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1 | INTRODUCTION

Abstract

Objective: Asparagine-linked glycosylation 13 (ALG13) deficiencies have been re-
peatedly described in the literature with the clinical phenotype of a developmental
and epileptic encephalopathy (DEE). Most cases were females carrying the recurrent
ALG13 de novo variant, p.(Asn107Ser), with normal transferrin electrophoresis.
Methods: We delineate the phenotypic spectrum of 38 individuals, 37 girls and one
boy, 16 of them novel and 22 published, with the most common pathogenic ALG13
variant p.(Asn107Ser) and additionally report the phenotype of three individuals car-
rying other likely pathogenic ALG3 variants.

Results: The phenotypic spectrum often comprised pharmacoresistant epilepsy
with epileptic spasms, mostly with onset within the first 6 months of life and with
spasm persistence in one-half of the cases. Tonic seizures were the most prevalent
additional seizure type. Electroencephalography showed hypsarrhythmia and at a
later stage of the disease in one-third of all cases paroxysms of fast activity with
electrodecrement. ALGI3-related DEE was usually associated with severe to pro-
found developmental delay; ambulation was acquired by one-third of the cases,
whereas purposeful hand use was sparse or completely absent. Hand stereotypies
and dyskinetic movements including dystonia or choreoathetosis were relatively
frequent. Verbal communication skills were absent or poor, and eye contact and
pursuit were often impaired.

Significance: X-linked ALG/3-related DEE usually manifests as West syndrome
with severe to profound developmental delay. It is predominantly caused by the recur-
rent de novo missense variant p.(Asnl07Ser). Comprehensive functional studies will

be able to prove or disprove an association with congenital disorder of glycosylation.

KEYWORDS
ALGI13, developmental and epileptic encephalopathy, epileptic spasms, West syndrome

Key Points

Epileptic encephalopathy is defined as a condition in which
epileptic activity itself contributes to cognitive and behavioral
impairment beyond what is expected from the underlying pa-
thology alone.! However, in many of the severe epilepsies of
infancy and childhood, abnormal development may not just be
due only to seizures and interictal epileptiform abnormalities
but arises as a direct consequence of the underlying etiology.
In some diseases, developmental impairment results from the
combination of both mechanisms. Disorders in which devel-
opmental impairment results from the underlying cause as well
as from the epileptic encephalopathy are now termed develop-
mental and epileptic encephalopathies (DEEs).?

Deficiency of asparagine-linked glycosylation 13
(ALG13) was first identified in 2012 in a boy with a de
novo likely pathogenic variant ¢.280A > G, p.(Lys94Glu)
as a cause of congenital disorder of glycosylation (CDG), a
defect in the synthesis and attachment of glycoprotein and

o ALGI3-related DEE is solely caused by X-linked
de novo missense variants, predominantly by
p-(Asn107Ser)

o The phenotype of ALG13-related DEE comprises
epilepsy, global developmental delay, and often
dyskinetic movements and hand stereotypies

e Epilepsy in ALGI3-related DEE consists of West
syndrome, often pharmacoresistance, and a rec-
ognizable EEG pattern

glycolipid glycans.3 He presented with pharmacoresistant
seizures, microcephaly, nystagmus, bilateral optic nerve at-
rophy, extrapyramidal signs, hepatomegaly, edemas and a
bleeding tendency and died at 1 year of age.4
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In 2013, ALG13 variant c.320A > G, p(Asn107Ser) was
found in a female with epileptic spasms, global develop-
mental delay, hypotonia, and some facial dysmorphisms.
She had normal transferrin electrophoresis, and no clear
evidence of CDG was identified® ; the same variant has now
been reported in at least 21 females and one male,* in-
cluding one patient reported twice.”>* Where segregation
was performed, the pathogenic variant always arose de
novo. One patient was published with a different de novo
ALG13 variant of the same amino acid p.(Asn107Thr).14
In addition, six male index patients have been reported
with maternally inherited variants of unknown signifi-
cance (VUS).24"29 Several of these VUS were identified in
healthy individuals, such as p.(Tyr1074Cys), 112/176489
alleles (https://gnomad.broadinstitute.org/gene/ENSGO
0000101901?dataset=gn0mad_r2_1).24’30

Most reported patients with ALGI3-related DEEs are
female and have epileptic spasms (ES) with onset in the
first year of life as well as severe to profound global de-
velopmental delay with regression as well as hypotonia,
movement disorders, and sometimes dysmorphic features,
consistent with a DEE.>* 13171923 However, less than
one-half of the reported cases had detailed phenotypic
information.

Many of these affected females underwent transferrin
testing, likely due to the ALG3 case published in 2012 that
had been linked to CDG.* However, all of these tested female
patients with the recurrent variant had normal transferrin
isoelectric focusing.

In mouse models, the expression of ALG13 in the central
nervous system was shown to have histologically and cellular
specificity, mainly in the neurons in the cortex and hippo-
campus, and deficient ALG13 increased the susceptibility to
epileptic seizures.’!

Here, we delineate the phenotypic spectrum of ALGI3-
related DEE, focusing on the predominant recurrent patho-
genic variant, p.(Asn107Ser), but also on three individuals
carrying other likely pathogenic variants in ALG13. We ana-
lyze the phenotypic data of 38 individuals with the recurrent
de novo variant p.(Asnl07Ser), including 16 novel and 22
published cases.

2 | MATERIALS AND METHODS
We recruited patients from pediatric neurology and ge-
netics centers in Marseille, Lyon, Paris, and Strasbourg in
France, Basel, Bern, and Geneva in Switzerland, Utrecht
in the Netherlands, Radeberg, Leipzig, and Tiibingen in
Germany, London in the UK, Wellington in New Zealand,
and Melbourne in Australia.

Epilepsia-|-~
Eighteen individuals had the recurrent ALG13 de novo mis-

sense variant ¢.320A>G, p.(Asnl07Ser). For two previously

reported patients, we provide additional phenotypic data.”!!

We obtained comprehensive phenotypic data on each in-
dividual. All patients were seen by a pediatric neurologist or
epileptologist who provided information on epilepsy, devel-
opment, movement disorders, general medical history, elec-
troencephalographic (EEG) and magnetic resonance imaging
(MRYI) findings, and metabolic and other test results.

Developmental delay was divided according to clinical se-
verity into profound, severe, moderate, and mild global delay.
Intellectual disability was diagnosed after the age of 6 years.
Profound was defined as the patient being unable to sit or
walk and nonverbal at age 4 years. Severe referred to a child
who walked after 4 years and spoke single words or was non-
verbal. Moderate was defined as the child walking by 3 years
and speaking simple sentences, whereas mild delay meant
walking by 2 years and being able to hold a conversation but
delayed compared with typical development.

This study was approved by the ethics committee of the
University of Leipzig (224/16-ek, 402/16-ek) as well as the
collaborating institution of the referring clinician. For all pa-
tients, their parents or legal guardians gave written informed
consent for research participation.

In addition, we reviewed the clinical data of 22 published
patients with the ALGI3 missense variant p.(Asnl07Ser).
The literature (PubMed, Human Gene Mutation Database,
ClinVar) was searched for reports of the recurrent ALG/3
variant until April 2020. All published variants were assessed
according to the guidelines of the American College of
Medical Genetics and Genomics,32 and only individuals with
pathogenic or likely pathogenic variants were considered for
further analysis. Patients with VUS were not included in this
study.

3 | RESULTS

We characterized the phenotypic spectrum of ALG/3-related
DEE, primarily focusing on the recurrent ALG/3 variant
¢.320A >G, p.(Asn107Ser). We also report four patients with
novel likely pathogenic missense variants.

3.1 | Recurrent pathogenic variant ALG13
p-(Asn107Ser)

We ascertained 18 patients (16 new and two previously
reported patients with additional clinical information®'")
with the recurrent ALG13 variant p.(Asn107Ser) (Tables 1
and S1, supplement) and compared them with 20 published
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(Continued)

TABLE 1

Female patients with most likely

Female patient with most likely pathogenic
mutations and different clinical phenotype

pathogenic mutations and similar clinical

phenotype

Male patient with c.320A > G,

p-(Asn107Ser)"?

Female patients with ¢.320A > G,

p-(Asn107Ser)

N/A

Normocephaly: 1/2; microcephaly: 1/2

Microcephaly: 18% (4/22); Not reported

Head growth

plateauing in head growth: 64%

(14/22)

Normal

Normal: 2/2

Hypoplasia corpus callosum

Nonspecific anomalies: 26% (7/27);
thinning of corpus callosum:

MRI

7% (2/27); delayed white matter
myelinization: 11% (3/27)

N/A

N/A

Slightly abnormal (inconclusive)

Normal transferrin electrophoresis:

11; N/A: 24

Transferrin

electrophoresis

Abbreviations: ACTH, adrenocorticotropic hormone; EEG, electroencephalography; ES, epileptic spasms; GTCS, generalized tonic-clonic seizures; LEV, levetiracetam; N/A, not available; VGB, vigabatrin; VPA, valproic acid,;

y, years.

“See Figure 1.

Epilepsia-|-=
cases (Tables 1 and Table S2, supplement). The mean age
of all 38 patients was 6 years (median = 4.5 years, range
= 2-23 years); 37 were female and one was male. The
clinical phenotype of the only male patient reported13 with
this variant does not significantly differ from the female
patients.

3.2 | Epilepsy

All 38 (100%) patients had epilepsy; however, the seizure
type was not reported for four.'®'71% 1n 32 patients (18
novel, 14 published), epilepsy onset was known; 31 of 32
had onset by age 10 months, with 26 of 32 (80%) beginning
by age 6 months. Only one female patient had later onset
at 13 years.

ES were the most common seizure type, occurring
in 33 of 34 (97%) patients. Mean age at onset of ES was
5.3 months (median = 4.5 months, range = 1-10 months). In
two patients, ES were associated with inappropriate laugh-
ing. Hypsarrhythmia occurred in infancy in 30 of 33 (90%)
individuals with ES. Among the 25 patients for whom data
about the duration of ES were available, ES persisted beyond
2 years of age (up to 12 years of age) in 15 of 25 (60%) in-
dividuals. Only 10 of 25 (40%) patients with ES became sei-
zure-free; eight of 10 (80%) became seizure-free within the
first 6 months of treatment. Drug-resistant epilepsy was asso-
ciated with more severe delay, with 80% of those profoundly
impaired having ongoing seizures.

Three of 33 (9%) girls had seizures prior to onset of ES.
One had bilateral tonic seizures, and two had focal seizures;
one had recurrent staring episodes and the other became ap-
neic with cyanosis.

Overall, tonic seizures were observed in seven of 34 (24%)
individuals. The girl with later seizure onset at 13 years pre-
sented with refractory generalized tonic seizures. In the re-
maining six patients, tonic seizures persisted at mean age
4.5 years (median = 4 years, range = 2-9 years), associated
with ongoing ES in five and as the sole seizure type in one.
Less frequent seizure types included absence seizures (3/34,
8%), focal seizures including focal impaired awareness sei-
zures (2/34, 6%), myoclonic seizures (4/34, 12%), and ton-
ic-clonic seizures (3/34, 9%). The presence of other seizure
types resulted in drug-resistant epilepsy in two-thirds of
cases.

In terms of epilepsy syndrome, 30 of 33 (90%) individuals
had West syndrome with series of ES, hypsarrhythmia, and
developmental delay.33 In the remaining three of 33 (9%) ES
patients, the EEGs were not available. One patient evolved
from West syndrome to Lennox-Gastaut syndrome with
tonic, myoclonic, and atonic seizures.’

In 24 patients with West syndrome for whom information
on treatment was available, antiepileptic therapy comprised
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vigabatrin in 16 of 24 (66%), oral steroids in 12 of 24 (50%),
adrenocorticotropic hormone in nine of 24 (37%), and ke-
togenic diet in eight of 24 (33%); in all patients with suc-
cessfully treated spasms, these drugs were used. Individuals
with either drug-resistant ES or other seizure types also re-
ceived valproic acid (9/24, 37%), topiramate (9/24, 37%),
levetiracetam (8/24, 33%), and other drugs.

3.3 | Electroencephalography
Hypsarrhythmia was seen in all (30/30, 100%) patients with
ES where EEG data were available (not reported for seven
cases).> 157 !® Multifocal epileptiform activity occurred in 13
of 30 (43%) cases. After age 2 years, a distinctive EEG pat-
tern comprising paroxysms of fast activity with electrodec-
rement lasting a few seconds without clinical correlate was
observed in 10 patients (10/29, 34%; eight new and two pub-
lished cases®®; Figure 1). Activation of epileptiform activity
in sleep occurred in four of 30 (13%), with loss of normal
sleep architecture in one. Background slowing was noted in
four of 30 (13%) individuals, most probably not reported
in many other cases. Only one-half of the patients who be-
came seizure-free had a normal EEG, and EEG recordings
remained abnormal in all drug-resistant individuals.

3.4 | Development

All (34/34, 100%) children with available data had global
developmental delay, which was not further specified in 11
cases. The remaining had profound (11/23, 48%), severe
(5/23, 22%), moderate (5/23, 22%), or mild (2/23, 9%) delay.

Eighteen of 23 (78%) cases presented with developmen-
tal regression in the first year of life, which preceded ES
onset in three (13%) patients, and coincided with onset of ES
in all other 15 (65%) cases.

3.4.1 | Motor development

For the 24 patients with documented developmental
motor milestones, sitting was delayed until 9 months in one
of 24 (4%) and 10-24 months in seven of 24 (29%) children.
Walking was achieved by nine of 24 (38%) patients, mostly
in the second or third year of life.

Seventeen of 19 (90%) patients had limited or no purpose-
ful hand use. Thirteen of 19 (68%) had hand stereotypies,
mostly involving hand-to-mouth or hand-to-face movements,
and also hand-washing movements, flapping, and rocking.
Only two of 19 (11%) patients had purposeful hand use on a
background of moderate developmental delay.

Ten of 23 (43%) children had dyskinetic movement dis-
orders. These included chorea, dystonia, and athetosis.

Movement abnormalities were not mentioned in 15 cases.
One patient had eye movement stereotypies with recurrent
eye rolling, and two patients had intermittent strabismus.

342 | Language development

Language development was reported for 24 individuals and
was delayed in all. Five of 24 (21%) spoke a few single
words, and 19 of 24 (79%) were nonverbal.

343 | Social development
Eye contact was delayed and remained limited in 27 of 28 (96%)
patients. Four of 28 (14%) children had autism spectrum disorder.

344 | Head growth

Four of 22 (18%) individuals had acquired microcephaly, 14
of 22 (64%) showed plateauing in head growth, and one of 22
(5%) was macrocephalic. Three of 22 (14%) had normocephaly.

3.5 | Dysmorphic features

Patients with ALG13-related DEE did not have a distinc-
tive or recognizable dysmorphic facial gestalt. Dysmorphic
features were present in eight of 38 (21%) individuals, in-
cluding micrognathia (n = 4)>1213:19 and hypertelorism
(n = 2).5 The one male patient with the recurrent vari-
ant p.(Asnl07Ser) had micrognathia, mild torticollis,
and hemivertebra L1-L2 as well as asymmetrical hearing
loss."® Other sporadic dysmorphic features are described
in Tables S1 and S2.

3.6 | Magnetic resonance imaging

Nonspecific anomalies were observed in eight of 28 (28%)
patients. They included hypoplasiam of the corpus callosum
(n = 2; one novel),13 delayed white matter myelinisation (n
= 2; one novel),5 reduced volume of white matter (n = 1,
novel), and cortical atrophy.z’lo’19

3.7 | Transferrin electrophoresis

Of the 38 patients, 12 had normal transferrin electrophoresis;
25 were either not tested or the test was not reported. One
individual had mildly abnormal, inconclusive results.”® No
individual had clearly abnormal transferrin testing.
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FIGURE 1 Electroencephalograms of Patients 2, 3, 14, and 15 with a distinct pattern of paroxysm of fast activity (arrows) with

electrodecrement

3.8 | Additional likely pathogenic ALG13
de novo missense variants

We identified three girls with different likely pathogenic
ALGI3 de novo missense variants, all affecting residues in the
C-terminal glycosyltransferase domain of ALG/3 (Table S3,
supplement). None of these missense variants was described
in the gnomAD database (https://gnomad.broadinstitute.org/ge

ne/ENSG00000101901 ?dataset=gnomad_r2_1), and all were
classified as likely pathogenic according to American College
of Medical Genetics and Genomics criteria (PS2, PM2, PP3).32
Patient 40 had p.(GIn40His), and Patient 41 was carrier of a
13% mosaic on blood-derived DNA for p.(Thr57Pro). Both
cases had ES, beginning at 4 months in Patient 40, whereas
Patient 41 had unclear episodes at 4 months followed by ES
at 6 months. Both patients were pharmacoresistant; Patient 40
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had severe developmental impairment, whereas Patient 41 had
moderate delay with variable eye contact. Patient 40 had hand
stereotypies and did not develop any language, whereas lan-
guage was poor in Patient 41. All three had normal cerebral
MRI and transferrin electrophoresis.

Patient 39, carried the ALG13 de novo variant p.(Val8Ala)
and showed a much milder clinical presentation; she had febrile
seizures in the second year of life and afebrile seizures after
6 years of age. She was well controlled by antiepileptic drugs
and had mild developmental delay.

4 | DISCUSSION

We describe a comprehensive genotype-phenotype corre-
lation in individuals with pathogenic or likely pathogenic
variants in ALGI3 and reveal that X-linked ALG/3-related
DEE affects mainly girls and is characterized by West syn-
drome, often with persisting ES that are frequently accom-
panied by other seizure types and, in more than one-half of
the cases, remain drug-resistant. The EEG typically shows
hypsarrhythmia and multifocal epileptiform activity that oc-
casionally changes into a marked encephalopathic pattern of
background slowing and in one-third of all cases paroxysms
of fast activity with electrodecrement mostly without clinical
correlate after the age of 3 years.

An additional hallmark of ALGI3-related DEE is severe
to profound developmental delay with developmental regres-
sion prior to or at ES onset, impaired eye contact and pursuit,
and poor to absent verbal speech. Hand stereotypies, lack
of purposeful hand use, and dyskinetic movement disorder
including dystonia and choreoathetosis are frequent. Head
growth often tends to stagnate.

Only three individuals with ALGI3-related DEE had
unique, likely pathogenic variants that differed from the
predominant recurrent variant p.(Asn107Ser). Two females
carried p.(GIn40His) or p.(Thr57Pro), respectively, and dis-
played a phenotype with DEE and epileptic spasms quite
similar to carriers of p.(Asn107Ser). The milder degree of
developmental delay of the girl with p.(GIn40His) can likely
be attributed to the 13% mosaic status of this variant in blood.
Moreover, a third female with a unique variant, p.(Val8Ala),
also had a remarkably milder phenotype. Thus, it currently
remains open whether the degree of developmental delay as-
sociated with variants in the C-terminal glycosyltransferase
domain of ALG13 may differ from the severity of ALGI3-
related DEE due to p.(Asn107Ser).

ALGI3-related DEE shares phenotypic parallels with
other X-linked DEEs mainly affecting girls, such as CDKL5-
related disorders with ES and hypsarrhythmia, tonic seizures,
pharmacoresistance, severe developmental delay, poor eye
contact in the presence of cortical visual impairment, poor
or absent speech, hand stereotypies, and deceleration of head

growth.34’35 By contrast, Rett syndrome, one of the most com-
mon X-linked DEEs and mainly due to variants in MECP2,
may be differentiated more easily from ALG3-related DEE;
developmental regression is usually independent from epi-
lepsy onset in Rett syndrome, whereas it is mostly present at
the onset of ES in ALG13-related DEE. MECP2-related hand
stereotypies are mostly washing-hand movements, whereas
they comprise more hand mouthing and hand clapping in
ALG13- as well as in CDKL5-related DEE. Purposeful hand
use is acquired and then typically lost in MECP2-related
DEE, whereas it is not or poorly developed in many cases of
ALGI3-related DEE. Breathing abnormalities including hy-
perventilation and apnea are typical for MECP2-related DEE
and not seen in ALG13- and CDKL5-related DEE.****

The male patient reported by Timal and collaborators with
the likely pathogenic de novo ALGI3 variant c.280A > G,
p-(Lys94Glu) shared some features with CDG, including hep-
atomegaly, increased bleeding tendency, edemas, refractory
epilepsy, microcephaly, nystagmus, bilateral optic nerve atro-
phy, and extrapyramidal signs.4 The main link of the patient's
phenotype to CDG was a 17% residual enzyme activity of
UDP-GIcNAc:GlcNAc1-PP-dolichol GlcNAc-transferase in fi-
broblasts, an enzyme with a key role in the synthesis of the lipid
linked oligosaccharide precursor for the N-glycan assembly.

None of the individuals in our cohort (published or novel
cases) who underwent transferrin electrophoresis to verify
the link to CDG* had abnormal transferrin electrophoresis.
The only male individual with ALG/3-related DEE due to
p.(Asn107Ser)13 had a normal transferrin electrophoresis and
a lack of one glycan on mass spectroscopy. Comprehensive
functional studies will be able to prove or disprove the asso-
ciation with CDG.

For the time being, X-linked ALG3-related DEE remains
a disorder with a relatively homogenous phenotype exclu-
sively related to de novo variants, first of all c.320A > G,
p-(Asn107Ser). A number of male individuals have been
reported with rare maternally inherited ALG/3 variants;
however, all of them currently remain variants of uncer-

tain significance and are not further considered in this
study.2+-262829
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