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Cannabidiol counters the effects
of a dominant-negative pathogenic Kv7.2 variant

Xiaoqin Zhan,1,2 Chris Drummond-Main,2 Dylan Greening,2 Jinjing Yao,3,2 S.W.R. Chen,3,2 J.P. Appendino,1,5

P. Y. Billie Au,1,4 and Ray W. Turner1,2,6,*

SUMMARY

Epilepsy and neurodevelopmental disorders can arise from pathogenic variants
of KCNQ (Kv7) channels. A patient with developmental and epileptic encephalop-
athy exhibited an in-frame deletion of histidine 260 on Kv7.2. Coexpression of
Kv7.2 mutant (mut) subunits with Kv7.3 invoked a decrease in current density,
a depolarizing shift in voltage for activation, and a decrease inmembrane conduc-
tance. Biotinylation revealed an increased level of surface Kv7.2mut compared to
Kv7.3 with no change in total membrane protein expression. Super-resolution
and FRET imaging confirmed heteromeric channel formation and a higher expres-
sion density of Kv7.2mut. Cannabidiol (1 mM) offset the effects of Kv7.2mut by
inducing a hyperpolarizing shift in voltage for activation independent of CB1 or
CB2 receptors. These data reveal that the ability for cannabidiol to reduce the ef-
fects of a pathogenic Kv7.2 variant supports its use as a potential therapeutic to
reduce seizure activity.

INTRODUCTION

Pathogenic variants in the KCNQ (Kv7) family of voltage-gated potassium channels can disrupt cell and

circuit function by modifying M current that promotes epilepsy and neurodevelopmental disorders (Ga-

mal El-Din et al., 2021; Gilling et al., 2013; Jentsch, 2000). The Kv7.2, Kv7.3, and Kv7.5 isoforms are widely

expressed in neurons and produce currents pivotal to controlling neuronal excitability near resting po-

tentials (Baculis et al., 2020; Greene and Hoshi, 2016). Although Kv7.2 subunits are able to form homo-

meric channels in heterologous express systems and in the brain, they most often heteromerize with

Kv7.3 subunits to mediate larger currents (Schwake et al., 2000; Springer et al., 2021). Kv7 mutations

in epilepsy result in considerable phenotypic heterogeneity, ranging from the mild presentation like

benign familial neonatal seizures (BFNS) to the more severe neonatal onset epileptic encephalopathy

(NOEE) (Cooper et al., 2015; Vanoye et al., 2022). Many pathogenic Kv7 variants are missense substitu-

tions that can affect channel function by changing voltage for activation (Va) (Miceli et al., 2013; Orhan

et al., 2014), subcellular localization or expression (Abidi et al., 2015; Kim et al., 2018; Maljevic et al., 2011;

Orhan et al., 2014), aberrant protein folding (Maljevic et al., 2011; Urrutia et al., 2021), or channel conduc-

tance (Gomis-Pérez et al., 2019; Orhan et al., 2014). For severe forms of epilepsy such as NOEE, patho-

genic variants are often found in the voltage sensor and pore domains (S4-S6) and on the Kv7.2

C-terminus, although the molecular underpinnings that promote BFNS or NOEE phenotypes overlap

(Nappi et al., 2020; Vanoye et al., 2022).

In this study, we assess a previously unreported variant in Kv7.2 in a proband with an in-frame deletion

of histidine 260 (H260del) in the extracellular loop between S5 and the S6 transmembrane domains. The

proband has a history of severe neurodevelopmental delays and drug-resistant epilepsy. Recordings in

tsA-201 cells expressing Kv7 subunits with the H260del mutation (Kv7.2mut) show that it acts in a domi-

nant-negative manner to substantially reduce Kv7 current through increased membrane expression of

Kv7.2H260del, a shift in voltage dependence, and a decreasedmembrane conductance. Clinically, the pro-

band eliminates seizures through cannabidiol (CBD)/THC treatment. When CBD (1 mM) was applied as a

newly identified agonist of Kv7 channels (Incontro et al., 2021; Zhang et al., 2022) in tsA-201 cells coexpress-

ing Kv7.2 wt + Kv7.2mut + Kv7.3, it rapidly induced a restorative negative shift in channel Va independent of

any effects on CB1 or CB2 receptors. These findings identify the molecular basis for the effects of a Kv7.2

mutation and offer a potential means to alleviate symptoms in affected patients through low-dose CBD

administration.
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RESULTS

Genetic analysis and patient background

The proband was born to a non-consanguineous couple after an uncomplicated pregnancy and delivered

at term via repeated Caesarean section. As a neonate, she began demonstrating extension tonic stiffening

of both arms and legs, lasting between 30 s and 5 min. This led to the diagnosis of early infantile epileptic

encephalopathy suggestive of Ohtahara syndrome. Chromosome microarray was normal, but a clinical ep-

ilepsy gene panel done through Blueprint Genetics, encompassing 283 genes, identified a variant in

KCNQ2, c.778_780del, p.His260del (NM_172107.3) that is absent from the GnomAD v2.1.1 database

(https://gnomad.broadinstitute.org/, accessed Feb 14, 2022). Parental testing subsequently confirmed

this variant occurred de novo. According to current ACMG variant classification guidelines, this variant

was considered likely pathogenic (PS2, PM2); however, in-frame variants are less commonly reported in

the literature in contrast to missense substitutions, and the direct impact of this variant on channel function

was unknown (Richards et al., 2015).

At approximately 1 year of age, additional seizure types emerged. This included recurrent episodes of

tonic-clonic convulsive status epilepticus, symmetrically involving arms and legs, and often with synchro-

nous head and eye deviation that occurred very regularly every six weeks for 4–8 h each. For the first 7 years

of life, seizures were drug-resistant, with multiple antiseizure medications trialled including phenobarbital,

phenytoin, carbamazepine, topiramate, lamotrigine, clobazam, and levetiracetam. She had multiple PICU

admissions until approximately 7 years of age. At that time, she was on lamotrigine and clobazam. MRI at 7

years old showed thinning of the corpus callosum and optic nerves but no other obvious anomalies. She

was trialled on intravenous immunoglobulin at 7 years of age and had a favorable response with a reduction

in seizure frequency and only one further episode. Between 8 and 11 years of age, she remained almost

seizure free but had a recurrence at age 11 that evolved to general tonic-clonic convulsion. The proband

also exhibited intellectual disability and dyskinetic cerebral palsy.

Her family started her on a 1:1 treatment of cannabidiol (CBD) and trans-D⁹-tetrahydrocannabinol (THC) oil

with good response, taking 200mg (16.6 mg/kg) of 1:1 CBD and THC twice a day. At last assessment, at age

14, she had not had any clinical seizures for 3 years, with some additional reported reduction of spasticity

and tremor and improved oral feeding and dexterity.

A Kv7.2H260 deletion mutation reduces Kv7 currents

To better understand the effects of Kv7.2H260del on brain activity, we conducted a series of electrophys-

iological and imaging studies at the single cell level to define its effects on homomeric and heteromeric

channels that incorporate Kv7.3. It is known that Kv7.3 and Kv7.2 channels expressed in isolation produce

only small amplitude currents. Kv7.3 normally increases the membrane expression of other Kv7 channel

subunits and can invoke a hyperpolarizing shift in the voltage dependence for activation to increase current

amplitude (Schwake et al., 2000; Springer et al., 2021). The Kv7.2H260del mutation is positioned in the

external loop of the channel between transmembrane domains 5 and 6 (Figures 1A and 1B). To examine

the influence of the H260del mutation on channel biophysical properties, we conducted whole cell patch

clamp recordings in tsA-201 cells transiently transfected with wild-type (Kv7.2 wt) or mutant Kv7.2

(Kv7.2mut) cDNA, alone or in combination with Kv7.3. Kv7 current was pharmacologically isolated (see

STAR Methods) and activated by a 1.5 s command pulse from a holding potential of �80–40 mV in steps

of 10 mV (Figures 1C and 1D). Both Kv7.2 wt and Kv7.2 wt + Kv7.3 channel currents were as previously

reported in presenting as a slow activating and non-inactivating current during the command pulse (Fig-

ure 1C) (Nappi et al., 2020). Kv7.2 wt current reached a peak amplitude of under �2500 pA and Kv7.3 ex-

pressed alone produced even less current (451.2G 75.7 pA, n = 16) (Figure 1C). Coexpressing Kv7.2 + Kv7.3

cDNA to allow formation of heteromeric channels produced far greater current with peak amplitudes of

�6000 pA (Figures 1C and 1D). Current from Kv7.2mut expressed alone was dramatically reduced relative

to those of Kv7.2 wt expressed alone (Figures 1C and 1D), with the current density (measured at 10 mV) be-

ing reduced from 119.2 G 22.0 pA/pF (n = 10) for Kv7.2 wt to 7.5 G 1.5 pA/pF (n = 6) for Kv7.2mut (p =

0.0311) (Figure 1E). Coexpressing Kv7.2mut + Kv7.3 also dramatically reduced channel current density

from 285.2 G 31.3 pA/pF (n = 16) for Kv7.2 wt + Kv7.3 to 20.3 G 4.3 pA/pF for Kv7.2mut + Kv7.3 (n = 22;

p < 0.0001) (Figure 1E).

As previous studies have shown that Kv7.2 mutations can shift the channel voltage dependence (Nappi

et al., 2020), we examined the influence of H260del on voltage dependence for activation of Kv7.2 channels.
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We first determined the effects of Kv7.2mut on a heteromeric combination with Kv7.2 wt channels (1:1 ratio).

Expressing Kv7.2mut shifted the steady-state activation curve measured for Kv7.2 wt current in the positive

direction (Figure 2F), with the half-activation voltage (Va) shifted by 5.6 mV for Kv7.2mut + Kv7.2 wt

Figure 1. A Kv7.2 mutation reduces current amplitude of Kv7.2 + Kv7.3 channels by shifting voltage dependence

and reducing channel conductance

(A and B) Schematic diagram of the Kv7.2 channel (A, Uniprot O43526) with 6 transmembrane domains (1–6) and the

N- and C-termini positioned in the cytosol. A region of interest in (A) (box) is expanded in (B) to illustrate the position of a

H260del mutation in the external membrane loop between transmembrane domains 5 and 6.

(C) Representative whole-cell recordings from tsA-201 cells with the indicated Kv7 channel subunits transiently expressed

and depolarized from �80 mV to 40 mV in 10 mV steps followed by a step to 0 mV.

(D) Mean current amplitudes of the indicated Kv7 subunits when evoked with the protocol shown in (C). Sample numbers

are shown in brackets.

(E) Mean-dot plots of current density (pA/pF measured at 10 mV) for whole-cell recordings of Kv7.2 wt or Kv7.2mut when

expressed in tsA-201 cells alone (p = 0.0311) or when coexpressed with Kv7.3 (p < 0.0001, post hoc Tukey’s test following

two-way ANOVA).

(F and G) Conductance plots for the indicated expressed Kv7 channel subunits, with bar plots of mean Va (insets). The

Kv7.2mut significantly shifts the channel activation curves in the depolarizing direction (F, p = 0.007; G, p = 0.00017, two

sample Student’s t test).

(H) Mean-dot plots for the indicated expressed Kv7 channel subunits show a reduction in maximal conductance when

Kv7.2mut is coexpressed with either Kv7.2 wt (p = 0.0323) or with Kv7.2 wt + Kv7.3 (p < 0.0001, post hoc Tukey’s test

following two-way ANOVA).

All average values are meanG SEM and number of cells provided in brackets. *p < 0.05, ***p < 0.001. Images in (A and B)

were constructed with the online Protter tool (http://wlab.ethz.ch/protter/) based on UniProt entry number O43526. The

C-terminus in (A) is truncated for display purposes.
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heteromers relative to Kv7.2 wt homomers (Kv7.2 wt �32.8G 1.3, n = 11; Kv7.2mut + Kv7.2 wt �27.2G 1.3,

n = 10; p = 0.007). A slightly larger rightward shift of 6.4 mV was measured when coexpressing Kv7.2mut +

Kv7.2 wt + Kv7.3 (�29.4 G 1.3, n = 15) relative to Kv7.2 wt + Kv7.3 (�35.8 G 0.8, n = 17; p = 0.00017)

(Figure 1G).

A rightward shift in voltage for activation will contribute to the observed effects of the Kv7.2mut isoform in

reducing channel currents. The additional reduction in current density (Figure 1E) could reflect a shift in

channel conductance or a change in membrane channel insertion. To address the potential for a change

in conductance, we measured the maximum conductance on activation plots. When currents were normal-

ized on conductance plots, the values differed by less than 5%. But comparing the values for absolute

conductance showed that Kv7.2mut homomeric channels had a significantly lower maximum membrane

channel conductance of 8.3 G 1.6 nS (n = 10) compared to 21.2 G 3.7 nS (n = 11) for Kv7.2 wt channels

(p = 0.0323) (Figure 1H). Similarly, coexpressing Kv7.2mut + Kv7.3 wt significantly reduced the maximum

membrane conductance from 59.3 G 4.6 nS (n = 17) for Kv7.2 wt + Kv7.3 to 19.2 G 2.4 nS for Kv7.2mut +

Kv7.3 (n = 15; p < 0.0001, post-hoc Tukey’s test following two-way ANOVA) (Figure 1H).

A Kv7.2H260 deletion mutation shifts the balance of Kv7 subunit expression at the

membrane

To gain a more specific measure of how the H260del mutation affects membrane expression of Kv7 sub-

units, we conducted a biotinylation assay on tsA-201 cells expressing either Kv7.2 wt or Kv7.2mut with or

without Kv7.3 coexpression. Surface Kv7.2 and Kv7.3 level was calculated as a ratio of biotinylated Kv7

Figure 2. A Kv7.2H260del mutant changes the balance of surface expression of Kv7.2 and Kv7.3 subunits

(A-D) Transfected tsA201 cells were lysed after treatment with Sulfo-NHS-SS-biotin to identify surface proteins by immunocytochemical detection. Western

blots of Kv7.2. (A and B) and Kv7.3 (C and D) in the total lysate and the biotinylated (cell membrane) fraction were probed with rabbit anti-Kv7.2 antibody and

rabbit anti-Kv7.3 antibody, respectively. A clean biotinylated fraction of the lysate was confirmed with the absence of GAPDH in cell membrane samples. Bar

graphs of mean values (B) for surface Kv7.2 presented as the ratio of biotinylated Kv7.2 to total Kv7.2 in different expression conditions reveals more Kv7.2

protein at the membrane in the Kv7.2mut transfected cells (p = 0.021, Mann-Whitney test, n = 4). D) Membrane Kv7.3 expression is decreased upon

coexpression with Kv7.2mut (p = 0.021, Mann-Whitney test, n = 4).

(E and F) Total expression of Kv7.2mut was significantly increased when coexpressed with Kv7.3 (E) (p = 0.0072, Mann-Whitney test, n = 5), while the total level

of Kv7.3 is not affected (F) (p = 0.6558, Mann-Whitney test, n = 5).

Data in bar plots of (E and F) are expressed in relation to GAPDH. Average values are meanG SEM. *p < 0.05, Mann-Whitney test. N represents trials repeated.
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subunits in the total cell lysates and then normalized to the wild-type condition. Semi-quantification of the

membrane level of Kv7.2 subunits in the biotinylated membrane samples with Western blot revealed a sig-

nificant increase in the membrane fraction of Kv7.2mut subunits compared to Kv7.2 wt (Figures 2A and 2B).

The ratio of Kv7.2 in membrane fraction lysate to Kv7.2 in total lysate in Kv7.2mut expressing cells was

1.43 G 0.10 (n = 4) times higher than that for Kv7.2 wt (p = 0.021) (Figures 2A and 2B). However, the mem-

brane level of Kv7.2 in cells that also coexpressed Kv7.2mut and Kv7.3 was not significantly different from

the wild-type channels (Figures 2A and 2B). The total Kv7.2 protein level showed a trend of increasing for

the homomeric Kv7.2 channels, and was significantly increased in cells coexpressing Kv7.2mut + Kv7.3

channels compared to Kv7.2 wt + Kv7.3 (1.52 G 0.13, n = 5, p = 0.00729) (Figure 2E). We also quantified

the level of Kv7.3 on the membrane for tsA-201 cells coexpressing Kv7.2 wt or Kv7.2mut cDNA. In contrast

to measures of Kv7.2 subunits, cells coexpressing Kv7.3 + Kv7.2mut exhibited a significant decrease in the

level of Kv7.3 at the membrane (0.52 G 0.13, n = 4, p = 0.02107) (Figures 2C and 2D) without affecting its

total level (Figure 2F).

Together, these results reveal that coexpressing Kv7.mut with Kv7.3 subunits results in a significant increase

in the level of membrane-associated Kv7.2mut subunits but a corresponding decrease in surface Kv7.3. The

parallel increase in total Kv7.2mut membrane protein but not total Kv7.3 effectively shifts the balance of

membrane expression for these two isoforms. The extent to which this corresponds to a shift in the stoichi-

ometry of subunits assembled within heteromeric channels or a change in the extent of heteromeric vs ho-

momeric channel expression cannot be determined from this dataset. However, an increased expression of

Kv7.2mut subunits can be expected to contribute to the lower maximal conductance and right-shifted Va of

channels detected electrophysiologically (Figures 1D–1F).

Super-resolution imaging supports heteromeric Kv7 channel formation with altered

expression patterns

One possible explanation for the effects of an increase in Kv7.2mut expression on Kv7 current would be to

interfere with the heteromeric assembly of subunits or their expression at the membrane. To further assess

protein interactions, we used direct stochastic optical reconstruction microscopy (dSTORM) to image Kv7

immunolabels and quantify the degree of overlap of label emissions and the minimal distance between

neighboring immunolabeled clusters. By combining dSTORM with total internal reflection fluorescence

(TIRF) illumination, we could further restrict visualization of Kv7 immunolabels to within 150 nm of the cover-

slip surface to which cultured cells are attached. Kv7.2 subunits were detected directly with an anti-Kv7.2

antibody and Kv7.3 using an HA-tagged construct. The precision of resolution determined under our con-

ditions reached 20–40 nm in the lateral plane. As such, the threshold for minimal cluster diameter was set at

40 nm, a size we expect reflects a signal from more than one subunit or channel.

Dual labeling of tsA-201 cells coexpressing Kv7.2 and Kv7.3 cDNAs revealed distinct fluorescent clusters

either in isolation or positioned with enough proximity to exhibit overlap in the fluorescent signal emissions

consistent with formation of heteromeric Kv7.2-Kv7.3 channels (Figures 3A–3D). Magnified regions of inter-

est (ROI) further suggested a more extensive degree of overlap between Kv7.3 and Kv7.2mut compared to

Kv7.3 and K7.2 wt subunits (Figures 3B–3D). Calculating the cluster density per unit area revealed a substan-

tial difference in the absolute density of detected clusters, with 151 G 15 clusters/mm2 for Kv7.2 wt (n = 9)

and 91G 3.4 clusters/mm2 for Kv7.3 (n = 9; p = 0.0033) (Figure 3E). A similar difference in the density of clus-

ters was apparent for the Kv7.2mut label (134G 14 clusters/mm2; n = 9) compared to Kv7.3 (95.6G 4.9 clus-

ters/mm2; n = 9; p = 0.027) (Figure 3E). However, no significant differences were found between the number

of Kv7.2 wt vs Kv7.2mut clusters (Kv7.2 wt, 151 G 15 clusters/mm2, n = 9; Kv7.2mut, 134 G 14 clusters/mm2,

n = 9; p = 0.43) or between the ratios of Kv7.3 + Kv7.2 wt clusters (1.65 G 0.13, n = 9) to that of Kv7.3 +

Kv7.2mut clusters (1.43 G 0.14, n = 9; p = 0.288). Quantification of immunolabeled clusters then indicated

that both Kv7.2 wt and Kv7.2mut isoforms exhibit a higher level of expression compared to Kv7.3, and with

similar relative levels for Kv7.2 wt/Kv7.3 to that of Kv7.2mut/Kv7.3 (Figure 3E).

To gain an estimate of the degree of colocalization, we calculated Manders’s correlation coefficient to

quantify the fractional overlap of one immunolabel emission upon the other. This analysis revealed a

marked disparity in the overlap of Kv7.3 labels compared to Kv7.2 isoforms. Thus, a smaller percentage

of the total intensity of Kv7.2 wt label overlapped with Kv7.3 (M2) compared to a large portion of Kv7.3

labels that overlapped with Kv7.2 wt (M1) (M1wt vs M2wt, n = 20; p = 6.29 3 10�8) (Figure 3F). A similar dif-

ference was detected in the extent of overlap for the Kv7.2mut subunit with Kv7.3 (M2mut), in which a larger
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Figure 3. Kv7.2mut and Kv7.3 subunits exhibit strong colocalization in tsA-201 cells

(A–D) dSTORM-TIRF images of dual immunofluorescent labeling for the indicated pairs of expressed subunits at low

power (A and C) and for representative ROIs (boxes) expanded in (B and D). Images of immunolabeled protein clusters are

reconstructed from 6000 to 10000 aligned images, with locations of green and red pixel overlap shown as white labels. In

(B and D), select cases of overlapping signals are indicated by solid white arrows, and isolated clusters by red filled arrows

(Kv7.2 wt) and green filled arrows (Kv7.3).

(E) Bar plots of mean cluster density (number/mm2) for the indicated pairs of coexpressed subunits.

(F) Bar plots of mean Manders’ correlation coefficients to define the extent of overlap of immunofluorescent labels. M1

refers to the sum of Kv7.3 (green) label pixel intensity when any Kv7.2 (red) label intensity is present divided by total Kv7.3

(green) intensity, while M2 refers to the sum of red with green over total red intensity.

(G) Box-whisker plots of Pearson correlation coefficients to assess the extent of overlap of immunofluorescent labels.

Measurements are derived by plotting red vs green channel intensity for every pixel and calculating a correlation statistic.

(H, I) Histogram plots of the minimal distance between nearest neighbor cluster centroids for the indicated pairs of

coexpressed isoforms (bin width 25 nm).

Scale bars: (A and C) 2 mm, (B and D) 500 nm. All average values are mean G SEM, *p < 0.05, **p < 0.01, ***p < 0.001,

Student’s t test. N represents the number of cells analyzed.
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Figure 4. The Kv7.2mut subunit associates with Kv7.2 wt and Kv7.3 with nanometer proximities

(A) Confocal images of tsA-201 cells expressed with Kv7.2wt-EGFP + Kv7.2wt-mKate for detection of FRET. Only cells with

both EGFP and mKate2 fluorescence are measured for the intensity of the EGFP channel after dye unmixing (see STAR

Methods).

(B) Spectral images excited at 488 nm from two representative groups before and after photobleaching with 552 nm

excitation. The intensity-wavelength plots of the ROI (circled) before and after photobleaching are presented on the right,

with the insets showing the intensity scale for green fluorescence. An increase in the intensity of EGFP after

photobleachingmKate in the cells expressing Kv7.2wt-EGFP + Kv7.2wt-mKate identifies FRET between EGFP andmKate.

(C) Quantification of the change of EGFP intensity under different expression combinations shows Kv7.2mut-EGFP FRETs

with Kv7.2wt-mKate or Kv7.3-mKate, indicating a closeness, proximity of these channel subunits. Cells expressing
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portion of Kv7.3 labels overlapped with Kv7.2mut (M1mut) (M1mut vs M2mut, n = 24; p = 2.2 3 10�16).

These results are in line with the noted cluster density disparities between Kv7.2mut and Kv7.3 (cf.

Figures 4E and 4F). Comparison of either M1 or M2 between the Kv7.2 wt and Kv7.2mut condition showed

significantly higher overlap when Kv7.3 was transfected with Kv7.2mut (M1wt vs M1mut, n = 22, p = 0.0039;

M2wt vs M2mut, n = 22, p = 0.0017). These calculations suggest a higher incidence of colocalization

between Kv7.2mut and Kv7.3 than for Kv7.2 wt and Kv7.3. This finding was further supported by higher

Pearson correlation coefficients in cells cotransfected with Kv7.3 + Kv7.2mut than with Kv7.2 wt (n = 22;

p = 2.312 3 10�6) (Figure 3G).

The reasons for a difference in absolute cluster density (Figure 3E) and the extent of isoform

overlap (Figures 3F and 3G) are unknown but suggests that the greater number of Kv7.2 clusters

provide more than enough subunits to heteromerize with available Kv7.3 clusters. Analysis of the

degree of overlap of signals further suggests that Kv7.2mut was more effective at associating with

Kv7.3 than was Kv7.2 wt. A higher incidence of this presumed heteromeric formation was also evident

visually in the number of overlapping fluorophore emissions (cf. Figures 3B–3D). However, we note

that these interactions were not obligatory in that isolated clusters for a given subunit could also be

detected.

dSTORM-TIRF imaging allows for calculation of the minimum distance to nearest neighbor cluster cen-

troids. For this, we first coexpressed Kv7.2 wt and Kv7.3 cDNA and plotted histograms of the minimal

distance between clusters of each isoform (Figure 3H). The histogram plot of minimal neighbor distance

between Kv7.2 wt clusters (Kv7.2 wt - Kv7.2 wt) was moderately right-skewed with a distribution over

100–1600 nm and a peak �500 nm (Sk2 = 0.532; median = 565; K = 77. 2, n = 4). Similar results were found

for histogram plots of the minimal distance between Kv7.3 clusters, with a distribution between 125 and

1750 nm and a peak �800 nm (Sk2 = 0.334; median = 737; K = 95.5, n = 4) (Figure 3H). In contrast, the his-

togram for minimal neighbor distances between clusters of Kv7.2 wt and Kv7.3 was strongly right-skewed

with values between 0 and 950 nm and a peak �150 nm (Sk2 = 0.564; median = 300; K = 5.04, n = 4) (Fig-

ure 3H). A comparison of the minimal neighbor distances for cells coexpressing Kv7.2mut + Kv7.3 yielded

similar results. Specifically, the histogram of minimal neighbor distance between Kv7.2mut clusters was

moderately right-skewed over 125–1750 nm and peak at �625 nm (Sk2 = 0.435; median = 630; K = 53.4,

n = 7) (Figure 3I). The histogram for minimal distances between Kv7.2mut and Kv7.3 was again strongly

right-skewed over 0–975 nm and peak �150 nm (Sk2 = 0.655; median = 263; K = 10.0, n = 7) (cf. Figure 3I).

The strong skew in minimal cluster distance histograms for Kv7.2 + Kv7.3 combinations is important in signi-

fying a strong preferred association between these subunits, again as expected for successful heteromeric

assembly of channel subunits.

Overall, these data support the electrophysiology on the ability for Kv7.2mut subunits to associate with

Kv7.3 subunits at proximities consistent with formation of heteromeric channels. Yet, it is still important

to acknowledge that dSTORM images restricted even to 150 nm depth of field through TIRF illumination

could still report channels within the most superficial sites of the smooth ER or in transport to the

membrane.

Kv7.2mut subunits associate at nanometer distance with Kv7.3 expected for heteromeric

channel formation

The heteromeric assembly of specific Kv7 channel subunits into a functional channel can directly affect

channel properties and the extent of incorporation at the membrane level (Maljevic et al., 2011; Schroeder

et al., 1998; Schwake et al., 2000). Previous studies have shown that Kv7 subunits assemble close enough to

promote fluorescence resonance energy transfer (FRET) when fluorescent-tagged channels are coex-

pressed in HEK293 cells (Bal et al., 2008). To test if Kv7.2mut affected the association between channel sub-

units, we used spectral-FRET to analyze Kv7 subunit interactions in tsA-201 cells (Wallrabe and Periasamy,

2005). EGFP was used as a donor molecule and mKate2 as an acceptor molecule and assessed using spec-

tral confocal microscopy (Asmara et al., 2017).

Figure 4. Continued

Kv7.2wt-EGFP and mKate2 serve as a non-FRET control which exhibited a decrease of �5% EGFP intensity after

photobleaching.

Scale bars in (A), 20 mm. All average values are mean G SEM, *p < 0.05; **p < 0.01, ***p < 0.001, Student’s t test. The

sample sizes in the bar graphs represent the number of cells analyzed.
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Cells in the control and experimental groups were transfected with Kv7.2wt-EGFP + mKate2, and Kv7.2 wt/

mut-EGFP + Kv7.3-mKate2, respectively. The vast majority of cells cotransfected with tagged channel sub-

units exhibited EGFP and mKate2 fluorescence when excited at 488 and 552 nm, respectively (Figure 4A).

Spectral images were then taken with 488 nm laser and fluorophore channels were linearly unmixed. ROIs

were selected to analyze the average intensity of EGFP before and after photobleaching the mKate2 at

552 nm to estimate the extent of energy transfer between EGFP and mKate2 (Wallrabe and Periasamy,

2005). The intensity of green fluorescence increased in the Kv7.2wt-EGFP + Kv7.2wt-mKate2 group after

photobleaching mKate2 (9.8% G 1.0%, n = 5, p = 1.9 3 10�5) (Figures 4B and 4C), whereas the control

group coexpressing Kv7.2wt-EGFP and mKate2 exhibited a slight decrease in EGFP intensity (4.7% G

1.4%, n = 6) (Figures 4B and 4C). Together, these data verify the occurrence of FRET between Kv7.2wt-

EGFP with Kv7.2wt-mKate2 as a heteromeric assembly of labeled subunits with spatial separations

of <10 nm. For cells coexpressing the Kv7.2mut subunit, the intensity of EGFP also increased after photo-

bleaching mKate2 (12.1% G 1.7%, n = 6, p = 1.7 3 10�5) (Figure 4C). Finally, a significant increase in fluo-

rescence intensity was observed for coexpression of Kv7.2 wt or Kv7.2mut + Kv7.3 subunits (Kv7.2 wt + Kv7.3

7.9% G 1.1%, n = 4, p = 2.1 3 10�4; Kv7.2mut + Kv7.3 7.2% G 2.0%, n = 5, p = 7.1 3 10�4) (Figure 4C).

Taken together, these results suggest that Kv7.2mut does not impede the formation of Kv7.2-Kv7.3 hetero-

meric channels, as also suggested by dSTORM analysis. The lower membrane channel conductance

measured with Kv7.2mut expression (Figure 1) thus does not reflect a loss of heteromeric channel assembly.

Cannabidiol rescues Kv7.2mut + Kv7.3 channel voltage dependence

Control of seizure activity has been increasingly gained through use of cannabinoids, with cannabidiol

(CBD) specifically approved for clinical use (Pertwee et al., 2010; Watkins, 2019). This is important as our

proband with the Kv7.2H260del reported improvement of epileptic seizures and some aspects of spasticity

and tremor through administration of CBD:THC at 16.6 mg/kg twice a day. Moreover, a recent study

reported that CBD can shift the voltage dependence of Kv7 channels expressed in CHO cells at concentra-

tions as low as 30 nM, and increased the M-current recorded in cultured superior cervical ganglion or hip-

pocampal neurons (Zhang et al., 2022). Endocannabinoids (eCBs) have also been shown capable of directly

modifying Kv7 channel properties to regulate cell excitability (Incontro et al., 2021; Larsson et al., 2020b).

Previous studies have established that CBD administered to subjects at 5–40 mg/kg/day produced peak

plasma concentrations in the range of 0.29–1 mM (Cáceres Guido et al., 2021; Hwang et al., 2021), while

a 120 mg/kg oral dose in rats could reach 12.6 mg/mL brain (40 mM) concentration (Deiana et al., 2012).

We thus tested the effects of acute application of 1 mM CBD on the combination of Kv7.2mut + Kv7.2

wt + Kv7.3 subunits expressed in tsA-201 cells in the presence or absence of the combined CB1 blocker

AM-251 (0.5 mM) and CB2 blocker SR 144528 (0.5 mM). We noted signs of washout effects of Kv7 currents

in time-control recordings with a consistent rightward shift in Va and a more variable decrease in current

amplitude during the 15 min of recording required for these tests. Given a variable degree of washout ef-

fects on current amplitude, we focused on the channel voltage dependence. Here, an equivalent time point

comparison at 15 min revealed that CBD invoked a highly significant negative shift in Va from a baseline

value in control recordings of Kv7.2 wt + Kv7.3 of �29.8 G 1.25 mV to �35.6 G 1.36 mV (n = 8; p =

1.06 3 10�5) in CBD (Figure 5A). Notably, a net hyperpolarizing shift of �7.4 G 1.3 mV (n = 8) in Va of

the Kv7.2mut-containing channel in the presence of CBD was not significantly different from that of cells

coexpressing Kv7.2 wt + Kv7.3 (Interaction between CBD and mutations on Va, p = 0.5146 by two-way

ANOVA) (Figures 5A and 5B). Moreover, a net hyperpolarizing shift of �5.4 G 0.4 mV (n = 5) in Va was

induced by CBD in cells coexpressing Kv7.2mut + Kv7.2 + Kv7.3 in the presence of the CB1 and CB2 recep-

tor blockers AM-251 (0.5 mM) and SR 144528 (0.5 mM) (Figure 5B), indicating the effects on Va did not involve

CB receptor activity (Interaction between CBD and blocker on Va, p = 0.5935 by two-way ANOVA).

DISCUSSION

De novo missense Kv7.2 mutations are known to be a common cause of early-onset NOEEs, including the

Ohtahara syndrome (Saitsu et al., 2012). The proband in this report with an in frame Kv7.2H260del mutation

exhibits severe neurodevelopmental delays and NOEE that persisted since last assessment at age 14 years.

The Kv7.2H260del is a previously undescribed variant located in the extracellular loop at aa 260 between S5

and S6, and is interpreted as ‘‘likely pathogenic’’ according to ACMG criteria due to its de novo status (PS1

criteria), and absence from normal population databases (PM2 criteria). The functional evidence provides

direct support that this variant is causative for the clinical problems in this proband (PS3) (Richards et al.,

2008, 2015). Some of the properties exhibited by this channel variant resembled that reported for other
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pathogenic Kv7.2 mutations (Nappi et al., 2020; Vanoye et al., 2022), including a dominant-negative effect

that shifted the Va in a depolarizing direction and substantially reduced membrane current in tsA-201 cells.

These properties were also reported in multiple Kv7 variants through a process of automatic patch analysis

(Vanoye et al., 2022). The addition of biotinylation and dSTORM imaging here helped further reveal that

Kv7.2H260del induced a shift in the balance between Kv7.2 and Kv7.3 subunits at the membrane despite

no significant increase in total membrane protein expression. A detection of FRET between all subunits

verified associations of <10 nm distance, suggesting no disruption of the ability to form heteromeric chan-

nels. With this information, a drastic reduction in whole-cell current density (pA/pF) in cells coexpressing

Kv7.2mut + Kv7.3 subunits could be attributed to a depolarizing shift in Va and a decrease inmaximal mem-

brane conductance.

External loop mutations

Pathogenic variants found in Kv7.2 and Kv7.3 impact multiple possible residues that affect different

aspects of channel function and lead variably to BFNS or more severe forms of epilepsy and encepha-

lopathy (Milh et al., 2013; Nappi et al., 2020; Vanoye et al., 2022). The Kv7.2H260del examined here is

positioned close to two other reported Kv7.2 mutations. These are also in the extracellular loop between

S5 and S6 but at positions 258 (c.773A>G p.Asn258Ser, N258S) and 265 (c.793G>A p.Ala265Thr, A265T)

(Cooper et al., 2015). In the case of the Kv7.2 N258S variant, the patient phenotype was BFNS (Yalçin

et al., 2007). At the channel level, N258S presented as a dominant-negative factor that reduced current

in Kv7.2 N258S + Kv7.3 channels, but with a reduced number of mutant channels at the membrane (Mal-

jevic et al., 2011). No change in voltage dependence for activation was found, leading to a proposed

defect in protein folding or trafficking (Maljevic et al., 2011). This differs from the Kv7.2H260del in which

we detected a significant depolarizing shift in Va and no change in total Kv7 protein at the membrane.

Although we cannot rule out the potential for a disorder in protein folding to account for the decrease in

maximal membrane conductance in Kv7.2H260del + Kv7.3 channels, our results would suggest no spe-

cific disruption in ability for subunits to heteromerize, or for channels to traffick or insert at the mem-

brane. Instead, the primary loss of function in Kv7.2H260del is reflected in a reduction in current through

a shift in voltage for activation and a loss of membrane conductance not reported for the nearby N258S

mutation.

The Kv7.2 A265T variant was detected in patients in some of the earliest studies linking Kv7.2 mutations

with Ohtahara Syndrome (Milh et al., 2013; Saitsu et al., 2012; Weckhuysen et al., 2012), similar to the ep-

ilepsy phenotype described for our proband with Kv7.2H260del. The A265T variant also acted in a domi-

nant-negative manner to suppress Kv7 current but failed to exhibit any change in voltage dependence

Figure 5. CBD reverses the voltage-dependent shift induced by Kv7.2mut. Shown are conductance plots to test the effects of bath applied 1 mM

CBD on the indicated combinations of Kv7 subunits expressed in tsA-201 cells. The mean values of Va are indicated in the inset bar plots

(A and B) CBD applied to a combination of Kv7.2 wt + Kv7.3 (A) or Kv7.2 wt + Kv7.2mut + Kv7.3 (B) invokes a significant negative shift in Va.

(C) CBD (1 mM) induces a similar magnitude negative shift of Va for Kv7.2 wt + Kv7.2mut + Kv7.3 in the presence of the CB1/CB2 receptor blockers 0.5 mMAM-

251 and 0.5 mM SR144528.

All average values are meanG SEM and sample numbers provided in brackets. **p < 0.01, ***p < 0.001, Paired sample Student’s t test. Number of cells was

shown in brackets.
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for activation or altered levels of surface expression (Milh et al., 2013), all effects that are opposite to that

found for the Kv7.2H260del variant.

These comparisons support conclusions recently emphasized in a systematic comparison of Kv7.2

mutants using automated patch clamp where the net effect of a Kv7.2 mutation produced variable

results (Vanoye et al., 2022). The current work now identifies differences at the channel level for

mutations in the extracellular loop between S5 and S6 even when separated by only 2 amino acids,

as highlighted by Kv7.2 N258S and H260del that lead to symptoms characteristic of BFNS or NOEE,

respectively.

Therapeutic actions of CBD on a Kv7.2 mutation

A great deal of attention has been focused on achieving rescue of Kv7 channel function across the

numerous pathogenic variants found in Kv7.2 or Kv7.3 subunits. A number of Kv7 activators have been

reported that could provide potential recovery of function in Kv7.2 mutations (Borgini et al., 2021; Incon-

tro et al., 2021; Kanyo et al., 2020; Larsson et al., 2020b; Vanoye et al., 2022), although non-specific ac-

tions or side effects have led to removal of some of these drugs from clinical use (Brickel et al., 2020). The

proband with Kv7.2H260del had resolution of seizures through use of CBD:THC oil. The ability for CBD to

act as an anti-epileptic treatment is well known (Williams and Stephens, 2020). CBD or eCBs were also

recently reported to act as agonists for Kv7 channels in CHO, superior cervical ganglion, and hippocam-

pal neurons (Incontro et al., 2021; Zhang et al., 2022). We therefore tested CBD in relation to Kv7 wild-

type and Kv7.2mut subunits expressed in tsA-201 cells. Here, we found that 1 mM CBD induced � -5.7 mV

hyperpolarizing shift in Va for coexpression of the Kv7.2 wt + Kv7.3 isoforms. While this is less than a shift

of up to �17.5 mV reported for 1 mM CBD application in Zhang et al. (2022), it could reflect several dif-

ferences that include cell lines (CHO vs tsA-201), CBD source, temperature, and drug application proced-

ures. Importantly, we found that CBD also shifted the Va for Kv7.2mut + Kv7.2 + Kv7.3 by � -7 mV to

�37.5 G 1.3 mV compared to controls, a value that was not significantly different from that recorded af-

ter CBD application to cells coexpressing Kv7.2 wt + Kv7.3 (p = 0.31). These results are important in rep-

resenting the first evidence that CBD can offset deficits in channel function caused by a Kv7.2 channel

variant relevant to a patient’s experience. Yet since CBD induced a hyperpolarizing shift in the Va of

channels expressing either wild-type or mutant subunits (Figures 5A and 5B) (Zhang et al., 2022), we

cannot conclude that its effects are specifically exerted on the mutant subunit. We would also interpret

this to suggest no change in the binding efficacy of Kv7.2H260del-containing channels for CBD

compared to wild-type channels, but this would need to be addressed through modeling (Incontro

et al., 2021). Further work will also be needed to assess the potential for CBD to work in a similar fashion

on channels incorporating the wide range of Kv7 mutations found in subjects (Cooper et al., 2015; Va-

noye et al., 2022).

The mechanism(s) by which CBD offset the effects of Kv7.2mut on channel voltage dependence has not

been established. In intact tissue, CBD is known to interact with a host of voltage- and ligand-gated chan-

nels that will modulate cell excitability and plasticity (Ghovanloo et al., 2018; Pertwee et al., 2010; Ross et al.,

2008;Watkins, 2019). Since our recordings were conducted on principal subunits of Kv7 channels expressed

in tsA-201 cells in vitro, many of these potential alternative sites of action will not be relevant here. Any po-

tential actions of CBD on other potassium channels (Watkins, 2019) that might be expressed in tsA-201 cells

are minimized given our blockade of a large spectrum of voltage- and calcium-gated potassium channels

during recordings. It is known that CBD has a poor affinity for both CB1 and CB2 receptors but negatively

modulates CB1 through an allosteric interaction (Laprairie et al., 2015). Our tests with CBD in the presence

of the CB1and CB2 receptor blockers would indicate that the effects seen here do not involve CBD actions

through these receptors. The ability to record effects by CBD within 20 min of drug application would be

consistent with a direct interaction on Kv7 channels, as reported for eCBs and CBD (Incontro et al., 2021;

Larsson et al., 2020b; Zhang et al., 2022). However, it is possible that CBD could interact with other recep-

tors or channels in tsA-201 cells that could invoke other factors that modulate Kv7 channels (i.e. PiP2, PKC,

calmodulin, arachidonic acid, and ERK1-2) (Borgini et al., 2021; Greene and Hoshi, 2016; Hudson et al.,

2019; Larsson et al., 2020a).

The widespread influence of CBD on neural circuit function has identified a range of potential targets to

reduce epileptic seizures in subjects (Baculis et al., 2020; Greene and Hoshi, 2016; Williams and Stephens,

2020). It is interesting that in structures such as neocortex and the hippocampus Kv7 channels can further
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influence factors that range frommorphological development through intrinsic excitability and circuit-wide

theta frequency resonance (Baculis et al., 2020; Greene and Hoshi, 2016; Incontro et al., 2021; Peters et al.,

2005). The current study together with recent reports of direct actions by eCBs and CBD on Kv7 channels

(Incontro et al., 2021; Zhang et al., 2022) suggests that part of this influence could come about by modifying

Kv7 channel function. Further work will also be required to determine the extent to which CBD acts specif-

ically on Kv7 channels to account for anti-epileptic actions or autistic behaviors in subjects with Kv7

mutations.

Limitations of study

All data in the present study were obtained from Kv7 channel isoforms expressed in the tsA-201 cell line.

While this approach can define the interactions possible between principal subunits of a channel, there

could well be additional factors present in intact neurons that provide additional modulation of channel

activity. One must also be cautious in directly extending conclusions drawn from results with CBD on chan-

nels expressed in isolation in tsA-201 cells to intact circuits.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-Kv7.2 Cell Signaling Technology Cat#14752 (clone D9L5S); RRID: AB_2798597

rabbit anti-kv7.3 Alomone Cat#APC-051; RRID: AB_2040103

mouse anti-GAPDH Invitrogen Cat#39-8600 (clone ZG003); RRID: AB_2533438

HRP conjugated goat anti-mouse IgG Invitrogen Cat#62-6520; RRID: AB_2533947

HRP conjugated donkey anti-rabbit IgG Cytiva Cat# NA9340-1ml, RRID:AB_772191

Alexa Fluor-647 conjugated donkey F(ab)2 anti-rabbit IgG Jackson Immuno Research Cat#711-606-152; RRID: AB_2340625

Cy-3 conjugated goat F(ab)2 anti-mouse IgG Jackson Immuno Research Cat#115-166-146; RRID: AB_2338708

Chemicals, peptides, and recombinant proteins

cannabidiol (CBD) Sigma-Aldrich Cat# C-045-1mL; CAS#

13956-29-1

AM-251 Tocris Cat# 1117; CAS# 183232-66-8

SR144528 Sigma-Aldrich Cat# SML1899-5MG; CAS# 192703-06-3

Critical commercial assays

Q5 Site-directed mutagenesis kit New England Biolabs Cat# E0554S

Sulfo NHS-SS-Biotin Thermo Fisher Cat# PG82077

streptavidin agarose beads Thermo Fisher Cat# 20359

TetraSpek Microspheres Thermo Fisher Cat# T7279

Deposited data

Raw and analyzed data, western blot images This paper 10.6084/m9.figshare.20510907

Experimental models: Cell lines

Human: tsA-201 cells Sigma-Aldrich Cat#85120602

Oligonucleotides

Kv7.2mutation forward primer: TTTGACACCTACGCGGAT This paper N/A

Kv7.2mutation reverse primer: GTCGTTCTCCCCCTTCTC This paper N/A

Add EGFP tag to Kv7.2 wt and Kv7.2mut,

forward primer: GATGATACGCGTACGC

GGCCGCTCGAGATGGTGAGCAAGGGCGAGG

This paper N/A

Add EGFP tag to Kv7.2 wt and Kv7.2mut, reverse primer:

GATGATCCCGGGATCTGTTCAGGAAACAGCTATGACC

GCGGCCGGCCGTCTAGCTACTAGCTAGTCGAGATCTGAG

This paper N/A

Recombinant DNA

Kv7.2 human ORF plasmid Origene RC212932

Kv7.3 human ORF plasmid Origene RC218739

Kv7.2-EGFP plasmid This paper N/A

Kv7.2H250del plasmid This paper N/A

Kv7.2H250del-EGFP plasmid This paper N/A

Kv7.3-mKate2 plasmid This paper N/A

Kv7.2-mKate2 plasmid This paper N/A

Kv7.3-HA This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Ray W Turner (rwturner@ucalgary.ca).

Materials availability

� All materials will be made available upon reasonable request.

� This study did not generate new unique reagents.

Data and code availability

� Data and original western blot images have been deposited at Figshare and are publicly available as

of the date of publication. DOI is listed in the Key resources table. Microscopy data reported in this

paper will be shared by the lead contact upon request.

� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The tsA-201 cell line derived from Human Embryonic Kidney cells from a female subject were purchased

from Sigma-Aldrich and maintained (Sahu et al., 2017; Zhan et al., 2020). Cells were maintained in

DMEM supplemented with 10% heat inactivated fetal calf serum and 1% penicillin-streptomycin at 37�C
under 5% CO2 and splitted by trypsinization to plate at a density of 30–50% (patch-clamp and imagining)

or 50–70% (protein assays) before transfecting with cDNAs overnight with the calcium phosphate-based

method. EGFP cDNA was also transiently transfected (1 mg) as a transfection marker, 4 mg cDNA was

used if only one Kv7 channel subunit was expressed, and 2 mg of each Kv7 subunit when more than 2 sub-

units were transfected. For biotinylation tests 2 mg of Kv7.2 or Kv7.3 cDNA was used. Cells were maintained

at 32�C after transfection before being used.

METHOD DETAILS

Generation of cDNA constructs

Myc-tagged Kv7.2 (NM_172107, Origene, RC212932) and Kv7.3 (NM_004519, Origene, RC218739) in

pCMV6-Entry vector were used for expression and as templates. The Kv7.2mut was generated with the

Q5 Site-DirectedMutagenesis Kit (New England Biolabs, MA, USA, Cat. No. E0554S) with primers specified

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

pClamp 10.6 Molecular Devices https://moldevkb.blob.core.windows.net/

kb01/software/cns/pclamp/10/pCLAMP_10_7_0.exe

Image Lab 6.1 Bio-Rad https://www.bio-rad.com/en-ca/product/

image-lab-software?ID=KRE6P5E8Z

ImageJ NIH https://imagej.nih.gov/ij/download.html

Localization Microscopy Analyzer (LAMA) Malkusch and

Heilemann (2016)

http://share.smb.uni-frankfurt.de/index.php/

software-menue/lama

MATLAB MathWorks https://www.mathworks.com/products/

matlab.html

Origin 8.0 OriginLab https://www.originlab.com/

R https://www.r-project.org/

Graphpad Prism 6 Graphpad Software https://www.graphpad.com/
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in the Key resources table. EGFP and mKate2 tagged constructs were made by replacing myc tag in Kv7.2

wt or Kv7.2mut using theMluI and SacII restriction sites or in Kv7.3 using the XhoI and XmaI restriction sites.

Primers were provided as in the Key resources table. All constructs were verified with restriction enzyme

mapping and Sanger sequencing.

Electrophysiology

Whole-cell patch clamp recordings were obtained of Kv7 channels transiently transfected into tsA-201 cells

plated onto glass coverslips (Sahu et al., 2017). Recordings were conducted using aMulticlamp 700B ampli-

fier, Digidata 1440A and pClamp 10.6 software (Molecular Devices). Series resistance was compensated to

�70% and leak was subtracted offline in Clampfit 10 software. Cells with <100 pA negative bias current at a

resting potential of�70 mV were accepted in voltage-clamp recordings. Cells were rejected if access resis-

tance exceeded 40 MU. Recordings were obtained at room temperature (22–24�C) in a bath solution

composed of (mM): 120 NaCl, 3 NaHCO3, 3.5 KCl, 1.5 MgCl2, 1.5 CaCl2, 10 HEPES, 10 D-Glucose,

pH 7.4 with NaOH. The bath solution also contained 2 mM 4-AP, 2 mM CsCl, 100 nM apamin and

100 nM paxilline, and the internal electrode solution contained 1 mM TRAM-34 to block a wide spectrum

of potassium channels potentially expressed in tsA-201 cells. Despite this a small background presumed

potassium current of <200 pA could be detected for a command pulse to 40 mV, but this was not blocked

by the Kv7 channel blocker 10 mM XE-991. The internal electrode solution was composed of (mM): 110

KMeSO4, 30 KCl, 10 HEPES, 2 MgCl2, 2 ATP, 0.5 GTP, 5 phosphocreatine, 0.5 EGTA and 0.47 CaCl2.

CBD in methanol (Sigma-Aldrich) was stored at �20�C and added acutely to the external solution. To

reduce potential binding of CBD to plastic, all perfusion lines and the recording chamber were washed

with 70% ethyl alcohol and flushed with distilled water before introducing a new coverslip for recordings

during acute applications of CBD.

Biotinylation

Transfected tsA-201 cells were biotinylated by treating with 1.5 mg/mL Sulfo-NHS-SS-biotin (Thermo

Fisher, CA#PG82077) before being lysed in a buffer containing (in mM): 150 NaCl, 50 Tris, 2.5 EGTA, 1%

NP-40, and proteinase inhibitor (Roche, 04693124001), pH 7.5 (Yao et al., 2020). To enrich biotinylated pro-

teins, 500 mg of total proteins were incubated with streptavidin agarose beads (Thermo Fisher, CA#20359)

for 2 h at 4�C. Proteins were eluted and boiled in a 4x sample buffer (Bio-Rad, CA#1610747) before being

resolved in SDS-PAGE. Western blotting was conducted using a rabbit anti-Kv7.2 antibody (1:1000, Cell

Signaling Tech,14,752), a rabbit anti-Kv7.3 antibody (1:1000, Alomone, APC-051), and amouse anti-GAPDH

antibody (1:1000, Invitrogen, 39–8600). The secondary antibodies used were the HRP conjugated goat anti-

mouse IgG antibody (1:3000, Invitrogen, 62–6520) or HRP conjugated donkey anti-rabbit IgG antibodies

(1:5000; GE Health, NA9340V). Band density was analyzed with ImagLab (Bio-Rad).

Immunostaining

For dSTORM imaging tsA-201 cells were grown on 18 mmNo 1.5 coverslips (ElectronMicroscopy Sciences,

PA, USA) at 37�C. For dual color dSTORM tsA-201 cells were transfected with HA-tagged Kv7.3 cDNA

(0.5 mg) and either Kv7.2 wildtype (0.5 mg) or Kv7.2 mutant (0.5 mg). After 36–48 h cells were washed with

phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde (PARA) (Electron Microscopy Sciences,

ON) in PBS for 10 min. After 3 washes in PBS cells were incubated with a blocking medium consisting of 3%

(v/v) donkey serum and 3% (v/v) goat serum (Jackson ImmunoResearch), 2% (v/v) dimethyl sulfoxide (BDH

VWRAnalytical) and 0.1% (v/v) Tween 20 (Sigma Aldrich) in PBS for 45 min at RT (�25�C). Cells were sequen-

tially incubated in blocking solution containing the primary antibodies rabbit monoclonal anti-Kv7.2 (1:250;

14,752, Cell Signaling Technology) and thenmousemonoclonal anti-HA (1:250; ab130275, Abcam). Primary

antibodies were incubated with cells for 45 min at RT with three washes of blocking solution between each

incubation. After five 10 min washes in blocking medium at RT cells were sequentially treated with Alexa

Fluor 647 conjugated donkey F(ab’)2 anti-rabbit IgG (1:1000, 711-606-152, Jackson ImmunoResearch)

then Cy-3 conjugated goat F(ab’)2 anti-mouse IgG (1:1000, 115-166-146, Jackson ImmunoResearch) for

45 min (RT) with three 5 min washes in blocking solution between secondary antibody incubations. After

three rounds of 10 min washes in blocking solution cells were washed once in PBS and post fixed with

4% PARA and 0.1% glutaraldehyde in PBS for 10 min followed by three 10 min washes in PBS.

TetraSpek� beads (1:2000, 100 nm diameter, T7279, Thermofisher) were added to coverslips overnight

at 4�C in PBS. Coverslips received three 5 min washes in PBS to remove loose fiducial beads. Labeling

and imaging was performed on cells prepared from a minimum of 2 different experiments.
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Super-resolution imaging

Direct Stochastic Optical Reconstruction Microscopy (dSTORM) imaging was performed using a Quorum

Diskovery Flex microscope equipped for TIRF illumination (150 nm depth) using an HC Plan Apo 63X/NA

1.47 oil immersion objective, and an Andor iXon Ultra 897 EMCCD camera (Sahu et al., 2019). Stronger in-

tensity laser illumination was first used to photoswitch fluorophores into a temporary dark state (laser po-

wer: 561 nm, 55 mW @ 100%; 647 nm, 53 mW @ 100%). Subsets of active blinking fluorophores were then

imaged at a lower laser intensity (70–95% excitation) at a 33 Hz frame rate. During image acquisition the

405 nm laser line was adjusted to obtain a balanced reactivation of Alexa Fluor 647 or Cy-3 dyes to collect

15,000 to 25,000 image frames per sample to be processed offline.

Image reconstruction was carried out using ThunderSTORM (Fiji, ImageJ) to wavelet filter image streams

(Pixel size: 150.5 nm; photoelectrons per A/D count: 8.98; base level A/D count: 200; EM gain: 200) and be

rendered as a 2DGaussian fit to localize centroids (Sahu et al., 2019). In most cases mechanical drift over the

time frame required for imaging (20–30 min) ranged no more than 0–500 nm, with any cases approaching

700 nm excluded from analysis. X and Y positional coordinates and intensity information of point

localizations were further analyzed using Localization Microscopy Analyzer (LAMA) software (Malkusch

and Heilemann, 2016) and MATLAB. The X-Y coordinates of 3–6 100 nm fiducial TetraSpek beads

(T7279, Thermofisher) were used as the reference point to align signals using the affine registration function

of LAMA. Morphological cluster analysis and nearest neighbor Euclidean distances were conducted in

LAMA (Malkusch and Heilemann, 2016) and MATLAB, and overlap of neighboring clusters assessed using

an a Manders correlation coefficient and Pearson correlation coefficient (FIJI, JACoP) (Bolte and Corde-

lières, 2006).

Spectral-FRET imaging

The approaches used to detect Fluorescence Resonance Energy Transfer (FRET) followed that previously

reported (Asmara et al., 2017; Sahu et al., 2017; Wallrabe and Periasamy, 2005). Briefly, tsA-201 cells were

transiently transfected with proteins tagged with EGFP as the donor or mKate2 as the acceptor fluoro-

phore. Constructs used here included Kv7.2wt-EGFP, Kv7.2mut-EGFP, and Kv7.2wt-mKate2, Kv7.3-

mKate2. Fluorescence tagged Kv7 channels were transfected at 0.3 mg/dish, and EGFP and mKate2 alone

at 0.1 mg/dish. Before imaging, the cell medium was replaced with low K+-based imaging medium

composed of (mM): 148 NaCl, 1 KCl, 10 HEPES, 3 CaCl2, 10 glucose, 1 MgCl2, pH 7.3 at 25�C. Spectral-
FRET was imaged using a Leica SP8microscope (Leica, Germany) with a 40X NA 0.8 water immersion objec-

tive and a 488 nm laser line to excite EGFP and 552 nm to excite mKate2 in confocal images and for mKate2

photobleaching. Spectral images were obtained by exciting cells at 488 nm and emission spectra were re-

corded between 495 nm and 750 nm. LAS X (Leica) were used to linearly unmix EGFP and mKate2 spectra

signals and the intensity of EGFP before and after photobleaching of mKate2 was quantified in ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSES

Activation curves of Kv7 channels were fitted according to the Boltzmann equation: G/(G�Gmax) = 1/(1 +

exp((Va� V)/k)), where G is calculated with equation G = I/(V� Vrev), Va is the half activation potential and k

is the slope factor. Activation plots were fitted using OriginPro 9.0 (OriginLab, Northampton, MA).

All average values are represented as mean G S.E.M unless otherwise indicated. Statistical methods used

for comparison consist of Student’s t test, Welch’s t-test when variance was significantly unequal, Mann-

Whitney test and two-way ANOVA followed by Tukey’s pairwise comparison when comparing more than

two datasets, and were described in the figure legend. For Figures 1, 2, 4, and 5, statistical analyses

were conducted with OriginPro 9 or Graphpad Prism 6 (Graphpad Software). For Figure 3, Histograms

were evaluated with shapiro-wilks test for normality, Pearsons second moment skew, Fischer-Pearson co-

efficient of skewness and median using custom R scripts (Celikoglu and Tirnakli, 2018). Cluster density was

determined with Fiji where multiple ROIs from one image were pooled into one data point and analyzed

using R(v.3.5.1). Manders’ correlation coefficients were calculated using ‘‘Just another colocalization plu-

gin’’ (JACoP (Bolte and Cordelières, 2006)) with default thresholding and Pearson Correlation Coefficients

calculated using JACoP and statistically compared using functions in R. For all figures no data was excluded

from raw datasets. N number represents the number of cells or the number of biological repeats, as indi-

cated in figure legend. p < 0.05 was used as a significant difference.
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