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ABSTRACT
Neuronal voltage-gated potassium channels (Kv) are critical
regulators of electrical activity in the central nervous system.
Mutations in the KCNQ (Kv7) ion channel family are linked to
epilepsy and neurodevelopmental disorders. These channels
underlie the neuronal “M-current” and cluster in the axon initial
segment to regulate the firing of action potentials. There is
general consensus that KCNQ channel assembly and hetero-
merization are controlled by C-terminal helices. We identified
a pediatric patient with neurodevelopmental disability, including
autism traits, inattention and hyperactivity, and ataxia, who carries
a de novo frameshift mutation in KCNQ3 (KCNQ3-FS534), leading
to truncation of ∼300 amino acids in the C terminus. We
investigated possible molecular mechanisms of channel dysfunc-
tion, including haplo-insufficiency or a dominant-negative effect
caused by the assembly of truncated KCNQ3 and functional
KCNQ2 subunits. We also used a recently recognized property of
the KCNQ2-specific activator ICA-069673 to identify assembly of
heteromeric channels. ICA-069673 exhibits a functional signature
that depends on the subunit composition of KCNQ2/3 channels,
allowing us to determine whether truncated KCNQ3 subunits can
assemble with KCNQ2. Our findings demonstrate that although

the KCNQ3-FS534 mutant does not generate functional
channels on its own, large C-terminal truncations of KCNQ3
(including the KCNQ3-FS534 mutation) assemble efficiently
with KCNQ2 but fail to promote or stabilize KCNQ2/KCNQ3
heteromeric channel expression. Therefore, the frequent as-
sumption that pathologies linked to KCNQ3 truncations arise
from haplo-insufficiency should be reconsidered in some cases.
Subtype-specific channel activators like ICA-069673 are a re-
liable tool to identify heteromeric assembly of KCNQ2 and
KCNQ3.

SIGNIFICANCE STATEMENT
Mutations that truncate the C terminus of neuronal Kv7/KCNQ
channels are linked to a spectrum of seizure disorders. One role
of the multifunctional KCNQ C terminus is to mediate subtype-
specific assembly of heteromeric KCNQ channels. This study
describes the use of a subtype-specific Kv7 activator to assess
assembly of heteromeric KCNQ2/KCNQ3 (Kv7.2/Kv7.3) chan-
nels and demonstrates that large disease-linked and experimen-
tally generated C-terminal truncated KCNQ3 mutants retain the
ability to assemble with KCNQ2.

Introduction
KCNQ (Kv7) channels are voltage-gated potassium chan-

nels with physiologic roles in the regulation of cardiac rhythm,
neuronal activity, peripheral smoothmuscle contractions, and
endocrine function. KCNQ2 (Kv7.2) and KCNQ3 (Kv7.3) form
heteromeric channels throughout the central nervous system
and are the primary constituents of M-channels (Wang et al.,
1998). These conduct potassium currents essential for the
control of threshold and burst firing properties of neurons
(Adams and Brown, 1982; Cooper et al., 2000; Shapiro et al.,
2000; Hill et al., 2008), and mutations in both KCNQ2 and
KCNQ3have been identified in a spectrumof epilepsy conditions
that manifest in infancy or early childhood (Biervert et al., 1998;
Charlier et al., 1998; Singh et al., 1998). M-channels are

voltage-gated and also exhibit prominent physiologic regula-
tion by phosphatidylinositol-4,5-bisphosphate (Zhang et al.,
2003; Suh et al., 2006). This property was first recognized as
a sensitivity to muscarine, now understood to arise from
phosphatidylinositol-4,5-bisphosphate depletion afterM1 ace-
tylcholine receptor-mediated activation of Gq/11 and phospho-
lipase C (Brown and Adams, 1980). KCNQ3 mutations are
most commonly associated with benign familial neonatal
epilepsy, which is typically responsive to conventional anti-
epileptic drugs and resolves within the first few years of life
with no structural or cognitive impairment (Miceli et al.,
1993b; Maljevic and Lerche, 2014). Although KCNQ2 com-
monly forms heteromeric channels with KCNQ3, KCNQ2
channels are more commonly linked to far more severe
neurologic deficits, including pharmacoresistant seizures
and global neurodevelopmental delay (Miceli et al., 1993a;
Weckhuysen et al., 2012; Lerche et al., 2013; Maljevic and
Lerche, 2014; Millichap et al., 2016).
Assembly of KCNQ2 and KCNQ3 generates heteromeric

channels with biophysical hallmarks distinct from either sub-
unit alone, including unique voltage dependence, enhanced
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ABBREVIATIONS: PCR, polymerase chain reaction; RTG, retigabine; TEA, tetraethylammonium; WT, wild-type.
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current expression, and altered pharmacological sensitivity
(Wang et al., 1998; Shapiro et al., 2000). It is generally thought
that the C terminus of KCNQ channels governs subtype-
specific channel assembly. For example, KCNQ1 and KCNQ3
channels are not compatible and do not generate functional
heteromers, but this exclusion can be overcome by the
chimeric swapping of C-terminal regions (Schmitt et al.,
2000; Maljevic et al., 2003; Schwake et al., 2003, 2006). The C
terminus contains segments with high probabilities for the
formation of coiled-coiled domains thought to contribute to
channel assembly and influence subunit specificity (Howard
et al., 2007). However, there remains uncertainty regard-
ing how subtype-specific assembly of KCNQ2-5 subtypes is
encoded by this region.
ClinVar and RIKEE (www.rikee.org) (Millichap et al., 2016)

databases report a variety of KCNQ2 and KCNQ3 frameshift/
truncation mutations (locations are summarized visually in
Fig. 1A). KCNQ2 truncations often cause severe phenotypes
(e.g., epileptic encephalopathy, red symbols in Fig. 1A)
compared with similar KCNQ3 truncations (e.g., benign
familial epileptic seizures, green symbols in Fig. 1A). In
these cases of KCNQ-related disease, it may be unclear

whether loss of function arises from haplo-insufficiency
versus dominant-negative effects from assembly of mu-
tated subunits with normal subunits. That is, truncation of
one copy of KCNQ2 or KCNQ3 may reduce the number of
functional subunits required for normal M-channel activity,
or alternatively, truncated subunits may assemble with wild-
type subunits and suppress function in a dominant-negative
manner.
In a recent study, Lauritano et al. (2019) identified

a homozygous KCNQ3 truncation at amino acid position
534 (KCNQ3-FS534) in a patient with intellectual disability
and pharmaco-dependent epilepsy (Lauritano et al., 2019).
We simultaneously investigated a patient with an identical
mutation (but heterozygous and de novo) and used this as
a starting point to study the effects of KCNQ channel
truncations on heteromeric KCNQ2/KCNQ3 channel assem-
bly and function. We devised a pharmacological strategy to
assess heteromeric channel assembly based on subtype-specific
actions of certain voltage sensor–targeted KCNQ/Kv7 activa-
tor drugs (Padilla et al., 2009; Wang et al., 2017, 2018a). ICA-
069673 causes pronounced deceleration of deactivation of
homotetrameric KCNQ2 channels, but these effects are largely
attenuated when KCNQ2 and KCNQ3 are coassembled (Wang
et al., 2018a,b).Weused this assay to test heteromeric assembly
of KCNQ2 with the disease-linked KCNQ3 truncation mutant,
along with a series of artificial KCNQ3 truncation mutants.
Pharmacological characterization offers unambiguous evidence
that large truncations of KCNQ3 retain the ability to assemble
and form heterotetrameric channels with KCNQ2, similar to
wild-type (WT) KCNQ3. These findings suggest that hetero-
meric assembly may occur in patients and can contribute to
a dominant-negative effect.

Materials and Methods
Molecular Biology. Wild-type and mutant KCNQ2 and KCNQ3

channel cDNA constructs were expressed using the pTLN expression
vector. The KCNQ3[A315T] and KCNQ3[A315T]-FS534 were expressed
using the pSRC5 vector (gifts fromM. Taglialatela, University of Molise,
Campobasso, Italy, and T. Jentsch, Leibniz-Institut fur Molekulare
Pharmakologie, Berlin), where the A315Tmutation is used to enhance
homomeric KCNQ3 expression (Etxeberria et al., 2004; Gómez-Posada
et al., 2010). KCNQ3-FS534 mutant cDNAs were generated on WT
KCNQ3 or KCNQ3[A315T] backgrounds using a two-step overlapping
polymerase chain reaction (PCR) approach. Artificial KCNQ3 trunca-
tion mutant cDNAs were generated onWTKCNQ3 by introducing stop
codons in a one-step PCR approach. All cDNAs were verified via Sanger
sequencing. cDNAs were linearized using MluI for pTLN(KCNQ2),
HpaI for pTLN(KCNQ3), and ApaLI for pSRC5(KCNQ3[A315T]) and
ethanol precipitated to concentrate templates for RNA transcription.
cRNA was transcribed from concentrated linear cDNAs using
the Ambion mMessage mMachine kits (Thermo Fisher Scientific,
Waltham, MA): SP6 kit to transcribe from pTLN and T7 kit to
transcribe from pSRC5.

Mutagenic primers for theKCNQ3-FS534mutationwere as follows:
FS534 forward: 59-CCGTCTCTATAAAAAAAAAATTCAAGGAGAC-
39 (on WT KCNQ3 and KCNQ3[A315T] backgrounds); FS534 reverse:
59-GTCTCCTTGAATTTTTTTTTTATAGAGACGG-39 (onWTKCNQ3
and KCNQ3[A315T] backgrounds).

After generation of a KCNQ3 PCR fragment containing the
FS534 mutation, the fragment was inserted in the KCNQ3[A315T]
pSRC5 plasmid using NotI and EcoRI digestion and ligation.
FS534 generated on the WT KCNQ3 background was inserted in
the KCNQ3-pTLN plasmid using NotI and KpnI digestion and
ligation.

Fig. 1. Truncation and frameshift mutations of KCNQ2 and KCNQ3. (A)
Locations of frameshift and truncation mutations in KCNQ2 and KCNQ3
reported on ClinVar or RIKEE databases. Mutations associated with
benign familial neonatal epilepsy are highlighted in green, whereas
mutations associated with epileptic encephalopathy or other severe
syndromes are highlighted in red. (B) A de novo adenine insertion in
KCNQ3 was identified in a patient exhibiting traits of autism and neuro-
developmental delay. The patient sequence is presented along with the
reference WT KCNQ3 sequence. The frameshift causes premature trunca-
tion at amino acid position 548, leading to themodification of 14 amino acids
and truncation of 324 amino acids.
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Artificial truncations of WT KCNQ3 were generated by PCR
reactions using a common forward primer (Q3Forward) and various
reverse primers as follows: Q3Forward: 59-GGCGACGTGGAGCAA
GTCACC-39;DC503 reverse: 59-GCGCGGTACCCTACTCAAAGTGCT
TCTGACG-39; DC340 reverse: 59-GCGCGGTACCCTAATAGAGAC
GGAATTGTAG-39; DC301 reverse: 59-GCGCGGTACCCTAAATCA
TATCTATTCTCGTC-39; DC42 reverse: 59-GCGCGGTACCCTAGC
TTCTCCCTCATCCAGC-39.

PCR fragments were cloned into the KCNQ3-pTLN plasmid using
NotI and KpnI digestion and ligation. All constructs were confirmed
using restriction digestion and Sanger sequencing (The Applied
Genomics Core, University of Alberta, Edmonton, AB, Canada).

Oocyte Preparation and Injection. Stage V–VI Xenopus laevis
oocytes were obtained surgically and were defolliculated for 2–
2.5 hours in a 3 mg/ml type IV collagenase saline solution. Oocytes
were injected with 25–50 ng of total channel cRNA for homomeric
injections and heteromeric KCNQ2 + KCNQ3 coinjections, and the
total mRNA injected within each experiment was controlled. After
injection, oocytes were incubated for 24–48 hours before recording at
17°C in OR3 medium: 500 ml Liebovitz’s L-15 medium, 15 mM
HEPES, 1 mM L-glutamine, 0.5 mM gentamicin, distilled and
deionized water to 1 l, and adjusted to pH 7.4. Oocyte preparation
and RNA injection were done under the approval of University of
Alberta Animal Care protocol AUP00001752.

Two-Electrode Voltage Clamp. Voltage-clamped potassium
currents were recorded in a modified Ringer’s solution (in millimoles):
116 NaCl, 2 KCl, 1 MgCl2, 0.5 CaCl2, 5 HEPES, and adjusted to pH 7.4.
Voltage clamps were done using an OC-725C voltage clamp (Warner,
Hamden, CT). Glass microelectrodes were pulled using a Sutter
Micropipette puller (Sutter Instrument, Novato, CA), backfilled using
3 M KCl, and had resistances of 0.1–1 MV. Data were filtered at 5 kHz
and digitized at 10 kHz using a Digidata 1440A (Molecular Devices,
Sunnyvale, CA) controlled by pClamp 10 software (Molecular Devices).
Retigabine (RTG) was purchased from Toronto Research Chemicals
(North York, ON, Canada), ICA-069673 (ICA73) was purchased from
Tocris (Bristol, United Kingdom), and both were stored as 100 mM
stocks in DMSO and diluted to working concentrations each
experimental day in the same modified Ringer’s solution used for
recording. Oocytes were incubated in RTG for 10 minutes or in ICA-
069673 for 3–4 minutes prior to two-electrode voltage-clamp
recordings in the drug solutions.

KCNQ Channel Molecular Models. Molecular models of
KCNQ2 and KCNQ3 were generated using the online SWISS-
MODEL tool (Waterhouse et al., 2018), using the 2017 KCNQ1
cryoelectron microscopy structure as a guide (Sun and MacKinnon,
2017). These models are for illustration only and have not un-
dergone refinement or development beyond this web-based homol-
ogy modeling tool.

Data Analysis. Voltage dependence of channel activation was fit
using a standard single component Boltzmann equation of the form

G
.
Gmax ¼ 1

.�
1þ e2ðV 2V1=2Þ=k�;

where V1/2 is the voltage where channels exhibit half-maximal
activation, k is the slope factor reflecting the voltage range over which
an e-fold change in the open probability (Po) is observed, and G/Gmax
is the proportion of channels in the open and conducting state.
Fractional instantaneous currents were determined as the ratio of
the instantaneous current divided by the maximum current in the
presence or absence of ICA-069673. Varied statistical tests were used
depending on the context and experimental design and are described
in individual figure legends.

Boltzmann fits to conductance-voltage relationships were fit by
least squares minimization of the single component Boltzmann
equation to the data, using the Solver algorithm in Microsoft Excel
(Microsoft, Redmond,WA). Beyond this analysis, no additionalmodels
were assumed or applied in our study. Box plots were generated
with Sigmaplot (Systat Software, San Jose, CA). The box depicts the

median and the 25th–75th percentile range, and the whiskers depict
the 10th–90th percentile range.

Results
Clinical Features of a Heterozygous KCNQ3-FS534

Patient. Our initial observation of the KCNQ3-FS534 frame-
shift mutation was made in an 8-year-old male patient at first
evaluation at an academic center’s child neurology division.
He meets Diagnostic and Statistical Manual of Mental
Disorders, 5th Edition–based criteria for autism spectrum
disorder and attention deficit hyperactivity disorder, com-
bined type, as well as more generally exhibiting global
developmental challenges. Developmentally, he showed
intact early gross motor milestones at 12 months of age but
expressive language delay with sounds but no words at 1 year.
At 24 months, he stopped making communicative utterance
and social response to name. At 8 years of age, the patient
exhibited relatively strong gross motor abilities, including the
ability to run, climb, and swim independently, but struggled
with fine motor skills with limited writing and ability to
dress independently. His expressive language at this time was
limited to singlewords to express needs andwants. At 11 years
of age his abilities and performance are greatly impacted by
inattention and hyperactivity. He continues to struggle with
fine motor control and is able to follow one-step directions. He
primarily uses single words and word approximations but can
use high yield repetitive phrases for requests. He is using an
assisted communication device at school. His sensory process-
ing ability is notable for underresponsivity in the vestibular
and proprioceptive domains and overresponsivity visually. He
continues to have difficulty with joint attention, orienting to
social stimuli, reciprocal interaction, and imitation.
Exome sequencing revealed the presence of a de novo

KCNQ3 gene truncation, arising from a frameshift at amino
acid position 534 that resulted from a single adenine insertion
(within a repetitive polyadenine sequence, Fig. 1B), leading
to truncation of the protein at amino acid position 548. A
GeneDX array, mitochondrial DNA sequencing, fragile X
screening, and chromosome microarray did not reveal other
noteworthy findings. No other causative variants were found
in disease genes associated with the reported phenotype. This
variant is not present in the gnomADorExomeVariant Server
databases and has two entries (including this patient) in
the National Center for Biotechnology Information ClinVar
database. In terms of family history, the mother exhibited
delayed speech onset, and a paternal uncle had been di-
agnosed with dyslexia and autism spectrum disorder traits.
However, neither parent carried theKCNQ3-FS534mutation,
and so this mutation was described as de novo. These findings
were deemed clinically significant, but there were no reports
of delay with comparable severity as observed in the proband.
The patient had no history of seizures; however, there was
a staring spell reported at 6 years of age. Overnight video
telemetry done at time of genetic diagnosis showed no epilep-
tiform activity with no atypical response to photic stimulation
or hyperventilation and intact anteroposterior organization
and reactive posterior dominant rhythm of 10 Hz. Sleep
architecture was also intact. Magnetic resonance imaging of
the brain did not show structural abnormalities or injury.
Relative to KCNQ2, reports of pathologic mutations in

KCNQ3 are infrequent and are more often associated with
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benign neonatal or infantile seizures, rather than severe
epileptic encephalopathy or neurodevelopmental delay.
Figure 1A illustrates a map of the location of KCNQ2 and
KCNQ3 frameshift/truncation mutations currently depos-
ited on ClinVar, color coded for severity. It is apparent that
truncation mutations scattered throughout both channels
have been identified, and reports in KCNQ2 far outweigh
KCNQ3 in terms of sheer numbers and severity. There is
not a clear pattern that predicts the severity of outcome of
a truncation mutation.
A recent report by Lauritano et al. (2019) highlighted the

discovery of an identical frameshift, but with a pattern of
recessive inheritance in an Italian family (Lauritano et al.,
2019). The affected patient was homozygous for this frame-
shift and exhibited neonatal seizures that were effectively
treated with various anticonvulsants (currently sodium
valproate monotherapy). Prior to treatment, the patient
exhibited speech delay and moderate intellectual disability.
However, this patient also exhibited epilepsy, which was
not observed in the patient in our study. It was noted that
one family member was reported to exhibit mild learning
difficulties and transient neonatal seizures, but other hetero-
zygous carriers of this frameshift mutation exhibited normal
development and no seizures. In our case, the KCNQ3-FS534
appeared de novo in the child. The penetrance of neurologic
traits despite their heterozygous genotype suggests that other
genetic factors, or environmental factors encountered in
childhood, likely also influence the severity of KCNQ3 muta-
tions. Thismay not be surprising as these channels likely have
shifting patterns of expression and functional importance very
early in development.
Functional Characterization of the KCNQ3-FS534

Mutation in X. laevis Oocytes. Although the C terminus
of KCNQ channels has been implicated in many studies
as a mediator of channel assembly and subunit specificity

(e.g., excluding KCNQ2 or KCNQ3 assembly with KCNQ1),
there is not a good understanding of features that drive
assembly and maturation of noncardiac KCNQ isoforms or of
what may govern subtype specificity among KCNQ2-5. Using
the KCNQ3-FS534 mutant as a launching point, we studied
the influence of KCNQ3 truncations on assembly of hetero-
meric M-channels. We first reconstituted the KCNQ3-FS534
mutation in both the WT KCNQ3 and the KCNQ3[A315T]
background channels to examine effects on expression and
function (the KCNQ3[A315T] background enhances currents
.30-fold when compared with WT KCNQ3) (Etxeberria et al.,
2004; Gómez-Posada et al., 2010). Consistent with the recent
description of KCNQ3-FS534 (Lauritano et al., 2019), we
observed that the truncated mutant of KCNQ3 leads to
a pronounced reduction of total current equivalent to back-
ground uninjected levels in X. laevis oocytes (Fig. 2). Addi-
tionally, the nonselective antiepileptic neuronal KCNQ
opener RTG was unable to rescue channel function (Fig. 2,
B and C).
Using the KCNQ3-FS534 mutation on a WT KCNQ3

background, we tested the effects of coexpression withKCNQ2
to mimic the native heteromeric composition of M-channels.
We assessed currentmagnitude 48 hours after oocyte injection
(Fig. 3). We observed clearly resolvable currents in oocytes
expressing WT KCNQ2 homomeric channels, whereas
KCNQ3-FS534 channels did not generate any functional
current alone (Fig. 3, A and B). Coexpression of WT KCNQ2
and WT KCNQ3 (1:1 ratio of injected mRNA) produced
a synergistic increase of total current relative to KCNQ2 or
KCNQ3 alone (Fig. 3, A and D). However, the same combina-
tion of KCNQ2 and KCNQ3-FS534 failed to recapitulate this
enhancement of current (Fig. 3, A and C). We noted that the
KCNQ3-FS534 mutant did not suppress channel currents,
resulting in currents that are similar in amplitude to KCNQ2
homomers (Fig. 3A). However, this does not clearly distinguish

Fig. 2. Frameshift mutation FS534 abolishes KCNQ3 currents and channel response to RTG. (A and B) Exemplar two-electrode voltage-clamp records
for KCNQ3[A315T] and KCNQ3[A315T]-FS534 channels in X. laevis oocytes in control conditions (upper trace) and 100 mM RTG (lower trace). A total
of 50 ng of RNA was injected per oocyte. Injected oocytes were held at280 mV and pulsed for 2 seconds between voltages of +20 to2140 mV, followed by
a220mV test pulse (start-to-start interval, 3 seconds). Traces in green indicate a 2-second pulse to230mV. (C) Current magnitude comparison between
KCNQ3[A315T] and KCNQ3[A315T]-FS534 in control or 100 mM RTG conditions *P , 0.05 relative to KCNQ3[A315T]. Each data point represents
a unique oocyte recording (n = 8–19). Currentmagnitudeswere compared usingKruskal-Wallis one-wayANOVA on ranks, followed byDunnett’s post hoc
test to compare with the KCNQ3[A315T] control group.
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whether KCNQ3-FS534 is an “inert” contributor (fails to assem-
ble and influence KCNQ2) or whether KCNQ3-FS534 assembles
with KCNQ2 but fails to promote current expression of hetero-
meric channels.
Biophysical Assessment of Assembly of KCNQ3-FS534

with KCNQ2. Conductance-voltage relationships were col-
lected to determine whether KCNQ3-FS534 subunits could
influence channel gating or RTG sensitivity (Fig. 4). In the
absence of RTG, KCNQ2 homomeric channels exhibited a V1/2

of 236.6 6 2.7 mV, whereas the KCNQ2 + KCNQ3-FS534
combination exhibited a shifted V1/2 of225.66 3.3 mV (Fig. 4,
A and C). In the presence of RTG, KCNQ2-5 channels
exhibit a marked hyperpolarizing shift of voltage depen-
dence (Tatulian et al., 2001; Tatulian and Brown, 2003;
Kim et al., 2015). In our study, the RTG-mediated gating
shift was 241.2 mV in KCNQ2 homomeric channels and was
moderately smaller at 236.2 mV in KCNQ2 + KCNQ3-FS534
(Fig. 4D). WT KCNQ2 + WT KCNQ3 heteromers exhibited
a RTG-mediated voltage shift of 259.7 mV, with a V1/2 of
237.5 6 4.6 mV in control conditions (Fig. 4D). Conductance-
voltage relationships for homomeric KCNQ2 and the wild-type
heteromeric KCNQ2 + KCNQ3 combination are superimposed
(gray curves in Fig. 4C) for comparison with KCNQ2 +KCNQ3-
FS534, illustratingmodest differences in the V1/2 in control and
the RTG-mediated shift in V1/2, when KCNQ2 is coexpressed
with KCNQ3-FS534. Although small, these effects hinted
that the KCNQ3-FS534 subunit may assemble with KCNQ2
and moderately influence its voltage dependence and RTG
sensitivity.
Pharmacological Assessment of KCNQ2/3 Channel

Assembly. In contrast to these effects, Lauritano et al. (2019)
described an absence of any biophysical effects of KCNQ3-
FS534, using similar approaches but in amammalian cell line.
They also reported that the KCNQ3-FS534 mRNA was prone

to nonsense-mediated mRNA decay, and this dramatically
reduced expression may have also minimized the appearance
of any biophysical effects of KCNQ3-FS534. We devised an
alternative approach to test heteromeric assembly of KCNQ2
and KCNQ3. We recently reported how subunit composition
alters sensitivity of channels to subtype-specific Kv7/KCNQ
activator compounds (Wang et al., 2018a). We assessed these
differences by exposing channels to 100 mM ICA-069673 and
delivering voltage step protocols as described in Figure 5.
Channelswere depolarized to +20mV to fully activate channels
and bind ICA-069673, which exhibits strict state dependence
and only interactswith activated channels (Wang et al., 2018b).
This was followed by a repolarizing step to a range of voltages
(220 to2120mV in 20mV steps) to allow drug unbinding and
channel closure. Lastly, we stepped to +20 mV to assess the
magnitude of instantaneous current (a reflection of the extent
of deactivation that occurred during the repolarizing voltage
step, highlighted with arrows in Fig. 5, A and B). This protocol
distinguishes clearly between KCNQ2 homotetramers and
KCNQ2/KCNQ3 heterotetramers, based on the magnitude of
instantaneous current relative to the total current. We chose
to quantify the magnitude of instantaneous current rather
than the deactivation kinetics because extremely slow de-
activation in the presence of ICA-069673 was difficult to
quantify consistently. The voltage sensor–targeted drug
ICA-069673 causes extremely slow deactivation of KCNQ2
homotetrameric channels (Fig. 5B) resulting in a very large
instantaneous current (Fig. 5, B and C). These effects are
markedly attenuated in heteromeric KCNQ2/KCNQ3 chan-
nels (Fig. 5, A and C). Illustrated over a range of hyperpolar-
ization voltages (Fig. 5D), the weaker ICA-069673 sensitivity
of KCNQ2/KCNQ3 heteromeric channels is apparent, resulting
in a less prominent instantaneous current compared with
KCNQ2 homomeric channels. This ability to close in the

Fig. 3. Frameshift mutant KCNQ3-FS534 does not enhance KCNQ2 currents. (A) Current magnitude comparison (at +20 mV) for the indicated
combinations of channel mRNAs in X. laevis oocytes. A total of 50 ng of RNAwas injected per oocyte, and heteromeric combinations were injected in a 1:1
ratio. Each data point represents a unique oocyte recording (n = 8–16). Current magnitudes were compared using a Kruskal-Wallis one-way ANOVA on
ranks followed by Dunnett’s post hoc test comparing against the KCNQ2 control *P , 0.05. (B–D) Exemplar two-electrode voltage-clamp records for
KCNQ2, KCNQ2 + KCNQ3-FS534, and KCNQ2 + KCNQ3 channels, as indicated, with a protocol identical to Fig. 2. Traces in green indicate a 2-second
pulse to 230 mV.
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presence of high ICA-069673 concentrations is a signature
of heteromeric KCNQ2/KCN3 channels and clearly distin-
guishes them from homomeric KCNQ2 channels.
Assembly of C-Terminally Truncated KCNQ3 with

KCNQ2. We used ICA-069673 as a pharmacological tool to
investigate assembly of KCNQ3-FS534 with KCNQ2 and
extended this approach to a variety of KCNQ3 C-terminal
truncations (Fig. 6). Our approach may be valuable for future
studies of assembly or effects of channel mutants, as it can
clearly demonstrate whether a KCNQ3 mutant assembles
with KCNQ2 and generates functional channels (leading to
altered pharmacological properties). In cases where channels
retain full sensitivity to ICA-069673, this experiment does not
directly distinguish between the possibility of dominant-
negative effects of a KCNQ3 mutant versus failure of the
mutant to assemble with KCNQ2 (in both cases the currents
would be generated predominantly by KCNQ2 homomers,
leading to full sensitivity to ICA-069673). However, the
demonstration of altered ICA-069673 sensitivity relative to
KCNQ2 homomers provides strong evidence that a KCNQ3
mutant effectively assembles with KCNQ2 to form functional
channels.
Using this approach we observed that prominent C-terminal

truncations of KCNQ3 are well tolerated in terms of assembly
with KCNQ2 (Fig. 6). Instantaneous currents (after repolariza-
tion to2100mV) are illustrated in sample sweeps (Fig. 6A), along

with mean data for instantaneous current magnitude
across a range of repolarization voltages (Fig. 6, B and C).
The DC301 truncation was not distinguishable from WT
KCNQ3 in this assay. Truncations as large as 340 amino
acids, resulting in deletion of nearly the entire C terminus
up to the A and B helices (required for calmodulin binding),
still supported prominent assembly with KCNQ2, as in-
dicated by decreased responsiveness to ICA-069673 (Fig. 6,
B and C). However, both KCNQ3-FS534 and KCNQ3-DC340
exhibited intermediate responses to ICA-069673, suggest-
ing that the region between DC340 and DC301 is an
important segment where effects on heteromeric KCNQ2/
KCNQ3 assembly start to become apparent. Since helix A
and helix B appear to function as a unit and assemble with
calmodulin (shown in green in Fig. 6A), we did not test
progressive deletions of this region, but we found that after
deletion of the bulk of the C terminus, including helices A
and B, KCNQ3 finally appeared to be “inert” and failed to
influence ICA-069673 sensitivity when coexpressed with
KCNQ2 (Fig. 6, B and C).
Titration of KCNQ2/KCNQ3 Ratios. An important un-

certainty in a heterologous system is whether overexpression
of proteins drives the assembly of a complex, overcoming the
loss of structural elements that might be involved in specific
assembly. To investigate this possibility, we injected oocytes
with smaller amounts of KCNQ3 (WT or DC301) relative to

Fig. 4. Altered voltage dependence and RTG response of KCNQ2 coexpressed with KCNQ3-FS534. (A–C) Summary conductance-voltage relationships
from KCNQ2 (A), KCNQ2 + KCNQ3 (B), and KCNQ2 + KCNQ3-FS534 (C) expressed in X. laevis oocytes. Gray curves in (C) represent conductance-
voltage relationships from KCNQ2 and KCNQ2 + KCNQ3 in the absence of RTG for comparison with KCNQ2 + KCNQ3-FS534. (D) Cell-by-cell
illustration of V1/2 for each channel combination in the presence or absence of 100 mM RTG. Fitted gating parameters for KCNQ2 were, no RTG:
V1/2 = 236.6 6 2.7 mV, k = 8.6 6 1.1; 100 mM RTG: V1/2 = 277.8 6 6.6 mV, k = 14.1 6 4.3. KCNQ2 + KCNQ3 fitted gating parameters were, no RTG:
V1/2 = 237.5 6 4.6 mV, k = 10.5 6 1.7; 100 mM RTG: V1/2 = 297.2 6 9.9 mV, k = 12.9 6 2.0. KCNQ2 + KCNQ3-FS534 fitted gating parameters were,
no RTG: V1/2 =225.66 3.3 mV, k = 9.96 1.5; 100 mMRTG: V1/2 = -61.86 2.8 mV, k = 15.46 3.4. Data in (A) are means6 S.E.M. V1/2 compared between
channel combinations in control and RTG conditions using a one-way ANOVA and the Holm-Sidak post hoc test. *P, 0.05 relative to KCNQ2, #P, 0.05
relative to KCNQ2 + KCNQ3 heteromeric combination.
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KCNQ2 and investigated current magnitude and ICA-069673
sensitivity (using the instantaneous current assay de-
scribed in Figs. 5 and 6). Coexpression of KCNQ2 with
KCNQ3 caused prominent current enhancement (Fig. 7B),
together with substantial suppression of ICA-069673
sensitivity (Fig. 7A), with even the smallest ratio tested
(4:1 ratio of 20 ng KCNQ2 and 5 ng KCNQ3) (Fig. 7).
Coinjection with the same 4:1 ratio of KCNQ2 and
KCNQ3-DC301 did not potentiate heteromeric channel
current to the same extent as WT KCNQ3 (Fig. 7B).
However, KCNQ3-DC301 subunits exhibited similar loss
of ICA-069673 sensitivity as WT KCNQ3, suggesting
a strong propensity to assemble with KCNQ2 (Fig. 7A).
Consistent with our truncation scan in Figure 6, assembly

was clearly attenuated for the KCNQ3-DC340 mutant, along
with current potentiation when coexpressed with KCNQ2
(Fig. 7).
Figure 8 summarizes the effects of 1:1 coinjection of various

KCNQ3 truncations with KCNQ2, highlighting patterns re-
lated to assembly versus expression of these different subunit
combinations. A general pattern emerges that progressive
truncation of KCNQ3 causes a gradual reduction of total current
expression (Fig. 8B). Modest truncations of KCNQ3 (e.g., DC42)
support the potentiation of current after coassembly with
KCNQ2, but this effect is largely lost with truncations of
DC301 or greater. There is a slight mismatch between the effect
on current and the effect on pharmacologically assessed hetero-
meric assembly, inwhichKCNQ2assemblywithKCNQ3-DC301

Fig. 5. Attenuated effects of ICA-069673 on heteromeric KCNQ2 + KCNQ3 channels. (A and B) Exemplar X. laevis oocyte two-electrode voltage-clamp
records for measurement of instantaneous current. Injected oocytes were held at a prepulse voltage of2100mV for 10 seconds, then pulsed to +20mV for
2 seconds. Green arrows highlight measurement of instantaneous current fraction. (C) Exemplar traces illustrating channel activation after 2100 mV
prepulses in the absence and presence of ICA-069673 (5.9% 6 0.9% and 81.1% 6 3.8%, respectively, for KCNQ2, 2.5% 6 0.3% and 32.3% 6 2.0%,
respectively, for KCNQ2 + KCNQ3). (D) Fractional instantaneous current was measured after a range of prepulse voltages (n = 7–12). Data in (D) are
presented as means 6 S.E.M.
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appears to be equally favorable as with WT KCNQ3, although it
cannot potentiate currents to the same degree.

Discussion
Structural elements that drive assembly of KCNQ channels

have been previously investigated and have primarily focused
on the long C termini of this channel family (Howard et al.,
2007; Haitin and Attali, 2008; Sun and MacKinnon, 2017).
Our study investigated a series of C-terminal truncations
of KCNQ3, using a subtype-selective KCNQ2 activator com-
pound (ICA-069673) to distinguish heteromeric KCNQ2/
KCNQ3 channels from homomeric KCNQ2. This approach
clearly reveals that large C-terminal truncations of KCNQ3,
including a disease-linked frameshift mutation, can assemble
efficiently with WT KCNQ2.
Althoughmuch attention has been devoted to the role of the

N-terminal T1 domain in regulating function and assembly
of the Kv1–4 gene family (along with the silent Kv5,6,8,9
subfamilies), the Kv7/KCNQ gene family lacks an N-terminal
T1 domain and must have other determinants that control
assembly (Li et al., 1992; Kreusch et al., 1998; Bixby et al.,
1999; Schwake et al., 2003, 2006). In terms of determining
stoichiometry of different subunits, or specificity of assembly,

there aremany unanswered questions. NativeM-channels are
usually ascribed to contain KCNQ2 and KCNQ3, and it has
been suggested that these channels comprise a 1:1 stoichiom-
etry as determined by tetraethylammonium (TEA) sensitivity
(Hadley et al., 2000, 2003). However, it is not known how this
assembly is determined or whether other stoichiometries are
excluded (Bal et al., 2008; Stewart et al., 2012). Similarly, it is
generally accepted that KCNQ2 and KCNQ5 subunits do not
assemble to form functional channels, but it is not known how
this exclusion is controlled (Schroeder et al., 2000; Tzingounis
et al., 2010). Lastly, KCNQ1 is excluded from assembly with
“noncardiac” KCNQ subtypes KCNQ2–5, but this can be
manipulated by swapping C-terminal sequences between
KCNQ subtypes (Schwake et al., 2003).
We were motivated to investigate C-terminal regulation

of assembly of M-channels based on the identification of
a C-terminal KCNQ3 truncation in a patient diagnosed with
autism and general neurodevelopmental delay but lacking
presentation of seizures. From a clinical perspective, we found
this patient to be interesting, as KCNQ3 loss-of-function
mutations are typically observed in children with neonatal
epilepsy, but this hallmark symptomwas absent in our proband.
In addition, a recent report highlighted an identical frameshift
in an Italian family with consanguineous marriage, in which

Fig. 6. Functional assessment of assembly of KCNQ3 truncations with KCNQ2. (A) KCNQ structural model illustrating the location of KCNQ
truncations tested in the study. Exemplar two-electrode voltage-clamp records illustrating instantaneous current for KCNQ2 +KCNQ3 truncations with
respect to the positions of truncations. Calmodulin is illustrated in green. Coinjections were controlled for total mRNA at 50 ng, with a 1:1 KCNQ2:
KCNQ3 ratio. (B and C) Instantaneous currents were measured after a range of prepulse voltages, using the same protocol as Fig. 5, A and B.
Instantaneous currents were measured in control (B) or 100 mM ICA-069673 (C) (n = 4–12 for control, n = 7–11 for drug condition). Data in (B and C) are
presented as means 6 S.E.M.
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homozygous patients exhibited much more prominent pene-
trance of neurologic features (Lauritano et al., 2019). Although
there was some uncertainty involving diagnosis and symptoms

of a likely heterozygous relative in the Italian study, both heter-
ozygous parents were only modestly affected by this large
truncation of the C terminus. In contrast, the proband identified

Fig. 7. KCNQ3 DC301 and WT KCNQ3 have a similar propensity to assemble with KCNQ2. (A) Fractional instantaneous currents in 100 mM
ICA-069673 for indicated channel combinations (25 ng total RNA injection) using the experimental protocol described in Fig. 5A. Dotted reference lines
indicate the mean fractional instantaneous currents of homomeric KCNQ2 (mean = 81.1%6 3.8%, n = 8) and heteromeric KCNQ2 + KCNQ3 1:1 mixture
(mean = 32.3%6 2.0%, n = 7). Each data point represents a unique oocyte recording (n = 4–10). (B) Current amplitudes of the same oocytes when pulsed to
+20 mV. Dotted reference lines indicate the mean current amplitude of homomeric KCNQ2 and heteromeric KCNQ2 + KCNQ3 1:1 mixture. Each data
point represents a unique oocyte recording (n = 4–16). Data were compared using a Kruskal-Wallis ANOVA on ranks, followed by Dunnett’s post hoc test
comparing against the homomeric KCNQ2 control. *P , 0.05.

Fig. 8. Most KCNQ3 truncations cannot enhance KCNQ2 current to wild-type levels. (A) Current amplitudes of various 1:1 KCNQ2-KCNQ3 coinjections
in X. laevis oocytes when pulsed to +20 mV. Although KCNQ3-DC503 is the only construct unable to assemble with KCNQ2, having the ability to
assemble is not sufficient to return current levels back to normal. Each data point represents a unique oocyte recording (n = 12–20 for coinjections). The
dotted line reflects the average current amplitude of KCNQ2 homomers (mean = 1.816 0.14 mA, n = 16) inX. laevis oocytes. (B) Fractional instantaneous
current in 100 mM ICA-069673 for indicated 1:1 coinjections of KCNQ2 + KCNQ3 (full length or truncated). Dotted reference lines indicate the mean
fractional instantaneous currents of homomeric KCNQ2 and heteromeric KCNQ2 + KCNQ3 1:1 mixture. Data were compared using a Kruskal-Wallis
ANOVA on ranks, followed by Dunnett’s post hoc test comparing against the KCNQ2 + KCNQ3 control. *P , 0.05.
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in our study exhibited notable autistic traits and neurodeve-
lopmental disability, including challenges with social
reciprocity, receptive and expressive language, fine motor
skills, and markedly reduced sustained attention. These
findings suggest that differences in their genetic back-
ground may have affected the penetrance of the defect
emerging from the KCNQ3-FS534 mutation. The noted
mild deficits in the proband’s relatives suggest additional
unknown genetic contributors, although whole exome se-
quencing did not reveal any causative mutations in any genes
(in any family members) linked to the reported phenotype.
Consistent with prior findings, the major defect attributed

to the KCNQ3-FS534 mutation is disrupted expression of
functional KCNQ2/KCNQ3 heteromeric M-channels. Lauritano
et al. (2019) provide compelling evidence that theKCNQ3-FS534
mutation is poorly expressed in heterologous cell lines and
patient-derived fibroblasts, attributed to nonsense-mediated
decay of mRNA (Lauritano et al., 2019). In addition, upon
coexpression with KCNQ2, they observed little evidence for
the generation of functional heteromeric channels. In our
experiments using Xenopus oocytes rather than cell lines, we
observed substantial assembly of KCNQ2with a wide range of
truncated forms of KCNQ3. It is important to note that since
we are injecting mRNA, no mRNA splicing occurs during gene
expression, and so nonsense-mediated mRNA decay may not
have a strong influence on expression in the Xenopus oocyte
system used for our experiments. Thus, our findings are likely
most relevant in the context of understanding determinants
of heteromeric KCNQ channel expression, rather than cell
biologic processes that might also influence mRNA/protein
abundance.
An interesting aspect of our study is the demonstration

of an alternative approach to identify heteromerization
of KCNQ2 with other KCNQ subtypes (especially KCNQ3,
and potentially KCNQ5) based on sensitivity to the voltage
sensor–targeted drug ICA-069673. We previously demon-
strated that ICA-069673 effects depend strongly on sub-
unit composition of M-channels. KCNQ2 homomeric channels
exhibit extreme deceleration of deactivation, requiring
∼10–20-second hyperpolarizing steps to allow the drug to
unbind from multiple subunits and permit channel closure
(Wang et al., 2018a). In contrast, heteromeric channels
comprising KCNQ2 mixed with ICA-069673–insensitive
subunits such as KCNQ3 exhibit faster channel closure
upon hyperpolarization (Wang et al., 2017, 2018a,b). The
mechanism of coupling between voltage sensors and the
KCNQ channel pore that underlies this functional outcome
is not yet clear, but this effect is useful as a diagnostic tool
for heteromeric assembly of KCNQ2 with other subtypes. It
has previously been common to exploit the differential TEA
sensitivity of KCNQ2 and KCNQ3 to demonstrate subunit
heteromerization (Hadley et al., 2000, 2003; Soldovieri et al.,
2016). Our findings provide an alternative approach to this
experimental question and may benefit by using a more
specific pharmacological tool.
The demonstration of efficient assembly of large C-terminal

KCNQ3 truncations with KCNQ2 was unexpected, as prior
studies of KCNQ channel assembly have attributed an impor-
tant role for the C terminus in promoting channel assembly
(Maljevic et al., 2003; Schwake et al., 2003, 2006; Haitin and
Attali, 2008). It is noteworthy that many prior studies on this
topic used chimeric strategies of replacingC-terminal segments

of KCNQ1 with KCNQ2 or KCNQ3 and used current potenti-
ation as an indicator of whether various chimeric subunits
could assemble with compatible M-channel subunits (Maljevic
et al., 2003; Schwake et al., 2003, 2006). Although these studies
clearly established important regulatory elements in the C
terminus, it was not demonstrated whether effects on current
expression arose from altered assembly versus an effect on
maturation or proteostasis. Later studies provided some
evidence that prominent C-terminal deletions of KCNQ2 or
KCNQ3 retain some propensity to assemble, based on phar-
macological assessment of TEA sensitivity (Nakajo and Kubo,
2008). Structural studies indicate that the C termini of
Kv7/KCNQ channels can self-assemble into coiled-coil struc-
tures, with a variety of proposed functions, including pro-
motion of tetrameric channel assembly, and possibly acting as
a scaffold for association with regulatory proteins (Howard
et al., 2007; Sun andMacKinnon, 2017). Our findings indicate
that regulators of assembly versus proteostasis/maturation
are likely controlled by distinct channel segments and that
pharmacological assays may be a useful tool to investigate
subunit composition in future studies.
In summary, our study introduces a new anduseful approach

to investigate heteromerization of KCNQ channels based on
subtype-specific pharmacological tools. Our findings illustrate
that long truncations of theKCNQ3C terminus are tolerated in
terms of assembly with KCNQ2 but fail to promote functional
current expression (unlike full-length KCNQ3).
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