High Throughput Functional Analysis of KCNB1 variants Associated with Epileptic Encephalopathy Type 26
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Figure 1. High throughput Analysis of KCNB1

Mutations in KCNB1 have recently been implicated as
the cause of epileptic encephalopathy type 26
(EIEE26) [1‐3]. EIEE26 is characterized by multifocal
seizures, global developmental delay, and hypotonia.
KCNB1 encodes the Kv2.1 voltage‐gated potassium
channel alpha subunit, which is a major contributor to
delayed rectifier potassium current in the brain. We
previously demonstrated pathogenic effects of three
EIEE26‐associated KCNB1 mutations (S347R, T374I,
G379R) on Kv2.1 protein function. CHO‐K1 cells
expressing the mutant channels exhibited loss of ion
selectivity and voltage‐dependent gating, and gain of a
depolarizing inward cation conductance [1]. Similarly, a
recent report of a novel EIEE26 mutation also
demonstrated loss of ion selectivity and gain of a
depolarizing cation conductance as major effects [3].
However, they did not observe loss of voltage‐
dependent gating. This suggests that a range of
channel dysfunction can result in EIEE26 with similar
clinical features. To define the range of mutation
effects, we studied a series of six variants from cases
with a molecular diagnosis of EIEE26 ascertained by
clinical exome sequencing.
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Figure 4. Analysis of Heteromeric KCNB1 Channels
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Figure 1. High throughput analysis of KCNB1 variants associated with epilepsy was achieved by transient transfection of
CHO‐K1 cells with wild type or mutant Kv2.1 cDNAs using the MaxCyte STX electroporation system (A) followed by
functional analysis with the SyncroPatch 384 (B). A screen shot of a typical experiment is shown in panel C with 16
individual cell recordings depicted in the right side. An averaged whole‐cell recording from cells expressing Kv2.1 (n=53)
obtained with the SyncroPatch is shown in D. Peak currents were recorded during 500 ms long depolarizing steps from ‐80
to +60 mV followed by a 500 ms step to 0 mV (tail currents). The holding potential was ‐80 mV. Whole‐cell recording from
CHO‐K1 cells expressing wild type Kv2.1 obtained by manual patch using an identical voltage‐protocol is shown in E (Torkami
et al, 2014).

Figure 2. Functional Analysis of KCNB1 Variants
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To determine the effect of these KCNB1 variants on Kv2.1
channel function, we performed functional studies in a
heterologous expression system. KCNB1 variants were
introduced into a full‐length human Kv2.1 cDNA expression
construct by site‐directed mutagenesis. Expression of wild‐
type (WT) or mutant Kv2.1 in CHO‐K1 cells was achieved by
electroporation. Following 72 hour recovery, automated planar
array patch clamp recording was performed. Only cells with
Rseal≥0.5GΩ, Rseries≤15MΩ and Ipeak/Ilate≤1 were used for
analysis. Cell surface biotinylation experiments were
performed to determine the relative expression of WT and
mutant channel protein at the plasma membrane.
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Figure 2. Average current‐ voltage (IVs) relationships are shown for the whole‐cell currents recorded from non–transfected
CHO‐K1 cells or cells transiently expressing homomeric wild‐type (WT) or variant Kv2.1 channels. Only the R325W variant
exhibited sizeable currents while all the other variants were indistinguishable from non‐transfected cells. The currents are
normalized to membrane capacitance and shown as mean and SEM for clarity. The number of cells (n) for each variant are
listed in the figure.
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Figure 5. Activation (open symbols) and inactivation (solid symbols) curves obtained from WT + variant heteromeric Kv2.1
channels. Data were fit with the Boltzmann equation .
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• EIEE26 presents in infancy with multiple seizure
types, developmental delay, hypotonia, and
movement disorders.
• All KCNB1 mutations described to date have arisen
de novo.
• Functional studies demonstrate that KCNB1
mutations associated with epileptic encephalopathy
result in a spectrum of effects that result in lower
activity and/or altered voltage‐dependence of
activation and inactivation.
• Future studies will test whether the mutations
affect ion channel selectivity
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Table2. Voltage‐dependence of Het KCNB1
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• Restoration of Kv2.1 function may be therapeutic

Figure 3. R325W Alters Voltage‐Dependence
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Figure 4. A. Averaged whole‐cell currents recorded from cells expressing WT + variant heteromeric Kv2.1 channels. B.
Average voltage‐current relationships measured from the currents shown in A for WT+WT (, n=53), WT+T210K (, n=35),
WT+T210M (, n=33), WT+R312C (, n=34), WT+R325W (, n=31), WT+R378A (, n=25) and WT+K391 (, n=34),
channels. The currents are normalized to membrane capacitance and shown as mean and SEM for clarity. †= P <0.05

Figure 5. Activation and Inactivation of Het KCNB1
Channels
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Location of KCNB1 mutations on Kv2.1
primary structure. New variants are
shown in read. Previously characterized
variants are shown in blue [1].
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Figure 5. Cell surface expression was measured using cell surface biotinylation of CHO‐K1 cells electroporated with wild‐
type (WT) or mutant Kv2.1. Total and surface fractions were detected with a mouse monoclonal anti‐Kv2.1 antibody
(Neuromab, ASC‐003; 1:250). Endogenous transferrin receptor (TransferrinR) levels were measured as a loading control with
a mouse monoclonal antibody (Invitrogen, #13‐6800; 1:500). Endogenous calnexin levels were measured as a control for
cell surface labeling using a polyclonal antibody (Santa Cruz Biotech, H70; 1:250). Calnexin immunoreactivity was
consistently absent from surface fractions as expected. Blot shown is representative of three independent experiments.
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Study Subjects
Patients were referred for clinical exome sequencing for
epileptic encephalopathy or global developmental delay of
unknown cause. De‐identified clinical summaries and genetic
results were collected. Patients ranged in age from 3‐20 years.
All subjects had abnormal EEG most often characterized by
multifocal spike discharges and background slowing. Seizure
onset is in late infancy to early childhood and frequently
begins with focal dyscognitive seizures that may initially go
unrecognized. Additional seizure types may emerge, including
myoclonic, atonic, and generalized tonic‐clonic (GTC). Seizures
are refractory to treatment. Other associated phenotypes
include hypotonia, ataxia, and intellectual disability.

Figure 6. Reduced Expression and/or Trafficking
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Figure 3. A. Averaged whole‐cell currents recorded from cells expressing homomeric WT (n=53) or R325W (n=23) Kv2.1
channels. B. Average voltage‐current relationships measured from the currents shown in A for WT () and R325W ()
channels. The currents are normalized to membrane capacitance and shown as mean and SEM for clarity. C. Activation and
inactivation curves were obtained from tail currents and by a 5 s long pre‐pulses from ‐90 to +40 mV followed by 250 ms
step to +60 mV. D. Voltage‐dependence parameters were obtained by Boltzmann fits to activation and inactivation curves. *
= P<0.005, †= P <0.05.
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