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IMPORTANCE Knowing the range of symptoms seen in patients with a missense or
loss-of-function variant in KCNBT and how these symptoms correlate with the type of variant
will help clinicians with diagnosis and prognosis when treating new patients.

OBJECTIVES To investigate the clinical spectrum associated with KCNBT variants and the
genotype-phenotype correlations.

DESIGN, SETTING, AND PARTICIPANTS This study summarized the clinical and genetic
information of patients with a presumed pathogenic variant in KCNBI. Patients were
identified in research projects or during clinical testing. Information on patients from
previously published articles was collected and authors contacted if feasible. All patients
were seen at a clinic at one of the participating institutes because of presumed genetic
disorder. They were tested in a clinical setting or included in a research project.

MAIN OUTCOMES AND MEASURES The genetic variant and its inheritance and information
on the patient's symptoms and characteristics in a predefined format. All variants were
identified with massive parallel sequencing and confirmed with Sanger sequencing in the
patient. Absence of the variant in the parents could be confirmed with Sanger sequencing
in all families except one.

RESULTS Of 26 patients (10 female, 15 male, 1unknown; mean age at inclusion, 9.8 years; age
range, 2-32 years) with developmental delay, 20 (77%) carried a missense variant in the ion
channel domain of KCNBI, with a concentration of variants in region S5 to S6. Three variants
that led to premature stops were located in the C-terminal and 3 in the ion channel domain.
Twenty-one of 25 patients (84%) had seizures, with 9 patients (36%) starting with epileptic
spasms between 3 and 18 months of age. All patients had developmental delay, with 17 (65%)
experiencing severe developmental delay; 14 (82%) with severe delay had behavioral
problems. The developmental delay was milder in 4 of 6 patients with stop variants and in

a patient with a variant in the S2 transmembrane element rather than the S4 to S6 region.

CONCLUSIONS AND RELEVANCE De novo KCNBT missense variants in the ion channel domain
and loss-of-function variants in this domain and the C-terminal likely cause neurodevelop-
mental disorders with or without seizures. Patients with presumed pathogenic variants in
KCNBT have a variable phenotype. However, the type and position of the variants in the

protein are (imperfectly) correlated with the severity of the disorder.
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Neurodevelopmental Disorders Caused by KCNBT De Novo Variants

arly infantile epileptic encephalopathies (EEs) form a

group of disorders that are characterized by epileptic sei-

zures starting during the first year of life. Patients have
developmental delay (DD) or even regression to which the epi-
leptic discharges are presumed to contribute. The seizures are
often unresponsive to treatment. Many of those epilepsies have
a genetic disposition.!

In the past few years, several new genes have been iden-
tified that can cause EE when mutated. One of the more re-
cently discovered genes is KCNBI (potassium voltage-gated
channel subfamily B member 1 or delayed rectifier potassium
channel 1 [DRKI]) (OMIM 616056), which acts in a dominant
manner. Variants are described by Torkamani et al,> who iden-
tified a de novo KCNBI variant when exome sequencing a fam-
ily with a child with EE. They subsequently found 2 other in-
dependent patients with EE and KCNBI variants. One of those
patients had earlier been described in the Epi4K effort®as hav-
ing Lennox-Gastaut syndrome. Subsequently, more patients
with variants in KCNBI were described.*°

The KCNBI gene encodes the Kv2.1 pore-forming, voltage-
sensing a-subunit of a delayed rectifier potassium channel. It is
expressed in various neuronal cells in the brain.! In Ensembl
(GRCh38.p3), only 1 transcript is known (ENSTO0000371741).
It consists of only 2 exons and contains 4 known domains
(Figure): the T1 domain, which is involved in multimeriza-
tion; the ion_trans domain, which contains the transmem-
brane elements; and 2 intracellular Kv2 channel-specific do-
mains (Pfam; http://smart.embl-heidelberg.de/).!>:!*> The
protein has 6 transmembrane elements in the ion_trans do-
main; the first 4 form the voltage-sensor domain, with S4 being
the actual voltage sensor, whereas S5 and S6 form the pore
domain of the protein. The extracellular loop between S5
and S6 contains the selectivity filter (TVGYG amino acids;
UNIPROT.org). This structure is similar to other voltage-
gated potassium channels, such as KCNQ2 (OMIM 602235) and
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Key Points

Question How does the phenotype of patients with a KCNBT
mutation correlate with the type of mutation?

Findings This study found that patients with a de novo mutation
in KCNBT present a variable phenotype of neurodevelopmental
disorder.

Meaning De novo mutations in KCNBT are associated with a
variable neurodevelopmental disorder.

KCNQ3 (OMIM 602232).1* The protein forms homotetramers
and heterotetramers with various other voltage-gated potas-
sium channel proteins, such as KCNB2 (OMIM 607738), and
proteins from the KCNG (Kv6), KCNE, and KCNS (Kv9)
families.!>1”

Methods

Inarecent screen of 358 children with EEs, we identified 3 novel
KCNBI variants (approximately 1%), all of which were found
to be de novo.'® We subsequently collected data from 13 ad-
ditional patients from research and diagnostic sources who
were reported to carry a de novo novel KCNBI variant not pres-
ent in public databases. In this article, we describe the phe-
notypic and genetic characteristics of these patients. In addi-
tion, we collected more information about 10 patients who were
described previously. For 3 of the 10 patients in previously pub-
lished articles, the authors have provided updated informa-
tion for the current article. We present the available informa-
tion on 26 patients for a broad overview of the phenotypicand
genetic variability and similarities. Statistical tests were per-
formed using x? 2 x 2 contingency tables; the significance of
the enrichment of de novo mutation was calculated using a

Figure. Distribution of Pathogenic Variants in KCNBT
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Schematic view of the Kv2.1 (KCNBI) protein in the membrane, showing pathogenic missense and loss-of-function (LoF) variants. BTB indicates broad-complex,

tramtrack, and bric-brac domain.
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x? goodness-of-fit test. A 2-sided x? test with P < .05 determined
statistical significance. Collection of data procedures agreed
with the local ethics guidelines at the different institutes.

. |
Results

Description of the Variants

We identified 16 patients with KCNBI variants who were pre-
viously not described and collected information about 10 pre-
viously described patients (10 female, 15 male, 1 unknown;
mean age at inclusion, 9.8 years; age range, 2-32 years).?® In
these 26 patients, we identified 23 different variants; 3 vari-
ants were seen twice each. Twenty patients (77%) carried mis-
sense variants, and 6 (23%) carried nonsense or frameshift vari-
ants leading to a premature termination codon (Table 1). All
the missense variants are located within the Pfam ion_trans do-
main (ie, the 6 transmembrane regions and their extracellu-
lar and intracellular connecting loops) (Figure). Two variants
in 4 patients are gating charge residues in voltage sensor S4.1°
Three variants are in the selectivity filter between S5 and S6.
Three of the loss-of-function (LoF) variants are in the first Kv2
channel-specific domain in the intracellular C-terminus of the
protein. The other 3 LoF variants are in the S1 to S2 linker and
in the S5 to S6 P-loop. The gene has 2 exons, and all variants
are in the second (last) exon. All nonsense or frameshift vari-
ants are expected to result in a truncated protein rather than
nonsense-mediated decay because they are located in the ter-
minal part of the gene. No variants were detected in the cyto-
plasmic N-terminal part of the gene. All missense variants al-
ter strongly conserved amino acids and are predicted to be
highly deleterious by SIFT (Sorting Intolerant From Toler-
ant), Polyphen2, and Combined Annotation Dependent Deple-
tion (CADD) scores.?°-22 The lowest CADD score was 23.3. In
all individuals except one (patient 18), for whom parental
samples were not available for segregation analysis, the vari-
ant was confirmed to be de novo. The variant not confirmed
to be de novo, R312H, was seen as de novo in another patient
and was absent from the Exome Aggregation Consortium
ExAC Browser (http://exac.broadinstitute.org/)?3; thus, we
interpreted it to be pathogenic and included patient 18 in our
series. An overview of characteristics of the patients and their
variants is given in Table 1.

Description of the Patients

The observed phenotypes in patients are summarized in Table 2
and described in detail in this section. All 26 patients pre-
sented with primary DD in the first year of life, preceding on-
set of epilepsy. First signs of DD were unspecific, with mus-
cular hypotonia or hypertonia being recurrently reported
(11 of 23 individuals [48%] with available neurologic exami-
nation findings). Twenty-one of 25 patients (84%) had intrac-
table epilepsy, with seizure onset in infancy or early child-
hood (median age at onset, 12 months; range, 3 months to
4 years). Epileptic spasms alone or as part of West syndrome
were observed in 9 patients (36%), with a median onset of sei-
zures of 12 months (range, 3-18 months). The only patient who
developed spasms before 6 months of age was patient 10, who
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carried the prominent variant G381R within the selectivity fil-
ter of the P-loop.” In most patients with epilepsy, the semio-
logic features developed over time into multiple seizure types,
including tonic, focal-clonic, myoclonic, and atypical ab-
sences. Three patients did not have epileptic seizures (pa-
tients 1, 3, and 24), 1 reported only infantile spasms (patient
2), and no data were available for 1 (patient 8). The patients with
LoF variants in the C-terminal region had no seizures or had
infantile spasms only; in addition, 1 patient with a variant in
the S1to S2 linker reported no seizures. However, one patient
(patient 3) with LoF variant in the C-terminus reported se-
vere DD. Of the patients with LoF variants, 2 were reported to
have severe DD and 4 had moderate or moderate-severe DD
(1 unspecified). In contrast, the only patient with a missense
variant for whom moderate DD was reported was patient 23,
who had a missense variant in the S1 to S2 linker. In contrast,
all patients with severe epilepsy harbored variants within
the voltage sensor (S4) and the pore-forming domains (S5,
P-loop, and S6) of KCNBI. These observations suggest an as-
sociation between location of mutation and phenotype and
severity of disease.

In general, the epilepsy in most patients was highly re-
fractory to diverse and multiple antiepileptic drugs. Anecdot-
ally, partial efficacy has been reported for ketogenic diet, which
resulted in a significant decrease in seizure burden in 2 pa-
tients (patients 14 and 18) but seemed ineffective in 2 others
(patients 11 and 20). Improvement was also observed in 1 pa-
tient who received steroid pulses (patient 17), whereas intra-
muscular adrenocorticotropic hormone therapy for epileptic
spasms was reported as not being of value in 3 patients (pa-
tients 2, 11, and 14). Vagus nerve stimulation and corpus cal-
losotomy surgery were performed in 1 patient (patient 9) with-
out substantial improvement of epilepsy. Brain biopsy in this
patient revealed minimal cortical dysplasia consisting of ex-
cessive but not dysplastic neurons, a finding that argues against
arole of KCNBI in disorders of neuronal migration.

Electroencephalographic (EEG) data were reported for 21
patients. The EEG displayed features of EE in 20 of 21 pa-
tients (95%), including hypsarrhythmia and general slowing
of background activity together with multifocal spikes and
polyspikes, and 9 of 21 patients (43%) with abnormal EEG re-
sults had a combination of focal and generalized epileptic dis-
charges, with 1being mainly focal. Five patients (24%) had con-
tinuous spike and wave during slow-wave sleep (CSWS) or
electrical status epilepticus during slow-wave sleep symp-
toms. Patients 14, 18, and 19 had CSWS on EEG, and patients
21 and 25 had a history of electrical status epilepticus during
slow-wave sleep.

For 13 patients, more detailed information on motor func-
tion was available. Motor performance was poor, with lim-
ited ability to walk freely and significant signs of upper motor
neuron disease (brisk reflexes, contractures, clonus, and posi-
tive plantar response) or ataxia in 10 patients (77%), all with
missense variants within vital channel domains (54-S6). The
remaining 3 patients had normal neurologic examination find-
ings and carried variants in S2 or the C-terminal.

For 14 of 17 patients (82%) with available data, behavioral
problems were reported. Autism spectrum disorder was
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Table 2. Major Clinical Characteristics of the Patients Carrying
a Presumed Pathogenic KCNBT Mutation

No. of Patients/Patients With

Phenotype Data Available (%)
Developmental delay 26/26 (100)
Intractable epilepsy 21/25 (84)
Epileptic spasms 9/25 (36)
EE-EEG 20/21 (95)
Focal-generalized discharges 9/21 (43)
CSWS or ESES 5/21 (24)
Poor motor function 10/13 (77)
Hypotonia 11/23 (48)
Ataxia 4/23 (17)
Abnormal behavior 14/17 (82)
ADHD 7/20 (35)
ASD 10/20 (50)
Hand-wringing 4/20 (20)
Temper tantrums 3/20 (15)
Abnormal brain imaging 4/23 (17)

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; ASD, autism
spectrum disorder; CSWS, continuous spike and wave during slow-wave sleep;
EE, epileptic encephalopathy; EEG, electroencephalography; ESES, electrical
status epilepticus during slow-wave sleep.

reported in 10 individuals, with different variants located
through S4 to S6 and the C-terminus. In 4 patients, caregivers
noted specifically nonpurposeful hand-wringing stereoty-
pies. In addition, attention-deficit/hyperactivity disorder or
hyperactivity with inattention in 7 patients and temper tan-
trums in 3 patients were mentioned.

Information on brain imaging was available from 23 of 26
patients (22 with magnetic resonance imaging and 1 with com-
puted tomography). Results were normal in 19 patients (83%)
or revealed unspecific features after infancy, such as Arnold-
Chiari malformation type 1 (patient 3), progressive supraten-
torial brain atrophy (patient 6, G401R, with infantile epi-
lepsy), cerebellar volume loss (patient 8, P385T, infantile
epilepsy proceeding to Lennox-Gastaut syndrome), and white
matter abnormalities (patient 14, T3741, West syndrome pro-
gressing to Lennox-Gastaut syndrome), corresponding to sei-
zure burden in these patients.

|
Discussion

All missense variants clustered within the ion_trans domain,
in which few natural segregating variants are found. On the
exome variants server with data from more than 6500 indi-
viduals (http://evs.gs.washington.edu/EVS/), no coding variants
were found in the ion_trans domain. In the ExAC database with
more than 60 000 individuals, 9 coding variants were present
in this domain.

On the basis of the work of Samocha et al,>* we explored
the frequency of missense variants in the ExAC database in the
different regions of the gene relative to the neutral expecta-
tion to identify gene regions intolerant to missense variation.
The ratio of missense to synonymous variants is 0.26 in the
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ion_trans domain; 0.33 in the upstream region, including the
T1 domain; and 2.14 in the downstream region, including the
Kv2 channel-specific domains. This ratio is expected to be 2.3
for the whole gene after neutral expectation according to
Samocha et al?4; therefore, both the ion_trans domain and the
upstream region of the gene are intolerant to missense vari-
ants (P < 1 x 107°). Missense variants in those regions thus have
a high probability of being pathogenic.?* We assume that all
missense variants discussed in the present study are causal for
the neurodevelopmental disorder in the patient.

We also consider the LoF variants described in the present
study to be pathogenic. In the EXAC database, only 2 rare LoF
variants were found: p.R854* (flagged as dubious) and
p-K776Qfs*23. These variants are located in the C-terminal part
of the gene, closer to the terminal part than were the LoF vari-
ants found in the patients and beyond the Kv2 channel-
specific domains (Figure). Therefore, it can be expected that
these variants, if they exist, do not affect normal function of
Kv2.1. In contrast, the 3 C-terminal mutations observed in the
patients were in the Kv2.1-specific domain located more up-
stream and therefore may be expected to have a functional ef-
fect, for example, lead to differences in protein folding or affect
formation of tetramers. All LoF variants in the patients were in
the last exon of the gene; thus, we expect that they will lead to
truncation rather than nonsense-mediated decay.?® Because the
protein forms (hetero)tetramers, we expect that the effect of the
missense and truncating variants is dominant negative unless
the mutated protein is not incorporated in the membrane.

Because we consider all variants described in this article as
causal for the phenotype, the phenotypic range described is
likely to be representative of variants in this gene. There may
be a bias, however, toward patients with epilepsy because our
initial screen was conducted in a panel of patients with EE and
many colleagues in our network have a special interest in this
phenotype. Torkamani et al? may also have searched only for
patients with seizures when following up their initial finding.
The patients without seizures in this article were from exome-
wide diagnostic screening of patients with (neuro)developmen-
tal problems and from the Deciphering Developmental Disor-
ders program in the United Kingdom, which also was a general
screening of children with developmental disorders. As de-
scribed in the Results section and as seen in Table 1, the range
of symptoms in patients with variants in KCNBI was diverse in
many aspects.

Genotype-Phenotype Associations

Most missense variants were in the S5 to S6 linker, which forms
the pore region, particularly in or near the selectivity filter.
Three patients had missense variants in one of the positively
charged R-residues in voltage sensor S4. As described in the
Results section, the distribution of variants in patients over
the domains is different from that in the general population.
The variants that we found in the less constrained C-terminus
were LoF variants.

Missense variants within the voltage sensor domain or the
pore region of the channel were found in patients with severe
epilepsy and global DD, including intellectual disability and of-
ten spasticity. Therefore, missense variants in the S4 to S6 re-
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gion seem to be correlated with a more severe prognosis. An
LoF variant close to S2 and one in the C-terminus were found
in patients with milder DD, who acquired walking and were able
to communicate. Two of the 3 LoF variants in the C-terminus
were in patients without seizures (at 11 and 32 years of age),
whereas a patient with a missense variant in the S1to S2 linker,
close to S1, had no seizures at 4 years of age. The degree of in-
tellectual disability in this patient was unspecified.® The LoF
variant 15 (p.W369*) in the pore region was seen in a patient
with severe DD and epilepsy at the age of 5 years, whereas the
LoF variant near that in LoF variant 16 (p.S363fs*) was found
in a patient at 2 years of age with moderate DD and focal sei-
zures but no additional reported problems.

No pathogenic variants have been reported thus far in the
highly constrained N-terminal region. A handful of rare mis-
sense variants were described for this region in the ExAC
control population. It remains to be determined whether mis-
sense or LoF variants in this region also lead to neurodevel-
opmental disorders. The strong constraints on variation in this
region suggest that many of the possible variants are delete-
rious or even fatal. Finally, patients carrying missense muta-
tions more often had abnormal neurologic examination re-
sults (17 of 19 available [89%]) compared with 1 of 3 LoF carriers
(33%) (P = .02, x? test for independence). Similarly, normal
magnetic resonance imaging results were reported for all 6 pa-
tients carrying an LoF mutation. Overall, patients with KCNBI
mutations have a variable phenotype, a finding highlighted by
the observation that even patients carrying the same muta-
tion have differences in phenotype.

Functional studies®®° have been performed for several of
the described variants. In general, the electrophysiologic char-
acteristics of the different variants have a variety of func-
tional aberrations, such as loss of voltage sensing (p.R306C),
reduced current (p.G410R), and suppression of repetitive fir-
ing (p.R306C, p.G410R). Of interest, all 3 missense mutations
in theion-selectivity filter domain have been studied and ren-
der Kv2.1, anonselective cation channel that is not voltage ac-
tivated. However, the general loss of channel function and
dominant-negative effects seen in most studied variants are
in support of the presumed pathogenicity and link to the EE
phenotype. Finally, a Kv2.1”/~ mouse model was not prone to
spontaneous seizures but exhibited hypocampal hyperexcit-
ability and epileptiform activity on stimulation.?® Together,
these observations further support our conclusion that the
KCNBI variants described here are likely to be pathogenic.

ARTICLE INFORMATION
Accepted for Publication: May 18, 2017.

Published Online: August 14, 2017.
doi:10.1001/jamaneurol.20171714

Author Affiliations: Department of Genetics,
University Medical Center Utrecht, Utrecht,

the Netherlands (de Kovel, Brilstra, Verbeek,
van den Boogaardt, Koeleman); Department of
Language and Genetics, Max Planck Institute for
Psycholinguistics, Nijmegen, the Netherlands
(de Kovel); Division of Child Neurology and
Inherited Metabolic Diseases, Department of
General Pediatrics, Center for Pediatrics and

jamaneurology.com

Adolescent Medicine, University Hospital
Heidelberg, Heidelberg, Germany (Syrbe); Institute
of Evolution, Systems and Genomics, Faculty of
Medical and Human Sciences, University of
Manchester, Manchester, England (Kerr);
Manchester Centre For Genomic Medicine, Central
Manchester University Hospitals National Health
Service Foundation Trust, Manchester, England
(Kerr); Manchester Academic Health Science
Centre, Manchester, England (Kerr); Division of
Neurology, The Children's Hospital of Philadelphia,
Philadelphia, Pennsylvania (Dubbs, Goldberg,
Marsh, Kessler, Bergqvist, Helbig); Department of
Pediatrics, University Hospital of Hvidovre,

Original Investigation Research

Comparison to KCNQ2

KCNBI forms a gene family with KCNB2, with which it can form
heterotetramers. To date, KCNB2 has not been implicated in
monogenic disorders. KCNBI has a similar structure as other
potassium channels involved in severe epilepsy, such as
KCNQ2. Pathogenic mutations leading to EE in the other po-
tassium channels are found in the transmembrane regions. This
finding is similar to the mutations in KCNBI described in this
study. Furthermore, 2 of the pathogenic variants found in
KCNQ22%” were homologous to presumed pathogenic variants
described in this article: the charged residue in the voltage
sensor (p.R306C; variant 20) and missense variants 13 and
14 (p.T374I) in the pore region. This finding underlines the
importance of these residues for the functioning of the
proteins.

Limitations

Our study also has some limitations. Our patients may have
been selected for certain phenotypes, in particular for epi-
lepsy. Our focus on EE may have excluded cases with much
milder phenotypes. Furthermore, the number of observa-
tions remain small, and description of additional cases will
further elucidate the full clinical spectrum associated with
mutations in KCNBI.

. |
Conclusions

Missense and LoF variants in the ion_trans domain of KCNBI and
LoF variants in the C-terminal region can cause neurodevelop-
mental disorder with or without epileptic seizures. Missense vari-
ants in the C-terminus are less likely to cause developmental dis-
orders, whereas the consequences of variants in the N-terminus
isnot clear. The more severely affected patients consistently har-
bored missense variants within vital channel domains of KCNBI
and experienced late-onset epileptic spasms that evolved to
treatment-refractive epilepsy and severe global DD. The effect
of LoF variants was less clear, although a tendency existed to-
ward less severe phenotypes. However, more outcome data on
patients with LoF variants are needed to support clinical predic-
tions and counseling of such patients. There was a marked ten-
dency to develop spastic paraparesis or tetraparesis and ataxia
as well as autistic spectrum disorder. Finally, patients carrying
missense mutations were more likely to have neurologic and
magnetic resonance imaging abnormalities.
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