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1 | INTRODUCTION

Heterogeneous nuclear ribonucleoproteins (HNRNPs) are a large family
of RNA-binding proteins that play a role in controlling the maturation of
newly formed heterogeneous nuclear RNAs into messenger RNAs, and
have roles in RNA splicing, polyadenylation, capping, modification,
export, localization, translation, and turnover (Glisovic et al., 2008;
Keene, 2007; Wu et al., 2018). Through interacting with ribonucleopro-
teins (RNPs), HNRNPs are directly involved in every stage of mRNA for-
mation and processing as well as overseeing its entire development
(Chen et al., 2013; Lim et al., 2016). The ability to do this shows that
the HNRNP family comprises a number of incredibly complex and versa-
tile proteins. In fact, it is thought that the functional flexibility the
HNRNP family possesses can be explained by their ability to produce
multiple alternatively spliced isoforms and their ability to form com-
plexes with other HNRNP members (Geuens et al., 2016).

HNRNPs have also been linked to various diseases, including cancer,
neurodevelopmental disorders, spinal muscular atrophy, amyotrophic lat-
eral sclerosis, congenital myasthenic syndrome, multiple sclerosis,
Alzheimer's disease, and fronto-temporal lobe dementia (Low
et al, 2021). Their key roles in regulating transcriptional and post-
transcriptional gene expression and their links to numerous diseases mean
that unsurprisingly they have attracted much attention by researchers.

Most HNRNP proteins are predominantly present in the nucleus
during steady state and translocate into the cytoplasm upon post-
translational stimulation or when recruited by other HNRNPs (Han
et al., 2010). This too is true of HNRNPU—the largest of the HNRNP
proteins, its role largely involves transcription and alternative splicing
(among other functions) (Geuens et al., 2016).

Patients with variants in HNRNPU have been known to present with
seizures, global developmental delay, and intellectual disability (ID). To
date, several studies have reported probands of patients with deletions
encompassing or pathogenic variants of HNRNPU (Bramswig et al., 2017;
Caliebe et al., 2010; Depienne et al., 2017; Durkin et al., 2020; Leduc
et al., 2017; Song et al., 2021; Thierry et al., 2012; Yates et al., 2017). In
this study, we expand on previously unpublished data from our group and
further describe unreported n = 17 probands who have de novo loss-of-
function variants in HNRNPU. We provide a comprehensive overview of
published literature with specific emphasis on the seizure phenotype
which has not been expanded previously and examine the genotype data

available from both this study and previous studies.

2 | MATERIALS AND METHODS

2.1 | Editorial policies and ethical considerations

Informed consent for inclusion and publication was obtained from all
participants involved in this study.

The DDD study has UK Research Ethics Committee approval
(10/H0305/83, granted by the Cambridge South REC, and
GEN/284/12 granted by the Republic of Ireland REC).

22 | Method

In this study, we describe 17 probands with previously unreported
likely pathogenic variants. We used the American College Medical
Genetics (ACMG) guidelines for variant classification (Richards
et al., 2015). Proband 6 was identified through identifying previously
unpublished patients on DECIPHER (http://decipher.sanger.ac.uk.)
(Firth et al., 2009). Proband 5, 7 and 8 were identified by contacting
uploaded HNRNPU
GeneMatcher (https://genematcher.org/statistics/). The rest of the

clinicians who have submissions  onto
probands (1-4 and 9-17) were identified through contacting individ-
uals who are part of an online support group for families supporting
individuals with HNRNPU variants. This meant that for these patients
(patients 1-4 and 9-17) anonymized data on a standardized clinical
proforma was collected from the affected individual's carer/parent
and where possible, additional data was collated by contacting the cli-
nician responsible for these patients.

For the literature review, a systematic method was used to per-
form an initial search of the relevant literature. The databases used
include Web of Science, MEDLINE via Ovid, PubMED, and The
Cochrane Library. Searches were undertaken using the keyword
“HNRNPU.” Publications were used based on their title, then the
abstract and further publications were identified through the refer-

ences of included papers.

3 | RESULTS

31 | Proband1
Patient 1 was a 4-year-old male born to nonconsanguineous white
European parents with no family history of intellectual disability or
epilepsy. The pregnancy was complicated by pre-eclampsia and
abnormalities detected on foetal scans. Borderline ventriculomegaly,
mild bilateral hydronephrosis, and a short femur length were detected
antenatally. At 36 weeks, intra-uterine growth restriction (IUGR) and
abnormal umbilical artery dopplers were detected, so the decision
was made to induce labor, and baby was delivered at 36 + 6 weeks
gestation by emergency caesarean section. He required phototherapy
for mild jaundice. There was no history of maternal illnesses and no
significant exposures during the pregnancy.

His birth weight was on the 3rd centile. He was born with feeding
difficulties and had mild bilateral hydronephrosis which resolved spon-
taneously at birth. He was found to have ostium secundum atrial
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septal defect (ASD) of moderate size and mild branch pulmonary ste-
nosis at birth, both of which resolved spontaneously. He also devel-
oped neonatal jaundice which resolved with phototherapy.

He developed a seizure phenotype at 6 months. His seizures
characteristically started as absence seizures and then moved on to
became focal, and if they continued for a significant amount of time
became tonic-clonic. He had five admissions to the intensive care unit
(ICU)—four of which were for status epilepticus and one from respira-
tory arrest due to a benzodiazepine overdose. He has been seizure
free for over a year. He remained on topiramate and sodium valproate
for epilepsy and clobazam was added in when he was unwell. Before
the age of 3 years, he suffered from breakthrough seizures despite
medications, these occurred every few weeks to every few months
and were triggered by high fevers.

He has moderate intellectual disability and global developmental
delay. He spoke his first word at 2 years, and this remained the only
word he could speak. He was able to sit unsupported at 10 months
and took his first steps at 30 months.

Dysmorphic features included a bilateral and a long columella. He
was also born with four limb post-axial polydactyly and a convergent
strabismus. He had a left sided inguinal hernia at 2 months. Polydac-

tyly was removed, and the hernia was repaired at 2 months.

3.2 | Proband2

Patient 2 was a 34-year-old female, third child born to non-
consanguineous parents. The family history was unremarkable other
than one paternal first cousin with a history of epilepsy. There was no
history of maternal illnesses or significant exposures during preg-
nancy. There were no abnormalities noted on scans during pregnancy.

She was born at 39 weeks gestation with a birth weight on the
56th centile. There was hypotonia noted during the neonatal period
and she remained hypotonic. She developed a seizure phenotype at
12 months and was diagnosed with epilepsy with tonic-clonic sei-
zures. She had several breakthrough seizures in early childhood and
during adolescence despite being on medication—but since starting
lacosamide she has remained seizure free.

She has global developmental delay. She was able to sit
unsupported at 12 months, spoke her first word at 24 months and
took her first steps at 3.5 years. She has moderate intellectual disabil-
ity. Dysmorphic features included a thin upper vermillion, slight fron-
tal bossing and prominent eyebrows. She also had strabismus.

She was also diagnosed with autism, obsessive compulsive disor-
der (OCD), and anxiety.

3.3 | Proband3

Patient 3 was an 11-year-old female. Her maternal grandparents are
cousins. There was a family history of maternal multiple sclerosis. The
mother took interferon beta-1a (Rebif) injections for her MS for the

first 5 weeks of pregnancy but stopped this as soon as she found out
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she was pregnant. There was no family history of intellectual disability
or epilepsy. There were no abnormalities detected antenatally, how-
ever the child's mother noted that there were reduced foetal move-
ments compared to her first pregnancy.

She was born by elective caesarean at 37 + 6 weeks gestation,
birth weight on the 6th centile, head circumference on the 31st centile
and height on the 5th centile. She was born hypotonic and had feeding
difficulties during the neonatal period and remained hypotonic.

She was diagnosed with epilepsy at 2 years of age and had
therapy-refractory focal and secondary generalized seizures, tonic sei-
zures, as well as absence seizures with eyelid myoclonus. She was on
clobazam, lamotrigine, perampanel, and brivaracetam for her epilepsy,
yet still had between 5 and 12 breakthrough seizures a month.

She had severe intellectual disability and global developmental
delay. Developmental abnormalities were first noticed at 3 months of
age when it was noted that she rarely smiled, had poor eye contact
and poor drinking. She was able to sit unsupported at 12 months and
took her first steps at 3 years. She is aphasic. She was also diagnosed
with autism spectrum disorder and has secondary microcephaly.

34 | Proband4

Patient 4 was a 7-year-old female born to nonconsanguineous, white
European parents. She was the oldest of four children, all her siblings
were fit and well with no medical conditions. There was a family his-
tory of childhood and adult epilepsy affecting family members on her
paternal side. There were no maternal illnesses or significant expo-
sures during the pregnancy. The pregnancy was normal apart from
vanishing twin syndrome at 7 weeks gestation.

She was born at 42 weeks with a birth weight on the 2nd centile
and head circumference on the 23rd centile. She was hypotonic and
had feeding difficulties at birth; the hypotonia has remained.

She experienced her first tonic-clonic seizure at 14 months,
although it was suspected she was having absence seizures prior to
this. She suffered from tonic-clonic and focal seizures which were
controlled with medication, however, she experienced breakthrough
seizures when her medication dose was not closely monitored.

She has global developmental delay and severe intellectual dis-
ability. She could sit unsupported at 12 months and took her first
steps at 22 months.

Dysmorphic features included a small nose, a narrow mouth and
frontal bossing. She also has a diagnosis of autism spectrum disorder
and strabismus.

A brain MRI noted mesial sclerosis of the hippocampus and enlarged

temporal lobe, there were no other abnormalities noted on MRI.

3.5 | Proband5
Patient 5 was a 26-year-old female born at 39 weeks gestation on the
19th centile for weight. She did not experience hypotonia or feeding

difficulties during the neonatal period.
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She has epilepsy and took lamotrigine. She had previously taken
sodium valproate and vigabatrin which was unable to control the sei-
zures completely.

She has severe intellectual disability and global developmental
delay. She was aphasic, was unable to sit unsupported and took her
first steps at 30 months. She also displayed auto-aggressive behavior,
depression, and anxieties related to hyperventilation. There was no
hypotonia.

Dysmorphic features included a prominent nose, low set ears, a
prominent epicanthus, a low set hairline, hallux valgux, and alopecia.

She also had scoliosis.

3.6 | Probandé6

Patient 6 was a 9-year-old female. She was born by caesarean
section at term of gestation complicated by IUGR with a birth weight
of 2330 gr (10th centile), length of 46 cm (10th-25th centile), and
occipitofrontal circumference of 31.5 cm (5th centile). Her perinatal
history was unremarkable, and she was neither hypotonic nor had
feeding problems in the neonatal period. At 15 months of age, she
had her first tonic-clonic generalized seizure with abnormal EEG and
she was started on valproate. She had several other seizures always
during fever episodes.

She walked independently at 18 months and said her first words
at 10 months, but her language development was delayed and by the
age of 6 years she could say about 100 words and she spoke in short
sentences of 1-2 words. By the age of 9 years, her language further
improved, and she was able to speak by simple sentences and to make
simple calculations. She had good social skills. She developed hyper-
phagia and gained weight by the age of about 9 years. On physical
examination at the age of 9 years, her weight was 26.5 kg (25th
centile), her height was 116.5 cm (SDS —2.9), her BMI was 19.5 (89th
centile) and her occipitofrontal circumference was 49.6 cm
(SDS -3.1).

She was noted to have dysmorphic features including a thin upper
vermillion and bilateral II-lll toe syndactyly. She was also found to
have cyclical neutropenia with an otherwise normal hematological
work-up. An MRI of her brain showed ventriculomegaly and a cyst on

the pineal gland.

3.7 | Proband7
Patient 7 was a 5-year-old male. He was born at 40 + 1 weeks and
weighed on 27th centile. He suffered from hypotonia in the neonatal
period as well as feeding problems and reflux. He does not have epi-
lepsy, however, has had seven febrile seizures - the first of which was
at 12 months of age.

He has moderate intellectual disability and global developmental
delay. He first sat unsupported at 12 months and said his first word
and took his first steps both at 24 months.

Dysmorphic features included hypermetropia, and a thin upper
vermillion. He had a large atrial septal defect which required surgery.
He also had autism, strabismus and hyperlaxity.

A brain MRI showed medio-posterior atrophy of the corpus cal-

losum, occipital atrophy, and global cerebral atrophy.

3.8 | Proband8

Patient 8 was a 23-year-old female, born at 40 weeks on the 49th
centile for weight. She had hypotonia and feeding difficulties in the
neonatal period. She remained hypotonic.

She suffered from epilepsy for which she took levetiracetam and
lamotrigine. She had moderate intellectual disability and global devel-
opmental delay. She took her first steps at 2 years and spoke her first
word at 3 years.

Dysmorphic features included a long columella, a high-arched pal-
ate, synophrys, and hallux valgus.

3.9 | Proband9

Patient 9 was a 3-year-old male, born to nonconsanguineous parents
with no significant family history. There was no history of maternal ill-
nesses nor significant exposures during the pregnancy. He was born
at 40 weeks and weighed on the 62nd centile. He did not suffer feed-
ing difficulties or hypotonia during the neonatal period.

Since birth, he developed hypotonia and epilepsy with EEG abnor-
malities, he took levetiracetam for epilepsy which remains well con-
trolled. He experienced his first febrile seizure at 11 months and his
first afebrile seizure at 18 months. His seizures were originally focal sei-
zures but have since progressed to generalized tonic-clonic seizures.

He has global developmental delay. He was able to first sit
unsupported at 14 months, spoke his first word at 23 months and
took his first steps at 3 years.

He had a ventricular septal defect (VSD) repair at 4 months and a
bilateral orchidopexies at 3 years 4 months for cryptorchidism. Dys-

morphic features included a sacral dimple and single palmar crease.

3.10 | Proband 10
Patient 10 was a 3-year-old male born to white European, non-
consanguineous parents. There was no history of maternal illnesses,
significant exposures, or abnormal scans during the pregnancy. The
family history was unremarkable.

He was born at 39 weeks and weighed on the 44th centile. He
was born with hypotonia (which remained) and feeding difficulties.

At 10 months, he experienced his first possible febrile seizure. At
12 months, he had his first absence seizure. He was on medication for
his epilepsy, but still experienced breakthrough seizures when his

levetiracetam dose was adjusted.
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He has intellectual disability and global developmental delay. He
was able to sit unsupported at 11 months, said his first word at
12 months and took his first steps at 19 months. He has autism spec-

trum disorder.

3.11 | Proband 11

Patient 11 was a 14-year-old female born to nonconsanguineous,
white European parents. She was born at 39 weeks gestation with a
head circumference on the 32nd centile. She experienced hypotonia
during the neonatal period (which has remained) and her feeding diffi-
culties led to her to being gastrostomy fed as a neonate.

She had her first seizure at 11 months. Her epilepsy consisted of
tonic-clonic, absence and atonic seizures. Her absence seizures are
refractory to treatment with sodium valproate and lamotrigine.

She has severe intellectual disability and global developmental
delay. She was able to sit unsupported at 18 months, took her first
steps at 6 years and said her first word at 12 years.

Dysmorphic features included a small nose. She also had scoliosis,
joint hypermobility, a hirsute back, clinodactyly of the Vth finger bilat-
erally and has grommet insertion in both ears.

She was diagnosed with autism spectrum disorder and displayed
aggressive behavior.

3.12 | Proband 12

Patient 12 was an 8-year-old male. Like his brother, he was born at
36 weeks by caesarean section because of pre-eclampsia and IUGR.
He was born with a weight on the 14th centile, height on the 8th
centile and head circumference on the 10th centile. He had hypoto-
nia, jaundice and hypoglycaemia soon after birth and needed total
parenteral nutrition. He had haematemesis during the neonatal
period.

He has intellectual disability and epilepsy for which he took
sodium valproate. He has global developmental delay; he said his first
word at 18 months and gained sphincteric control at 5 years old.

Dysmorphic features included a depressed nasal bridge, a high
forehead, synophrys, diastasis of the upper incisors, bilateral single
palmer crease, clinodactyly of the Vth finger bilaterally, preaxial poly-
dactyly of right foot, syndactyly II-1ll toe of left foot and proportionate

short stature.

3.13 | Proband 13

Patient 13 was an 18-year-old male born to nonconsanguineous par-
ents with an unremarkable family history. There were no abnormali-
ties on antenatal scans, or significant illnesses or exposures during
pregnancy. He was born at 40 weeks and his birthweight was on the
54th centile. He did not experience hypotonia during the neonatal

period, but he did have feeding difficulties.

medical genetics B-WILEY-L_°

He has epilepsy and experienced his first seizure at 12 months of
age. He had tonic-clonic seizures for which he took sodium valproate,
but these remained refractory to treatment. An EEG showed diffuse
slowing, L epileptiform discharges.

He was diagnosed with severe intellectual disability and global
developmental delay; he was aphasic. He first sat unsupported at
11 months and took his first steps at 24 months.

Dysmorphic features included hypertelorism, bilateral epicanthic
folds, a broad nasal root, a high and narrow palate, dysplastic pinnae,
posteriorly rotated and slightly low set ears, bitemporal narrowing, a
prominent forehead, II-Ill toe syndactyly with prominent and large
central incisors.

He displays autistic features but is not formally diagnosed with
autism spectrum disorder. He also has behavioral issues. He displays
hypertonia in the extremities but axial hypotonia and has been diag-
nosed with spastic diplegic cerebral palsy. Brain MRIs at 6 months and

at 6 years were both normal.

3.14 | Proband 14

Patient 14 was a 3-year-old male born to nonconsanguineous parents.
There were no significant maternal exposures or illnesses during preg-
nancy and no abnormalities were detected on antenatal scans. There
was no significant family history. He was born at 40 + 2 weeks and
weighed on the 62nd centile. There was no hypotonia or feeding diffi-
culties during the neonatal period.

He experienced his first febrile seizure at 11 months. His first
tonic-clonic seizure occurred at 18 months. His epilepsy is well con-
trolled on levetiracetam. He has moderate-severe intellectual disabil-
ity and global developmental delay. He first sat upright at 14 months,
spoke his first word at 23 months and took his first steps at 3 years.

Dysmorphic features included a thin upper vermillion, a single pal-
mar crease, and a sacral dimple. He had a ventricular septal defect
repair at 4 months and a bilateral orchidopexies at 3 years 4 months

for cryptorchidism.

3.15 | Proband 15

Patient 15 was a 2-year-old female born to nonconsanguineous par-
ents with no significant family history. There were no significant
maternal exposures or illnesses during pregnancy. IUGR was noted on
antenatal the scans, and her mother reported that this baby had
reduced foetal movements compared to her previous pregnancy.

She was born at 37 weeks and weighed on the 0.4th centile. She
was hypotonic during the neonatal period but did not have feeding
difficulties. She has epilepsy with EEG abnormalities and experienced
her first seizure at 18 months. She had focal seizures and occasionally
had refractory seizures despite treatment with levetiracetam.

She has moderate intellectual disability and global developmental
delay. She has not taken her first steps nor spoken her first word yet

at 2 years of age but sat unsupported at 12 months.
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3.16 | Proband 16

Patient 16 was a 36-year-old male born to nonconsanguineous par-
ents. The pregnancy was normal apart from hospitalisation at 7 weeks
due to hyperemesis. There were no abnormalities observed on ante-
natal scans. He was born at 40 weeks on the 63rd centile.

He was hypotonic and had feeding difficulties during the neonatal
period. He did not have epilepsy but at 18 months had the first of
many febrile seizures. He has mild intellectual disability and global
developmental delay yet. He first sat upright at 6.5 months, spoke his
first word at 9.5 months and took his first steps at 10.5 months.

He displayed autistic features and anxiety as well as aggressive
behavior and has been diagnosed with OCD. He had swallowing prob-
lems, constipation, and an incisor with two roots and has suffered
from chronic ear infections. He had ear surgery on a perforated ear
drum and used a hearing aid.

He is not diabetic but has low insulin levels and experienced low
blood sugars. He also struggled to gain weight despite eating a high
calorific diet.

3.17 | Proband 17

Patient 17 was a 3-year-old female born to nonconsanguineous par-
ents with no significant family history. There were no abnormalities
observed on antenatal scans and there were no significant maternal
ilinesses/ exposures. She was born at 39 + 4 weeks and weighed on
the 53rd centile.

She was hypotonic in the neonatal period (which remains) but
experienced no feeding difficulties. She has epilepsy with no EEG
abnormalities and experienced her first seizure at 10 months. She had
both tonic-clonic and absence seizures which remained well con-
trolled with sodium valproate.

She has mild intellectual disability and global developmental
delay. She first sat unsupported at 9 months, spoke her first word at
12 months, and took her first steps at 2 years and 3 months.

Brain imaging showed asymmetry of lateral ventricles (left bigger
than right) and she was born with an atrial septal defect. She also

takes levothyroxine for hypothyroidism.

4 | LITERATURE REVIEW AND
DISCUSSION

41 |
disorder

HNRNPU-related neurodevelopmental

The HNRNPU gene, located on 1qg44, is a DNA and RNA-binding
protein (Durkin et al., 2020). It is involved in nuclear chromatin
organization, telomere-length regulation, mRNA alternative splicing
and stability, Xist-mediated transcriptional silencing, mitotic cell
cycle regulation, negatively regulates glucocorticoid-mediated tran-

scriptional activation and participates in circadian regulation

(https://www.genecards.org/cgi-bin/carddisp.pl?gene=HNRNPU).
Thierry et al. (2012) showed that HNRNPU is expressed in at least
six different tissues: adult brain, heart, kidney, liver, cerebellum tis-
sues, and foetal brain tissue, with the strongest expression in the
cerebellum.

Previous research has found that deletions encompassing or de
novo loss-of-function variants of HNRNPU can lead to a neu-
rodevelopmental disorder characterised by variable degree but usually
moderate to severe intellectual disability, seizures, behavioral abnor-
malities, and characteristic craniofacial dysmorphism and agenesis of
the corpus callosum (Ballif et al., 2012; Bramswig et al., 2017; Durkin
et al,, 2020; Leduc et al., 2017; Yates et al., 2017). The phenotypic
variability is possibly attributable to the variable size and gene content
between patients (Caliebe et al, 2010). Additionally, a study by
Caliebe et al. (2010) in which whole exome sequencing was used
suggested that haploinsufficiency was the main mechanism of patho-
genicity in HNRNPU variants.

A comprehensive review of the literature published so far on
HNRNPU found eight papers which described clinical features of
effected individuals. The detailed findings of our 17 probands can be
found in Table 1, and the collated findings of this literature review are
reported in Table 2. Table 3 depicts the association between gene var-
iant, type of variant and phenotype. Variant nomenclature in Tables 1
and 3 is according to gene transcript NM_031844.2.

In the following discussion, the numbers quoted for individual
phenotypes includes both data collected from this study and the data
collated from the literature.

Our research has further delineated common phenotypes of indi-
viduals with HNRNPU variants. Our data shows 11/17 individuals had
neonatal hypotonia and 10/17 had neonatal feeding difficulties. Previ-
ous research by our group found that 11/21 individuals had feeding
difficulties during the neonatal period and 2/7 had neonatal hypotonia
(Durkin et al., 2020; Yates et al., 2017). The literature review found
that 46% of individuals with HNRNPU variants experienced neonatal
hypotonia and 57% neonatal feeding difficulties. 80% of individuals
had hypotonia after the neonatal period.

Fourteen of seventeen patients had moderate or severe intellec-
tual disability, two had mild ID. ID was suspected but not confirmed in
the other case. Every individual (17/17) had global developmental
delay. This is in keeping with published literature, which shows 100%
of patients with HNRNPU had global developmental delay, and 87%
have intellectual disability. Evidently, both phenotypes—particularly
global developmental delay are common phenotypes associated with
variants in this gene.

Seizures are another very widely reported feature of HNRNPU
variants, and it is no surprise that our study further describes this. In
the literature, 95% of patients had seizure phenotype—very few of
these were febrile seizures and not epileptic. Interestingly, 91% of
patients with epilepsy had their first epileptic seizure before their sec-
ond birthday—and one patient had it days after their second birthday.
The most common seizure type in our study was tonic-clonic seizures,
with 8/11 individuals who reported seizure type describing this. Six of

eleven described absence seizures and 6/11 described seizures which



TABLE 1

Patient number
Sex
Age (in years)

Consanguinity in
the family

Family history of
intellectual
disability or
epilepsy

Heterozygous
cDNA change

Amino acid change
Inheritance

Additional genetic
defect

Gestational age at
birth (weeks)

Birth weight (kg)

Maternal illnesses

or significant
exposures

Abnormalities/
abnormal scans

Neonatal hypotonia

Neonatal feeding
difficulties

Other neonatal
problems

Intellectual
disability

Severity of
intellectual
disability

Global
developmental
delay

Patient 1
Male

3.9

No

No

c.878-9T>G

De novo

36+6

23

Pre-eclampsia

Ventriculomegaly,
bilateral
hydronephrosis,
short femurs,
IUGR

No

Yes

Jaundice

Yes

Moderate

Yes

Phenotypic data patients 1-17

Patient 2
Female
34.83
No

First cousin has
epilepsy

c.508C>T

p.GIn170
De novo

No

39

3.20

No

Yes

Moderate

Yes

Patient 3
Female
74

Grandparents are
cousins

No

€.2270_2271delCT

p.Pro757Argfs*7
De novo

No

35

2.77

Rebif for first 5

weeks

No

Yes
Yes

No

Yes

Moderate to
severe

Yes

Patient 4
Female
7.9

No

Several have
epilepsy

c.893 A>G

p.(H298R)
De novo

m.15266A>G
42
278

No

Vanishing twin
syndrome at 7
weeks

Yes

Yes

No

Yes

Severe

Yes

Patient 5
Female

26.5

c.1617dup

p.(Ala540Serfs*10)
De novo

No

39

2.86

No

Yes

Severe

Yes

Patient 6
Female
9.83

No

First cousin of the
father and
paternal
grandmother
who has
mengioma

€.2304_2305del

p.(Gly769Glufs*83)
De novo

No

38

2.33

IUGR

Yes

Moderate

Patient 7
Male
55

€.2425-2A>G

De novo

No

40+1

3.28

Yes
Yes

Reflux

Yes

Moderate

Yes

Patient 8
Female
23

¢.730_731delAG

p.(Arg244Glyfs*3)
De novo

No

40

34

No

Yes

Moderate

Patient 9
Male
3.83

No

No

De novo

No

40

3.7

Yes

(Continues)
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TABLE 1

Patient number
Language delay
Age of first words

Motor delay

Age first sat
unsupported

Age of first steps

Any psychiatric
diagnosis?

Other
psychopathology

Hypotonia
Epilepsy

EEG abnormality

Delayed
myelinisation

Corpus callosum
abnormalities

Colpocephaly

Ventriculomegaly

Other

Age of first seizure

Seizure types

Refractory seizures

Dysmorphic
features: eyes

(Continued)

Patient 1
Yes

2 - only has one
word

Yes
10 months

30 months
No

No

Yes

Yes

No

Borderline
ventriculomegaly

No

6 months

Absence, focal,
tonic-clonic

No longer

Bilateral
convergent
squint

Patient 2
Yes

24 months

Yes
12 months

3.5 years

Autism, OCD,
Anxiety

No

Yes

Yes

No

12 months

Tonic-clonic

No

Strabismus

Patient 3
Yes

Aphasic

Yes
12 months

36 months

Autism

No

Yes

Yes

<24 months

Focal, tonicclonic,
tonic, absences,
myoclonus

Yes

Patient 4
Yes

Aphasic

Yes
12 months

22 months

Autism

No

Yes
Yes

Yes

No
No

Mesial sclerosis
of
hippocampus,
enlarged
temporal lobes

14 months

Absence, focal,
tonic-clonic

Yes

Strabismus

Patient 5
Yes

Aphasic

Yes

30 months
No

Aggressive
behavior,
depression,
anxiety

No
Yes

Prominent
epicanthus

Patient 6
Yes

10 months

Yes

18 months
No

Hyperphagia

Cyst on pineal
gland

15 months

Tonic-clonic

No

Normal

Patient 7
Yes

2 years

Yes
12 months

24 months

Autism

No

Yes

No but had seven
febrile seizures

No

Medio-posterior
atrophy

No
No

Occipital atrophy,
global cerebral
atrophy

12 months febrile

Strabismus,
hypermetropia

Patient 8
Yes

3years

Yes

2 years

No

No

Synophris

Patient 9
Yes

23 months

Yes

14 months

3years

No

No

Yes

Yes

11 months
febrile, 18
months
epileptic

Focal, tonic-
clonic

No

SJ119U3H |elIpaul—
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TABLE 1

Patient number
Nose

Mouth

Ear

Face

Forehead

Other

Other clinical
features

Past tests:
Karyotyping
CGH-array
Single gene tests
Metabolic testing

Current medical
treatment

(Continued)

Patient 1

Patient 2

Long columella -

Thin upper
vermillion

Oblong,
prominent
eyebrows

Slight frontal
bossing

Four limb post- -
axial polydactyly,
inguinal hernia,

moderate

ASD

secundum, mild
pulm. stenosis

46XY

Topiramate,
sodium

Lacosamide

valproate,

clobazam

Medical treatment -

used in the past

Patient 10
Male

3.3

No

No

De novo

Patient 11
Female

14

No

De novo

Patient 12
Male
8.75

€.1665_1666delGT

De novo

Patient 3

Aspecific
dysmorphism

Tapering fingers,
cutis marmorata

Normal
No
Normal

Clobazam,
lamotrigine,
perampanel and
brivaracetam

Patient 13
Male

18.08

No

No
c.1834G>A
p.Asp612Asn

Patient 4
Small

Narrow

Round, small

Frontal bossing

Yes

Yes

Patient 5
Prominent nose

Cleft palate

Low set

Low-set hairline

Scoliosis, hallux
valgus, short
hand, big
phalanx

Alopecia, eczema

Yes

Yes
Yes
Yes

Lamotrigine,
omeprazole,
trimebutine,
hydroxyzine,
betamethasone

Sodium valproate,

vigabatrin,
forlax
Patient 14
Male
3.75
No
No

Del exons 1-11

De novo

Patient 6
Normal

Thin upper
vermillion

Normal

Normal

Normal

Short stature, lI-ll
toe syndactyly

Cyclic neutropenia

No

Sodium valproate

Patient 15

Female

2.1

No

No

c.742dup
pARG248Lysfs*12

De novo

Patient 7 Patient 8
Normal Long columella
Thin upper No
vermillion
Normal No
- No
- No
- No
Large ASD, Arched palate,
hyperlaxity hallux valgus
No No
Normal Normal
Yes No
Normal No
No Keppra,
lamotrigine
Patient 16
Male
36.7
No

€.804-9_804-6del

De novo

Patient 9

Sacral dimple,
single palmar
crease, VSD,
Bilateral
undescended
testes

Keppra

Patient 17

Female

3.16

No

No

c.1243del

p. (Asp415metfster3)

De novo

(Continues)
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TABLE 1

Patient 10

12 months
11 months
19 months
Autism

No

Yes

Yes

10 months
febrile, 12
months
absence

(Continued)

Patient 11

39

Yes
Yes

No

Yes
Severe
Yes

Yes

12 years
Yes

18 months
6 years
Autism

Aggressive
behavior

Yes

Yes

Yes

11 months

Patient 12

36
226
Pre-eclampsia

IUGR

Yes
Yes

Haemateme sis,
jaundice

Yes

Yes
Yes
18 months

Yes

Yes

Yes

Patient 13

Loss of clone RP11-38023 at
Xp11.23

40
3.6

Yes

Severe

Yes

Yes

Aphasic

Yes

11 months
24 months
Likely autism

Behavioral issues

Hypertonic in extremities, axial
hypotonia

Yes

Diffuse slowing, | epileptiform
discharges

No
Normal

No

No
12 months

Patient 14
No

40+2

3.7

Yes

Moderate

Yes
Yes

23 months

Yes

14 months

3years

No

Yes

Yes

Yes

No

11 months febrile, 18

months epileptic

Patient 15
No

37
2
No

IUGR, few foetal
movements

Yes

Yes
Moderate
Yes

Yes

Aphasic

Yes

12 months
Not achieved

No

Yes

Yes

Yes

18 months

Patient 16
No

40
3.71
Hyperemesis at 7 weeks

No

Yes
Yes

Yes

Mild

Yes

Yes

5.5 months

Yes

6 months

10.5 months

Autistic features, OCD

Aggressive behaviors,
anxiety

Yes

No (but febrile seizures)

As a child

No
18 months febrile

Patient 17

Duplication

(16p13.11p12.3)

39+4
3.44
No

12 months

Yes

9 months

2 years 3 months

No

Asymmetry
(left>right)

No
10 months
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TABLE 1 (Continued)
Patient 10 Patient 11 Patient 12 Patient 13 Patient 14
Absence Tonic-clonic, - Tonic-clonic Tonic-clonic
absence,
atonic
Yes Yes - Yes Yes
Strabismus - Synophris Hypertelorism, bilateral epicanthal No
folds
- Small Depressed nasal bridge Broad nasal root No
- - Diastasis of upper High and narrow palate Thin upper vermillion
incisors
= = = Dysplastic pinnae, posteriorly No
rotated, low set
- - - Bitemporal narrowing No
- - High forehead Prominent No
- Clinodactyly Clinodactyly of Vth 11-11I toe syndactyly Single palmar crease, sacral
of Vth finger bilaterally, dimple
finger preaxial polydactyly
bilaterally of right foot,
syndactyly lI-1ll toe
of left foot
- Hypermobile, Single palmar crease Prominent and large central Hypermetropia, VSD,
hairy back, bilaterally, short incisors, Spastic diplegia bilateral undescended
grommet's stature testes
- - Yes 46XY No
- Yes - Yes No
- - - No No
= = = Yes No
Levetiracetam  Sodium Sodium valproate Sodium valproate Keppra
valproate,
lamotrigine
- - - Carbamazepine, Levetiracetam -
Note: Variant nomenclature is according to gene transcript NM_031844.2. “-" indicates no data was available.

Patient 15

Focal seizures

Thin upper vermillion

No

No
No
No

Yes
Yes
No

Levetiracetam

Grommets, Toe alignment
splint

Patient 16

Thinning outer eyebrows

Depressed nasal bridge

Slightly high palate

Swallowing problems,
constipation, chronic ear
infections.

An incisor is a double tooth
with two roots

Yes
No
No
Yes

CBD with low THC.
manganese Linaclotide,
Melatonin, B12

Phenobarbital, phenytoin.
Bilateral hearing aids. Ear
surgery. Citalopram,
risperidone

Patient 17

Tonic-clonic,
absence

W I3 HOTAVL

ASD

Inherited duplicati

Nono
Yes

Sodium valproate,
levothyroxine

No
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TABLE 2

Neonatal hypotonia

Neonatal feeding
difficulties

Intellectual disability

Global developmental
delay

Autistic features
Hypotonia
Seizures

Seizures before
24 months

Seizure type
Tonic-clonic
Absence

Refractory
Dysmorphism

Thin upper vermillion
Strabismus

Abnormality on brain
MRI

Cardiac abnormality

Our
study

11/17
10/17

16/17
17/17

8/16

15/17
17/17
12/12

8/11
6/11
6/11
16/17
7/15
5/15
6/12

7/16

Phenotype data from literature review

Durkin
et al. (2020)

n/r

10/15

11/21
20/20

3/21
n/r
20/21
9/10

7/16
5/16
n/r
21/21
3/20
3/20
5/15

3/14

Thierry
et al. (2012)

n/r

n/r

11/11
11/11

4/9
4/9
11/11
10/11

n/r
n/r
1/11
10/11
n/r
4/8
8/11

1/10

Yates
et al. (2017)

2/7
1/6

717
717

1/5
2/7
5/7
5/6

1/6
2/6
1/6
6/7
6/7
1/7
3/6

1/6

Bramswig
et al. (2017)

2/7
3/7

6/6
5/5

4/6
6/7
6/6
5/6

4/6
3/6
2/5
717
3/6
2/6
5/6

4/6

Leduc
et al. (2017)

1/4

n/r

4/4
4/4

1/4
2/4
4/4
3/4

3/4
2/4
n/r
4/4
0/4
2/4
3/4

0/4

Depienne
et al. (2017)

n/r

n/r

777
717

1/7
4/5
6/7
6/6

5/5
4/5
6/6
n/r
n/r
n/r

4/6

n/r

Caliebe
et al. (2010)

n/r

n/r

4/4
4/4

n/r
3/4
4/4

n/r

n/r
n/r
1/4
3/3
2/3
2/3
4/4

1/4

Song et al.
(2021)

n/r

n/r

1/2
2/2

1/2
n/r
2/2
2/2

2/2
0/2
1/2
2/2
1/2
1/2
0/2

2/2

Overall
16/35 (45.7%)
21/37 (56.8%)

69/79 (87.3%)
75/75 (100%)

23/70 (32.9%)
36/45 (80.0%)
75/79 (94.9%)
52/57 (91.2%)

30/50 (60.0%)
22/50 (44.0%)
19/42 (45.2%)
69/72 (95.8%)
22/58 (37.9%)
20/57 (35.1%)
37/64 (57.8%)

19/62 (30.6%)
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TABLE 3

Variants

Splice site variants
€.692-1G>Ap.?
€.2425-3C>Ap.?
c.1117+1G>Ap.?
c.1743+1G>Cp.?
€.692-1G>Ap.?
c.2425-2A>G p.?
c.143-149del7 p.?
c.878-9T>G p.?
¢.804-9_804-6del p.?
Nonsense variants
¢.508C>T p.(GIn170%)
c.619C>T p.(GIn207*)
€.1450C>T p.(Arg484*)
c.67C>T p.(Arg23*)
c.1088G>A p.(Trp363*)
¢.1801C>T p.(Arg601*)
c.1089G>A p.(Trp363*)
c.960G>A p.(Trp320%)
c.1714C>T p.(Arg572%)
c.1089G>A p.(Trp363*)
c.817C>T p.(GIn273%)
¢.511C>T p.(GIn171%)
¢.523C>T p.(GIn175%)
c.1681C>T p.(GIn561*)
Missense variants
c.893A>G p.(His298Arg)
c.418G>A p.(Glu140Lys)
c.970A>G p.(Arg324Gly)

c.1132T>Cp.
(Ser378Pro)

c.1834G>A p.
(Asp612Asn)

Neonatal feeding
difficulties

o4

+ o+

Genotype-phenotype data from the literature

Intellectual
disability

o+ o+ o+

I T

+ o+ o+ o+

Autistic
features

Hypotonia

Tonic-clonic
seizures

+ o+ o+

+ o+

Absence
seizures

Refractory
seizures

Brain
abnormalities

Cardiac
abnormalities

+ o+ o+

Variant identified by

Depienne et al. (2017)
Depienne et al. (2017)
Yates et al. (2017)
Durkin et al. (2020)
Durkin et al. (2020)
This study

Song et al. (2021)
This study

This study

This study

Durkin et al. (2020)
Durkin et al. (2020)
Durkin et al. (2020)
Durkin et al. (2020)
Durkin et al. (2020)
Durkin et al. (2020)
Yates et al. (2017)
Leduc et al. (2017)
Leduc et al. (2017)
Bramswig et al. (2017,
Bramswig et al. (2017,
Bramswig et al. (2017,

Depienne et al. (2017

This study

Yates et al. (2017)
Bramswig et al. (2017)
Bramswig et al. (2017)

This study

(Continues)
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TABLE 3

(Continued)

Variants
In-frame deletions

¢.837_839%del p.
(Glu279del)

c.1744_1767del p.
(Thr582_GIn589del)

Frameshift duplications

c.1617dup p.
(Ala540Glyfs*4)

¢.1868dup p.
(Glu624Argfs*24)

c.742dup p.
(Arg248Lysfs*12)

Frameshift deletions

c.1836del p.
(Tyr613llefs*11)

c.1641del p.
(Asp548llefs*5)

c.1681del p.
(GIn561Serfs*45)

c.23del p.(Val8Glufs*4)

c.1664del p.
(Leu555Argfs*51)

c.1681del p.
(GIn561Serfs*45)

c.1282delC p.
(Gly429Alafs*53)

c.16delinsATT p.
(Val6llefs*4)

c.1243del p.
(Asp415Metfs*3)

€.2304_2305del p.
(Gly769Glufs*83)

¢.730_731delAG p.
(Arg244Glyfs*3)

c.1665_1666delGT p.
(Leu556Alafs*12)

Neonatal feeding
difficulties

Intellectual
disability

Autistic
features

Hypotonia

Tonic-clonic
seizures

Absence
seizures

Refractory
seizures

Brain
abnormalities

Cardiac
abnormalities

Variant identified by

Durkin et al. (2020)

Bramswig et al. (2017)

This study

Depienne et al. (2017)

This study

Durkin et al. (2020)

Durkin et al. (2020)

Durkin et al. (2020)

Yates et al. (2017)
Yates et al. (2017)

Depienne et al. (2017)

Song et al. (2021)

Depienne et al. (2017)

This study

This study

This study

This study
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TABLE 3

(Continued)

Variants

¢.2270_2271delCT p.
(Pro757Argfs*7)

c.1925_1926del p.
(Leu642Profs*5)

c.395_401del p.
(Asn132Thrfs*63)

¢.2083_2084del p.
(Ser695Trpfs*6)

c.706_707del p.
(Glu236Thrfs*6)

c.454_466del p.
(Ala152Thrfs*41)

c.706_707del p.
(Glu236Thrfs*6)

c.712_715del p.
(Lys238Alafs*100)

c.1626_1627insA p.
(Lys544Glufs*25)

c.1424_1425insTC p.
(lle476Profs*7)

c.651_660del p.
(Gly218Alafs*118)

c.2270_2271del p.
(Pro757Argfs*7)

¢.2299_2302del p.
(Asn767Glufs*66)

c.847_857del p.
(Phe283Serfs*5)

Multi-exon deletion

€.2167+35_*4156del
p.?

Neonatal feeding
difficulties

+

+

Intellectual
disability

b

B

Autistic
features

b

Hypotonia
+

Note: Variant nomenclature in each table is according to gene transcript NM_031844.2.

Tonic-clonic
seizures

L

Absence
seizures

+

Refractory
seizures

+

Brain
abnormalities

Cardiac
abnormalities

Variant identified by
Leduc et al. (2017)

Durkin et al. (2020)

Durkin et al. (2020)

Durkin et al. (2020)

Durkin et al. (2020)

Durkin et al. (2020)

Durkin et al. (2020)

Durkin et al. (2020)

Yates et al. (2017)

Yates et al. (2017)

Leduc et al. (2017)

This study

Depienne et al. (2017)

Durkin et al. (2020)

Durkin et al. (2020)
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TAYLOR ET AL.

% | WILEY—medical genetics
were refractory to anti-epileptic treatments. Once again, these find-
ings further emphasize findings from the literature where 60% of
patients experienced tonic-clonic seizures and 44% absence seizures.
Our review found 45% of individuals reported on experiencing sei-
zures refractory to treatment.

Thirty-three percent of patients from the literature review have
either a diagnosis of autism spectrum disorder or autistic features.
The incidence of autism/autistic features in our cohort was higher
than this with half of our patients (8/16) meeting these criteria.

Our previous research has described the craniofacial dysmor-
phisms associated with HNRNPU variants. In this study, it should be
noted that only 6/17 of individuals in our cohort were described by
clinicians, the other 9/16 were described by parents of the affected
individual so the descriptions for some of these patients are likely to
be not all encompassing. Sixteen of seventeen of our cohort were
described with a degree of craniofacial dysmorphism. The most fre-
quent features described in our study were 5/15 had strabismus,
7/15 had a thin upper vermillion, 4/15 had frontal bossing, 4/17 had
clinodactyly of the V finger, 4/17 had a long columella, 2/17 had

. Likely loss of function O C-terminal truncaton

hallux valgus, and 3/17 had syndactyly of the II-lll finger. In the litera-
ture, we found 96% had a dysmorphism, the most frequent being stra-
bismus 35% and 38% had a thin upper vermillion. Previous work by us
suggested that the most common dysmorphic features were palpebral
fissure abnormalities, microcephaly, and wide spaced teeth (Durkin
et al., 2020). In this cohort, 1 patient was described with palpebral fis-
sure abnormalities and 1 with wide spaced teeth (another of our
patient's described a double-rooted incisor), none of the other fea-
tures were described.

We found 6/12 patients had abnormalities on brain MRI, the
most common abnormality being ventriculomegaly (3/11). Fifty-eight
percent of individuals in the literature also had nonspecific abnormali-
ties noted on brain MRI.

Seven of sixteen of our patients had a cardiac abnormality—all six
were septal defects, four atrial septal defects, and three ventricular
septal defect. Once again, this reflects the literature where 31% of
individuals had cardiac abnormalities, ASD being the most common
followed by VSD, PDA and then jointly tricuspid atresia, tetralogy of
Fallot, aortic dilatation, and transposition of the great arteries.
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FIGURE 1 Variant interpretation plot for all probands with pathogenic HNRNPU variants in this cohort and published literature. Variant

nomenclature is according to gene transcript NM_031844.2. Refer to Table 3 regarding references for the variants
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Yates et al. (2017) described two patients in their study displaying
aggressive outbursts and Epi4K-Consortium and Epilepsy Phenome/
Genome Project (2013) also described such a patient (who only
described one patient with very limited clinical information and there-
fore, excluded from our literature review). Interestingly, three patients
in our cohort were described as displaying aggressive behavior. Also
noteworthy is that in our previous research Durkin et al. (2020)
described one patient with hyperphagia. Similarly, one patient in this
study also displays this phenotype.

Our study found two patients with diagnosed obsessive compul-
sive disorder. This is not a newly reported finding in HNRNPU as
Bramswig et al. (2017), Durkin et al. (2020), Depienne et al. (2017),
and Leduc et al. (2017) all reported patients who displayed obsessive
compulsive behaviors, so there are six cases now reported in the
literature.

Other observations from our study include our reporting of three
patients with lI-1ll toe syndactyly—previously unreported in the litera-
ture. We also reported two cases of polydactyly which adds to the
two cases we reported previously. And we report two cases of
clinodactyly of the V finger, again furthering on from our previous
research (Thierry et al., 2012).

We reported two cases of cryptorchidism, rendering a total of
seven cases of this in the literature (Durkin et al., 2020: two patients,
Thierry et al., 2012: two patients, and Bramswig et al., 2017: one
patient).

Finally, one of our patient's has cyclical neutropenia which was

previously unreported in association HNRNPU.

4.2 | Recurring genotypes

Out of the 57 genetic variants in the literature, we found four recur-
The ¢.1089G>A p.(Trp363*), c¢.706_707del p.
(Glu236Thrfs*6), c.847_857del p.(Phe283Serfs*5), and c.1681dels p.
(GIn561Serfs*45) variants have all been documented on two occa-

rent variants.

sions, and an additional missense variant has been reported occurring
at the 1681 nucleotide (c.1681C>T p.(GIn561%). Additionally, there
have been two reported splice site variants occurring at the 2452
nucleotide (c.2425-2A>G p.? and ¢.2425-3C>A p.?).

Figure 1 shows that many variants occur in the first half of exon
2 and exons 3, 9, and 10 of HNRNPU. Variant nomenclature is
according to gene transcript NM_031844.2. Yet, no variants have
occurred in exons 8 or 13. The remaining variants are scattered

sparsely through the rest of the gene.

5 | CONCLUSION

In this study, we add to our published literature regarding HNRNPU-
related neurodevelopmental disorder. We have documented pheno-
types previously unreported for individuals with HNRNPU including II-
Il toe syndactyly and cyclical neutropenia. And we have identified phe-

notypes sparsely documented in the literature including hyperphagia,

obsessive compulsive behaviors, polydactyly, clinodactyly of the V
finger, and cryptorchidism.

Finally, due to 58% of individuals having abnormalities on brain
MRI and 31% of individuals having cardiac abnormalities, we recom-
mend that individuals diagnosed with HNRNPU should be evaluated
with brain imaging (if refractory to seizure medications) and echocar-
diogram to screen for anatomical abnormalities (as baseline screening
following diagnosis) There is not enough data published to determine
on the efficacy of each anti-epileptic medication in controlling sei-
zures. In the literature, the most frequently used medication is sodium
valproate which usually works. However, when seizures are refractory
to sodium valproate there is no consensus in the literature on the next
medication(s) to use.
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