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Abstract

Developmental and epileptic encephalopathies (DEE) are a genetically heterogeneous group of
disorders characterised by early onset epilepsy, epileptiform activity on electroencephalogram
and associated developmental delay or neuroregression. With the advent of high throughput
sequencing, novel gene-disease associations have been described for DEEs. Voltage activated
sodium channels (Na,) regulate neuronal excitability. Fibroblast growth factor homologous factors
(FHFs) are proteins, which bind to the C terminal cytoplasmic tails of alpha subunits of Nay
channels and influence their function and surface expression. Gain of function hemizygous

or heterozygous variants in FGF13 (also known as FHF2) were recently identified as the

cause for X-linked developmental and epileptic encephalopathy 90 (DEE90; MIM# 301058)

in seven individuals from five families, which included one female. We report an additional
female, providing further evidence for a novel de novo heterozygous missense variant in
FGF13, NM_004114.5: ¢.14T>G p.(lle5Ser) causing X-linked DEE9O0. In addition, we review
the genotype and phenotype of affected individuals with DEE9O0.
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Introduction

Fibroblast growth factor homologous factors (FHFs) are proteins with different functions

but related to fibroblast growth factors (FGFs) in structure and sequence (Goldfarb et al.,
2007). FHFs were found to be expressed in nervous system and were postulated to play

a role in nervous system development (Smallwood et al., 1996). Voltage activated sodium
channels (Nay) play a major role in regulating neuronal excitability (Kaplan, Isom, & Petrou,
2016). FHFs bind to the C-terminal cytoplasmic tails of alpha subunit of voltage activated
sodium channels (Na,) and influence their function and surface expression (Liu, Dib-Hajj,
Renganathan, Cummins, & Waxman, 2003).

There are four different types of FHFs: FHF1, FHF2, FHF3 and FHF4, encoded by
FGF12, FGF13, FGF11and FGF14(Goldfarb 2005). Each of the FHF genes has multiple
transcription initiation sites, which generates multiple proteins with different amino acid
terminal sequences (Goldfarb, 2005), (Munoz-Sanjuan, Smallwood, & Nathans, 2000).
Fibroblast growth factor 13 (FGF13, MIM 300070), also known as FHFZ, encodes
intracellular proteins that binds to the C-terminal domain of the voltage-activated sodium
channels (Nay) and plays an essential role in its transport and function. FGF13 (FHF2)
has five isoforms generated by alternate start sites of transcription and splicing of 5’ exons
(Munoz-Sanjuan et al., 2000). The FHF2 proteins are expressed in embryonic and adult
neuronal cells. FHF2 also co-localises with voltage activated sodium channels in the nodes
of Ranvier along the myelinated axons (Wittmack et al., 2004).

Gain-of-function hemizygous or heterozygous variants in FGF13were recently identified

as the cause for X-linked developmental and epileptic encephalopathy 90 (DEE90; MIM#
301058) in seven individuals from five families, which included one female (Fry et al.,
2021). We herein report an additional female, providing further evidence for a novel de novo
heterozygous missense variant in FGF13, ¢.14T>G p.(lle5Ser) causing X-linked DEE90. We
also review the phenotype and genotype of individuals with DEEQO.

Clinical report:

A one-year-four-months-old girl (1\-4), the third born of non-consanguineous parents, was
evaluated for recurrent seizures and regression of milestones noticed since eight months

of age (Fig. 1A). Her mother had an uneventful antenatal period. There was no history of
any teratogenic exposure. She was born at term by lower segment caesarean section. She
weighed 2.86kg at birth (=0.75SD). Her length at birth was 47cm (-1.14SD) and head
circumference was 31.5cm (-=2SD). She cried immediately and did not have any postnatal
complications. She attained neck holding and social smile at three months of age. She
started sitting with support at seven months and sat independently by eight months of age.
She also could speak monosyllables by seven months of age. Parents had noticed that she
had excessive cry since three months of age. At five months of age, she developed tonic-
clonic seizures of left upper and lower limbs. She had 2-3 episodes of seizures every day,
each lasting for approximately one minute. She did not have associated fever, myoclonic
seizures or generalised tonic-clonic seizures. She was hospitalised and evaluation showed
microcytic hypochromic anemia and elevated plasma lactate level (33.3mg/dL; ref: 4.5-
19.8). Her plasma ammonia was 44.3 microgram/dL (Ref: 18.7-86) and pyruvate was 0.45

Eur J Med Genet. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Narayanan et al.

Methods:

Page 3

mg/dL(Ref: 0.2-0.7). Electroencephalograph (EEG) showed sleep activation of occasional
left temporal spikes. Magnetic Resonance Imaging (MRI) of brain, at five months of age,
showed prominent frontotemporal subarachnoid spaces, thin corpus callosum and mild
delayed myelination (Fig. 1C—i). She was started on levetiracetam at 20mg/kg/day. After
discharge, she continued to have focal seizures, at least three or four times a day, lasting
for a minute. Hence, she was started on sodium valproate and clobazam. By eight months
of age, her parents noticed that she had regression of milestones. She could no longer sit
and could just roll over. She could only make cooing sounds and did not regard the mother.
She was readmitted for evaluation at one year of age in view of persisting seizures and loss
of acquired milestones. A repeat EEG showed focal epileptiform abnormalities over the left
fronto-central region supporting the diagnosis of left fronto-central focal epilepsy. A repeat
brain MRI at one year of age was also suggestive of prominent frontotemporal subarachnoid
spaces without cerebral atrophy and thin corpus callosum (Fig. 1C—ii). Myelination was
found to be normal (Fig. 1 C-iii-iv). On examination, her weight was 14.6kg (+5.6SD),
length was 83cm (-2SD) and head circumference was 45cm (—=2SD). She was alert and did
not have any obvious facial dysmorphism. She had tented vermilion of upper lip, medial
flaring of eyebrows and normal set ears (Fig. 1B). She had prominent finger pads. She

had generalised hypotonia and her deep tendon reflexes were normal. She did not have
organomegaly. Her hearing and eye evaluation were unremarkable. She was later started
on lamotrigine and carbamazepine. At two years and two months, she continued to have
focal seizures lasting approximately for half a minute at least 2 to 3 times per day. She had
chronic constipation, which was relieved by rectal suppository. She was on physiotherapy
and showed improvement in recognition of mother. She could cruise and make cooing
sounds.

Informed consent for genetic testing and publication of images was obtained from the
family. The Institutional Ethics Committee approved this study. Two ml of peripheral blood
sample was collected in EDTA vacutainer from the proband and her parents.

Molecular testing:

Genomic DNA was extracted from peripheral blood using the QlAamp DNA Blood Mini
Kit (QIAGEN, Valencia, CA; cat # 51106). Trio exome sequencing (Illumina, Inc., San
Diego, California, USA) of the proband and parents was performed using Agilent SureSelect
Clinical Research Exome v2 (CREV2) and Clinical Research Exome v3 (CREV3) capture
Kits, respectively as described earlier (Girisha et al., 2019). Annotation was performed

by in-house pipeline against the GRCh38 version of the human genome and the variants
were analysed and prioritised using our in-house filtering strategy. Variants with minor
allele frequency <1% were filtered against population database gnomAD (v2.1.1 and v3.1.1)
and in-house variant database of 1198 exomes. Exonic and splice site variants were then
prioritized based on its concordance to the observed phenotype and multiple in-silico
pathogenicity tools. Intronic and intergenic variants were excluded from further analysis. All
the different inheritance patterns were considered in variant prioritisation. The variant was
validated and segregated in the family members by Sanger sequencing. Human androgen
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receptor gene assay (HUMARA) was carried out on the DNA sample of the proband and
mother as described previously to check for X-inactivation pattern (Dalal, Sarkar, Priya, &
Nandineni, 2010). The electropherograms were further analyzed using GENESCAN version
3.7.1 software (Applied Biosystems, Foster City, CA).

Molecular testing:

A novel missense variant, ¢.14T>G in exon 1 of FGF13(NM_004114.5) was observed

in heterozygous state in the proband and absent in her parents. The read frequency of

the reference and alternate allele was 25/37 (40%, 60%) respectively (Supplementary
material Figure S1). The variant was not present in heterozygous and homozygous state

in the population database gnomAD (v2.1.1 and v3.1.1) and our in-house database of 1189
exomes. Multiple /- silicotools (MutationTaster, SIFT, REVEL) predicted the variant to
be disease-causing (Supplementary material Table S1). Sanger sequencing confirmed the de
novo status of this variant (Fig. 1D). The variant was classified as ‘likely pathogenic’ using
the standards and guidelines for the interpretation of sequence variants by the American
College of Medical Genetics and Genomics and the Association for Molecular Pathology
criteria PS2, PM1, PM2 and PP3 (Supplementary Table S2) and has been submitted to
ClinVar (Accession ID: SCV001760941). HUMARA assay showed no significant skewing
of X inactivation in the proband (Supplementary material Figure S2). Her mother had
normal X-inactivation pattern.

Discussion

Fibroblast growth factor 13 (FGF13) has been recently reported to cause DEE90
characterised by infantile-onset refractory seizures, abnormal EEG, global developmental
delay, and profound to severe intellectual disability. Fry et al. described seven individuals
from five families with X-linked DEE90 and hemizygous or heterozygous variant in FGF13
(Fry et al. 2020). Only one of the previously described individuals was a female. We report
a de novo novel missense variant, ¢.14T>G in exon 1 of FGF13in heterozygous state in a
female, causing X-linked DEEQO0.

All the eight affected individuals with DEE90, including the proband of the study (1V-4),
had developmental delay and early-onset epilepsy, not responsive to medications. A
comparison of the clinical features observed in all the reported individuals is given in
Table 1. Individual 4 in family 2, individual 5 in family 3 and individual 5 in family 7 and
IV-4, had regression of milestones after the onset of seizures. Even though specific facial
dysmorphic features were absent in the previously reported individuals, the individual we
describe had medial flaring of eyebrows and tenting of vermillion of upper lip.

Individual 2 from family 1, described by Fry et al. was a 13-years-old female who had
similar symptoms and carried the same variant as her elder brother. X-inactivation studies
did not show any significant skewing in her blood (Fry et al., 2020). She had to undergo left
anterior temporal lobectomy at the age of seven years for the control of seizures. The authors
concluded that the X-inactivation studies performed on blood may not reflect the pattern
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in her brain. Similarly, HUMARA assay performed in the individual we describe (1V-4),
showed no significant skewing of X-inactivation. She was last followed up at two-years-two-
months. She continued to have seizures in spite of multiple antiepileptic drugs.

Puranam et al. described a family with two males with genetic epilepsy with febrile seizures
plus (GEFS+) and had a maternally inherited X;14 translocation (Puranam et al., 2015).
The mother had a less severe phenotype and did not have epilepsy. She had simple febrile
seizures in infancy. The breakpoint on the X chromosome disrupted FGF13. Targeted
ablation of Fgf13in male mice resulted in embryonic lethality while heterozygous female
mice showed neuronal hyperexcitability and hyperthermia induced seizures, supporting the
role of FGF13 in GEFS+. The mutant mice showed decreased inhibitory and increased
excitatory synaptic inputs leading to neuronal hyperexcitability.

Rigbye et al. screened 45 individuals with GEFS+ to identify variants in FGF13. They
identified a female with a de novo missense variant ¢.638C>T p.(Thr213Met) in FGF13
and she had facial edema, febrile seizures and malaise precipitated by intercurrent illness
(Rigbye et al., 2016). Her development was normal and she never had unprovoked seizures.
The authors could not ascertain the clinical significance of the variant identified in FGF13.

The variants described by Fry et al., ¢.31C>T, ¢.32G>C and c. 41G>C are in exon 1 of
isoform A of FHF2 protein. The variant seen in IV-1 is also in exon 1. Exon 1A codes for
the highly conserved N terminal domain of isoform A of FHF2 protein. FHF2 isoform A
has both pro-excitatory and inhibitory effects on voltage gated sodium channels. FHF2A
variants were shown to decrease the ability of FHF2A to promote inactivation of voltage
gated sodium channel Na,1.6. The N terminal variants have a gain-of-function effect by
affecting the ability of the N-terminal inactivation particle to cause long-term inhibition of
voltage gated sodium channel Na,1.6 (Fry et al.2020).

In conclusion, we describe an additional female with a heterozygous novel missense variant,
¢.14T>G in exon 1 of FGF13, thus providing further evidence for X-linked DEE in females.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

(A) Pedigree of the family (B) Clinical photographs of the proband showing tented
vermilion of upper lip and medical flaring of eyebrows (C) MRI brain at (i) five months
showing prominent frontotemporal subarachnoid spaces, mild delayed myelination on
axial T2-weighted image (ii) one year showing thin corpus callosum (iii-iv) one year

|
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FGF13: c.14T>G

showing normal myelination on T1-weighted image and T2-weighted image, respectively
(D) Chromatograms showing heterozygous variant in the proband and wild type variant in

the mother and father.
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