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Abstract

Background: Typical patients with KCNQ2 (OMIM# 602235) epileptic encepha-
lopathy present early neonatal-onset intractable seizures with a burst suppression
EEG pattern and severe developmental delay or regression, and those patients
always fail first-line treatment with sodium channel blockers. Vitamin B6, either
pyridoxine or pyridoxal 50-phosphate, has been demonstrated to improve seizure
control in intractable epilepsy.

Methods: Here, we collected and summarized the clinical data for four inde-
pendent cases diagnosed with pyridoxine-responsive epileptic encephalopathy,
and their exome sequencing data. Moreover, we reviewed all published cases and
summarized the clinical features, genetic variants, and treatment of pyridoxine-
responsive KCNQ2 epileptic encephalopathy.

Results: All four cases showed refractory seizures during the neonatal period
or infancy, accompanied by global development delay. Four pathogenetic vari-
ants of KCNQ2 were uncovered and confirmed by Sanger sequencing: KCNQ2
[NM_172107.4: ¢.2312C >T (p.Thr7711le), c.873G > C (p.Arg291Ser), c.652T > A
(p-Trp218Arg) and c.913-915del (p. Phe305del)]. Sodium channel blockers and
other anti-seizure medications failed to control their seizures. The frequency of
seizures gradually decreased after treatment with high-dose pyridoxine. In case
1, case 2, and case 4, clinical seizures relapsed when pyridoxine was withdrawn,
and seizures were controlled again when pyridoxine treatment was resumed.
Conclusion: Our study suggests that pyridoxine may be a promising adjunctive
treatment option for patients with KCNQ?2 epileptic encephalopathy.
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1 | INTRODUCTION

The Kv7 family of voltage-gated potassium (K*) channels
consists of five members (from Kv7.1 to Kv7.5) encoded by
KCNQ genes (KCNQ1-5). Subunit Kv7.2 encoded by KCNQ2
is expressed in various brain areas, including the cerebral
cortex, hippocampal formation, amygdala, basal ganglia,
and hypothalamus. It has been demonstrated to be involved
in the intrinsic excitability of neurons and plasticity synap-
tic transmission and play a role in hippocampus-dependent
learning and memory. More importantly, KCNQ2 has been
found to have a close relationship with neonatal-onset epi-
lepsy. KCNQ2 and its homolog KCNQ3 form homotetram-
eric or heterotetrameric ion channels on the neuron plasma
membrane and are responsible for a repolarizing M-current
that reduces neuronal excitability. Additionally, KCNQ2Z can
increase voltage-gated Na+ channel (Nav) availability and
stabilize the resting membrane potential in nodal domains.
The pathogenic variants of KCNQ2 caused a reduction in
the M-current, resulting in the recurrence of seizures and
mild to severe intellectual retardation.

To date, sodium channel blocker (SCB) is considered
the first-line drug for the treatment of KCNQ2-related ep-
ilepsy, probably through the modulation of the channel
complex. Carbamazepine can stabilize the inactive state
of voltage-gated sodium channels, which colocalize with
KCNQ potassium channels in neuronal membranes.
Furthermore, sodium valproate (VPA), phenytoin sodium
(PHT), levetiracetam (LEV), high-dose steroids, and a
ketogenic diet have also been effective in some patients
(Kuersten et al., 2020). Retigabine (RTG, or ezogabine),
specifically targeting KCNQ channels, was the first ap-
proved antiepileptic drug that promotes the activation of
potassium channels. However, the clinical use of retiga-
bine has been discontinued due to its side effects.

The application of pyridoxine in the adjuvant treat-
ment of epilepsy was first reported in 1940. To date, pyr-
idoxine has been widely used in various epilepsy and
epilepsy syndromes. Here, we present the clinical and mo-
lecular genetic findings of four patients with KCNQ?2 epi-
leptic encephalopathy who were responsive to pyridoxine
supplementation. Our results provide a promising adjunct
treatment option for patients with intractable KCNQ?2 epi-
leptic encephalopathy.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

This study was approved by the institutional review board of
the West China Second University Hospital (No. 138, Year:
2021). Informed consent was obtained from their families.

Clinical manifestations, electroencephalogram (EEG), brain
magnetic resonance imaging (MRI), malformations, investi-
gations of other organs, and gene variations were analyzed.

2.2 | Cases

In our center, the treatment protocol for patients with de-
velopmental epileptic encephalopathy is trying high-dose
pyridoxine first, regardless of the results of genetic testing.
In this study, we retrospectively reviewed 64 patients with
KCNQ2-associated epileptic encephalopathy (16 patho-
genic, 29 likely pathogenic, and 19 variants of uncertain sig-
nificance) and found 4 patients with pyridoxine-responsive
KCNQ2 (NM_172107.4) epileptic encephalopathy. We also
pooled the 8 pyridoxine-responsive KCNQ2 (NM_172107.4)
variant-related cases reported previously in our analysis.
Additional phenotype data and genetic findings for indi-
viduals are summarized in Table S1.

2.3 | Whole-exome sequencing and
bioinformatics

Peripheral blood samples were collected from the probands
and their families. A total of 1.0 pg genomic DNA per sam-
ple was utilized for sequencing. The exom capture librar-
ies were generated using xGen Exome Research Panel
probes (IDT, USA) following the manufacturer's recom-
mendations. Sequencing was performed on the Illumina
NovaSeq 6000 platform.

Burrows-Wheeler Aligner (BWA) was performed to
map the paired-end clean reads to the human reference
genome (hg38). GATK was utilized for SNP, and short
indel calling. ANNOVAR was utilized for variant annota-
tion. Variants were picked up in exonic and splicing re-
gions with a minor allele frequency of <0.005 in the SNP
database (ExAC, 1000Genomes, gnomAD). Candidate
variants were further validated by Sanger sequencing. The
ACMG guidelines were used to evaluate the pathogenicity
of candidate variants.

To understand the location information of B6-positive
responding variants of KCNQ2 (NM_172107.4), the online
tool SWISS-MODEL (https://swissmodel.expasy.org) was
utilized for domain information.

3 | RESULTS

3.1 | Casereport

Case 1 was a full-term, seven-month-old girl with un-
complicated prenatal and neonatal courses. Her other
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family members were all healthy. This girl had seizure
onset at six days after birth, with focal to generalized
tonic-clonic seizures. Her head circumference and fa-
cial features were normal, with normal investigations of
other organs (heart, lung, liver, kidney, etc.). She had a
failure to thrive, and her development was delayed and
stagnant. Upon admission at seven months old, she could
not lift her neck or roll over and had a poor reaction to
human faces, lights, and sound. The EEG showed mul-
tifocal sharp/spike slow waves in bilateral occipital and
temporal regions, with normal brain MRI (Figure S1).
Cerebrospinal fluid examination and blood and urine
metabolic screening were normal. Phenobarbital, le-
vetiracetam, oxcarbazepine, sodium valproate, and
topiramate were tried before admission. However, her
seizures were not effectively controlled, often lasting for
10-20s 3-10 times per day. After admission, we admin-
istered high-dose pyridoxine (50 mg/kg.d) via intrave-
nous treatment for 1 week, and seizures were absent.
After discharge, the dosage of pyridoxine was gradually
tapered down to 30 mg per day, and seizures reoccurred.
Then, the dosage of pyridoxine was increased to 60 mg
per day for oral treatment, and the seizures were quickly
controlled again. At her latest follow-up assessment at
2years old, she was seizure-free with the combination
treatment of oxcarbazepine (30 mg/kg.d) and pyridoxine
(60mg/d). Repeated EEG monitoring showed improve-
ment in the epileptiform discharge. The development
milestone was slightly improved: she could lift her neck
and roll over, but she could still not sit alone or say “fa-
ther” or “mother”; the Gesell Developmental Scale score
was 40. Whole-exome sequencing analysis found a de
novo mutation in KCNQ2: ¢.873G>C (p.Arg291Ser)
(Figure 1a).

Case 2 was a ten-month-old boy with an uneventful
birth. His father had a history of convulsions in infancy,
and his mother was healthy. This boy had seizure onset at
seven months after birth, with focal to generalized tonic-
clonic seizures. He is prone to diarrhea and respiratory
tract infection. His head circumference was normal, and
no malformations or other organs were identified; how-
ever, development was delayed. Upon admission at ten
months old, he could still not roll over and sit alone or say
“father” or “mother”. The EEG showed multifocal epilep-
tiform discharges in the right side, while the brain MRI
showed that the extracerebral space of the left temporal
pole was slightly wider than the right side, and the left
side ventricle was slightly enlarged compared with the
right side (Figure S1). Cerebrospinal fluid examination
and blood and urine metabolic screening were normal.
He was treated with oxcarbazepine before admission with
poor seizure control. He still had seizures 8-9 times per
day, and they often lasted for 2-3 min. After admission, he
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was treated with midazolam (2 ug/kg/min) continuous in-
travenous infusion, oral clonazepam (0.5mg QN), leveti-
racetam (50 mg/kg.d), sodium valproate (30 mg/kg.d), and
topiramate (8 mg/kg.d) for antiepileptic treatment, but the
frequency of seizures gradually increased (10-12 times per
day). Then, we administered a pyridoxine (50 mg/kg.d) in-
travenous injection for three days, and the frequency of
seizures gradually decreased. After discharge, the dosage
of pyridoxine was gradually reduced to 20mg/d orally,
and seizures occurred again. Then, the dosage of pyridox-
ine was increased to 40mg/d for oral treatment, and the
seizures were quickly controlled. At her latest follow-up
assessment at 2years old, she was seizure-free with pyr-
idoxine (20mg/d) plus levetiracetam (40 mg/kg.d) treat-
ment. Repeated EEG monitoring showed improvement
in the epileptiform discharge with sharp/spike and slow
wave discharge several times. The development milestone
was slightly improved, and the Gesell Developmental
Scale score was 35. Whole-exome sequencing analysis
found a KCNQ2 gene mutation ¢.2312C>T (p.Thr7711le)
(Figure 1a).

Case 3 was a three-month-old girl, delivered by cesar-
ean section at 35+ 2weeks of gestation for fetal intrauter-
ine distress. The Apgar score of 1-5-10 min was 9-10-10
points. Her other family members were all healthy. This
patient had seizure onset at three days after birth, with
generalized tonic-clonic seizures. She could not lift her
neck and had a poor reaction to light, and sound. The
EEG showed frequent multifocal discharges of sharp
slow waves and spike slow waves in the right parietal,
occipital and posterior regions, while the brain MRI
was normal (Figure S1). Cerebrospinal fluid examina-
tion and blood and urine metabolic screening were nor-
mal. Phenobarbital, levetiracetam, and sodium valproate
were tried to control seizures before admission with poor
outcomes, with seizures often lasting for 30seconds 10-
15 times per day. After admission, she was treated with
topiramate which was still ineffective. Then, pyridoxine
(50 mg/kg.d) intravenous treatment was administered for
1 week, and the patient was seizure-free. After discharge,
she continued taking levetiracetam, sodium valproate,
topiramate and pyridoxine, and no seizures occurred
during the treatment. When she was 1 year old, the devel-
opment milestone was slightly improved, and the Gesell
Developmental Scale score was 33. Repeated EEG moni-
toring showed improvement in the epileptiform discharge
with sharp and slow wave discharge several times. Whole-
exome sequencing analysis found a de novo mutation in
KCNQ2: c.652T > A(p.Trp218Arg) (Figure 1a).

Case 4 was a two-month-old girl with uncomplicated
prenatal and neonatal courses. Her other family members
were all healthy. This patient had seizure onset at 20 days
after birth, with generalized tonic-clonic seizures. She
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FIGURE 1 KCNQ2(NM_172107.4) variants detected in our four cases and public database responding to B6. Sanger sequencing
confirmed our cases (a). All variants positively responded to B6 (b). #: Case5 was a heterozygous 1.5-mb deletion (not showed in the figure).

could not lift her neck and had a poor reaction to light, and
sound. The EEG showed multifocal frequent discharges of
sharp slow waves and spike slow waves, while the brain
MRI was normal (Figure S1). Cerebrospinal fluid exam-
ination and blood and urine metabolic screening were
normal. Phenobarbital, midazolam, levetiracetam, and to-
pamax were tried in other hospitals, but her seizures were
not effectively controlled, often lasting for a few seconds
to 1 min 12-15 times per day. Whole-exome sequencing
analysis found a KCNQ2 gene mutation: c.913915del (p.
Phe305del) (Figure 1a). After admission, we administered
high-dose pyridoxine (50 mg/kg.d) orally for 1 week, and
seizures were absent. After discharge, she continued tak-
ing Phenobarbital (15mg/kg.d), levetiracetam (50mg/

kg.d), topiramate (3 mg/kg.d) and pyridoxine. The dosage
of pyridoxine was reduced to 10 mg/kg.d by oral adminis-
tration, and seizures occurred again. Then, the dosage of
pyridoxine was increased back to 20mg/kg.d orally, and
the seizures were quickly controlled.

3.2 | Variations and interpretation

Four variants in the KCNQ2 gene were identified: the
de novo variant [c.873G > C (p.Arg291Ser)] was detected
in the first family; it was a nonsynonymous variant and
resulted in a Arg-to-Ser substitution at the 291th codon
of KCNQ2. It was absent in public databases (gnomAD,
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ExAC), predicted as damaging by multiple software,
and finally classified as likely pathogenic according
to the AMCG guide. The second variant [c.2312C>T
(p.Thr7711le)] was also a nonsynonymous variant and
resulted in a Thr-to-Ile substitution at the 771th residue
of KCNQ2. Its frequency in gnomAD is extremely rare
(0.00005), and it was classified as having uncertain sig-
nificance according to the AMCG guide. Moreover, it was
collected in the ClinVar database from another report and
classified as having uncertain significance. The third de
novo variant [c.652T > A(p.Trp218Arg)| was also a non-
synonymous variant and resulted in a Trp-to-Arg substitu-
tion at the 218th codon of KCNQ2. It was absent in public
databases (gnomAD, ExXAC), predicted as damaging by
multiple software, and finally classified as likely patho-
genic according to the AMCG guide. The fourth de novo
variant [c.913-915del (p. Phe305del)] was a frameshift de-
letion; it was collected in the ClinVar database and clas-
sified as pathogenic according to the ACMG guidelines.

3.3 | Literature review

SCB like phenytoin and carbamazepine have been par-
ticularly effective in KCNQ2 encephalopathy and BFNE
in clinical observations (11 patients or 73% of all the pa-
tients had remission of epilepsy) (Pisano et al., 2015). We
retrieved KCNQ2-related cases in PubMed and found that
7 reports detailing 8 patients with variants in KCNQ2 were
reported to fail in the treatment of SCB but have a vary-
ing clinical response to pyridoxine or pyridoxal phosphate
with the combination of other antiepileptic drugs (Allen
et al., 2015; Klunker, 2017; Kwong et al., 2020; Mefford
et al., 2012; Reid et al., 2015; Weckhuysen et al., 2012;
Wilson, 2019). Importantly, three of them were treated
with a high dose of pyridoxine (30-50 mg/kg.d) (Table S1);
including with our cases, all missense or frameshift vari-
ants were found to be located in or near the ion transport
domain (Figure 1b). These results indicate that refractory
epileptic encephalopathy patients may be responsive to
pyridoxine with variants located in the ion transport do-
main of KCNQ2. Futhermore, these results indicate the
possible mechanism between B6-positive responses and
variant locations. All refractory epileptic encephalopathy
patients with variants located in the ion transport domain
of KCNQ2 might be treated with a high dose of pyridoxine.

4 | DISCUSSION

Phenotypes of KCNQ2 variants vary from BFNE to devel-
opmental and epileptic encephalopathy (DEE), related
to missense variants in the intracellular domain of S2 as
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well as S3 and variants in S6 with its adjacent regions re-
spectively (Goto et al., 2019). KCNQ2 epileptic encepha-
lopathy presents early neonatal-onset intractable seizures,
usually tonic seizures with a suppression burst EEG pat-
tern and severe developmental delay (Orhan et al., 2014).
In this paper, four independent children carrying KCNQ2
variants, presented with early onset intractable seizures
with severe global development delay and multifocal
epileptiform discharges, which were consistent with the
clinical manifestations of KCNQ2 epileptic encephalopa-
thy. Ezogabine (EZO, or Retigabine) can acts directly on
KCNQ2 channels, increasing their opening. Therefore,
EZO use in cases where KCNQ2 variants diminish activity
could be beneficial (Millichap et al., 2016). However, clini-
cal trials with RTG could result in retinal pigmentation
and discoloration of the skin after long-term usage (Garin
Shkolnik et al., 2014). SCB can efficacy against KCNQ2
epileptic encephalopathy by reducing neuronal hyper-
activity arising from KCNQ2 channel deficiency (Pisano
et al., 2015). However, seizures were not effectively con-
trolled in some patients with KCNQ?2 epileptic encepha-
lopathy who received SCB treatment.

Pyridoxine plays a key supporting role in regulating
many biochemical reactions in cell metabolism, includ-
ing protein folding, amino acid biosynthesis, cellular
storage compounds, tetrapyrrole biosynthesis, and neu-
rotransmitter biosynthesis (Parra et al., 2018). Pyridoxal
phosphate (PLP) as the biologically active form of pyri-
doxine, can promote the production of the inhibitory neu-
rotransmitter gamma-aminobutyric acid (GABA) and has
a stabilizing effect on brain cells (Salvo et al., 2012). Both
the detailed mechanisms of action of pyridoxal and the
characteristics of responders to pyridoxine are not fully
defined and may proceed through a variety of mecha-
nisms: (1) Direct antagonist action on ion channels: PLP
has recently been shown to inhibit P2X receptors in vitro
(Jimenez-Pacheco et al.,, 2013; Theriault et al., 2014).
Certain P2X receptors, particularly P2X7R, have been
shown to be activated during pathologic brain activity in-
cluding neuronal necrosis due to excitotoxicity and pro-
longed or repeated brief seizures (Henshall et al., 2013).
Therefore, PLP is an antagonist of the P2X receptor and
has potent anticonvulsant effects. (2) Antioxidant effect
on excessive reactive oxygen species (ROS) generated by
increased neuronal firing: repeated seizure activity re-
sults in increased oxidation of cellular macromolecules
such as proteins, lipids and nucleotides, which in turn
can lead to neuronal death. Pyridoxine can also be at-
tacked by oxygen-derived free radicals thereby depleting
PLP in the CSF (Footitt et al., 2011). Treatment with PN/
PLP may therefore prevent secondary seizures due to ox-
idative stress-induced PLP depletion as well as curtail
the cycle of mitochondrial and neuronal dysfunction. (3)
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Replenishing the pool of PLP needed for the synthesis of
some inhibitory neurotransmitters: a high dose of PLP
can reduce the recurrent symptoms in children with PDE.
This is because the PLP-dependent biosynthesis of the in-
hibitory neurotransmitter GABA is reduced, which causes
excessive consumption of PLP in the brain, resulting in ex-
cessive neuronal excitation and seizures (Clayton, 2006).
To date, many reports suggest that a variety of children
with epilepsy can respond, either long term or transiently,
to pyridoxine treatment, including hyperprolinemia II
(P5CD deficiency, MIM#239510), familial hyperphospha-
tasia (Mabry syndrome), tissue nonspecific alkaline phos-
phatase (TNSALP) deficiency (OMIM#171760), antiquitin
(ATQ) deficiency, West syndrome and other childhood
generalized and focal epilepsy (Ohtahara et al., 2011).

We found four variants located on the ion transport
domain and ankyrin-G binding domain, and the variants
from Emma S's case (Reid et al., 2015) were also located on
the ion transport domain, similar to our Case 1. However,
the variants from Klotz KA's case (Klunker, 2017) were
not located in any domain. The median duration reported
between pyridoxal therapy and cessation of spasms was 6
(5-13) days (Matsuura et al., 2019), which indicates that
we can evaluate the efficacy of pyridoxal therapy within
1-2weeks and stop the B6 supplement for nonresponders.
At present, there is no relevant guideline or expert con-
sensus to guide the dosage of pyridoxine for the treatment
of KCNQ?2 epileptic encephalopathy. Reviewing the rele-
vant literature and combining our 4 cases, we recommend
using a high dose of pyridoxine (50 mg/kg.d) first; once
the seizures are controlled, low dose (40-60 mg/d) mainte-
nance treatment can be used (Kwong et al., 2020; Mefford
et al., 2012). It is necessary to maintain the treatment after
the seizures are completely controlled; otherwise, the sei-
zures will relapse after discontinuation. Long-term use
of high-dose pyridoxine has been reported to cause some
adverse drug reactions, including peripheral neuropathy
and hepatotoxicity (Mills et al., 2014). At the same time, it
is also necessary to prevent skin necrosis caused by leak-
age of pyridoxine during infusion, and oral treatment is
recommended.

5 | CONCLUSION

In summary, KCNQ?2 epileptic encephalopathy has an
early onset age (neonatal and infantile), and is often as-
sociated with psychomotor developmental disorders. At
present, SCB is considered the first-line drug for the treat-
ment of KCNQ?2 related epilepsy. Meanwhile, pyridoxine
therapy might be a promising adjunct treatment option
for intractable KCNQ?2 epileptic encephalopathy patients.

More research is needed to identify pyridoxine efficacy
and its regimen.
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