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Email: thomas.smol@chulille.fr homologous factor family, plays a key role in the modulation of voltage-gated

sodium (Nav) channels. Pathogenic variants in the FGF12 gene leading to a gain-
of-function mechanism and partial duplication encompassing the FGF12 gene
leading to a loss-of-function mechanism are associated with developmental and
epileptic encephalopathy (DEE), characterized by developmental delay, intellec-
tual disability, ataxia, and drug-resistant epilepsy. We report two patients with
DEE harboring de novo recurrent intragenic duplications of FGF12 identified by
long-read sequencing (LRS).

Methods: We applied LRS to the DNA and cDNA of patients with FGF12 duplica-
tion to fully characterize the DNA's structural organization and its transcriptional

consequences. Additionally, we reanalyzed electroencephalographic (EEG) data
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from patients at different timepoints to identify phenotypical specificities and re-
fine the electroclinical spectrum.

Results: These duplications, spanning approximately 536 kbp, were mediated
by nonallelic homologous recombination between L1PA2 elements (LINE-1
Primate-specific subfamily A, number 2). cDNA analysis revealed aberrant tran-
scripts, one predicted to encode an elongated FGF12 protein and another lead-
ing to premature termination. Both patients shared overlapping clinical features,
including postepilepsy onset regression, global developmental delay, and ataxia.
EEG studies revealed a marked early encephalopathic pattern with disorganized
and high-voltage slow background activity with multifocal spikes at onset evolv-
ing later into subcontinuous generalized spike and wave activation.
Significance: Our findings are consistent with previous reports linking structural
variants to functional disruption, suggesting impaired Nav channel activity due
to a shift in inactivation to hyperpolarized potential, leading to a loss-of-function
effect. These findings underscore the utility of LRS for DNA and cDNA analysis

in resolving structural variants and expanding the electroclinical spectrum of pa-
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1 | INTRODUCTION

Fibroblast growth factor 12 (FGF12), encoded by the
FGF12 gene and previously designated FHF1, is a mem-
ber of the fibroblast growth homologous factor (FHF)
family, which includes FHF1 (FGF12), FHF2 (FGF13),
FHF3 (FGF11), and FHF4 (FGF14).! FGF12 is predomi-
nantly expressed in the developing and mature nerv-
ous system, cardiac and skeletal muscle tissues, and
olfactory epithelium.? The FGF12 transcripts produce
two major transcripts. The longer transcript, desig-
nated A, produces a protein with an N-terminal nuclear
localization-like sequence (NLS) that allows its nuclear
localization. In contrast, the shorter transcript, desig-
nated B, produces a protein without the NLS sequence,
resulting in its cytoplasmic localization.* FGF12 in-
teracts with voltage-gated sodium (Nav) channels, in-
cluding Nav1.2 (SCN2A), Nav1l.5 (SCN5A), and Navl.6
(SCN6A), and modulates the fast inactivation kinetics of
these channels.>*

Recurrent pathogenic heterozygous missense vari-
ants in FGF12 have been associated with autosomal
dominant developmental and epileptic encephalopa-
thies (Mendelian Inheritance in Man #617166), and have
been reported in more than 20 publications.”™ The asso-
ciated phenotype includes developmental delay, intellec-
tual disability, axial hypotonia, ataxia, and early onset
drug-resistant epilepsy.'® Electrophysiological studies

tients with FGF12 duplications.

FGF12, intellectual disability, long-read sequencing cDNA analysis

Key points

« LRS identified aberrant FGF12 transcripts, in-
cluding an elongated protein and a truncated
variant.

o FGF12duplications in DEE impair Nav channel
function, leading to a loss-of-function effect and
epilepsy-related regression.

« EEG analysis showed an early encephalopathic
pattern, with high-voltage slow activity and
multifocal spikes evolving into generalized
spike-waves.

have demonstrated a gain-of-function effect of these re-
current variants, which causes depolarizing shifts in the
voltage-dependent fast inactivation of Nav1.6.>'' In ad-
dition to single nucleotide variants, partial duplications
of the FGF12 gene with a similar phenotype have been
reported in six patients.”** The duplication is expected
to produce a longer transcript associated with a loss-of-
function mechanism.'*"?

We report two additional patients carrying a re-
current partial duplication of FGFI12. Using DNA
long-read sequencing (LRS), we fully resolved the un-
derlying structural variant without prior assumptions,
demonstrating that it corresponds to a direct tandem
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duplication. Additionally, we examined aberrant FGF12-
bearing transcripts using full-length cDNA LRS. We also
provide a detailed description of the clinical and elec-
troclinical phenotypes of the disease. This study high-
lights the central role of LRS in elucidating structural
variants and offers new insights into their functional
consequences.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

Clinical details were collected, and informed consent
was obtained for genetic studies. Blood samples were
collected from the affected individuals and their parents,
after informed consent was obtained. Analyses were
performed on a diagnostic basis in accordance with the
bioethical rules of French law. This study was approved
by the Comité de Protection des Personnes ethics com-
mittee (reference no. 2023-A00473-42). Informed writ-
ten consent was obtained from all participants or their
legal guardians.

2.2 | Cell culture

Human lymphoblastoid cell lines (LCLs) were established
by Epstein-Barr virus immortalization of the subject's
blood lymphocytes and maintained in RPMI 1640 me-
dium (Thermo Fisher Scientific) supplemented with 15%
fetal bovine serum (Thermo Fisher Scientific) and 1% pen-
icillin-streptomycin (Life Technologies).

2.3 | DNA and RNA extraction

DNA was extracted from patient lymphocytes using
the QIAamp DNA Blood Kit (Qiagen) according to the
manufacturer's instructions. RNA was extracted from
the LCL of Patient 1 using the PureLink RNA Minikit
(Invitrogen).

2.4 | Array comparative genomic
hybridization

Copy number variations were detected by comparative
genomic hybridization (CGH) array experiments using a
60-K oligonucleotide microarray (SurePrint G3 Human
CGH Microarray Kit, 8x60K, Agilent Technologies).
Data were analyzed using CGH-Analytics software v2.7
and the ADM2 algorithm.

2.5 | Nanopore LRS
DNA libraries were prepared using the Ligation
Sequencing Kit v14 (Oxford Nanopore Technologies)
and subsequently sequenced following the standard
protocol on a GridION sequencer (Oxford Nanopore
Technologies). After sequencing, base calling was per-
formed using the Guppy base caller (v6.4.6) in high-
accuracy (HAC) mode. Reads were mapped to the human
reference genome (GRCh38) using MiniMap2 (v2.24) and
NGMLR (v0.2.7)."*'7 Structural variations were detected
using Sniffles2 (v2.0.7) and CuteSV (v2.1.1). Sniffles2 call-
ing was tested with specific parameters to enhance detec-
tion of complex variants: “--long-dup-length 5000000”
and “--minsupport 3” and CuteSV with “--max_size —1”
and “--min_support 3”. Visual analysis of structural varia-
tions in target regions were conducted with the Integrative
Genomics Viewer (v2.18).151°

cDNA synthesis was then performed using the
SuperScript III First-Strand Synthesis System Kit (Thermo
Fisher Scientific), followed by real-time polymerase chain
reaction (RT-PCR) using the NEBNext High-Fidelity
Polymerase (New England Biolabs). Several primers were
designed to amplify and analyze both wild-type (WT) and
aberrant transcripts based on the proposed hypothesis.
The goal was to amplify the junction of the tandem du-
plication in FGF12 transcripts. For aberrant transcripts,
primers targeting exons 4 to 3 were used, whereas for WT
transcripts, primers targeting exons 3 to 6 were used; these
primers also amplified aberrant transcripts (primers are
available upon request; Figure S1). PCR amplified prod-
ucts were prepared as nanopore libraries and loaded onto
a PromethION flow cell. Base calling was performed using
the Guppy base caller (v6.4.6) in HAC mode. The result-
ing reads were aligned to the human reference genome
GRCh38 using Minimap2 with splice-aware alignment
settings to accommodate transcriptomic data. All chi-
meric alignments were mapped to the genome using the
BLAST tool to determine their genomic origin, allowing
us to distinguish between WT and aberrant transcripts.*

2.6 | Breakpoint analysis

Sequencing primers were designed to amplify the specific
breakpoints in the two patients. An initial PCR of ap-
proximately 6000bp was performed using Roche Expand
Long Template Polymerase (Roche). This was followed by
nested PCR using NEBNext High-Fidelity 2X Polymerase
(New England Biolabs). PCR products were extracted
from a 2% agarose gel, purified using a PCR clean-up kit
(Macherey-Nagel), and sequenced by the Sanger method
(primers are available upon request).
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3 | RESULTS
3.1 | Clinical description and EEG

features of Patient 1

Patient 1 was born to healthy unrelated parents after an
uncomplicated pregnancy. Early psychomotor develop-
ment was normal (walking at 14 months, first words at
12-13months, good social interactions). No dysmor-
phic features could be seen. Epilepsy began abruptly at
18 months of age, with recurrent afebrile generalized
motor status epilepticus (three status epilepticus inci-
dents in 1 month) and frontotemporal seizures with rapid
bilateralization. First electroencephalography (EEG), per-
formed in the context of multiple daily seizures, showed
disorganized, slowed (3.5Hz on average, delta predomi-
nant 1.5Hz intertwined with theta 4-5Hz), and atypical
very high-voltage background activity (150-400 pV) with
no anteroposterior gradient in wakefulness and rare focal
spikes often diffuse over one hemisphere, either right or
left (Figure 1A). Delta activity decreased in sleep, whereas
theta activity increased, and bilateral sleep spindles were
present (Figure 1B). EEG monitoring recorded bilateral
tonic—clonic seizures, lasting 1-1.5min, with a myoclonic
jerk, tonic phase, and bilateral clonic phase (Figure 1C,D)
and seizures with frontotemporal onset before bilaterali-
zation. A few weeks after the onset of epilepsy, the patient
showed severe psychomotor regression, including com-
plete loss of oral language, severe relational disorder (lack
of eye contact, no smiling, laughing, or crying), pyramidal
syndrome, loss of gait, and ataxia. Initial magnetic reso-
nance imaging (MRI), cerebrospinal fluid analysis, and
immunologic and metabolic tests were normal. The pa-
tient had no extraneurological involvement and a normal
cardiac evaluation. Given the severity of the disease, he
was treated with immunoadsorption at 20 months of age
on the assumption of seronegative encephalitis. Because
it resulted in a partial clinical improvement (regaining the
ability to walk), this was followed with rituximab infu-
sions for 18 months.

After the initial acute phase, epilepsy evolved with
monthly bursts of bilateral tonic-clonic, tonic, tonic with
focalization, and multiple types of complex focal seizures
lasting 3-5days. Figure 2A,B presents a 1-min focal sei-
zure with right temporal onset registered at 3years old.
EEGs showed prolonged slow hypersynchrony on awak-
ening lasting several minutes, with generalized delta
rhythm and altered contact (Figure 2C), an increase in
diffuse triphasic waves during wakefulness, and more fre-
quent multifocal spikes. Of the 29 EEGs performed over
5years, only one showed normal voltage, with subnormal
background activity and rare paroxysmal activity during
sleep, recorded after a 2-month seizure-free period. This

Epilepsia*”

transient improvement was not related to any therapeutic
modification. Evolution of brain MRI revealed mild cere-
bral and cerebellar atrophy (Figure S2). A positron emis-
sion tomography brain scan showed marked, symmetrical
hypometabolism in the frontal, parietal, and temporal as-
sociative areas.

At the age of 5years, myoclonic and atypical absence
seizures appeared, along with a substantial increase in
subcontinuous generalized spikes and waves on the EEG.
The frequency of tonic and bilateral tonic-clonic seizures
increased, occurring several times per day. Background ac-
tivity was characterized by isolated generalized spikes or
bursts of spike and waves at 2.5 Hz, along with atypical ab-
sence seizures and concomitant myoclonus (Figure 2D),
intertwined with bi- and triphasic delta activity. His neu-
rological condition deteriorated significantly, with com-
plete loss of motor skills, lack of feeding autonomy, and a
drastic reduction in daily wake time, with no responsive-
ness to stimulation.

Since epilepsy started, several antiepileptic thera-
pies were tried. Ketogenic diet, vitamin B6, vitamin
B8, and cannabidiol (10mg/kg/day) were ineffective.
Levetiracetam (55mg/kg/day), sodium valproate (30 mg/
kg/day), lamotrigine (poorly tolerated at 1mg/kg/day),
clonazepam (.15mg/kg/day), clobazam (.15mg/kg/
day), topiramate (poorly tolerated at 2mg/kg/day), and
phenobarbital (5mg/kg/day) showed transient and par-
tial efficacy. Sodium channel blockers were introduced
after genetic diagnosis at the age of 5Syears 3 months.
Carbamazepine (20 mg/kg/day) temporarily reduced sei-
zure activity, without improvement of background ab-
normalities on EEG, and lost efficacy after a few months.
Phenytoin successfully treated bilateral tonic-clonic sta-
tus epilepticus, but long-term use resulted in increased
ataxia and worsening myoclonus. At the last follow-up
(6.5years old), the patient was treated with phenobarbital
and felbamate (Figure S3). He remained bedridden, poorly
reactive, and experienced tonic and bilateral tonic—clonic
seizures several times per day.

3.2 | Clinical description and EEG
features of Patient 2

Patient 2 is the third child of a nonconsanguineous couple
with no family history of epilepsy. He was born eutrophic
at full term after an uncomplicated pregnancy. Epilepsy
began at 5months of age, with generalized epileptic sei-
zures characterized by hypotonia and nonreactivity last-
ing approximately 2min, followed by normal recovery.
He rapidly presented recurrent seizures with head de-
viation and clonic movements of the upper limbs. Initial
EEG showed a moderately slowed baseline rhythm, along
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FIGURE 1 Patient 1 electroencephalographic (EEG) background at onset of epilepsy (acute phase 1) at 18 months in wakefulness (A)
and sleep (B) and during seizures (C, D). (A) In wakefulness, abnormally high-voltage slow disorganized activity between 200 and 400 pV,
with rare multifocal spikes. Filter settings: .53-70 Hz, 50-Hz notch filter; sensitivity: 20 pV/mm. (B) In sleep, with reduced delta activity

at 1.5Hz, and richer in theta at 4-5Hz; sleep spindles were found bilaterally. Filter settings: .53-70 Hz, 50-Hz notch filter; sensitivity:
15pV/mm. (C, D) Bilateral tonic—clonic seizures followed by a suppressed EEG for 1 min after. Filter settings: .53-70 Hz, 50-Hz notch filter;

sensitivity: 25 pV/mm.

with slow waves and spikes in the temporal regions dur-
ing sleep (Figure 3A). Despite the beginning of epilepsy,
he reached early developmental motor milestones (sitting
at 9months, walking at 14 months). Language regression
was noted at 15months in the context of serous otitis, fol-
lowed by an absence of further language development and

increasing social withdrawal. A diagnosis of severe autism
spectrum disorder was confirmed at the age of 4years. The
patient achieved independent walking, with no signs of
pyramidal syndrome or ataxia. He is well integrated into
a specialized medical-educational facility. Brain MRI per-
formed at 6 months and at 2 years of age was normal.
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FIGURE 2 Patient 1 electroencephalographic (EEG) background at age 3years during seizures (“honeymoon” phase 2 with intermittent
seizures; A, B) and 1 month later (C), and at last follow-up at 6 years old (phase 3 aggravation; D). (A, B) Bilateral tonic—clonic seizures
followed by a suppressed EEG for 1 min after. Filter settings: .53-70 Hz, 50-Hz notch filter; sensitivity: 25pV/mm. (C) Slow hypersynchrony
on awakening lasting several minutes, generalized delta rhythmic, with altered contact during this period on several successive EEGs

and an increase in diffuse triphasic waves. Filter settings: .53-70 Hz, 50-Hz notch filter; sensitivity: 10 pV/mm. (D) Background of diffuse
encephalopathy rich in bi- and triphasic delta activity, with isolated generalized spikes or bursts of spikes-waves at 2.5Hz, with atypical
absence and concomitant myoclonus. Filter settings: .53-70 Hz, 50-Hz notch filter; sensitivity: 10 pV/mm.

He had 1-2 seizures per month during his first =~ with abnormally high-voltage and disorganized delta
years of life. Administered antiepileptic treatments  activity (Figure 3B).
were poorly effective (sodium valproate, levetiracetam, At 6years old, he experienced a significant increase
oxcarbazepine, lamotrigine, and topiramate). At ap-  in seizure frequency, consisting primarily of bilateral
proximately 3years old, EEG revealed global slowing tonic—clonic episodes that could be prolonged, along



FAUQUEUXET AL.

** | Epilepsia
(A) L~

\/\/\’\’\/w

[ i . 3 :
e tm/\‘”\mw\f WW\/”»' AN N PN T \/\JwN\/‘J\/I\’V\m (W enflf VA 25} /wa "\ "\,f\ ool \f”bxf'\
o WV\/“’W\ PSS w/“f \f\m/’\ VT uv\»\/\_/\“/'\h/\ Y \/\ K - /\/ WN\’ iy X

W i S NV

AN AR W PN

“’\/\VJJLMN\/V N e AL & o PN P T
A s ™A=L LY a

TN IN P /\-\,/\J\N\A/\\/\,«, ¥ \//\»"'\/\/\/\/«\AW\//\,\ ’\I\/\/’/J(’\/ N\
e R e T o

PREN

”’:~"\ v/\,Nv\.\l/u\M/\ ’\M\/\'\/‘J\/\Av/‘/\\/\/w JM/\;\JW\’W\A\JWYV\'\/\M\/\/“/\J'/JW\\/ \//\,f?/\f/\,\/ \«\/\Aﬂ/\/\/\\ﬁfﬂ Jﬁ\/\,‘/ "\\,/

B

b w/"'\
’r{ﬁ:erJv*}rL%Jr‘r{JrJr# Jvkkjr%##lﬂlr‘rjr’ri'kﬁlrier\kjr'bilrjk$1r$1rjrl'r+1 JrJr

SN VA S ¥ T, NI PR NGO

/\\‘/‘/\/ PP AV /A\‘x_:\"’ N

'3 Ve G A

(B)

)\ﬁ(\ﬁ i\i i 1/\\
\« | Jf A

,,,,, i \|/ ) / ’/‘

\/\/\ Al
S \/

NATDY
/(f\;xf"& .
\/\‘ \‘{\\‘f‘

| \ / / v»\
VA M \f( s L, ’\m\@%

AR W |

J

\f\ J‘(\ A/)Q/

NS \/\

o [ S ey
2o \4_/\/\ vv\m/wvm \g/\/\\/\/wk VPP VS W’ \

N M A

T T
rw vax JVVJ\/\/\/\A%\LE\V\WW /\ﬁww\/
W

MW%

Lyl LS
A\ LA )
\Mm A
YA o
A AU N A,

’”"“?Wﬁﬁ

(D) P2 ca N U\

LR 4

4\ Mo e
~ “’M "«b;@"

A4 +~f.~4»+«+~»~ ~M«H~+~+»+J.~ 3
JWWW%M A
w«ww«wuu mum"ﬂ i)

b R )
bl ‘ﬂ“ﬁ%wxﬁ ’W ‘

s %W«WWM g
W mmm:%m WWWV

) l
«mm TR m
V'Ww”"“m M
A MMMMM

Ao

- M 4~ Jy A A &*Hdr QLA B + S DL 15 A0 AR ORI N 1 A e o . B
V\f VAN NV ety A~

: /) VANAVIISERL P
mmn Rl
‘ ey

FIGURE 3 Electroencephalographic (EEG) background of Patient 2. (A) Acute phase 1 at 6 months old during sleep, showing slow
waves and spikes in left temporal and occipital regions. Filter settings: .53-70 Hz, 50-Hz notch filter; sensitivity: 20 pV/mm. (B) At 4years

old, showing slow disorganized background with high-voltage delta waves. Filter settings: .53-70 Hz, 50-Hz notch filter; sensitivity:
15pV/mm. (C) At 6years old, showing slow disorganized and high-voltage background with bi- and triphasic waves and continuous

spikes-waves in the frontal regions. Filter settings: .53-70 Hz, 50-Hz notch filter; sensitivity: 20 pV/mm. (D) At 6years old, showing slow
disorganized background with sharp theta rhythmic discharge on central vertex regions. Filter settings: .53-70 Hz, 50-Hz notch filter;

sensitivity: 10 pV/mm.

with multiple types of focal seizures. Background activ-
ity on EEG deteriorated and showed a predominant delta
encephalopathy pattern, with frequent bi- and triphasic
delta waves in addition to bilateral frontal spike-wave
discharges (Figure 3C). Further treatment modifications
did not provide significant improvement (lacosamide,

clonazepam, phenytoin, perampanel, topiramate, can-
nabidiol, ketogenic diet) or even worsened seizure activ-
ity (clobazam; Figure S3). Follow-up EEG continued to
show persistently disorganized activity, with asymptom-
atic seizures localized to the central right and midline
regions (Figure 3D). His level of consciousness altered
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progressively. On last follow-up at the age of 6.5years, the
patient demonstrated profound intellectual disability, lim-
ited autonomy in daily activities, and speech impairments,
speaking only a few words.

At the age of 7years, the patient experienced a 2-
month episode of refractory status epilepticus, with a sus-
pected but unconfirmed diagnosis of limbic encephalitis.
Management included admission to the intensive care
unit and plasma exchange therapy. The myoclonic status
epilepticus resolved following oral administration of phe-
nytoin and zonisamide, with a gradual and complete re-
turn to the patient's baseline status: independent walking,
presence of stereotypies, absence of spoken language, and
emotional expression through smiling and vocalizations.
No signs of pyramidal syndrome were observed.

3.3 | Characterization of the structural
rearrangements by LRS

Both patients had a de novo gain of minimal size of
536 kbp within the FGF12 gene at the 3928929 locus as
previously detected by array CGH analysis: arrf GRCh38]
392829 (192182695_192719 315) X 3. Targeted LRS was
performed using the adaptive sampling method, focus-
ing on the region chr3:163000000-195000000, which
includes FGF12 among more than 120 genes. After se-
quencing enrichment, the targeted region achieved
22-fold coverage for both patients, whereas the entire ge-
nome had 2-3-fold coverage. Sequencing generated 12.6
GB and 6.6 GB of data, corresponding to 14.9 million and
11.37 million reads for Patient 1 and Patient 2, respec-
tively. The average supporting read size over the copy-
gain variant containing FGF12 was 15508 bp for Patient
1 and 7948 bp for Patient 2.

The precise coordinates of the identified duplica-
tions were as follows: NC_000003.12:2.192153910_192
743885dup in Patient 1 and NC_000003.12:2.192155125
_192745081dup in Patient 2 (Figure 4A). Furthermore,
Structural variant calling using CuteSV detected
the duplication in both patients, further confirming
these events. The breakpoints were located within the
L1PA2-A and L1PA2-B (LINE-1 Primate-specific sub-
family A, number 2) LINE elements (Long Interspersed
Nuclear Element) at chr3:192149316-192155328 and
chr3:192739214-192 745242, respectively. These LINE
elements share 98.14% sequence homology. Chimeric
read alignments indicated a direct tandem duplication
for both cases, with the 5’ breakpoint located in the last
intron, common to both isoforms. The 3’ breakpoint
was located downstream of the 5' untranslated region
in an intergenic region (Figure 4B-4C). The involve-
ment of L1PA2-A and L1PA2-B LINE elements in both
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patients suggests a nonallelic homologous recombina-
tion (NAHR) mechanism (Figure 4B). This mechanism
and the occurrence of duplications are further sup-
ported by Sanger sequencing analysis of the breakpoints
(Figure S4), which revealed homologous sequences of
73bp in Patient 1 and 53 bp in Patient 2.

3.4 | LRS of FGF12 major isoforms
AandB

cDNA analysis was performed on FGF12 isoform A and
isoform B. Both WT transcripts share the terminal exons,
referred to as exons 3 to 6. They differ in their first exons;
WT transcript A contains exon 1A, whereas WT transcript
B contains exon 1B and exon 2. Exons 1A, 1B, and 2 to-
gether form the initial transcript exons (ITESs).

RNA was extracted from human LCLs derived from
Patient 1 and reverse transcribed in cDNA fragments. PCR
primers were designed to amplify potential aberrant tran-
scripts, and the resulting amplicon library was sequenced
using LRS technology. By analyzing the sequences of the
last exons, we identified two different types of aberrant
isoforms in addition to the WT isoforms (Figure 5A). The
first, aberrant isoform A, involved a fusion of the coding
sequences of exon 5 and exon 3, skipping exon 6, in the
sequence ITE-3-4-5-3-4-5-6 (Figure 5B). The second, aber-
rant isoform B, was characterized by the insertion of 123
nucleotides from the intergenic region chr3:192738861-
192738983, named “INS,” after exon 5, followed by exon
3, in the sequence ITE-3-4-5-Ins-3-4-5-6 (Figure 5B). The
WT proteins yielded from isoform A and isoform B consist
of 243 and 181 amino acids (aa), respectively. The aberrant
isoform A protein based on the isoform B is predicted to
be 320 aa, with no premature termination due to the in-
frame fusion of exon 5 and exon 3 (Figure 5C). In contrast,
the aberrant isoform B protein is predicted to be truncated
with a premature stop codon (Figure 5C).

4 | DISCUSSION
Resurgent sodium currents are essential for regulating
the excitability of central and peripheral neurons. In this
study, we applied LRS to investigate the structural organi-
zation of recurrent intragenic microduplications in FGF12
and their effects on transcription in two patients with de-
velopmental and epileptic encephalopathy (DEE), both
harboring an overlapping phenotype and specific EEG
features.

Recurrent FGF12 microduplications with breakpoints
located within the L1PA2-A and L1PA2-B LINE elements
have been previously identified in patients with DEE
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FIGURE 4 Study of DNA rearrangement encompassing FGF12 gene. (A) Visualization of long-read sequencing reads overlapping the
FGF12 duplication breakpoints in Patients 1 and 2, displayed using the Integrated Genome Viewer. (B) Schematic representation of the
repair mechanism through nonallelic homologous recombination, precisely localized on L1PA2 LINE elements (LINE-1 Primate specific
subfamily A, number 2 ; Long Interspersed Nuclear Element) at the FGF12 duplication breakpoint. (C) Overview of duplications identified
in patients from the literature (L1-L6) and in patients from our study (Patient 1 and Patient 2), along with the localization of LIPA2
elements in the UCSC Genome Browser (University of California, Santa Cruz; chr3:192080000-193020000). (FISH = Fluorescence In Situ
Hybridization; MANE = Matched Annotation from NCBI and EMBL-EBI).

through array CGH and confirmed via Sanger sequenc-
ing (Table 1).1271421 1 RS enabled the precise identifica-
tion of the complete structural rearrangement as a direct
tandem duplication between the two interspersed paral-
ogous repeats, L1PA2-A and L1PA2-B, as previously sus-
pected.'*** Unlike whole-genome short-read sequencing,

LRS provides an unbiased and comprehensive approach
to investigate the two-dimensional organization of the
genome, thereby supporting the formulation of physi-
opathological hypotheses.”>** This structural change is
likely to be driven by the NAHR mechanism, which ex-
ploits sequence homology between the directly oriented
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FIGURE 5 Study of the impact on FGF12 RNA transcripts. (A) Visualization of long-read aberrant transcripts from Patient 1 of exon
5, displayed using the Integrated Genome Viewer. (B) Modeling of the sequences of the wild-type (WT) transcript isoforms (A and B) and
aberrant transcripts based on the visualization of sequencing of transcripts. (C) Modeling of the sequence of the WT and aberrant proteins

(yellow: intergenic sequence; red: stop codon). (MANE = Matched Annotation from NCBI and EMB-EBI).

L1PA2-A and L1PA2-B repeats to mediate recombination.
This process can result in either deletions or duplications,
as observed in other genomic instability hotspots flanked
by repeat elements.” Similarly, the recurrent FGF12 du-
plication exhibits highly conserved breakpoints, with
homologous regions differing by only a few base pairs, fur-
ther supporting an NAHR-mediated mechanism.'****
As member of the FHF subfamily, FGF12 has at least
two transcription initiation sites that generate two major
isoforms. Transcript A (ENST00000454309.7; NM_021032)
encodes FGF12 isoform A, a protein with a longer N-
terminal sequence compared to FGF12 isoform B, en-
coded by transcript B (ENST0000044105.7; NM_004113).
Structurally, FHF proteins share a p-trefoil fold, with a
conserved C-terminal region that covers a hydrophobic
surface on the p-trefoil fold.>**>*® The p-trefoil fold of
FGF12 contains unique motifs that facilitate interactions

with the cytoplasmic tails of Nav channels, thereby modu-
lating their activity. These interactions enhance neuronal
excitability by shifting the voltage dependence of rapid in-
activation of the Nav channels.>**® FGF12 contains key
surface residues essential for Nav channel interactions.
The FGF12 isoform A possesses distinct properties due
to a conserved motif of 15-20 residues at the N-terminus,
which acts as an open-channel blocking particle. This
motif facilitates both rapid and prolonged inactivation
by maintaining the channel in a long-term inactivated
state.>*® A pathogenic missense variant, p.(Argl44His)
in isoform A, has been identified as a cause of DEE. This
substitution disrupts the interaction FGF12-Nav channel
interaction, causing a depolarizing shift in channel inacti-
vation and leading to a gain-of-function effect.”>">

The recurrent FGF12 duplications identified in this
study included the central motif and key residues essential
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for interactions with Nav channels, specifically Lys9, Ile11,
Arg52, Tyr93, and Val95 (as designated in FGF12 isoform
A nomenclature).” These duplications were associated
with two aberrant transcripts, each originating from tran-
scription starts of either transcript A or transcript B. The
first aberrant transcript, derived from WT transcript A,
is composed of eight exons, corresponding to the follow-
ing sequence: exon 1A-3-4-5-3-4-5-6, with no predicted
occurrence of a premature stop codon. The second ab-
errant transcript, derived from WT transcript B, is com-
posed of seven exons and includes an intergenic region.
It corresponds to the following sequence: exon 1B-2-3-4-
5-INSsequence-3-4-5-6 (Figure 5). Previous studies using
RT-PCR and Sanger sequencing on blood and hair follicles
from a patient with FGF12 duplication suggested the pres-
ence of a long aberrant transcript containing all exons in-
frame. This hypothesis is further supported by our study,
with the identification by LRS on cDNA of the presence of
the same extended transcript, corresponding to aberrant
transcript A.'*'* The aberrant transcript could potentially
be fully translated, yielding a hypothetical longer protein
with two central p-trefoil folded regions, as exons 5 and
3 remain in-frame, preventing a frameshift. Although we
have not analyzed the protein sequence, we suspect that
the aberrant structural conformation may lead to protein
instability and degradation. Our results also validated the
existence of a second aberrant transcript characterized by
an out-of-frame insertion of intergenic content, leading
to a premature stop codon.'® It is also important to note
that FGF12 is affected by both recurrent and nonrecur-
rent structural variants. For example, a patient with bial-
lelic structural variants—including a deletion of exon 6
and a duplication of exons 3-4 of FGF12—was recently
reported.27 In that study, LRS enabled the resolution of
small, complex biallelic structural variants. The patient
exhibited focal motor seizures progressing to bilateral
tonic—clonic seizures and status epilepticus, with appar-
ent treatment responsiveness. These findings illustrate
the heterogeneity of FGF12-related rearrangements and
emphasize the utility of LRS in characterizing clinically
relevant, complex structural variants.

Pathogenic missense variants have been linked to a
gain-of-function effect on Nav channels, whereas du-
plications have been linked to loss of function. Despite
these opposite mechanisms, both alterations give rise to
an identical DEE phenotype, differing only by the age at
epilepsy onset. Gain-of-function variants lower the fir-
ing threshold of Nav channels, leading to neuronal hy-
perexcitability and early onset seizures.>'® In contrast,
loss-of-function duplications do not trigger hyperexcit-
ability and are associated with a slightly later seizure
onset. The putative aberrant elongated variant pro-
tein may shift the voltage dependence of Nav channel

Epilepsia >

inactivation toward more hyperpolarized potentials,
impairing channel activity, further supporting a loss-
of-function mechanism." In the hippocampus, mossy
fibers carry signals from granule cells in the dentate
gyrus to the CA3 region. These fibers target excitatory
pyramidal cells and GABAergic inhibitory interneurons.
These interneurons, which release the neurotransmitter
GABA, play a key role in suppressing neuronal activ-
ity, thereby regulating excitation and maintaining net-
work balance.”*° Nav channels, particularly Navl1.2,
are highly expressed in the dentate gyrus granule cells,
which project to the CA3 region. Interestingly, mossy fi-
bers form connections with specific inhibitory interneu-
rons known as basket cells approximately 50 times more
frequently than with excitatory pyramidal cells. Loss of
function in these Nav channels reduces the efficiency
of inhibitory signaling, thereby increasing hyperexcit-
ability in the CA3 region.”®* This altered excitability
may explain the later onset of epileptic seizures (average
onset at 19 months for duplicated variant against 19 days
for missense variants), a timing that corresponds with
the expression of these cells in a more mature brain and
is observed in patients with FGF12 duplication.>'*™>
Thus, as previously suspected, patients with FGF12 du-
plication presented with a later onset of seizures and
showed an apparent stagnation or regression in devel-
opment after seizure onset.'?

Most of patients with FGF12 pathogenic missense
variants presented with drug-resistant epilepsy and EEG
showing mainly multifocal nonspecific abnormalities.
When EEG data were available, half presented with
slow background activity and interictal focal or multifo-
cal spikes; discontinuous patterns of suppression burst
were rarely seen. Ictal EEG was reported as focal (with
rapid spread to bilateral regions) or generalized with
low-voltage fast activity, followed by widespread spikes
and postictal suppression.”’® Conversely, in patients
with FGF12 duplications, we have observed a more
complex EEG pattern, with some common specificities
(Table 1). First, at the onset of epilepsy, both patients
presented a marked alteration in electrogenesis compat-
ible with severe encephalopathy, suggesting an inflam-
matory etiology. Both patients showed a very slow and
high-voltage activity, as described in encephalitis.>* One
of our patients, like others in the literature, was treated
with immunomodulatory drugs.”® In treated patients,
a three-phase evolution was observed. The first phase
corresponded to a storm of seizures with cognitive re-
gression (Figure 6). Phase 2 was a “honeymoon phase,”
with partial response to therapy, corresponding to a
seizure-free period, but with significant improvement in
cognitive performance. Finally, in phase 3, we observed
a worsening of the epilepsy with nonconvulsive status
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epilepticus, obnubilation, myoclonus (accompanied by
diffuse subcontinuous spikes and waves with abundant
triphasic waves on EEG), and progression toward bed-
ridden state.'>'**' Both patients reported in this study
had bilateral tonic-clonic seizures and focal temporal
seizures at epilepsy onset. This temporal localization is
consistent with the hypothesis of disruption in the bal-
ance between excitatory and inhibitory signaling within
these regions.”® The kinetics of seizure onset and pro-
gression in FGF12 duplications may suggest a disease
course similar to Nav1.2 (SCN2A) loss of function, with
a later onset compared to Nav1.2 (SCN2A) gain of func-
tion.”® The parallel with Navl.2 alterations could be
extended to treatment approaches. Like patients with
pathogenic missense variants, those with duplications
exhibited significant resistance to antiepileptic treat-
ments despite various therapeutic approaches. Although
phenytoin demonstrated partial efficacy in FGF12 dupli-
cations, its overall impact was limited and failed to pro-
duce substantial clinical improvement.'®'%*

We have provided the first comprehensive charac-
terization of FGF12 duplications using LRS approaches
on DNA combined with cDNA analysis, to reveal the
complete structural rearrangement caused by NAHR
mechanisms and their impact on transcripts. This re-
sulted in two distinct aberrant isoforms: an elongated
isoform A and a frameshift isoform B. The electroclin-
ical consequences of FGFI12 duplications appear to be
more specific than previously suspected compared to

point pathogenic missense variants, with clinical regres-
sion observed after seizure onset and distinctive EEG
patterns at onset and during evolution/progression, sug-
gesting that these duplications could be suspected based
on EEG findings.
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