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Abstract

Rare pathogenic EIF2S3 missense and terminal deletion variants cause the X-linked
intellectual disability (ID) syndrome MEHMO, or a milder phenotype including pancre-
atic dysfunction and hypopituitarism. We present two unrelated male patients who
carry novel EIF253 pathogenic missense variants (p.(Thri44lle) and p.(lle159Leu))
thereby broadening the limited genetic spectrum and underscoring clinically variable
expressivity of MEHMO. While the affected male with p.(Thr144lle) presented with
severe motor delay, severe microcephaly, moderate ID, epileptic seizures responsive to
treatments, hypogenitalism, central obesity, facial features, and diabetes, the affected
male with p.(lle159Leu) presented with moderate ID, mild motor delay, microcephaly,
epileptic seizures resistant to treatment, central obesity, and mild facial features. Both
variants are located in the highly conserved guanine nucleotide binding domain of the
EIF253 encoded elF2y subunit of the heterotrimeric translation initiation factor 2 (elF2)
complex. Further, we investigated both variants in a structural model and in yeast. The
reduced growth rates and lowered fidelity of translation with increased initiation at
non-AUG codons observed for both mutants in these studies strongly support

pathogenicity of the variants.
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elF2gamma, EIF2S3, intellectual disability, MEHMO, X-linked

been linked with different clinical disorders, ranging from a severe

neurological phenotype with severe intellectual disability (ID) and

The eukaryotic initiation factor 2 subunit 3 (EIF253) gene encodes the
y subunit of the heterotrimeric translation initiation factor 2 (elF2)
complex, crucial for initiation of protein synthesis and regulation of

the integrated stress response (ISR). Pathogenic EIF253 variants have

Urania Kotzaeridou and Sara K. Young-Baird contributed equally to this study.

extreme microcephaly, usually as part of MEHMO (mental deficiency,
epilepsy, hypogenitalism, microcephaly and obesity) syndrome (OMIM
300148),12 to a novel phenotype of hypopituitarism with glucose
dysregulation and very mild neurological involvement.* While severely
affected patients present with all clinical features, less affected

patients exhibit only a subset of these features. It remains largely
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unknown why clinical severity varies between patients and how the
pathogenic variants impact elF2y function; and it is becoming clear
that the EIF2S3 variants map to distinct regions of elF2y, suggesting
that they may impact different functions of eIF2y.1'6

2 | METHODS

21 | Subjects

The study was carried out in accordance with the Declaration of Hel-
sinki. Genetic studies were approved by the local ethical committee of
the Technical University Munich (#5360/12S). Written informed con-

sent for publication was obtained from the parents.

2.2 | Mutation identification, western blot analysis,
and yeast methods

For the index patient from family 1 (Fam1) exome sequencing was
performed using a SureSelect Human All Exon Kit (Agilent, 50 Mb V5)
for target enrichment and a HiSeq2500 device (lllumina) for sequenc-
ing as paired end reads of 100 bp. The average coverage was x130
with more than 97% of the targeted sequence covered >x20. Segre-
gation analysis of the EIF2S3 variant was performed by Sanger
sequencing.

For the index patient from family 2 (Fam2) diagnostic genetic
testing was performed at the Medical Genetics Center, Munich, Ger-
many. Following NGS only EIF253 exons as well as flanking five nucle-
otides of intronic sequences were analyzed.

Lymphoblastoid cell lines from one affected male (Fam2, 1I:1) and
controls were established by EBV transformation. Details on protein
cell lysate preparation and antibodies used for western blot analysis,
as well as all yeast methods, are given in the Supporting Information,
Appendix S1.

3 | RESULTS

The boy from Faml (Figure 1A, IlI:1) is the first child born to non-
consanguineous parents. Pregnancy-was uneventful with delivery at 35
+ 1 gestational weeks due to pathologic antepartal cardiotocograms.
His birth length was 41.5 cm (-2.24 SD), weight 1840 g (—1.85 SD),
Apgar score 8/8 at 5 and 10 minutes and occipitofrontal circumference
(OFC) 27.5 cm (—3.56 SD). Postnatally he presented with respiratory
distress grade 1, poor feeding, coronary hypospadia, microcephaly and
muscular hypotonia. At 7 months he was admitted for generalized
tonic-clonic seizures. His development was significantly delayed. At last
follow-up, epileptic seizures were well controlled under topimarate
monotherapy. Non-autoimmune diabetes mellitus was diagnosed, and
insulin treatment was started. He has moderate ID (FSIQ 40, WISC-IV
test) with autistic features. Language skills are limited to less than five

words. He does not walk independently and cannot perform any daily

tasks. Brain magnetic resonance imaging (MRI) at 9 months showed
delayed myelination corresponding to that normally seen at 4 to
5 months (Figure 1D, e-h). By 4.5 years myelination had progressed
to what is normally seen at 9 to 10 months, but was still incomplete
(Figure 1D, i-l). In addition, there was marked atrophy of sup-
ratentorial white matter. Details on white matter quantification are
given in Appendix S1.

Facial and dysmorphic features include narrow forehead, full
cheeks, increase in supraorbital soft tissue, relatively large ears with
prominent earlobes, short philtrum, long eyelashes and thick eyebrows,
micrognathia (Figure 1B, Fam1 lll:1; Table 1), mild edematous hands
and feet, and tapered fingers (not shown).

Genetic testing revealed a novel maternally inherited hemizygous
EIF2S3 variant interpreted as likely pathogenic (chrX:g.24078252C>T
(hg19), NM_001415.4:c.431C>T; p.(Thri44lle)) (ClinVar database
accession number VCV000488501.1). There were no other potential
pathogenic variants identified.

The patient from Fam2 (Figure 1A, Il:1) was born at term to non-
consanguineous parents after an uneventful pregnancy and normal
postnatal adoption at the 39th gestational week. His birth length was
49 cm (—1.26 SD), weight 3210 g (-0.64 SD), Apgar score 10/10 at
5 and 10 minutes and OFC of 33 cm (-1.77 SD). At 3 months mild
developmental delay and microcephaly were noticed and at 6 months
he developed therapy-resistant epileptic seizures with generalized
tonic-clonic, but also myoclonic and absence seizures. EEG showed a
severe deterioration in the following year with the complete loss of
the physiologic background activity and pathologic sleeping pattern.
Seizures were refractory to antiepileptic drugs. He can walk some
steps by himself showing ataxic components, has mild motor delay
with muscular hypotonia, can sit free and grab for things. He does not
speak, is adipose and suffers from snoring and sleep apnea. MRI at
22 months (Figure 1D, m-p) revealed atrophy of supratentorial white
matter with thin corpus callosum, widened ventricles, and increased
bicaudate ratio. Details on white matter quantification are given in
Appendix S1. The anterior pituitary appeared relatively small. Facial
features include relatively large ears, epicanthus, full cheeks, increase
in supraorbital soft tissue, thin upper lip and short philtrum (Figure 1B,
Fam2 1I:1, Table 1). His ID is moderate and he has behavioral
problems.

EIF253 sequence analysis revealed a novel variant interpreted as
variant of uncertain significance (ACMG class 3) (chrX:g.24078296A>T
(hg19), NM_001415.3:c.475A>T; p.(lle159Leu)).

Both variants affect highly conserved amino acids (Figure S1A)
and are not present in control databases including 1000 Genomes and
gnomAD.

In addition, by western blot analysis of protein cell lysate from
lymphoblastoid cells of the affected male from Fam2 we could show
that mutant elF2y protein is present (Figure 1D).

Consisting of distinct «, B, and y subunits, the stable elF2
heterotrimer binds GTP and the initiator Met-tRNA;M®t to form a ter-
nary complex, which then binds to the small ribosomal subunit.” The

elF2y subunit consists of an N-terminal G domain followed by two

B-barrel domains (Figure 2A,B). The residue 1159 (yeast 1218) lies at
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the end of strand pé (Figure 2B), which helps buttress the position of
the NKxD motif that contributes to guanine specificity and nucleotide
binding affinity.X® Mutation of this residue could alter the position of
the NKxD motif, and thereby affect GTP binding. The T144 residue
(yeast T203) is located at the C-terminus of the Switch 2 (Sw2) ele-
ment (Figure 2B) that responds to GTP vs GDP binding.® Mutation of
T203 might impair elF2 function by weakening GTP binding or by dis-
rupting structural transitions necessary for binding Met-tRNAMet 1112

To test if the 1159L and T144l| mutations impair elF2 function,
analogous mutations were introduced into yeast elF2y. Like the
elF2y-1318M and elF2y-V281K mutations, corresponding to the
MEHMO mutations 1259M and 1222T,° the yeast 1218L (human

1159L) mutation conferred a significant slow-growth phenotype in
yeast (Figure 2C, rows 1, 5, 7, 10). Whereas the yeast T203I (human
T1441) mutation did not impact yeast cell growth (Figure S1, row 6),
substitution of Ala (T203A; Figure 2D, row 10) but not Lys (T203K,
Figure S1B, row 8) conferred a slow-growth phenotype.
Overexpression of tRNAM®t and elF2p were previously shown to
suppress the slow-growth phenotypes associated with the yeast
elF2y-1318M (corresponding to human 1259M, impaired for Met-
tRNAMt binding) and elF2y-V281K (human 1222T, impaired for elF2p
binding) mutations (Figure 2C,D, rows 5-9), respectively. Intrigu-
ingly, overexpression of tRNAMSE, but not elF2u or elF2p, enhanced
the growth of the elF2y-1218L and elF2y-T203A mutant strains to

(A) Fam1 Fam2
p.(Thre144lle) ||:1'__9 p.(lle159Leu)
T m:4.C>T 1:1 AST
GATGGCTATTAT TTEC GTTGTTAG
FIGURE 1 A Pedigrees of =, —(LM él EI--J) él él I
family 1 and 2 (Fam1, Fam2) and WT/Mut
Sanger sequencing | A Ao A
chromatograms. WT, wild-type; IJ_'I J) I\ ‘
Mut, mutation carrier. B, W 2 o O
Photographs of affected males. C, Mut

Western blot of protein cell lysate
from the affected male from
Fam2 (2:11:1) and controls (C1-C3)
immunoblotted with the indicated
antibodies. D, MRI scans of
control (a-d) and patients (e-p).
Myelination in the affected male
from Fam1 is delayed at 9 months
and still incomplete, although
progressing at 4.5 years. The
corpus callosum is already thin for
age at 9 months and does not
significantly increase on follow-
up. There is progressive atrophy
with increasingly wide CSF
spaces. Microcephaly is suggested
by a relatively small neurocranium
in relation to the viscerocranium
on midsagittal images, more
pronounced on follow-up. In the
affected male from Fam2
myelination at 22 months is
adequate for age. Atrophy with
thin corpus callosum and widened
CSF is less pronounced than in
the affected male from Fam1, the
relation of neuro- and
viscerocranium on midsagittal
images appears normal. The
anterior pituitary appears
relatively small, the posterior
pituitary (normal bright signal on
T1w images) dominates the cella
[Colour figure can be viewed at
wileyonlinelibrary.com]

Fam1 I1l:1

(B)

Fam21:1  (C) “7'323 2411 C1 C2 C3
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at 22 months
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near WT levels (Figure 2C,D, rows 10-13), suggesting that these G
domain mutations might directly or indirectly affect Met-tRNAM®t
binding to elF2. As GTP and Met-tRNA;™t binding to elF2 is thermo-
dynamically coupled such that increasing the levels of either binding

partner will enhance ternary complex formation,*® and based on the

(A) c.431C>T

c.ATSA>T
.665T>C .1294C>T

c.324T>A
3

T1441 12227 1465Sfs*4

S108R 1159L) ,259M P432S

Hs elF2y
Sc elF2y | |
D167 1218 | 1318 P490

(C) High-copy
elF2y  plasmid

=y

— Vector

elF2a
WT
elF2p

tRNA Vet

Vector
1318M

— tRNAiMet

Vector
V281K elF2p

© 0 N o a A~ W N

— tRNAiMet
Vector
elF2a
1218L
elF2pB

— tRNAMet L B

H Vector M tRNAMet

elF2y: WT 1318M  1218L  T203A

c.1391delCAAT (S€V281)

location of the T144l and 1159L mutations in critical elements of the
G domain, we propose that the new MEHMO mutations impair elF2
function by weakening GTP binding.

To more directly test the impact of the 1218L and T203A muta-
tions on elF2 function, we used reporter assays to assess translational

(B)

Hsl222 G

(ScE169)

(D) High-copy
elF2y  plasmid

-

— Vector
elF2a
elF2B

L tRNAMet

Vector
1318M

- tRNAiMet

Vector
V281K elF2p

© 0 N o a »~ W N

- tRNAiMet
Vector
elF2a

T203A
elF2B

— tRNAiMet

’_T.I
~—

HIS4-lacZ Expression

0.10-{ ® Vector M tRNAM

0.08

0.06 *

UUG/AUG

0.04
0.02

elF2y: WT 1318M  1218L  T203A

FIGURE 2 A Overview of the EIF253 variants from this study (bold and underlined) and from literature, along with changes and positions in
the corresponding human (Hs) and yeast (Sc) elF2y proteins. B, Ribbon and sphere representation of Saccharomyces cerevisiae (Sc) elF2y from the

structure of the translation preinitiation complex (PDB code 3JAP) using

PyMOL software (Schrédinger). Components are colored as follows:

elF2y, cyan ribbons, tRNAM®!, green spheres; Met, gray spheres; elF2p helix a1, gray ribbon; GDPCP (GTP), black sticks. The G domain and
domains Il and Ill of elF2y are labeled, and the sites of new MEHMO mutations T144 (ScT203) and 1159 (Scl218) are depicted as spheres and
colored red and yellow, respectively. Residues in the Sw2 element are colored red, and the NKxD motif that specifies guanine nucleotide binding
is colored sand. Sites of previously identified MEHMO mutations are labeled. C and D, Growth assay of yeast strains expressing the indicated WT
or mutant form of elF2y and co-transformed with empty vector or high copy-number plasmids containing the yeast elF2a, elF2p, or tRNA;M®t
genes. E and F, GCN4-lacZ reporter (E) or his4(UUG)-lacZ and HIS4(AUG)-lacZ reporters (F) were transformed into yeast strains expressing the
indicated WT or mutant forms of elF2y with or without tRNAM®! overexpression. Statistically significant differences in p-galactosidase activities
are indicated for strains expressing mutant vs WT elF2y (*) or for strains overexpressing tRNAMS vs empty vector (#) and were calculated using
ANOVA followed by a post-hoc Tukey's test (P < .05) [Colour figure can be viewed at wileyonlinelibrary.com]
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control of the GCN4 mRNA and start codon selection stringency. Reg-
ulated reinitiation at upstream open reading frames in the GCN4
mRNA results in elevated expression of GCN4 under conditions that
lower elF2 ternary complex levels.*%5* Like the elF2y-1318M muta-
tion that impairs Met-tRNAM® binding to elF2,> the [218L and
T203A mutations increased GCN4-lacZ expression 24- and 22-fold,
respectively (Figure 2E). Moreover, increased expression of tRNAM®t
dampened GCN4-lacZ expression in all three mutant strains by more
than 65% (Figure 2E). These data support the idea that the 1218L and
T203A mutations reduce elF2 ternary complex levels, perhaps by
indirectly impairing Met-tRNA™®t binding.

Mutations in yeast elF2 can also reduce the stringency of transla-
tion start site selection and enable ribosomes to initiate translation at
near-cognate non-AUG codons.1®>14 Whereas, cells expressing WT
elF2y displayed a high level of start site selection stringency with
expression from a UUG-initiated HIS4-lacZ reporter at ~1% the level
observed for the paired AUG-initiated reporter (Figure 2F), the
1318M, 1218L, and T203A mutations increased the UUG/AUG initia-
tion ratio by ~4- to 9-fold (Figure 2F). Thus, in addition to lowering
ternary complex levels, the 1218L and T203A mutations decrease the
fidelity of translation start site selection, perhaps due to premature
release of elF2 from Met-tRNA;®¢ and the scanning ribosome at the
near-cognate UUG codon. The inability of tRNAM®t overexpression to
suppress near-cognate initiation in the mutant strains (Figure 2F) is
consistent with the notion that the mutations cause premature
release of elF2 but not tRNAM®t from the scanning ribosome.

4 | DISCUSSION

We report on novel EIF2S3 pathogenic missense variants. While the
affected male from Faml presented with severe MEHMO, the
affected male from Fam2 has a comparatively milder phenotype.

Our studies in yeast revealed that the corresponding variants of
the affected males, p.(lle218Leu) and p.(Thr203Ala), severely impaired
growth, elevated GCN4 expression, and relaxed the stringency of
translation start site selection, comparable to previous results seen for
other MEHMO variants and thus consistent with the novel variants at
these positions being pathogenic in the patients.

We also compared clinical. findings with phenotypes of previously
published patients' 7€ (Table 1). While the number of patients with a
pathogenic variant in EIF2S3 is still small, severely affected males pres-
ented with all clinical features of MEHMO and less affected males
exhibited only a subset of these features. All patients have small stat-
ure. Seven patients have low-growth hormone level and growth hor-
mone therapy was performed in five patients. Seven of 12 patients
presented with obesity. Ten patients showed glucose dysregulation
with four patients having non-autoimmune diabetes and six having
hypoglycemia. Patients from one family with the p.(Pro432Ser) muta-
tion have a unique pancreatic phenotype with fluctuation between hyp-
erinsulinemic hypoglycemia and hyperglycemia, supporting a critical
role for EIF253 in human hypothalamo-pituitary development and func-

tion, and glucose regulation. Children with the severe phenotype and

classical MEHMO have some facial features with long eyelashes, full
cheeks, increase in supraorbital soft tissue, and micrognathia. Ten of
15 patients showed hypogonadism and two were reported as having
delayed puberty. Affected males with the mild neurological phenotype
have normal neurological examination findings, slight learning problems
and attend a normal school. Patients with classical MEHMO showed a
severe movement disorder with spastic quadriparesis and severe to
moderate developmental delay starting at birth. Several of those have a
complete lack of expressive speech, little interest in social communica-
tion and autistic behavior patterns. Some patients with severe to mod-
erate developmental delay have an ataxic movement disorder, were
able to walk freely without support and therefore have a rather moder-
ate neurological phenotype. Ten of 15 patients had seizures. Patients
with the mild neurological phenotype had occasional seizures due to
hypoglycemia. Epilepsy was often resistant to treatment and started in
infancy. MRI findings in our patients consisted of the non-specific com-
bination of myelination delay and atrophy as well as a relatively small
anterior pituitary gland in one patient, consistent with the few reported
cases with brain imaging findings. Based on the reported cases, atrophy
with thin corpus callosum and a variably widened CSF space is the most
common finding. Myelination delay with secondary white matter
changes was reported in one patient and a small anterior pituitary with
a normal posterior pituitary in the three boys with the mild neurological
phenotype. Clinical features of patients with ID-hypogonadism/hypo-
genitalism syndromes can be similar to those of patients with MEHMO.
We therefore propose including EIF253 mutation search in the
differential diagnosis of such unsolved cases.

In conclusion, this study establishes the link between two novel
EIF2S3 missense variants identified in two unrelated affected males
with pathogenicity supported by the structural model of elF2 and
impaired elF2y translational function in yeast. Further, it strongly
supports clinically variable expressivity of MEHMO in patients with
deleterious EIF253 and elF2y changes.
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