, overexpression of dpp in the eye results

in a roughened eye surface. We found that EIF4A2

p.Leu344Phe and p.Thr243Ile expression in the dpp-over-

expression background worsened the dpp-induced eye

phenotype and led to disorganized ommatidial arrange-

ment. Together, these results reveal that EIF4A2 p.Leu344-

Phe, p.Thr243Ile, and p.Gly364Glu variants in or adjacent

to the CTD act as dominant LOF alleles, while the EIF4A2

p.Thr216Ile variant in the NTD acts as a GOF allele.

To determine whether there is a functional difference be-

tween the EIF4A2missense variants, we examined the abil-

ity of these variants to rescue the pupal lethality resulting

from GMR-Gal4-mediated loss of over 50% of eIF4A func-

tion. Our rescue assessment showed that the human

EIF4A2 WT fully rescued the pupal lethality caused by

reduced eIF4A expression in the GMR domain, but there

was reduced (p.Leu344Ph, p.Gly364Glu, p.Thr243Ile) to

absent (p.Thr216Ile) rescue efficiency for the missense var-

iants. These findings further support that EIF4A2

p.Leu344Phe, p.Gly364Glu, and p.Thr243Ile are poten-

tially LOF variants, whereas p.Thr216Ile is a GOF variant

with most likely toxic effect upon expression in fruit flies.

Together, our overexpression and rescue fly assays reveal

that EIF4A2 variants contribute to human neurological

phenotypes through both LOF and GOF mechanisms.

In addition to the de novo mono-allelic EIF4A2 variants

identified in 12 individuals in our cohort, three other indi-

viduals had inherited bi-allelic EIF4A2 variants. These

mono-allelic and bi-allelic EIF4A2 variants reported here

lead to a distinct overlapping phenotypic spectrum. To

date, over 30 disease genes have been identified with

both dominant (mono-allelic) and recessive (bi-allelic) in-

heritance patterns.47,48 Such allelic heterogeneity may

result from variability in the functional consequences of

the pathogenic variants resulting in dominant negative,

LOF, or GOF mechanisms,49 which is consistent with our

findings that EIF4A2 p.Leu344Phe, p.Gly364Glu, and

p.Thr243Ile are likely LOF variants, whereas p.Thr216Ile

is a GOF variant. Several of the known disease genes that

are associated with both recessive and dominant inheri-

tance patterns are found to have a pLI score of 1.50 Despite
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this apparent lack of tolerance for LOF variants, the human

disease is associated with asymptomatic parents who are

heterozygous carriers for the LOF variant and simulta-

neously there are symptomatic individuals with de novo

mono-allelic missense variants with likely LOF effects.47,50

These results suggest that the predicted functional conse-

quences of potentially pathogenic variant alleles cannot

fully explain the allelic heterogeneity alone and that other

factors, such as epigenetic regulation and protein-protein

interactions, may also be contributory.

Of our three individuals with inherited bi-allelic EIF4A2

variants, one individual (I:2) is homozygous for p.Asp37del

and two individuals are siblings (I:4 and I:5) with p.Arg62-

Serfs*7 and p.Asp387_Ile388del bi-allelic variants. I:2’s ho-

mozygous variant, p.Asp37del, causes a single amino acid

deletion in the N-terminus of EIF4A2 that is within the Q

motif upstream of the ATPase domains. The Q motif is an

important regulatory element within DEAD-box proteins

that plays a role inATPbinding, hydrolysis, andRNA recruit-

ment.51 This individual has a milder neurodevelopmental

phenotype that is characterized by mild ID and hypotonia

with an absence of known structural brain abnormalities

and seizures. This variant was inherited from asymptomatic

consanguineous parents. A single amino acid deletion may

not lead to a disease state in a mono-allelic state, as is seen

with the common CFTR p.Phe508del variant in cystic

fibrosis (MIM:602421)whereoneoutof every 25 individuals

of European ancestry are mono-allelic asymptomatic

carriers. However, cystic fibrosis occurs in the presence of

bi-allelic CFTR p.Phe508del variants as a result of a protein

processing defect that significantly decreases protein levels

and impairs the function of the residual abnormally folded

protein.52 Therefore, it is possible that EIF4A2 p.Asp37del

may have a similar effect with an adequate amount of func-

tional protein present in themono-allelic state, but in the bi-

allelic form there may be pronounced impairments in ATP

binding, hydrolysis, or RNA recruitment at the Qmotif.

In contrast, I:4 and I:5 have inherited bi-allelic EIF4A2

variants leading to both a frameshift (p.Arg62Serfs*7) and

a deletion of two amino acids (p.Asp387_Ile388del). Both

variants are inherited from asymptomatic parents with a

mono-allelic variant. It is possible that an adequate

amount of functional protein is present in a mono-allelic

state, but the disease pathogenesis occurs in the bi-allelic

state because of pronounced loss of functional protein.

This graded sensitivity to the functional dosage of

EIF4A2 protein function may be consistent with the

more severe clinical findings in I:4 and I:5. While their

clinical findings do overlap with the 11 affected individ-

uals in our cohort with de novo mono-allelic variants, I:4

and I:5 have progressive neurodegeneration that is not

seen in the individuals with mono-allelic variants. They

also have severe ID, absent speech, hypotonia, intractable

seizures, and structural brain abnormalities. Our fruit fly

findings support a linear correlation between disease

severity and the functional dosage of EIFA2. In our eIF4A

RNAi-mediated knockdown study, we found that eIF4A
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knockdown at a higher temperature (25�C) has a more se-

vere phenotype (lethality at embryonic stage) compared to

the lower temperature (20�C–21�C) phenotype (lethality at

pupal stage) (Figure S2). The difference in phenotypic

severity suggests a dose-dependent activity for eIF4A in

the fruit flies resulting from the temperature sensitivity

of the UAS-GAL4 system. This temperature sensitivity is

presumably due to increased GAL4-dependent transcrip-

tional activation of the UAS allele at higher temperatures

and lower transcriptional activation at lower tempera-

tures.53 Therefore, at 25�C the eIF4A knockdown is stron-

ger as a result increased RNAi dosage than at 20�C–21�C,
which demonstrates that relatively milder loss of eIF4A

function leads to a relatively milder phenotype compared

to stronger loss of eIF4A function. Longitudinal follow-

up and new prospective recruitment efforts will further

refine the EIF4A2 genotype-phenotype correlations, which

may advance our understanding of mono-allelic and bi-

allelic variants in disease pathogenesis.

In conclusion, our study provides evidence that both

mono-allelic and bi-allelic EIF4A2 variants result in a

syndromic neurodevelopmental disorder characterized

by variable developmental delays, epilepsy, hypotonia,

cognitive impairments, GI dysmotility, respiratory com-

plications, and visual impairments. Although a compre-

hensive interpretation of genotype to phenotype severity

is limited by the small sample size, our clinical and molec-

ular findings suggest that variants upstream of the

helicase domains are less damaging than variants in the

helicase domains. Furthermore, the in vivo functional

modeling in fruit flies reveal that EIF4A2 variants may

contribute to disease pathogenesis through both LOF

and GOF mechanisms. A larger sample size and longitudi-

nal monitoring of neurodevelopment would be beneficial

for determining the genotype-phenotype correlations be-

tween affected protein domains and the inheritance

pattern (recessive or dominant).
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