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Abstract

Objective: YWHAG variant alleles have been associated with a rare disease trait
whose clinical synopsis includes an early onset epileptic encephalopathy with
predominantly myoclonic seizures, developmental delay/intellectual disability,
and facial dysmorphisms. Through description of a large cohort, which doubles
the number of reported patients, we further delineate the spectrum of YWHAG-
related epilepsy.

Methods: We included in this study 24 patients, 21 new and three previously de-
scribed, with pathogenic/likely pathogenic variants in YWHAG. We extended the
analysis of clinical, electroencephalographic, brain magnetic resonance imaging,
and molecular genetic information to 24 previously published patients.

Results: The phenotypic spectrum of YWHAG-related disorders ranges from
mild developmental delay to developmental and epileptic encephalopathy (DEE).
Epilepsy onset is in the first 2years of life. Seizure freedom can be achieved in
half of the patients (13/24, 54%). Intellectual disability (23/24, 96%), behavio-
ral disorders (18/24, 75%), neurological signs (13/24,54%), and dysmorphisms
(6/24,25%) are common. A genotype-phenotype correlation emerged, as DEE is
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vs. 19%, p<.001).
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1 | INTRODUCTION

The YWHAG gene (tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein gamma, Mendelian
Inheritance in Man [MIM] 605356) encodes a member of the
highly conserved 14-3-3 protein family, which is involved in
multiple intracellular signaling pathways. Through binding
to their targets, 14-3-3 proteins contribute to the regulation
of a large spectrum of biological processes including signal
transduction, cell cycle, transcription, and apoptosis.1

Given their expression in the developing brain, espe-
cially the cortex, and their crucial role in neuronal devel-
opment, 14-3-3 proteins are involved in several human
diseases, mainly neurodevelopmental, neurodegenera-
tive, and neuropsychiatric disorders.”™

The isoform gamma, named YWHAG, is highly ex-
pressed in the brain, skeletal muscle, and heart. Animal
models indicate that alterations in this gene have conse-
quences on neurologic development and cardiac function.
Knockdown of Ywhagl in zebrafish results in reduced
brain size and enlarged diameter of the heart tube with
increased risk for cardiac arrhythmia.” In utero ablation
in Ywhag_/ ~ mice, with consequent alteration of Ywhag
levels, leads to delayed neuronal migration in the devel-
oping brain.®

Komoike et al.” studied Ywhag in zebrafish and sug-
gested that haploinsufficiency for the human orthologue
YWHAG, which maps in the 7q11.23 interval that is de-
leted in Williams-Beuren syndrome (MIM 194050), was
related to infantile seizures and cardiomyopathy in these
patients. Guella et al.” described heterozygous YWHAG
single nucleotide variants in seven patients with early
onset epilepsy. Overall, 13 missense, one nonsense, and
one frameshift variant have been reported in patients with
epilepsy or developmental and epileptic encephalopathy
(DEE).

We characterized clinical manifestations, electroclin-
ical features, epilepsy course, and outcome of 24 novel

more represented in patients with missense variants located in the ligand-binding
domain than in those with truncating or missense variants in other domains (90%

Significance: This study suggests that pathogenic YWHAG variants cause a wide
range of clinical presentations with variable severity, ranging from mild devel-
opmental delay to DEE. In this allelic series, a genotype-phenotype correlation
begins to emerge, potentially providing prognostic information for clinical man-
agement and genetic counseling.

epilepsy, genotype-phenotype correlation, YWHAG

Key points

« The phenotypic spectrum of YWHAG-related
disorders ranges from mild developmental delay
to developmental and epileptic encephalopathy.

« Language impairment is common; comorbidi-
ties include ataxia, tremors, and behavioral
disorders, mainly autistic features, ADHD, and
aggressive behavior.

« Seizure freedom can be achieved in most
patients.

« A preliminary genotype-phenotype correla-
tion begins to emerge, as the most severe phe-
notypes cluster in patients with variants in the
ligand-binding domain.

patients with pathogenic or likely pathogenic YWHAG
variant alleles. Based on observations of the newly re-
ported patients described herein and those previously
reported, we expand the overall spectrum of phenotypes
associated with YWHAG variants.

2 | MATERIALS AND METHODS

We retrospectively collected clinical and molecular
data from 24 patients with pathogenic/likely patho-
genic YWHAG variants. Patients were diagnosed at
Meyer Children's Hospital Istituto di Ricovero e Cura a
Carattere Scientifico (IRCCS) (n=2) or recruited through
GeneMatcher (n=8),% collaborations with national and
international epilepsy centers (n=38), the Epi25 consor-
tium (n=5),° and Decipher (n=1).1° Three patients had
been previously published (Patients 6, 10, and 11)""** and
are rephenotyped in this study. Referring physicians com-
pleted a questionnaire with comprehensive genetic and

‘0 ‘L9118TST

:sdny wouy pap

2SULOIT SUOWIOY) dANEaI)) d[qearidde ay) £q pauIaA03 aIe SA[ONIE V() 2SN JO SI[NI 10§ KIRIQI] 2UI[UQ) KJ[IAY UO (SUONIPUOD-PUR-SULIA)/W0D Ka[im KIeIqrjaur[uoy//:sdiy) suonipuo)) pue suLia ], Ay 39§ *[$70/€0/07] U0 AIeIqry aurjuQ A3Ip Y0 oe plaljjays @Joquati-<ya[oqqiys> £q 6641 1da/[ 11 1°01/10p/wod Kafim'"



CETICA ET AL.

clinical information, including electroencephalographic
(EEG) and neuroimaging data. Because patients were
followed at different centers and had variable ages at the
time of study, cognitive level was evaluated using differ-
ent methods, including the Griffiths Mental Development
Scale,'* the Wechsler Intelligence Scale for Children,”
and the Wechsler Adult Intelligence Scale-Revised,'® as
well as adaptive behavioral criteria. Autism was diag-
nosed using Diagnostic and Statistical Manual of Mental
Disorders, 5th edition.’

2.1 | Literature review

For literature review of previously published patients
carrying pathogenic or likely pathogenic YWHAG vari-
ants, we searched PubMed for all publications including
YWHAG variants, using as MeSH terms “YWHAG” and
either “mutations” or “variants”, from the date of the first
published patient® until May 2023. We excluded patients
with genomic deletions including other genes besides
YWHAG. The reference lists of the selected publications
were examined for additional potentially relevant publica-
tions. Genetic inclusion criteria were missense or truncat-
ing variants in YWHAG, classified as pathogenic or likely
pathogenic according to the American College of Medical
Genetics and Genomics guidelines.'® The identified vari-
ants were cross-checked with YWHAG variants reported
in the Human Gene Mutation Database, and data on the
associated neurological phenotypes were extracted when
available. We eventually reviewed 24 previously reported
patients harboring 15 different pathogenic or likely patho-
genic YWHAG variants.

2.2 | Standard protocol approvals,
registrations, and patient consents

This study was approved by the Pediatric Ethics
Committee of the Tuscany Region, and informed consent
was obtained from patients, parents, or guardians.

2.3 | Genetic study

We studied 24 patients with de novo (n=19), inher-
ited (n=3), or unknown inheritance (n=2) pathogenic/
likely pathogenic variants in YWHAG. Molecular genetic
testing was performed using exome (Patients 1-7 and
10-24) or multigene panel sequencing (Patients 8 and 9).
Patients were identified across 20 institutions with data
shared through the Epi25 consortium and match-making
strategies (GeneMatcher, international collaborations,

Epilepsia

Decipher). Detailed information about sequencing meth-
ods is provided in the Supplementary Methods. Five more
patients (three via international collaborations and one
each via the Epi25 consortium and GeneMatcher) had
variants in YWHAG about whose pathogenicity we had
low confidence, hence we analyzed their data separately.

For six patients (Patients 10-12, 18, 19, 21), exome se-
quencing (ES) was performed as part of the Epi25 project.
These samples were sequenced as singletons at the Broad
Institute of Harvard and the Massachusetts Institute of
Technology.

For two patients (Patients 4 and 13), genomic DNA
was obtained from peripheral blood from the proband
and parents, and ES was performed at the Baylor College
of Medicine Human Genome Sequencing Center, as pre-
viously described.’®* For the 16 remaining patients,
sequencing was performed at different centers within
research or diagnostic settings. All variants were tested
with six bioinformatic tools (SIFT, Polyphen2 HumVar,
MutationTaster, MutationAssessor, FATHMM, FATHMM
MKL) included in the VarSeq software (Golden Helix).

2.4 | Statistical analysis

We applied the two-sided Fisher exact test, with statistical
significance set to p <.05, to explore possible associations
between variant location or type and clinical features
(primary syndromic diagnosis, response to treatment,
developmental delay and intellectual disability, language
impairment, neurological findings, behavioral abnormali-
ties, and dysmorphic features) in the whole cohort of new
and previously described patients.

3 | RESULTS

3.1 | Genetic analysis

Genetic and clinical information on 24 individuals (21 new;
three previously published) harboring pathogenic/likely
pathogenic YWHAG variants are summarized in Table 1
and presented in more detail in Table S1. These 24 patients
harbored 12 different YWHAG variants, which occurred
de novo in 19 of them, were inherited from an unaffected
mother in three (Patients 1, 8, 9), and remained of unde-
termined origin in two, whose parents were unavailable
for segregation analysis (Patients 5, 11). Among the 12
pathogenic/likely pathogenic variants, nine were missense
(9/12,75%), two frameshift (2/12,17%), and one nonsense
(1/12,8%). The three patients with a variant inherited from
an unaffected parent carried a frameshift variant. Arginine
57 and arginine 132 represent two hotspot amino acid
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TABLE 1 Genetic and phenotypic data of patients carrying YWHAG pathogenic/likely pathogenic variants (24 new patients, 24 patients
from the literature, and the total cohort of 48 YWHAG patients).

Genetic and clinical

feature

Variant type
Missense
Frameshift
Nonsense

De novo variant

Sex
M
F

Age, median (range)

Primary diagnosis
DEE
GE
Focal epilepsy
Seizure onset, median
(range)
Predominant seizure
type at follow-up

Seizure triggers
Fever
Abnormal EEG at onset

Abnormal EEG at last
evaluation

ASM
Polytherapy
VPA monotherapy
No therapy
Response to treatment
DD/ID
Mild/moderate
Severe
Language impairment
Neurological findings

Myoclonic jerks during
sleep, nonepileptic

Sleep disorders

Behavioral
abnormalities/ASD

Abnormal brain MRI

Dysmorphic features

New cohort: Patients/patients
with available data, n (%)

20/24 (83)
3/24 (13)
1/24 (4)
19/22 (79)

14/24 (58)
10/24 (42)
17years (3years 6 months-67 years)

20/24 (83)
4/24(17)

10 months (1 months-2years)

Myoclonic: 15/23 (65)

14/23 (58)
11/14 (79)
25/21 (71)
18/22(82)

20/24 (83)
4/24 (17)

SF: 13/24 (54)
23/24 (96)
13/23 (57)
10/23 (43)
21/24 (88)
13/23 (54)
11/22 (50)

9/23(39)
16/24 (67)

4/24 (17)
6/24 (25)

Literature: Patients/patients
with available data, n (%)

17/24 (71)
6/24 (25)
1/24 (4)
16/21 (67)

12/22(55)
10/22 (45)

13years 11 months (3years—40
months)

2/15 (13)

12/15 (80)

1/15 (7)

2years (2 months-16years)

Myoclonic: 3/9 (33)

9/9 (100)
8/9 (89)

3/3 (100)
5/10 (50)

7/19 (37)
8/19 (42)
4/19 (21)
SF:15/19 (79)
13/21 (62)
13/13(100)

0

7/12 (58)
5/5(100)

1/1 (100)

NA
4/6 (67)

4/15 (27)
9/13 (69)

Total: Patients/patients
with available data, n (%)

37/48 (77)
7/488 (15)
4/48 (8)

35/43 (81)

24/46 (52)
22/46 (48)
15years (3years—67 years)

22/39 (56)
16/39 (41)
1/39 (3)

lyears 5 months (1
month-16years)

Myoclonic: 18/32 (56)

22/32(69)
19/22 (86)
18/24 (75)
24/32(75)

27/43 (63)
12/43 (28)
4/43 (9)

SF: 28/43 (65)
36/45 (80)
26/36 (72)
10/36 (28)
30/36 (86)
18/28 (64)
12/23 (52)

9/23(39)
20/30 (67)

8/39 (21)
15/37 (41)

Abbreviations: ASD, autism spectrum disorder; ASM, antiseizure medication; DD/ID, developmental delay/intellectual disability; DEE, developmental and

epileptic encephalopathy-myoclonic atonic epilepsy; EEG, electroencephalogram; F, female; GE, generalized epilepsy; M, male; MRI, magnetic resonance

imaging; NA, not available; SF, seizure-free; VPA, valproic acid.
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residues affected by multiple missense changes (p.Arg57Cys,
p.Arg57Gly, p.Arg57His, p.Argl32His, p.Argl32Cys, and
p.Argl32Gly), recurring in six and in 11 patients, respec-
tively. Except for the p.Argl32Gly, all these changes had
been previously described. One patient (Patient 10, also in-
cluded in Epi4K 2013) carried the c.387C>G p.(Asp129Glu)
missense substitution and another patient (Patient 23) the
€.619G>A p.(Glu207Lys), a variant previously found in a
different individual (Patient 48).*!

In the five remaining patients, we identified four
novel variants (c.578C>T p.[Alal93Val], c.698G>A
p.[Trp233*], c.89dup p.[Thr31Aspfs*5], and c.187_188insC
p.[1le63Thrfs*3]).

None of the variants was present in the gnomAD da-
tabase (v2.1.1, accessed May 2023), and all occurred at
highly conserved amino acid residues. Arginine 57 and
132 were located inside a hydrophobic groove involved in
ligand binding. p.Asp129Glu was predicted to be involved
in interactions with ligands through a new hydrogen bond
with phosphopeptides.”* Alanine 193 and glutamate 207
mapped in a protein region that could be involved in the
interaction between two a-helical structures, thus contrib-
uting to stabilizing the three-dimensional conformation.

The  p.(Thr31Aspfs*5),  p.(Ile63Thrfs*3), and
p.(Trp233*) frameshift variants introduce a premature

10

Epilepsia-*

stop codon, leading to early protein synthesis termination.
The role of YWHAG truncating variants is controversial.
YWHAG is classified as a loss of function (LoF) intolerant
gene (probability of being LoF intolerant=.96), but it is
also predicted to escape nonsense-mediated decay (NMD™
gene),”® and it is unclear whether these truncating vari-
ants act via an LoF effect. All known YWHAG variants,
including those identified in this and previous reports, are
depicted in Figure 1.

3.2 | Phenotypic characterization

Clinical information of the patients included in our co-
hort is summarized in Table 1 and detailed in Table S1.
Fourteen patients were males and 10 females (gender
ratio male/female =1.4/1), with an age at last follow-up
ranging from 3years 6 months to 67 years (mean=17year
6months). All patients had epilepsy, with a median age
at seizure onset of 10 months (range =1 month to 2years).
The main diagnostic category was DEE, observed in 20
patients (20/24,83%); the remaining four had generalized
epilepsy (4/24,17%). At onset, generalized tonic-clonic
seizures were observed in 14 patients (14/23,61%), absence
seizures in three (3/23,13%), myoclonic seizures in two

I Our patients

Literature patients

R132C(n=7)
5 R132G (n=1)
R57C (n = 4) R132H (n = 3)
4 R57G (n = 1)
RS7H (n = 1)
3
2
1 T31Dfs*5 163Tfs*3 DI129E A193V E207K  W233*
0
- 0 i o
0
! E15A K50Q S102Afs*7 K125E L1771 N178D
2
Y1335
3 RS7H (n = 3)
4 RS7C (n=1)
R132C (n = 4)
R132H (n = 1)

R42*

8
9
10

FIGURE 1 YWHAG novel and previously described pathogenic and likely pathogenic variants. Yellow color represents variants present

in the literature; blue represents variants described in our cohort. Stop-gain variants' symbols are in red. Vertical axis shows the number of

variants in the same amino acid position.
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(2/23,9%), infantile spasms in one (1/23,4%), and atypi-
cal absences in one (1/23,4%). Two patients (2/23,9%) had
manifested multiple seizure types since epilepsy onset.
During follow-up, 15 patients had presented myoclonic
seizures (15/23,65%), associated with other types of sei-
zures in 12 of them and as the only type of seizure in the
remaining three.

In eleven patients (11/23,48%), seizures were triggered
by fever. Other reported triggers were photic (1/23,4%)
and tactile and sound stimuli (1/23,4%). One patient
(1/23,4%) had catamenial epilepsy.

We obtained data on EEG at onset for 21 patients
(21/24,87%). In 15 patients (15/21,71%), EEG showed
generalized spike and waves or both focal and gener-
alized abnormalities; normal EEG recordings were re-
ported at onset in six patients (6/21,29%). EEG at last
evaluation, available for 22 of 24 (92%) patients, exhib-
ited slow background activity in eight (8/22,36%) and a
combination of focal, multifocal, or generalized spike
wave and/or polyspike discharges (16/22,73%) that
increased during sleep in five of 22 patients (23%). In
four patients (4/22,18%), EEG was normal. All patients
were treated with antiseizure medications (ASMs), con-
sisting of valproic acid (VPA) monotherapy (4/24,17%)
or polytherapy including combinations of different
drugs (20/24,83%). Thirteen patients (13/24,54%)
are currently seizure-free: six after ASM withdrawal
(6/13,46%), four on VPA monotherapy (4/13,31%), and
three on a combination therapy (3/13,23%). In nine of
the 20 patients with DEE, language impairment and in-
tellectual disability persisted while epilepsy went into
remission.

Twenty-three patients (23/24,96%) exhibited in-
tellectual disability, ranging from mild (6/23,26%) to
moderate (7/23,30%) and severe (10/23,4%). Delayed
milestones were a frequent presentation in our co-
hort, with nine patients (9/23,39%) showing delayed
walking and 21 (21/24,88%) language impairment,
from mild (7/21,33%) to moderate (5/21,24%) and se-
vere (9/21,43%). Only three patients developed normal
language skills (3/24,12%). Other neurological fea-
tures, described in 13 patients (13/24,54%), included
tremor (8/13,62%), ataxia (8/13,62%), and clumsi-
ness (7/13,54%). Eight patients (8/13,62%) manifested
more than one neurological sign. Nonepileptic myoc-
lonic jerks during sleep were reported in 11 patients
(11/22,50%) and sleep disorders (fragmented sleep, dif-
ficulty in settling at night, and nocturnal awakenings)
in nine (9/23,39%). Autism spectrum disorder was di-
agnosed in 13 of 24 (54%) patients, attention-deficit/hy-
peractivity disorder (ADHD) in eight of 24 (33%), and
aggressive behavior in three of 24 (12%). Brain magnetic
resonance imaging (MRI) was available for all patients

and was reported to be normal in 20 (20/24,83%) and
abnormal in four (4/24,17%). MRI alterations were vari-
able and included mildly dilated frontal horns, cortical
atrophy, arachnoid cyst, and Arnold-Chiari I malforma-
tion. Facial dysmorphisms were reported in six patients
(6/24,25%).

3.3 | Literature review

Thirteen different YWHAG variants had been previously
described in 24 patients. Detailed information of these pa-
tients is presented in Table 1 and Table S2.

3.4 | Analysis of all patients

Combining our findings with previous reports, 48 patients
with a pathogenic or likely pathogenic variant in YWHAG
can now be identified. Genetic, clinical, EEG, and MRI
data of all the 48 patients are summarized in Table 1 and
Figure 2.

Epilepsy (100%)
Language impairment (86%)
De novo variant (80%)
DD/ID (80%)
Abnormal EEG (75%)
Seizure trigger (69%)
Behavioral disorder (67%)
Response to treatment (65%)
Other neurological sign (64%)
DEE (56%)
Myoclonic jerks (52%)
Dysmorphisms (41%)
Sleep disorder (39%)
MRI abn. (21%)

m

S | DEE (90%) a
X =
S | bo/ID (100%) 3

3 | Language delay (96%) DEE (19%) 8A
5 DD/ID (53%) | £1 £
G}

L] anguage delay (58%) 2 8,

FIGURE 2 Clinical features of YWHAG Syndrome. The
triangle above defines the prevalence of clinical traits in the full
cohort of patients (this study and previous publications). The
scheme below represents the traits that are statistically different
between patients with variants falling in the binding groove
domain (BG-Group) and those with variants in different locations.
DD, developmental delay; DEE, developmental and epileptic
encephalopathy; EEG, electroencephalogram; ID, intellectual
disability; MRI, magnetic resonance imaging; pts, patients.
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3.5 | Genotype-phenotype correlations

A possible genotype-phenotype correlation emerged
when dividing the full set of 48 patients into two groups,
based on the location of their variants. The first group,
the BG-group, corresponded to recurrent variants lo-
cated in the binding groove (BG) domain (28 patients).
The second group, the non-BG-group, harbored variants
located in other domains of the protein (20 patients).
Two-sided Fisher exact test (significance set at p <.05)
indicates that a higher proportion of patients in the BG-
group had a DEE (90% in BG-group vs. 19% in non-BG-
group, p <.001), with developmental delay—intellectual
disability (100% in BG-group vs. 53% in non-BG-group,
p<.001) and language impairment (96% BG-group vs.
58% non-BG-group, p=.006; Figure 2). A trend toward
a higher proportion of neurological comorbidities in
the BG-group is also apparent, although this associa-
tion does not reach the confidence threshold (76% in
BG-group vs. 29% in non-BG-group, p=.06). We then
compared patients with missense variants to those car-
rying truncating (nonsense and frameshift) variants and
found that developmental delay and intellectual disabil-
ity (94% missense vs. 36% truncating, p <.001), language
impairment (93% missense vs. 20% truncating, p <.001),
and neurological comorbidities (72% missense vs. 0
truncating; p=.03) were more common in patients car-
rying missense variants. A higher percentage of patients
with truncating variants became seizure-free (56% mis-
sense vs. 91% truncating, p=.065), although these data
need to be confirmed in a wider cohort. All patients with
DEE carried a missense variant.

3.6 | Patients with variants of uncertain
significance

Five novel patients harbored four different missense
YWHAG variants that did not fully satisfy the crite-
ria for classification as pathogenic or likely pathogenic
(Table S3), hence we analyzed them separately. These
were four unrelated patients plus the symptomatic fa-
ther of one of them. The ¢c.176C>T p.(Ser59Phe) and the
¢.517T>G p.(Leul73Val) variants are absent from the
GnomAD population database, whereas the c.87C>G
p-(Asn29Lys) and the c.431C>T p.(Alal44Val) variants
occur in one of 226 866 and four of 251 470 alleles, re-
spectively. The bioinformatic tools we applied were not
concordant in defining the pathogenic effect of these vari-
ants. We could demonstrate that all variants were inher-
ited from a mildly affected parent, except p.(Leul73Val;
Patient 53), where segregation analysis could not be per-
formed. None of the patients was diagnosed with DEE.

Epilepsia-

The diagnostic categories were generalized epilepsy
(Patients 49, 51, 52) and global developmental delay with-
out seizures (Patient 50). Two patients with epilepsy were
seizure-free, Patient 49 for 2years on VPA monotherapy
and Patient 52 for 34 years without ASM. Language was
reported to be normal in these patients. Autism spectrum
disorder was observed in one patient (Patient 50).

4 | DISCUSSION

The initial reports of individuals with YWHAG variants
described an early onset epileptic encephalopathy with
prevalently myoclonic seizures, intellectual disability,
developmental delay, and facial dysmorphisms.”'' More
recent reports included milder phenotypes of myoclonic
epilepsy and febrile seizures.”*** By adding a consistent
number of new patients, we expand the characterization
of phenotypes associated with YWAHG pathogenic/likely
pathogenic variants and illustrate emerging genotype-
phenotype correlations for this gene.

Our data substantiate specific features observed in
previously described patients and highlight additional
aspects. Our series confirms a YWHAG-associated pheno-
type encompassing a wide spectrum of neurodevelopmen-
tal disorders, from mild developmental delay and epilepsy
to severe DEE (Figure 2), and contributes novel insights
about EEG features, clinical epilepsy, and its outcome. As
previously reported, epilepsy is the most frequent clinical
presentation, with onset in the first 2 years of life. Seizures
are mainly generalized tonic-clonic, triggered by fever in
46% of our patients. Over time, myoclonic seizures be-
come prominent (65%). EEG data in our cohort show, in
most patients, slow background activity and a combina-
tion of focal and multifocal abnormalities and generalized
polyspikes or spike and wave discharges. Seizure control is
achieved in 54% of patients, with VPA monotherapy (23%)
or a combination of drugs (77%), even when patients pres-
ent as DEE at onset. These observations reinforce previous
findings wherein pharmacological control of seizures was
reported in several patients.”*"**

Developmental delay and intellectual disability of vari-
able severity were present in most of our patients (96%),
but were reported in only 60% of previously described
series. This discrepancy may arise from the inclusion in
the literature dataset of several patients carrying truncat-
ing variants and exhibiting mild manifestations, most of
whom belonged to a single large family.** Additional ob-
servations including a more mixed population are needed
to clarify the spectrum of cognitive impairment associated
with YWHAG variants. Language impairment is a com-
mon feature. Comorbidities, not systematically explored
in previous reports, include behavioral disorders (67%),
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mainly autistic features, ADHD, and aggressive behavior.
Nonepileptic myoclonic jerks during sleep were reported
in 50% of our patients and sleep disorders (fragmented
sleep, difficulty in settling at night, and nocturnal awaken-
ings) in 39%. Fifty-four percent of patients exhibited neu-
rological signs such as ataxia, tremors, clumsiness, and
hypotonia. Variable brain MRI alterations, not suggesting
a recurrent pattern of abnormality, were identified in 17%
of our patients (4/24,17%) and in 27% (4/15,27%) of those
previously reported, for whom, however, this informa-
tion was not available in 38%. Lack of information does
not allow discerning whether MRI was not performed or
unrevealing, leaving open the possibility that a systematic
analysis in a large cohort, ideally by applying morphomet-
ric methods, might reveal a common pattern of abnormal-
ity, despite nonspecific qualitative findings.***°

Dysmorphisms, described in 69% of previously pub-
lished patients, were observed in only 25% of those in-
cluded in this report, and no recognizable recurrent
pattern could be identified in this and previous studies.
However, mild dysmorphisms in a rare condition are eas-
ily underreported, as they may escape recognition if pa-
tients are not seen by expert clinical geneticists and are
reported via an international collaboration in which each
center contributes single or very few observations, making
interindividual comparison impossible.

Twelve distinct YWHAG variants are present in our
series, totaling 19 when including those reported previ-
ously (Tables S1 and S2), most being missense variants.
Two mutational hotspots exist: Argl32 and Arg57. These
highly conserved amino acids, along with Tyr133, previ-
ously identified in two unrelated patients, form a posi-
tively charged pocket within a hydrophobic groove (BG),
which is functionally important for the binding of the
14-3-3y protein with different ligands. 14-3-3y, encoded
by YWHAG, like the other 14-3-3 proteins, functions al-
most exclusively in its dimeric form and exerts its func-
tion through binding with phosphopetides.?’ In the group
of newly and previously described patients with variants
affecting one of the three hotspot variants, the BG-group,
the prevalence of DEEs is statistically significant (90% in
BG-group vs. 19% in non-BG-group, p <.001), and associ-
ates with developmental delay and intellectual disability
(100% in BG-group vs. 53% in non-BG-group, p <.001) and
language impairment (96% in BG-group vs. 58% in non-
BG-group, p=.006). These findings suggest that patients
carrying an alteration in the key domain responsible for
ligand binding are more severely affected. It is likely that
the three hotspot alterations have a dominant negative
effect that impairs phosphopetides binding and disrupts
the regulatory role of 14-3-3y during neuronal develop-
ment, thus resulting in more severe neurological impair-
ment. Conversely, an alteration at a different site could

destabilize the dimeric structure without impeding its full
formation and function. All variants falling into the BG-
group are de novo and missense.

When comparing patients’ phenotypes associated with
missense (37 patients) versus truncating variants (11 pa-
tients), it becomes obvious that none of the patients with
truncating variants received a diagnosis of DEE. In addi-
tion, the proportion of those with developmental delay/in-
tellectual disability (94% of missense vs. 36% of truncating,
p <.001), language impairment (93% of missense vs. 20% of
truncating, p <.001), and neurological comorbidities (71%
of missense vs. 0 truncating, p=.03) is less represented in
the group with truncating variants. This milder phenotype
could be due to haploinsufficiency, which leaves intact the
functionality of the residual encoded protein, as opposed
to the putative dominant negative effect exerted by mis-
sense variants. These data need to be confirmed in a wider
series and corroborated by functional studies probing the
effect of these variants on protein quantity and function.

Although not statistically significant, data on treat-
ment response suggest that the percentage of patients
who respond to ASMs seems to correlate with the type
and location of genetic variants, and good seizure control
is often achieved if variants fall outside the hydropho-
bic BG (p=.09) or are truncating (p=.02). This observa-
tion, if confirmed, might help future precision medicine
approaches.

The five YWHAG variants classified as variants of un-
certain significance (VUS) were associated with hetero-
geneous epilepsy phenotypes in four, including absence
seizures (Patient 49), generalized tonic-clonic seizures
triggered by fever (Patients 51, 52), and developmental
delay without epilepsy (Patient 50). Except for Patient 50,
who has global developmental delay and facial dysmor-
phisms, the remaining four patients exhibited normal
development and language skills. These phenotypic char-
acteristics seem to overlap with the milder side of the spec-
trum of YWHAG-related disease. Further observations in
a wider cohort of patients with VUS might support the
hypothesis that hypomorphic variants exist in this gene.

5 | CONCLUSIONS

This cohort highlights the wide range of clinical presen-
tations and severity in YWHAG-related disorders, which
vary from mild developmental delay and epilepsy to DEE.
Epilepsy onset is within the first 2years, developmental
delay/intellectual disability occurs in most patients, and lan-
guage impairment is common. Other comorbidities, such as
behavioral abnormalities and dysmorphic features, are vari-
ably manifested, making this syndrome difficult to recognize
on clinical grounds only. A genotype-phenotype correlation
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begins to emerge, which reflects distinct molecular mecha-
nisms and may prove helpful for clinical management, prog-
nostication, genetic counseling, and precision medicine.
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