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Are Associated with Developmental Delay,
Leukoencephalopathy, and Neurologic Decompensation
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EIF2AK1 and EIF2AK2 encode members of the eukaryotic translation initiation factor 2 alpha kinase (EIF2AK) family that inhibits pro-

tein synthesis in response to physiologic stress conditions. EIF2AK2 is also involved in innate immune response and the regulation of

signal transduction, apoptosis, cell proliferation, and differentiation. Despite these findings, human disorders associated with delete-

rious variants in EIF2AK1 and EIF2AK2 have not been reported. Here, we describe the identification of nine unrelated individuals

with heterozygous de novo missense variants in EIF2AK1 (1/9) or EIF2AK2 (8/9). Features seen in these nine individuals include white

matter alterations (9/9), developmental delay (9/9), impaired language (9/9), cognitive impairment (8/9), ataxia (6/9), dysarthria in pro-

bands with verbal ability (6/9), hypotonia (7/9), hypertonia (6/9), and involuntary movements (3/9). Individuals with EIF2AK2 variants

also exhibit neurological regression in the setting of febrile illness or infection. We use mammalian cell lines and proband-derived fibro-

blasts to further confirm the pathogenicity of variants in these genes and found reduced kinase activity. EIF2AKs phosphorylate eukary-

otic translation initiation factor 2 subunit 1 (EIF2S1, also known as EIF2a), which then inhibits EIF2B activity. Deleterious variants in

genes encoding EIF2B proteins cause childhood ataxia with central nervous system hypomyelination/vanishing white matter

(CACH/VWM), a leukodystrophy characterized by neurologic regression in the setting of febrile illness and other stressors. Our findings

indicate that EIF2AK2missense variants cause a neurodevelopmental syndrome thatmay share phenotypic and pathogenicmechanisms

with CACH/VWM.
The eukaryotic translation initiation factor 2 alpha kinase

(EIF2AK) family is comprised of four mammalian kinases

that regulate the cytoprotective integrated stress response

(ISR) required for cellular adaptation to stress condi-

tions.1,2 EIF2AK1 (MIM: 613635; HGNC: 24921), also

known as Heme-Regulated Inhibitor, responds to heme

deprivation and proteasome inhibition and maintains
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basal endoplasmic reticulum (ER) stress.3–7 EIF2AK1 con-

tains two protein kinase domains and two heme binding

sites. EIF2AK2 (MIM: 176871; HGNC: 9437), also known

as Protein Kinase R, is activated by double-stranded RNA

(dsRNA) and can block the translation of viral mRNA in

response to infection,8–10 activation also occurs in

response to oxidative stress, ER stress,11–14 cytokines,14,15
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and growth factors.16 EIF2AK2 contains two dsRNA bind-

ing motifs (DSRM) and a protein kinase domain. In the

presence of their respective cellular stressors, both EIF2AK1

or EIF2AK2 activate ISR by phosphorylating Eukaryotic

Translation Initiation Factor 2 Subunit 1 (EIF2S1, also

known as EIF2a), a major regulator of the initiation of

mRNA translation and the rate of protein synthesis. The

phosphorylation of EIF2S1 on serine 51 by EIF2AK family

members prevents mRNA translation and results in tran-

sient suppression of general protein synthesis.17,18 Prior

studies have linked missense, nonsense, and splicing vari-

ants in EIF2AK3 (MIM: 604032) to autosomal recessive

epiphyseal dysplasia with early onset diabetes mellitus

(MIM: 226980) and truncating variants in EIF2AK4

(MIM: 609280) to autosomal recessive pulmonary veno-

occlusive disease type 2 (MIM: 234810).19,20 However,

neither of these disorders present with primary neurologic

findings. The phenotypic consequences of rare variants in

human EIF2AK1 and EIF2AK2 are currently unknown.

Nine probands were found via trio exome sequencing

(ES) with Sanger sequencing confirmation to have rare

missense variants in either EIF2AK1 or EIF2AK2. DNA

was extracted from peripheral blood mononuclear cells

for ES. Maternity and paternity were confirmed by the in-

heritance of rare SNPs from the parents and sample swap

was excluded. There were no pathogenic copy number var-

iants identified by chromosomal microarray. Clinical data

were obtained after written informed consent was ob-

tained in accordance with the ethical standards of the

participating institutional review boards (IRB) on human

research at each respective institution. A summary of the

molecular findings and recurrent phenotypes of all nine

individuals in our cohort is in Tables 1 and S1–S3.

Probands 1 through 3 were identified through the Undiag-

nosed Diseases Network (UDN)21,22 (Table 1, probands 1–

3). Probands 4 through 9 were identified through curation

of �13,500 clinical ES from Baylor Genetics (BG) and Gen-

eMatcher23,24 (Table 1, probands 4–9).

Researchers usedCodifiedGenomics (variation interpreta-

tion software) for variant review in probands 1 and 2. Pro-

band 1 is a 6-year-old female of Irish and German descent

with developmental delay, progressive lower extremity spas-

ticity, hypertonia, dysarthria, anxiety, and attention deficit

and hyperactivity disorder (ADHD). Brain and spinal cord

MRI studies revealed non-specific T2-weighted hyperinten-

sities at the posterior lateral ventricles (Figures 1A and 1B).

Trio exome sequencing (ES) identified a de novo missense

variant in EIF2AK1 (c.1342A>G [p.Ile448Val]) (RefSeq:

NM_014413.4). Proband 2 is a 10-year-old male of German,

Mexican, and Spanish descent with developmental delay,

ataxia,mixedhypotonia andhypertonia, dystonia,hemibal-

lismus, choreoathetosis, myoclonus, dysarthria, parkin-

sonism, cognitive impairment, epilepsy, and anxiety. At 5

years of age, he abruptly lost developmental milestones

including balance and coordination and developed progres-

sivelyworseningmovement disorders due to a febrile illness.

Brain and spinal cord MRI studies revealed thinning of the
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corpus callosum, reduced volume of the cerebellar vermis,

and T2-weighted hyperintensities in the dorsal upper cervi-

cal cord, dorsal medulla, dorsal pons, and periaqueductal

gray (Figures 1C and 1D). Trio ES revealed a de novomissense

variant in EIF2AK2 (c.31A>C [p.Met11Leu]; RefSeq:

NM_002759.3). Although the EIF2AK2 p.Met11Leu variant

is not present in gnomAD,25,26 a different variant affecting

the same residue (EIF2AK2 p.Met11Val) was seen in three

other heterozygous individuals (mean allele frequency

0.00001061) in gnomAD.25 Proband 3 is a 13-year-old male

of Chinese descent with developmental delay, ataxia, mixed

hypotonia and hypertonia, spasticity, dystonia, dysarthria,

parkinsonism, cognitive impairment, and autism. He ex-

hibited progressive decline inneurologic function andwhite

matter changes with febrile illnesses. Brain and spinal cord

MRI studies revealed a prominent cisterna magna, reduced

volume of the cerebellar vermis, diffuse hypomyelination,

and thinning of the corpus callosum, as well as T2-weighted

hyperintensities in the subcortical whitematter, periventric-

ular white matter, and patchy signal abnormalities in the

brainstem (Figure 1E). Trio ES revealed a de novo missense

variant in EIF2AK2 (c.398A>T [p.Tyr133Phe]).

Proband 4 is a 3-year-old female of European descent

with developmental delay, ataxia, hypotonia, tremor,

dysarthria, cognitive impairment, and concern for seizure

activity. She had progressive loss of developmental mile-

stones with febrile illnesses. Brain and spinal cord MRI

studies revealed diffuse hypomyelination, cerebral volume

loss, and abnormal signal in the central gray matter of the

cord. Trio ES identified a de novo missense variant in

EIF2AK2 (c.973G>A [p.Gly325Ser]). Proband 5 is an

18-month-old male of European descent with acquired

microcephaly, developmental delay, ataxia, mixed hypoto-

nia and hypertonia, dystonia, tremor, parkinsonism,

cognitive impairment, and seizures. He exhibited progres-

sive loss of developmental milestones with fevers and ill-

nesses. Brain MRI studies revealed thinning of the corpus

callosum, delayed myelination, and cerebral volume loss.

He was diagnosed with phenylketonuria (PKU) on

newborn screen at 3 days of age and treatment was initi-

ated at diagnosis. Compound heterozygous missense vari-

ants were identified in Phenylalanine Hydroxylase

(p.Arg158Gln and p.Arg408Trp). Despite consistent medi-

cal management, it was difficult to maintain serum

phenylalanine levels within normal limits. The Center

for Mendelian Genomics and the Broad Institute per-

formed trio ES and analyzed the results with SEQR27 and

VExP.28 Trio ES revealed a de novo missense variant in

EIF2AK2 (c.1382C>G [p.Ser461Cys]).

Proband 6 is a 19-month-old male of Moroccan and Ku-

waiti descent with acquired microcephaly, developmental

delay, ataxia, hypotonia, dystonia, and cognitive impair-

ment. At 13months of age, he abruptly lost developmental

milestones including head control, rolling over, eye con-

tact, and vocalizations following a febrile illness due to

influenza A. Initial brain MRI study at 7 months of age

revealed delayed myelination that was particularly
rican Journal of Human Genetics 106, 570–583, April 2, 2020 571



Table 1. Summary of Clinical and Molecular Findings in Individuals with Heterozygous De Novo EIF2AK1 and EIF2AK2 Variants

Proband 1 Proband 2 Proband 3 Proband 4 Proband 5 Proband 6 Proband 7 Proband 8 Proband 9

Molecular Findings

Gene EIF2AK1 EIF2AK2 EIF2AK2 EIF2AK2 EIF2AK2 EIF2AK2 EIF2AK2 EIF2AK2 EIF2AK2

cDNA NM_014413.4;
c.1342A>G

NM_002759.3;
c.31A>C

NM_002759.3;
c.398A>T

NM_002759.3;
c.973G>A

NM_002759.3;
c.1382C>G

NM_002759.3;
c.326C>T

NM_002759.3;
c.325G>T

NM_002759.3;
c.95A>G

NM_002759.3;
c.290C>T

Protein p.Ile448Val p.Met11Leu p.Tyr133Phe p.Gly325Ser p.Ser461Cys p.Ala109Val p.Ala109Ser p.Asn32Ser p.Ser97Phe

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

AOH no no no no no 47 Mb on
chromosome 17

no n/a no

CNV no no no no no no no n/a no

Background

Gender female male male female male male male male male

Age at most
recent
assessment

6 years 10 years 13 years 3 years 18 months 19 months 3 years 12 years 4 years

Ancestry Irish, German German,
Mexican,
Spanish

Chinese European European Moroccan,
Kuwaiti

European European German,
Irish, Apache,
Cherokee

Neurology

Dysarthria or
nonverbal

dysarthria dysarthria dysarthria dysarthria nonverbal nonverbal dysarthria dysarthria nonverbal

Nonambulatory no no no no yes yes no no yes

Gait ataxia no yes yes yes n/a n/a yes no no

Truncal ataxia no yes no no yes yes no no no

Hypotonia no yes yes yes yes yes yes no yes

Hypertonia yes, lower
extremities

yes yes no yes yes yes yes yes

Hyperreflexia yes, lower
extremities

no yes no yes no yes yes yes

Spasticity yes, lower
extremities

no yes yes yes no yes yes yes

Dystonia no yes yes no yes yes no no yes

Tremor no yes no yes yes no no no no

Myoclonus no yes no no no no no no no

(Continued on next page)
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Table 1. Continued

Proband 1 Proband 2 Proband 3 Proband 4 Proband 5 Proband 6 Proband 7 Proband 8 Proband 9

Choreathetosis no yes no no no no no no no

Hemiballismus no yes no no no no no no no

Extrapyramidal
signs

bradykinesia parkinsonism,
tremor,
dystonia

parkinsonism,
bradykinesia,
bradyphrenia

tremor parkinsonism,
bradykinesia,
rigidity, mask-
like facies

no no parkisonism,
hypomimia,
abnormal
postural
reactions

no

Seizures no yes no no yes yes no no yes

Seizure history N/A GTC N/A concern for
seizure activity,
normal EEG

focal complex
seizures, focal
epileptiform
discharges

focal tonic
seizures,
multifocal
epileptiform
discharges,
seizure onset
at 7 months
old

N/A no focal complex
seizures,
focal
epileptiform
discharges,
seizure onset
at 4
months old

OFC at birth N/A 31.5 cm
(Z ¼ �0.5)

35.5 cm (0.82) n/a 32 cm
(Z ¼ �0.5)

N/A N/A 34 cm
(Z ¼ �0.5)

N/A

OFC at latest
assessment

51.5 cm
(Z ¼ 1.0)

53.2 cm
(Z ¼ �0.05)

52.8 cm
(Z score ¼
�0.66)

44.50
(Z ¼ �1.18,
17 months)

43 cm
(Z ¼ �3.0)

44.5 cm
(Z ¼ �2.42)

48.8 cm
(Z ¼ �1.4)

49 cm
(Z ¼ �1.0)

49 cm
(Z ¼ �1.61)

Neurologic
regression
with febrile
illness

not reported yes yes yes yes yes yes yes yes

Features of
neurologic
regression

n/a n/a neurologic
decline with
febrile illnesses

neurologic
decline with
febrile illnesses

neurologic
decline with
febrile illnesses

loss of eye
contact,
babbling,
and motor
skills with
influenza A
illness at
13 months

abruptly
nonverbal with
neurologic
decline
following
febrile RSV
illness at
4 years old

transient but
severe worsening
of the postural
instability during
febile illness

loss of
crawling
and oral
skills with
human
metapneumovirus
illness at 4
years old

Additional
features

urinary and
fecal urgency,
slow finger
tapping
movements

urinary
and fecal
incontinence,
silent aspiration
of thin liquids

intellectual
disability,
dysphagia,
poor eye
contact

abnormal eye
movements
concerning for
seizure

acquired
microcephaly,
laryngomalacia,
gastroparesis,
head titubations

exacerbation of
epilepsy with
febrile illnesses

progressive
contractures,
walks in a
crouched
position
with elbows
flexed, thumbs
adducted, bilateral
feet pronation

acquired
microcephaly

failure to thrive

(Continued on next page)
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Table 1. Continued

Proband 1 Proband 2 Proband 3 Proband 4 Proband 5 Proband 6 Proband 7 Proband 8 Proband 9

MRI Brain

Age at
assessment

3 years 7 years 10 years 17 months 6 months 18 months 4 years 8.5 years 4 years

Cerebral
volume loss

no yes no yes yes yes yes yes yes

T1W signal isointense isointense isointense isointense isointense isointense isointense isointense hyperintensity
throughout the
supratentorial
and infratentorial
white matter

T2W signal hyperintensity,
posterior lateral
ventricles

hyperintensity,
dorsal-most
upper cervical
cord, dorsal
medulla,
dorsal pons,
periaqueductal
gray

hyperintensity,
confluent signal
in subcortical
and periventricular
white matter,
patchy signal in
brainstem

isointense isointense isointense hyperintensity,
dorsal medulla
and periventricular

hyperintensity,
posterior part of
putamen,
periventricual
and deep white
matter, inferior
cerebellar
peduncles

hypointensity
throughout the
supratentorial
and infratentorial
white matter

Contrast
enhancement

no no no no no no no no no

Diffusion
restriction

no no no no no no no no no

Delayed
myelination

N/A, age
greater than
2 years

N/A, age
greater than
2 years

N/A, age
greater than
2 years

N/A, age
greater than
2 years

yes yes N/A, age
greater than
2 years

N/A, age
greater than
2 years

N/A, age
greater than
2 years

Hypomyelination/
abnormal
myelination

no yes yes yes N/A, age
less than
2 years

N/A, age
less than
2 years

yes yes yes

Thinning of the
corpus callosum

no yes yes yes yes yes yes yes yes

Vermis volume
loss

no yes yes no no yes yes no yes

Additional features periventricular
gliosis

progressive
enlargement
of lateral
ventricles, mild
prominence of
supratentorial
sulci

prominent
cisterna magna,
prominent
ventricles,
widening of the
sylvian fissures,
diffuse
hypomyelination

prominent
sulci and
enlargement of
the ventricles,
generalized
cerebral atrophy,
hypomyelination

pronounced
delayed
myelination, diffuse
hypomyelination,
generalized cerebral
atrophy, prominent
ventricles

pronounced
delayed
myelination
in cerebral
hemispheres,
brainstem, and
cerebellum; inferior
vermian hypoplasia

bifrontal lobe
polymicrogyria,
arachnoid cyst

atrophy of
posterior
part of putamina,
hyperintense
T2 signal of
periventricular
and deep white
matter

pronounced delayed
myelination,
bifrontal lobe
polymicrogyria,
numerous areas of T1
hyperintensity
throughout the
supra and
infratentorial
white matter

Abbreviations: T1W, T1-weighted; T2W, T2-weighted; IUGR, intrauterine growth restriction; SGA, small for gestational age; EEG, electroencephalography; GTC, generalized tonic-clonic; OFC, occipital frontal circumference;
AOH, absence of heterozygosity; CNV, copy number variant; N/A, not available.
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Figure 1. Delayed Myelination, Cerebral
Atrophy, and White Matter Abnormalities
Associated withDe Novo EIF2AK2Missense
Variants
(A and B) Representative images from pro-
band 1 with EIF2AK1 p.Ile448Val variant
at 2 years old acquired on a 1.5 Tesla
(1.5T) MRI.
(A) MRI brain without contrast images. (i)
Mid-sagittal T1-weighted image with
appropriate size of corpus callosum and
cerebellar vermis. (ii) Axial FLAIR image
showing non-specific T2-weighted hyper-
intensities at the posterior lateral
ventricles (red ars).
(B) MRI upper spinal cord images. Mid-
sagittal T2-weighted (i) and T1-weighted
(ii) images showing unremarkable upper
spinal cord appearance.
(C and D) Representative images from pro-
band 2 with EIF2AK2 p.Met11Leu variant
at 7 years old acquired on a 1.5 Tesla
(1.5T) MRI.
(C) MRI brain without contrast images. (i)
Mid-sagittal T1-weighted image showing
thinning of the corpus callosum (red ars)
and mild cerebellar vermis hypoplasia
(asterisk). (ii) Axial FLAIR image showing
mild reduction in cerebral volume with
thinning of the gyri and widening of the
sulci.
(D) MRI upper spinal cord images. (i) Mid-
sagittal T2-weighted image showing
hyperintensities in the dorsal-most upper
cervical cord, dorsal medulla, and dorsal
pons (red ars). (ii) Post-contrast mid-sagittal
T1-weighted image showing contrast
enhancement in the upper cervical cord.

(E) Representative images from proband 3 with EIF2AK2 p.Tyr133Phe variant at 10 years old acquired on a 1.5T MRI. (i) Mid-sagittal T1-
weighted image showing thinning of the corpus callosum (red ars) with cerebellar vermis hypoplasia and prominent cisterna magna
(asterisk). (ii) Axial FLAIR image showing diffuse hyperintensities throughout the white matter (red ars).
(F) Representative images from proband 6 with EIF2AK2 p.Ala109Val variant at 18 months old acquired on a 3.0T MRI. (i) Mid-sagittal T1-
weighted image showing thinning of the corpus callosum (red ar), cerebral atrophy (yellow ars), and inferior cerebellar vermis hypoplasia
(asterisk). (ii) Axial FLAIR image showing pronounced delayed myelination in the cerebral hemispheres.
(G)Representative typical controlMRIbrain (i)mid-sagittal T1-weightedand (ii) axial FLAIR images froma3-year-old acquiredona1.5TMRI.
(H) Representative typical control (i) mid-sagittal T2-weighted and (ii) post-contrast mid-sagittal T1-weighted images from a 2-year-old
acquired on a 1.5TMRI.
pronounced along the cerebral hemispheres, brainstem,

and cerebellum with thinning of the corpus callosum,

cerebral volume loss, and inferior cerebellar vermian hypo-

plasia. Subsequent brain MRI study at 13 months of age

following neurologic regression during febrile illness

showed progressive global volume loss without substantial

progress in myelination (Figure 1F). The family history is

significant for consanguinity. Parents are first cousins

once removed. A 47-Mb region with absence of heterozy-

gosity on chromosome 17 (17p11.2q24.1) was identified.

Chromosome 17 has not been reported with a clinical uni-

parental disomy (UPD) phenotype and therefore addi-

tional UPD testing was not clinically indicated. The region

of AOHwould be consistent with the family history of con-

sanguinity. Trio ES revealed a de novo missense variant in

EIF2AK2 (c.326C>T [p.Ala109Val]).

Proband 7 is a 3-year-old male of European descent

with developmental delay, ataxia, mixed hypotonia and
The Ame
hypertonia, progressive lower extremity contractures,

dysarthria, and cognitive impairment. He presented at

7–8 months of age with loss of developmental milestones

in the setting of a febrile illness. At 4 years of age, he

abruptly lost expressive language following a febrile illness

due to respiratory syncytial virus. Brain MRI studies

revealed thinning of the corpus callosum, progressive cere-

bral volume loss, reduced volume of the cerebellar vermis,

bilateral frontal lobe polymicrogyria, and hypomyelina-

tion. Trio ES revealed a de novomissense variant in EIF2AK2

(c.325G>T [p.Ala109Ser]). Proband 8 is a 12-year-old male

of European descent. He presented during the first few

months of life with developmental delay and acquired

microcephaly, and subsequently had progressive lower ex-

tremity spasticity with hyperreflexia, parkinsonism, dysar-

thria, and cognitive impairment. Severe worsening of

postural instability was apparent during febrile illnesses.

Brain MRI studies revealed abnormal myelination with
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(legend continued on next page)
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T2-hyperintensitities in the periventricular and deep white

matter, thinning of the corpus callosum, cerebral volume

loss, and atrophy of the posterior putamina. Trio ES

revealed a de novo missense variant in EIF2AK2 (c.95A>G

[p.Asn32Ser]). Proband 9 is a 4-year-old male of German,

Irish, Apache, and Cherokee descent with developmental

delay, mixed hypotonia and hypertonia, dysarthria, cogni-

tive impairment, and epilepsy. He presented in the first few

months of life with bilateral horizontal nystagmus and sei-

zures. At 4 years of age he abruptly lost the ability to crawl

with regression in oral skills following a febrile illness due

to human metapneumovirus infection. Brain MRI studies

revealed thinning of the corpus callosum, cerebral volume

loss, reduced volume of the cerebellar vermis, bilateral

frontal lobe polymicrogyria, and hypomyelination. Trio

ES revealed a de novo missense variant in EIF2AK2

(c.290C>T [p.Ser97Phe]).

The de novo missense variants identified in these nine

individuals predominantly localize to either the protein ki-

nase or DSRM domains of EIF2AK1 and EIF2AK2 (Figures

2A and 2B).9–11 We also identified a rare missense variant

in EIF2AK2 (c.341T>A [p.Leu114Gln]) of unknown inher-

itance from a proband-only ES in an individual with a

discordant phenotype (dysmorphic facies, syndactyly,

congenital microcephaly, and global developmental

delay). We included the EIF2AK2 p.Leu114Gln variant in

the molecular studies as a rare variant control. All of the

variants were absent from the Exome Aggregation Con-

sortiumDatabase29 and the Genome Aggregation Database

(gnomAD).25

We utilized statistical models to explore whether

EIF2AK1 and EIF2AK2 undergo selective restraint, a process

where selection has reduced functional variation. Analysis

of the observed to the expected loss-of-function (LoF) vari-

ation across the genes for EIF2AK1 and EIF2AK2 revealed

observed/expected (o/e) scores of 0.47 and 0.30, respec-

tively.25 These o/e results indicate that there is less LoF

variation than predicted.25 Additionally, the Residual Vari-

ation Intolerance Score version 4 (RVISv4) is �0.331 for

EIF2AK1 and �1.2108 for EIF2AK2, where RIVS < 0 indi-

cates there is less common functional variation in the

population than predicted.30 However, both EIF2AK1 and

EIF2AK2 have low probability of LoF intolerance scores

(pLI ¼ 0 and 0.06, respectively) in gnomAD.25 Based on

the gene size and GC content, 34 (EIF2AK1) and 31
(B) 3D structure of EIF2AK2 DSRM and Kinase domains with de nov
control, p.Leu114Gln, is in orange. Variants are mapped to the prote
(C) Full-length human EIF2AK1, EIF2AK2, and unrelated control cDN
andC terminus V5 tag. Lipofectamine 3000was used to transfect the c
protein level of V5-tagged and endogenous EIF2AK2. Increased EIF2
HeLa cell lines. All western blot images in this paper were acquired
analyses of the bands were performed with ImageJ. All images were
(D) Quantification of the effect of increased EIF2AK1 in mammalian
mined by Student’s t test. Data shown as mean 5 SEM; n ¼ 5 indep
(E) Lipofectamine RNAiMAX was used to transfect HEK293T and HeL
Three different siRNAs were tested per gene. Western blots show kno
show reduced p-EIF2S1 levels in bothHEK293TandHeLa cells. Knock
or HeLa cells.
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(EIF2AK2) LoF variants were expected, and in the gnomAD

population 16 (EIF2AK1) and 9 (EIF2AK2) LoF variants

were observed.25 Together, these statistical findings indi-

cate that EIF2AK1 and EIF2AK2 likely tolerate the loss of

one functional copy of the gene (haplosufficient) but there

is less variation in the population than predicted.

To determine the functional consequences of the de novo

variants identified in EIF2AK1 and EIF2AK2, we cloned

full-length human wild-type (WT) EIF2AK1, EIF2AK2,

and unrelated control cDNAs into the mammalian

vector pcDNA-DEST40 to generate C-terminal V5

(GKPIPNPLLGLDSD) tagged proteins (EIF2AK1-WT-V5

and EIF2AK2-WT-V5) under the control of a CMV

promoter. The pcDNA-DEST40 cDNA constructs were

transfected into two human cell lines, HEK293T and

HeLa. There were modest increases in EIF2AK1-WT-V5

and EIF2AK2-WT-V5 protein levels compared to an unre-

lated protein-V5 control (Figure 2C), suggesting that

EIF2AK1 and EIF2AK2 protein levels are tightly regulated

in these cell lines. Increasing EIF2AK1-WT-V5 protein

also reduced the total EIF2AK2 protein level (Figures 2C

and 2D). Next, to determine the consequences of EIF2AK1

or EIF2AK2 LoF, we examined the impact of either EIF2AK1

or EIF2AK2 knockdown on EIF2S1 phosphorylation

(p-EIF2S1) in HEK293T cells or HeLa cells. We designed

three independent siRNAs targeting different regions of

EIF2AK1 or EIF2AK2 mRNA and assessed p-EIF2S1 levels.

Two of the three EIF2AK1 siRNAs significantly reduced

p-EIF2S1 levels in both HEK293T and HeLa cell lines

(Figure 2E). However, in all three of the EIF2AK2 siRNAs

there were no changes in p-EIF2S1 levels (Figure 2E),

suggesting potential redundancy between the EIF2AK fam-

ily members in HEK293T and HeLa cells.

To test whether the EIF2AK1 and EIF2AK2 variants are

deleterious, we generated pcDNA-DEST40 cDNA con-

structs to express the human variants in HEK293T or

HeLa cells. The variants were generated via either Agilent

QuikChange Lightning or NEB Q5 site-directed mutagen-

esis and confirmed by Sanger sequencing. We assessed

the effects of the EIF2AK1 and EIF2AK2 variants on protein

kinase activity and protein stability in both mammalian

cell lines and available proband-derived skin fibroblasts.

First, we examined whether the EIF2AK1 and EIF2AK2 var-

iants altered protein kinase activity in HEK293T cells, by

measuring the phosphorylation of EIF2S1, the substrate
o EIF2AK2 variants in purple, magenta, or blue. The rare variant
in 3D structure using Mutation3D.49 PDB: 1QU6, 3UIU.
As were cloned into pcDNA-DEST40 Vector with a CMV promoter
DNAvectors into HEK293TandHeLa cells.Western blots show the
AK1 protein level reduces EIF2AK2 protein level in HEK293T and
using the Bio-Rad ChemiDoc Imaging Systems and densitometric
collected by the imaging system within the linear range.
cell lines on EIF2AK2 protein levels. Statistical significance deter-
endent replicates. *p < 0.05.
a cells with either control, EIF2AK1, or EIF2AK2 siRNA for 3 days.
ckdown efficiency for EIF2AK1 and EIF2AK2. Two EIF2AK1 siRNAs
down of EIF2AK2 does not affect p-EIF2S1 levels in either HEK293T
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Figure 3. De novo EIF2AK1 and EIF2AK2
Missense Variants Impair Kinase Activity
(A) Schematic diagram showing the down-
stream effectors of the EIF2AK1/EIF2AK2
pathway.
(B) Lipofectamine 3000 was used to trans-
fect HEK293T cells with EIF2AK1-WT-V5
or EIF2AK1-Ile448Val-V5 cDNA vectors.
Representative western blot shows that
EIF2AK1-Ile448Val-V5 fails to increase
EIF2S1 phosphorylation compared to
EIF2AK1-WT-V5. Statistical significance
determined by confirming the normality
of the data (p ¼ 0.05, Shapiro-Wilk test),
and then Student’s t test to measure the
difference between groups. Data shown as
mean þ SEM; n ¼ 3 independent repli-
cates. *p < 0.05, **p < 0.01.
(C) Lipofectamine 3000 was used to trans-
fect HEK293T cells with V5-tagged
EIF2AK2 WT or variant cDNAs. Western
blots show the level of the V5-tagged and
endogenous EIF2AK2 protein. (i) EIF2AK2
variants exhibit decreased protein stability
compared to WT. No change in EIF2AK2
protein levels were observed with rare
variant control, p.Leu114Gln. No change
in p-EIF2S1 levels were observed with
EIF2AK2 variants. (ii) LipofectamineTM
3000 was used to co-transfect HEK293T
cells with GFP-RFP-MAP1LC3A control
and either EIF2AK2-WT-V5 or EIF2AK2-
variant-V5 cDNAs. The GFP protein level
is consistent across all cells, indicating
that EIF2AK2 variants do not affect general
protein translation. (iii) Statistical signifi-
cance determined by confirming the
normality of the data (p ¼ 0.05, Shapiro-
Wilk test), and then Student’s t test to
measure the difference between groups.
Data shown as mean þ SEM; n ¼ 3–5 inde-
pendent replicates. *p < 0.05.
(D) Western blot showing reduced p-EIF2S1
levels in proband-derived skin fibroblasts
with heterozygous EIF2AK2 missense vari-
ants compared to unrelated control. Statisti-
cal significance determined by confirming
the normality of the data (p ¼ 0.05, Sha-
piro-Wilk test), and then Student’s t test to
measure the difference between groups.
Data shown as mean þ SEM; n ¼ 3–4 inde-
pendent replicates. *p< 0.05, **p < 0.01.
(E)Western blot showing total EIF2AK2pro-

tein level is not affected in proband-derived skin fibroblasts with heterozygous EIF2AK2 missense variants compared to unrelated control.
Statistical significance determinedby confirming thenormality of the data (p¼ 0.05, Shapiro-Wilk test), and then Student’s t test tomeasure
the difference between groups. n ¼ 4 independent replicates. n.s ¼ not significant.
(F)Western blot showing reducedATF4 levels in proband-derived skinfibroblastswithheterozygousEIF2AK2missense variants compared to
unrelated control. Statistical significance determined by confirming the normality of the data (p ¼ 0.05, Shapiro-Wilk test), and then
Student’s t test to measure the difference between groups. Data shown as mean þ SEM; n ¼ 3 independent replicates. *p < 0.05.
(G) Control or proband-derived skin fibroblasts were incubated in regular media with or without poly(I:C) (final concentration 10 mg/mL)
for 24 h and then protein was collected for western blot analysis. Increased p-EIF2S1 levels observed in control fibroblasts incubated with
poly(I:C) but proband-derived skin fibroblasts with heterozygous EIF2AK2 missense variants fail to increase EIF2S1 phosphorylation.
Statistical significance determined by Student’s t test. Data shown as mean þ SEM; n ¼ 3 independent replicates. **p < 0.01, n.s ¼
not significant.
of EIF2AK1/2 (Figure 3A). We found that EIF2AK1-WT-V5

protein in HEK293T cells upregulated p-EIF2S1 levels.

However, EIF2AK1-Ile448Val-V5 protein in HEK293T cells

had no effect on p-EIF2S1 levels, indicating that the
578 The American Journal of Human Genetics 106, 570–583, April 2,
EIF2AK1 p.Ile448Val variant impairs protein kinase

activity (Figure 3B). Unlike the EIF2AK1 findings, neither

EIF2AK2WT nor the variants tested in this study had an ef-

fect on p-EIF2S1 levels in HEK293T (Figure 3C, i) or HeLa
2020



(data not shown) cells. This finding is consistent with our

previous observation that EIF2AK2 knockdown in

HEK293T and HeLa cells had no effect on p-EIF2S1 levels

(Figure 2E), suggesting that HEK293T and HeLa cells are

insensitive to altered EIF2AK2 protein level.

Second, we examined whether the EIF2AK2 variants

affected the production of EIF2AK2 protein in HEK293T

(Figure 3C, i–iii) and HeLa (data not shown) cells by using

a V5 antibody to probe for the exogenous protein and an

EIF2AK2 antibody to probe for the total EIF2AK2

protein. Interestingly, we found that nearly all EIF2AK2

variants (p.Tyr133Phe, p.Ala109Val, p.Gly325Ser, and

p.Ser461Cys) in our cohort had reduced total and V5-

tagged EIF2AK2 protein levels. In comparison, the rare

variant control EIF2AK2 p.Leu114Gln, which we identified

in a proband with discordant phenotypes, had no reduc-

tion in protein levels compared to EIF2AK2 WT

(Figure 3C, i–iii). To examine whether the reduced EIF2AK2

protein stability associated with the p.Tyr133Phe,

p.Ala109Val, p.Gly325Ser, and p.Ser461Cys variants was

the result of impaired EIF2S1 signaling on general protein

translation, we performed co-transfection with an

unrelated protein, MAP1LC3A, tagged with GFP-RFP

(GFP-RFP-MAP1LC3A). The co-transfection of EIF2AK2

variants with GFP-RFP-MAP1LC3A had no effect on

GFP-RFP-MAP1LC3A levels, indicating that increased

levels of EIF2AK2 variants does not affect general protein

translation in HEK293T or HeLa cells (Figure 3C, ii).

Based on our findings that HEK293T and HeLa cells are

insensitive to changes in EIF2AK2 protein levels, we ob-

tained three independent proband-derived fibroblast lines

heterozygous for EIF2AK2 p.Met11Leu, p.Tyr133Phe, and

p.Ser461Cys from affected individuals enrolled in the

UDN or CMG (probands 2, 3, and 5). First, we examined

the levels of EIF2S1 phosphorylation in the fibroblast lines

and found a consistent reduction in p-EIF2S1 levels in all

three lines (Figure 3D). EIF2AK2 protein levels were stable

in the heterozygous proband-derived skin fibroblast lines

(Figure 3E), indicating that the reduced p-EIF2S1 levels

were likely due to impaired EIF2AK2 kinase activity. Simi-

larly, ATF4 protein level, which is regulated by p-EIF2S1,

is significantly decreased in all three fibroblast cell lines

(Figure 3F). Next, we examined whether EIF2AK2 kinase ac-

tivity can be stimulated in the heterozygous fibroblast lines

by inducing cellular stress through the addition of polyino-

sinic:polycytidylic acid (poly(I:C)). Poly(I:C) is structurally

similar to dsRNA, which is present in some viruses, and

can activate the ISR pathway through EIF2S1 phosphoryla-

tion by EIF2AK family members.31 Incubation with

poly(I:C) activates Toll-like receptor 3 (TLR3), which recog-

nizes dsRNA,32 and the activated TLR3 recruits TRAF6,

TAK1, and TAB2 to form the TAK1-complex.33–35 EIF2AK2

is present in the poly(I:C)-induced TAK1 complex and a ki-

nase inactive EIF2AK2mutant protein inhibits poly(I:C) in-

duction of the TLR3-mediated signaling pathway.33

Furthermore, poly(I:C) stimulation of mammalian cells

has been shown to upregulate the EIF2AK2-mediated phos-
The Ame
phorylation of EIF2S1.10,36,37 Together these findings sug-

gest that poly(I:C) stimulation of mammalian cells triggers

both a primary TLR3-mediated signaling event and a sec-

ondary EIF2AK2-mediated signaling event following

poly(I:C) uptake into cells.10 Therefore, to test the func-

tional consequences of the EIF2AK2 variants, we incubated

the proband-derived skin fibroblasts with 10 mg/mL

poly(I:C) for 24 h and then assessed p-EIF2S1 levels by west-

ern blot. Control (Ctrl) fibroblasts derived from unrelated

healthy individuals show an increase in EIF2S1 phosphory-

lation upon addition of poly(I:C) (Figure 3G). However, the

fibroblast lines heterozygous for either EIF2AK2 p.Met11-

Leu or p.Tyr133Phe failed to upregulate EIF2S1 phosphory-

lation in the presence of poly(I:C) (Figure 3G). We were un-

able to test the poly(I:C) induction in the heterozygous

EIF2AK2 p.Ser461Cys fibroblasts as the line failed to expand

after a few passages. Together, these results demonstrate

that EIF2AK2 p.Met11Leu, p.Tyr133Phe, and p.Ser461Cys

impair the EIF2AK2 kinase activity required for EIF2S1

phosphorylation in fibroblasts.

The results of our clinical andmolecular characterizations

in mammalian cell lines and proband-derived fibroblasts

showthatEIF2AK1orEIF2AK2missensevariants inkey func-

tional domains lead to neurodevelopmental disorders

with overlapping symptoms. The EIF2AK1 p.Ile448Val,

EIF2AK2 p.Met11Leu, EIF2AK2 p.Tyr133Phe, and EIF2AK2

p.Ser461Cys variants that we tested in either mammalian

cell linesorproband-derived skinfibroblasts showed reduced

kinase activity with impaired EIF2S1 phosphorylation.

Comparing genotypes andphenotypeswithin the cohort

reveals several findings of interest. First, proband 1with a de

novo EIF2AK1 p.Ile448Val variant has a distinct motor-pre-

dominant phenotype compared to the rest of the cohort

with de novo EIF2AK2 variants. Proband 1’s phenotype is

primarily distinguished by motor developmental delay,

speech articulation disorder, progressive spastic hemiplegia

with hyper-reflexia, and age-appropriate cognition. The

unrelated probands 2–9 have de novo EIF2AK2missense var-

iants and their phenotypes are relatively more severe

compared to proband 1. Commonphenotypes in probands

2–9 include motor findings as well as ataxia, movement

disorders, cognitive impairment, abnormal white matter

findings, cerebral volume loss, and reduced cerebellar ver-

mis volume. The LoF o/e score for EIF2AK1 (0.47) is higher

than for EIF2AK2 (0.3), suggesting that EIF2AK1 is more

tolerant than EIF2AK2 to LoF mutations. Therefore, the

phenotypic spectrum associated with EIF2AK1 variants

may be milder than for EIF2AK2 variants or there may be

incomplete penetrance of EIF2AK1 pathogenic variants.

However, this determination is limited by the small sample

size. Second, all eight probands with de novo EIF2AK2

missensevariantshave ahistoryofneurologicdecompensa-

tion in the setting of fevers and illnesses. Although an inter-

pretation of genotype to phenotype severity is limited by

the small sample size, it is possible that the p.Met11Leu

variant is less damagingas it didnot reduceEIF2AK2protein

levels in mammalian cell lines.
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Our functional data reveal that the de novo missense

variants impair EIF2AK1 or EIFAK2 kinase activity and

lead to reduced EIF2S1 phosphorylation. This impact on

EIF2S1 activity would interfere with downstream molecu-

lar pathways critical for responding to cellular stressors.

An abnormal stress response may underlie the neurologic

decompensation and corresponding white matter alter-

ations associated with fevers and illnesses in our cohort.

Potential pathogenic mechanisms for these variants

include gain-of-function, haploinsufficiency, and domi-

nant-negative. A gain-of-function mechanism is less likely

given the EIF2S1 phosphorylation and protein stability

data, as well as the impaired response to poly(I:C) stimu-

lation in fibroblasts. Haploinsufficiency is unlikely to be

the primary contributor to the observed phenotypes in

our probands given that LoF variants are present in gno-

mAD,25 a family with thoracic aortic aneurysm syndrome

was found to have a heterozygous deletion of chromo-

some 2p22.3–p22.2 involving EIF2AK2 and ten other

genes,38 and mouse models with constitutive loss of

either Eif2ak1 or Eif2ak2 are viable and fertile without

gross morphological abnormalities or neurologic find-

ings.39,40 These findings are all consistent with EIF2AK1

and EIF2AK2 pLI scores of 0 and 0.06, respectively,25 indi-

cating that a single copy of a functional gene is sufficient

to maintain normal function. Therefore, given that EI-

F2AK1 and EIF2AK2 require dimerization to phosphory-

late their downstream target, the most likely pathogenic

mechanism of the de novo missense variants are domi-

nant-negative mutations affecting the function of the

wild-type protein.

The phosphorylation of EIF2S1 converts EIF2S1 into a

competitive inhibitor of EIF2B, which activates the ISR.41

Therefore, the impaired EIF2S1 phosphorylation we

observed with the de novo EIF2AK1 and EIF2AK2 missense

variants would likely impact the EIF2B-mediated regula-

tion of the ISR. Pathogenic variants in any of the five genes

encoding the subunits of the EIF2B protein complex

(EIF2B1, EIF2B2, EIF2B3, EIF2B4, and EIF2B5) are associ-

ated with autosomal-recessive childhood ataxia with

central nervous system hypomyelination/vanishing white

matter (CACH/VWM [MIM: 603896]).42–46 CACH/VWM is

a chronic and progressive leukodystrophy characterized by

neurologic decompensation in the setting of febrile illness

and other stressors. Additional features of CACH/VWM

include ataxia, spasticity, optic atrophy, epilepsy, loss of ac-

quired developmental milestones, cognitive impairments,

and coma.42,47,48

In conclusion, we show that pathogenic EIF2AK1 and

EIF2AK2 missense variants cause a broad phenotypic spec-

trum including developmental delays, variable cognitive

impairments, hypotonia, hypertonia, involuntary move-

ments, ataxia, and white matter alterations. Individuals

with EIF2AK2 variants also exhibit sensitivity to febrile

illness and commonly experience neurological regression,

similar to CACH/VWM. The phenotypic overlap between

CACH/VWM and our probands with de novo missense
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EIF2AK1 and EIF2AK2 variants suggest that deleterious

missense variants in EIF2AK1 and EIF2AK2 cause an auto-

somal-dominant neurodevelopmental syndrome that may

share common pathogenic mechanisms with CACH/

VWM disease.
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