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Summary

Fibroblast growth factor homologous factors (FHFs) are intracellular proteins which regulate voltage-gated sodium (Na,) channels in the
brain and other tissues. FHF dysfunction has been linked to neurological disorders including epilepsy. Here, we describe two sibling pairs
and three unrelated males who presented in infancy with intractable focal seizures and severe developmental delay. Whole-exome
sequencing identified hemi- and heterozygous variants in the N-terminal domain of the A isoform of FHF2 (FHF2A). The X-linked
FHF2 gene (also known as FGF13) has alternative first exons which produce multiple protein isoforms that differ in their N-terminal
sequence. The variants were located at highly conserved residues in the FHF2A inactivation particle that competes with the intrinsic
fast inactivation mechanism of Na, channels. Functional characterization of mutant FHF2A co-expressed with wild-type Na,1.6
(SCN8A) revealed that mutant FHF2A proteins lost the ability to induce rapid-onset, long-term blockade of the channel while retaining
pro-excitatory properties. These gain-of-function effects are likely to increase neuronal excitability consistent with the epileptic poten-
tial of FHF2 variants. Our findings demonstrate that FHF2 variants are a cause of infantile-onset developmental and epileptic enceph-
alopathy and underline the critical role of the FHF2A isoform in regulating Na, channel function.

Voltage-activated sodium channels (Nay) play an essential
role in the generation and spread of action potentials in
excitable tissues."” Variants in Na, channels and their reg-
ulatory partners are a major cause of infantile-onset devel-
opmental and epileptic encephalopathies (DEEs).** DEEs
are typically associated with developmental delay or
regression, treatment-resistant seizures, and electroen-
cephalographic abnormalities.”® The developmental con-
sequences of DEEs are due to frequent epileptiform activity
in combination with the direct effects of the genetic
variant.”®

Fibroblast growth factor homologous factors (FHFs) are
intracellular proteins that bind to the C-terminal domain
of Na, channels to modulate their function and loca-
tion.”"'? FHFs were initially identified due to their homol-
ogy with fibroblast growth factors (FGFs).'* However, FHFs
are not secreted by cells and have only limited ability to

activate FGF receptors.”'*'> There are four FHF genes in
mammals (often referred to by their FGF names): FHF1
(FGF12 [MIM: 601513]), FHF2 (FGF13 [MIM: 300070]),
FHF3 (FGF11 [MIM: 601514]), and FHF4 (FGF14 [MIM:
601515]).” The FHF genes have multiple transcription
initiation sites. The alternative first exons produces multi-
ple isoforms with variable N-terminal domains.'® The iso-
forms differ in their localization and ability to regulate Na,
channels.” FHF2, located at Xq26.3-q27.1, is highly ex-
pressed in the developing and adult brain.”'® FHF2 is
also expressed in endocrine tissues, ovaries, skeletal mus-
cle, and the myocardium of the developing heart.'’"’
FHF2 has been implicated in a variety of functions
including microtubule stability, axonogenesis, neuronal
migration,”” interneuron development,®' cardiac conduc-
tion,”” and thermogenesis.23 Here, we present evidence
that variants in FHF2 cause a DEE.
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We identified seven individuals from five unrelated
families who presented with severe infantile-onset sei-
zures. Individuals 1 and 2 were a brother and sister from
family A (Figure 1A) who had whole-exome sequencing
(WES) as part of the Wales Epilepsy Research Network
(WERN) family study. Individuals 3 and 4 were brothers
from family B who had WES as part of the Deciphering
Developmental Disorders (DDD) study.?* Individual 5
from family C had WES performed by GeneDx. Individuals
1 to 5 shared the same seemingly de novo missense variant
in FHF2, chrX (GRCh38/hg38):2.138710973G>A, Gen-
Bank: NM_004114.5: c.31C>T (p.Argl1Cys). Individual 6
from family D also had WES as part of the DDD study.
Individual 6 had a different nearby variant in FHF2,
chrX (GRCh38/hg38): g.138710963C>G, GenBank: NM_
004114.5: c.41G>C (p.Argl4Thr). Parental testing for

this individual was not possible. Individual 7 from family
E had trio whole-genome sequencing (WGS) performed
by Cipher Gene. Individual 7 was mosaic (7 variant reads
out of 17 total) for a different missense change at the
Argll residue, chrX (GRCh38/hg38):2.138710972C>G,
GenBank: NM_004114.5: ¢.32G>C (p.Argl1Pro). The
mosaicism was confirmed by WES (14 variant reads out
of 26 total) and Sanger sequencing. Identification of indi-
viduals 5 and 7 was achieved via GeneMatcher.”> Maternal
mosaicism is likely to explain the sibling recurrence in
families A and B. This was not detected by WES or Sanger
sequencing. Families A and B and individual 6 also had
WGS as part of the 100,000 Genomes Project.”® WGS
confirmed the variants in the affected individuals. The
p-Argl1Cys variant was not detected in the mother of fam-
ily A but the mother of family B had 2 variant reads out of
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Table 1.

Clinical and molecular findings in the individuals with N-terminal FHF2A variants

Individual 1 (family A) 2 (family A) 3 (family B) 4 (family B) 5 (family C) 6 (family D) 7 (family E)
Age 15y 13y 19y 12y 2y3m Sy Sy 8m
Sex male female male male male male male
Variant c.31C>T c.31C>T c.31C>T c.31C>T c.31C>T c.41G>C c.32G>C
(p-Arg11Cys) (p-Arg11Cys) (p-Arg11Cys) (p.Arg11Cys) (p.-Arg11Cys) (p.Arg14Thr)  (p.Argl1Pro)
Inheritance maternal maternal maternal maternal de novo unknown mosaic
gonadal gonadal somatic somatic
mosaicism® mosaicism® mosaicism mosaicism
OFC —1.4 SD at +0.8 SD at —-0.2 SD —1.4 SD at -1.1SD -2.5SD —2.6 SD at
13y10m 6y9m at19y 12y Sm at22m atSy 3y2m
ID/DD profound severe severe severe profound severe severe
Initial 11 d, apneas, 11 d, apneas, 4 w, apneas, 6 m, head and 5 d, head and 1 d, apnea, 6 m, focal sz
concerns repetitive lip smacking, stiffness eye deviation, eye deviation, cyanosis
swallowing, repetitive twitching blinking,
head deviation,  swallowing, eye repetitive
eye twitching deviation, facial swallowing
twitching
Epilepsy focal szat2m.  focal sz from focal szat2m.  focal sz at 6 m. focal yes focal sz at 6 m.
generalized sz 11 m. rarely flexor spasms generalized sz dyscognitive also spasms,
from 7 m generalized from 6 m from 2.5y, seizures myoclonic sz,
episodes of NCSE, GTCS
tonic sz and
vomiting currently
EEG multiple ictal EEG at hypsarrhythmia hypsarrhythmia multiple n/k atypical
epileptogenic 6y 8m, left at 6 m. later at 2.5y, EEG at epileptogenic hypsarrhythmia
temporal fronto-temporal EEG suggestive 11 y suggestive temporal foci, and intermittent
foci, EIMFS focus of LGS of LGS suggestive burst suppression
considered of LGS at 23 m
Neurology  hypotonia, normal tone low axial tone, broad-based, hypotonia, n/k limb hypertonia,
no hyperreflexia and reflexes mild limb unsteady gait, periodic positive Babinski
hypertonia, no  mildly increased abnormal sign and ankle
hyperreflexia limb tone posturing clonus
or tremor
Other constipation, left anterior severe scoliosis  antenatal renal hypothyroidism  atrial septal regression
features abdominal temporal pelvic dilatation, defect at 14 m
pain, subtotal lobectomy and recurrent UTI,
colectomy partial amygdalo- nephrectomy

and ileostomy hippocampectomy

Variants based on transcript GenBank: NM_004114.5. Age in y(ears), m(onths), w(eeks), or d(ays); AED, antiepileptic drugs; ASD, autism spectrum disorder; EEG, elec-
troencephalogram; EIMFS, epilepsy of infancy with migrating focal seizures; GTCS, generalized tonic-clonic seizures; ID/DD, intellectual disability or developmental
delay; LGS, Lennox-Gastaut syndrome; NCSE, nonconvulsive status epilepticus; n/k, not known; SD, standard deviations; sz, seizures; UTI, urinary tract infection.

“Maternal gonadal mosaicism is presumed in family A.

40 total, consistent with low-level mosaicism. Individuals
who had evaluation or analysis beyond routine clinical
care were part of research studies approved by either the
Research Ethics Committee for Wales (09/MRE09/51)
or the Cambridge South Research Ethics Committee
(10/HO0305/83 and 14/EE/1112). The parents and carers
of the individuals gave consent for their publication in
this report.

The clinical features of the seven individuals are summa-
rized in Table 1. Detailed case reports for the individuals are
provided in the supplemental note. Shared features
included global developmental delay and severe or pro-
found intellectual disability. Individuals 2-4 and 6 were
diagnosed with autism spectrum disorder. All seven indi-
viduals had treatment-resistant epilepsy. Five presented
in the neonatal period with episodes of apnea and
cyanosis. The predominant epilepsy phenotype was focal

seizures often with secondary generalization. A range of
other seizure types were reported including epileptic
spasms, tonic seizures, gelastic seizures, absence seizures,
drop attacks, and generalized tonic-clonic seizures. The
focal seizures were associated with motor features (eye
twitching or head deviation), apneas, and oroalimentary
automatisms (chewing or repeated swallowing). Auto-
nomic features included drooling, ictal vomiting, and
skin flushing. EEGs found evidence of temporal lobe foci
in some. Seizures were resistant to a wide range of anti-
epileptic drugs (AED). Two individuals had vagus nerve
stimulators implanted. Individual 2 underwent left ante-
rior temporal lobectomy and partial amygdalohippocam-
pectomy at 7 years of age. She was seizure free for 2 years;
however, the focal seizures resumed and at last review
(13 years of age) she was having fortnightly clusters despite
three AEDs. Constipation was common in the group and
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one person (individual 1) had subtotal colectomy and
ileostomy due to chronic constipation and recurrent severe
abdominal pain. Physical examination of the individuals
revealed normal or reduced muscle tone. There was no
spasticity or hyperreflexia. Subtle dysmorphic features
were noted but these were variable and may reflect the
effects of AEDs and facial hypotonia. Photographs of
individuals 1-4 are shown in Figure 1A. Brain MRI scans
in infancy were normal. Brain MRI scans of individual 2
at 6 years of age and individual 7 at 3 years of age found ev-
idence of cerebral atrophy. Individual 4 had a 3T MRI brain
scan at 13 years of age which showed symmetrical T2 hy-
perintensity of the hippocampal body and head with loss
of definition of the internal architecture.

The three variants p.Argl1Cys, p.ArgllPro, and
p-Argl4Thr identified in the affected individuals are not
present in population databases such as gnomAD.?’ The
variants were predicted to be deleterious by a range of in
silico prediction programs (Table S1).*° The variants
are located in exon 1A of FHF2. This exon encodes the
N-terminal domain specific to the A isoform of the FHF2
protein (FHF2A) (Figure 1B). The 1A exon is highly
conserved across species and across all four FHF genes
(Figure 1C). The Argll and Argl4 residues are completely
conserved in all sequences. Overall, FHF2 is moderately
intolerant to variation (gnomAD missense z-scores range
from 1.59 to 2.11 for the different isoforms). However,
the N-terminal of the A isoform (ENST00000315930.6) is
particularly constrained with no gnomAD missense vari-
ants in the first 21 residues.”” In contrast, there are 5 gno-
mAD synonymous variants in the same region and 7-10
missense variants in the first 21 residues of the other
FHF2 isoforms.

The FHF2 exon 1A missense variants are at residues
known to contribute to long-term Na, channel block.*!
Na, channels cycle between closed (or resting), open,
and inactivated states (Figure 2A).** Membrane depolariza-
tion from resting potential to the voltage threshold for Na,
channel activation triggers the shift from a closed to an
open state. The channel is open for around a millisecond
before inactivation occurs. The majority of channels are in-
activated by a mechanism intrinsic to the Na, channel but
around one third are inactivated by an “inactivation parti-
cle” contained by the N-terminal domain of A-type FHF
proteins.®* Channels can recover (or reprime) to a closed
state upon hyperpolarization of the membrane. Recovery
from the intrinsic Nay inactivation mechanism is complete
within 10 ms while recovery from FHF-mediated inactiva-
tion takes hundreds of milliseconds. Channels may also
proceed directly from a closed to an inactivated state
(“steady-state” inactivation). A-type FHF isoforms have a
mixture of inhibitory and pro-excitatory effects on the
inactivation mechanisms of Na, channels. Repeated cycles
of channel opening promote accumulation of channels in
FHF-mediated long-term block. This contributes to a run-
down in Na, channel availability immediately following
a cluster of action potentials.’*** Through this inhibitory

mechanism, A-type FHF isoforms can induce spike-fre-
quency adaptation, also termed accommodation.’' One
potential function of accommodation is to prevent persis-
tent excitation of neural networks and seizures.”>”° In
contrast, A-type FHF isoforms also induce a depolarizing
shift in the voltage dependence of Na, channels for
steady-state inactivation.*****7*® This is pro-excitatory
because it limits steady-state inactivation of channels at
resting potential. Another pro-excitatory effect of A-type
FHF isoforms is to slow the intrinsic fast inactivation of
channels during membrane depolarization and action po-
tential initiation.'***

To assess the functional effects of FHF2A p.Arg11Cys and
p.-Argl4Thr on neuronal sodium channel gating, we
measured sodium currents during voltage clamp protocols
in FHF-negative Neuro2A cells co-transfected with con-
structs expressing Na,1.6 (SCN8A) and either wild-type
FHF2A (FHF2Awt) or a mutated version (FHF2Ag;ic or
FHF2AR147). Detailed descriptions of the plasmids, muta-
genesis, transfection of Neuro2A cells and measurement
of sodium currents are provided in the supplemental mate-
rial and methods. All procedures parallel those we have
described previously.>!** Patched cells were depolarized
to 0 mV for four 16 ms intervals separated by 40 ms recov-
ery periods at —90 mV to allow for sodium channel recov-
ery from intrinsic fast inactivation (Figure 2B). In cells
expressing FHF2Ayg, transient Na,1.6 sodium current
amplitude diminishes with each depolarization cycle (Fig-
ures 2C and 2F), reflecting accumulating long-term inacti-
vation of Nayl.6. By contrast, the extent of long-term
channel inactivation is greatly reduced in cells expressing
FHF2AR;1c (Figures 2D and 2F), while the sodium currents
during four depolarization cycles in cells expressing
FHF2ARr147 are indistinguishable from those in cells
without FHF2 (Figures 2E and 2F), demonstrating that
FHF2AR147 is incapable of promoting Na,1.6 long-term
inactivation.

In a second experiment to assess the effects of the FHF2A
variants on long-term channel inactivation, cells were
subjected to multiple rapid depolarization cycles followed
by a —90 mV recovery period of varying duration (20 ms to
1 s) before a subsequent test depolarization. In cells
expressing FHF2Ay1, near-full recovery of Na,l.6 from
long-term inactivation required 1 s, while in cells express-
ing FHF2Agiic channels fully recovered by 200 ms
(Figure 2G). Cells expressing FHF2Ag1 47 again show no ev-
idence of Nay1.6 long-term inactivation, as channels fully
recover as quickly as in cells lacking FHF (Figure 2G).

Although impaired in their ability to promote Na,1.6
long-term inactivation, FHF2Ag1c and FHF2Ag; 47 are ex-
pressed at comparable levels to FHF2Ar in transfected
cells and the mutant isoforms associate with Na,1.6 as
effectively as does FHF2A, as demonstrated by co-immu-
noprecipitation (Figure S1). This indicates the variants do
not disrupt binding of FHF2 to the C-terminal cytoplasmic
tail of Na, channels. This binding is mediated by
the conserved B-trefoil core domain shared by all FHF
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Figure 2. Functional characterization of the variants in the FHF2A N-terminal domain

(A) Scheme of voltage-dependent sodium (Na,) channel state transitions as modulated by A-type fibroblast growth factor homologous
factors (FHFs), as described previously.*'-** Strong rapid depolarization results in transient opening of channels and sodium influx
(vertical red arrow). Within milliseconds, channels intrinsically inactivate (leftward descending arrow). When channels are physically
associated with A-type FHE, the N terminus (red triangle) competes with the intrinsic Na, mechanism (blue circle) to rapidly induce long-
term inactivation (rightward descending arrow). Recovery to the closed state upon repolarization requires hundreds of milliseconds.
Long-term inactivation of channels is impaired in presence of the FHF2Ag;,c or FHF2Ag; 47 (White asterisk). A-type FHFs raise the voltage
dependence of steady-state inactivation, preserving more channels in the closed (resting) state. The pro-excitatory DEE-associated
FHF1Ag;14n mutant protein further raises the voltage dependence of steady-state inactivation.*

(B) Voltage-clamp protocol for accumulating long-term inactivation used in (C)—(E). The 40 ms intervals at —90 mV allow for full recov-
ery from intrinsic fast inactivation, but only partial recovery from long-term inactivation, which has a far slower recovery rate.

(C-E) Representative sodium current traces in Neuro2A cells expressing Na, 1.6 together with either (C) FHF2Ay, (D) FHF2Ag;1c, or (E)
FHF2AR141. The variants impair channel long-term inactivation.

(F) Analysis of long-term inactivation induced by wild-type and mutant FHF2A proteins. n represents the number of transfected cells
recorded for a given experimental protocol. Data points represent the mean =+ standard error (error bars) from the n recorded cells.
The impaired long-term inactivation of FHF2Ag;1c and FHF2Ag 47 in comparison to FHF2Awt upon depolarizations 2,3,4 is highly sig-
nificant (p < 1077).

(G) Analysis of Nay1.6 recovery from long-term inactivation at —90 mV. Na,1.6 recovers faster in cells expressing FHF2Ag;;c or
FHF2AR; 41 compared to cells expressing FHF2Ayy.

(H) FHF2AR11c and FHF2Ag, 4t retain the ability to induce 17-19 mV depolarizing shifts in the voltage dependence of Na, 1.6 steady-state
inactivation.

isoforms.'®*? In contrast, residues 2-21 of A-type FHFs
contain the inactivation particle that competes with the
intrinsic fast inactivation mechanism of Na, channels
following membrane depolarization.*” The reduced ability

of mutant FHF2A to promote Na,1.6 long-term inactiva-
tion indicates the N-terminal variants impair function of
this inactivation particle. Mutagenesis of FHF2A to replace
Argl1 or Argl4 with glutamine prevented binding of an
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antibody specific to the N-terminal of A-type FHFs.*' This
suggests that both residues are prominent surface features.
Both FHF2Agr;1o and FHF2Ag;4q showed impaired accu-
mulation of long-term inactivation and hastened recovery
of Na, channels while having little effect on the ability of
FHF2A to modulate steady-state inactivation. These find-
ings are consistent with our results for the two DEE-associ-
ated variants which suggest the effects are due to loss of the
cationic arginine side chains rather than specific effects of
the substituted side chains.

Consequently, we tested the ability of mutant FHF2A
proteins to modulate the voltage dependence of Na,1.6
steady-state inactivation. As shown in Figure 2H,
FHF2Ag11c and FHF2Agq4r raised the V,,, for channel
steady-state inactivation by 17 mV and 19 mV, respec-
tively, which was statistically indistinguishable from the
18 mV Vy,, elevation of Na,1.6 inactivation mediated by
FHF2Awr. Therefore, the DEE-associated variants preserve
this pro-excitatory property of FHF2A while suppressing
the sodium channel long-term inactivation mechanism
by which FHF2A can attenuate excitation.

The FHF2 exon 1A missense variants join a growing
number of isoform-specific variants that have been re-
ported in epileptic encephalopathies.*’** Around 30% of
neonatal epilepsy genes have brain-expressed alternative
coding regions, suggesting that isoform-specific variants
are relatively common.** However, variants in alternative
transcripts are prone to being missed or misinterpreted
due to problems with panel designs and genome annota-
tion.** This may have contributed to FHF2-DEE not being
recognized until now.

Deleterious variation in FHF genes has previously been
associated with neurological disorders. In 2015, a balanced
reciprocal translocation, t(X; 14) (q27; q21), disrupting
FHF2 was reported segregating in a family (two brothers
and their mother) with genetic epilepsy and febrile seizures
plus (GEFS+ [MIM: 604233]).>® One of the brothers and
other members of their extended family had cognitive
impairment. The translocation breakpoint occurred after
two of the alternative first coding exons of FHF2 (exons
1V and 1Y, using the notation from Munoz-Sanjuan
et al.””) but before the first coding exons of the two main
isoforms, exon 1A (also known as 1S, employed by
FHF2A) and exon 1B (also known as 1U, used by FHF2B).
The predicted consequence was to disrupt the minor iso-
forms of FHF2 which use the more 5’ exons. There was a
subsequent report of a de novo missense variant in FHF2
(GenBank: NM_004114.5: ¢.638C>T [p.Thr213Met]) in
one individual with mild febrile seizures, normal develop-
ment, and facial edema.*® However, the significance of this
variant was uncertain.

Gain-of-function variants in FHF1 (FGF12) have
recently been identified in individuals with DEE (MIM:
617166).%*%*” There are strong similarities between
FHF1- and FHF2-DEE. FHF1-DEE (familial early-onset
epileptic encephalopathy with progressive cerebral atro-
phy) presents with seizures in early infancy and severe

developmental delay. The epileptic phenotypes of FHF1
and FHF2 disease are similar. FHF1-DEE is typically associ-
ated with focal epilepsy or a combined generalized and
focal epilepsy.*® Tonic seizures with autonomic signs are
common in both FHF1- and FHF2-DEE. Other seizure
types reported in both disorders include generalized
tonic-clonic seizures, epileptic spasms, and absence and
myoclonic seizures. The epilepsy in FHF1-DEE is often
intractable but responsiveness to phenytoin (a sodium
channel blocker) has been noted.*’~*° Individuals 3 and
4 in our series gained at least transient benefit from
phenytoin. The other subjects have either not been given
phenytoin or their response is unknown.

Individuals with FHF1-DEE have been noted to have pro-
gressive cerebellar atrophy, potentially as a result of excito-
toxic damage.* Loss-of-function variants in FHF4 (FGF14)
have also been associated with cerebellar dysfunction
(and occasionally cerebellar atrophy) as the cause of spino-
cerebellar ataxia type 27 (MIM: 609307).°°" In contrast,
structural and functional abnormalities of the cerebellum
were not observed in FHF2-DEE. Different gene expression
patterns may explain this difference as FHF1 and FHF4
are both highly expressed in the cerebellum while FHF2
is not.”'® An additional difference between FHFI-
and FHF2-DEE is that the recurrent FHF1-DEE variant
is present in both the A (GenBank: NM_021032.4:
c.341G>A [p.Argl14His]) and B (GenBank: NM_004113.
6:c.155G>A [p.Arg52His]) isoforms. This residue is located
in the B4-BS5 loop of the core FHF domain that contributes
to the highly conserved structural interface between FHF
proteins and the cytoplasmic tails of Na, channels.* Substi-
tution of FHF1A Arg114/FHF1B Arg52 to other amino acids
increased the depolarizing shift in the voltage dependence
of steady-state inactivation of Nay1.6 (Figure 2A). The shift
of this voltage dependence (which increases the availabil-
ity of resting channel) was greatest for the mutant form
of the A isoform. In contrast, FHF2-DEE variants do not
alter steady-state inactivation; instead, they disrupt the
ability of the N-terminal inactivation particle to cause
long-term inhibition of Na, channels.

We recognize the need for caution in interpreting the
significance of the variant in female individual 2 when
FHF2 is X linked and the other individuals are male. How-
ever, individual 2’s epilepsy phenotype was strikingly
similar to her brother’s and no other cause for her DEE
was identified. X chromosome inactivation assays found
no significant skewing in her blood (65:35 at AR [MIM:
313700] and 55:45 at ZNF261 [MIM: 300061]), suggesting
the variant allele is active in a moderate proportion of her
somatic tissues (although this may not reflect the inactiva-
tion pattern in her brain). Consistent with being heterozy-
gous, individual 2 had a milder phenotype than her
hemizygous brother and the other males. A difference in
severity was also present in the GEFS+ family with the
balanced translocation described by Puranam et al.”® The
mother with the translocation had febrile seizures in in-
fancy but was neurologically normal and seizure free in
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adulthood. In contrast, her sons had febrile seizures and
temporal lobe epilepsy and one had cognitive impairment.
A sex difference is recapitulated by the Fhf2 knockout ani-
mal model. Female heterozygous knockout mice are viable
but have increased susceptibility to hyperthermia-induced
seizures.”® The brains of female heterozygous knockout
mice demonstrate mosaic expression of wild-type and
null Fhf2 alleles (C.M. and M.G., unpublished data). There
is evidence for reduced embryonic survival of male
mice, although this may be dependent on strain
background.””?*?® Surviving male knockout mice experi-
ence progressive conduction failure in response to higher
body temperatures. No cardiac conduction abnormalities
were observed in our series. However, loss-of-function
partial or whole gene deletions are likely to have different
effects from gain-of-function missense variants.

FHF2 was historically considered a candidate gene for
Borjeson-Forssman-Lehmann syndrome (BFLS [MIM:
301900]), an X-linked intellectual disability syndrome
associated with dysmorphism, epilepsy, obesity, and hypo-
gonadism.”””” An individual with BFLS-like features (and
neonatal-onset seizures) had a maternally inherited
Xq26q28 duplication.’” The breakpoint was mapped to a
~400 kb interval in Xq26.3, a region which contains
FHF2. BFLS was subsequently mapped to variants in
PHF6 (MIM: 300414), a gene nearby in Xq26.2. The clinical
significance of copy-number variation involving FHF2 re-
mains uncertain. However, metrics of dosage sensitivity
(haploinsufficiency score 3.17, top 5™ percentile)™® and
mutational constraint (probability of being loss-of-func-
tion intolerant 0.97),%° and evidence from human and
animal studies®****® suggests they are likely to have clini-
cally significant effects. Notably, duplications of FHF1 have
been reported in individuals with DEE.**>*

A-type FHFs, including FHF2A, and slow-activating/deac-
tivating voltage-gated potassium channels (Kv7.2 and
Kv7.3) both contribute to attenuation of excitatory drive
by either run-down of the sodium conductance or build-up
of the potassium conductance, respectively.”>°° Conse-
quently, both of these processes contribute to spike
frequency adaptation (accommodation), as documented in
CA1 hippocampal pyramidal neurons.’'*”* Variants in
the genes encoding K,7.2 or K,7.3 (KCNQ2 [MIM: 602235]
and KCNQ3 [MIM: 602232]) cause early-onset epilepsy phe-
notypes including DEFs.>>® Our new findings regarding
FHEF2A thereby suggest that disturbed spike frequency adap-
tation is an important mechanism in epileptogenesis.

In conclusion, we have identified hemi- and heterozy-
gous missense variants in the N-terminal of the A isoform
of FHF2 as a cause of infantile-onset DEE. Our functional
results demonstrate that the variants lead to gain of
function because they disrupt the ability of FHF2A to
cause long-term inactivation of Na, channels while pre-
serving pro-excitatory properties of FHF2A. Our study
provides evidence for the critical role of the FHF2A iso-
form in regulating Na, channel function and neuronal
excitability.
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