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Gain-of-function mutationsin KCNK3causea
developmental disorder with sleep apnea
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Sleep apneaisacommon disorder that represents a global public health
burden. KCNK3 encodes TASK-1, aK* channel implicated in the control of
breathing, butits link with sleep apnea remains poorly understood. Here
we describe anew developmental disorder with associated sleep apnea
(developmental delay with sleep apnea, or DDSA) caused by rare de novo
gain-of-function mutations in KCNK3. The mutations cluster around the

X-gate’, agating motif that controls channel opening, and produce overactive
channels that nolonger respond to inhibition by G-protein-coupled receptor
pathways. However, despite their defective X-gating, these mutant channels

canstill be inhibited by a range of known TASK channel inhibitors. These
results not only highlight animportant new role for TASK-1K" channels and
their link with sleep apnea but also identify possible therapeutic strategies.

Sleep apnea is thought to affect up to 1 billion people worldwide and
is characterized by abnormal, interrupted breathing during sleep™.
The poor quality of sleep that arises results in a huge economic and
societalimpact and a decreased quality of life and increases the risk of
comorbidities, suchas cardiovascular disease, diabetes and depression,
aswell as therisk of motor vehicle accidents®. Sleep apneais therefore

amajor public health burden, and there is a large unmet clinical need
for more effective treatments*. However, it is also acomplex disorder,
and the underlying mechanisms are often unclear.

Increasing evidence suggests that instability of ventilatory con-
trol is involved in the pathogenesis of both central and obstructive
sleep apnea, the two principal forms of the disorder®. Peripheral and
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central chemoreceptors, which detect O,/CO, levels, also have a criti-
calrole, although their molecular identity and the neuronal networks
involved remain poorly defined’. Likewise, defective muscle control of
the nasopharynx can also contribute to collapse of the upper airway
and obstructive sleep apnea. Thus, defectsinrespiratory drive and/or
nasopharyngeal muscle tone can be underlying causes of sleep apnea,
andinsome cases, acomplex phenotype with features of both central
and obstructive sleep apnea is reported®.

Two-pore-domain K* (K2P) channels are a structurally distinct
subset of K* channels where each gene encodes a subunit with two
pore-forming domains that co-assemble as a‘dimer of dimers’ to create
asingle pseudotetrameric K*-selective channel across the membrane’®,
K2P channels underlie the background K* currents that control the
membrane potentialin many different cell types. Originally described
as‘leak’ channels, their activity isnow known to be regulated by diverse
stimuli, including many G-protein-coupled receptor (GPCR) pathways,
thus enabling them to integrate different neuronal, metabolic and
cellular signaling pathways into changes in cellular electrical activ-
ity*'°. Such regulatory pathways are important in many of the neural
systems that regulate breathing”, including the control of respiratory
drive immediately after birth, where dysfunctional regulation of this
pathway gives rise toanincreased frequency of spontaneous apneas'.

In particular, KCNK3 encodes the TASK-1 K2P channel and is
expressed in a variety of neuronal populations throughout the cen-
tral nervous system (CNS), including in many chemosensitive regions
involved in the regulation of ventilation, as well as in hypoglossal and
spinal cord motor neurons” . In peripheral tissues, TASK-1 is also
foundinthe carotid bodies, lung, heart and pulmonary arterial smooth
muscle’ . Its expression throughout cells/tissues involved in both the
control of respiratory drive and mechanical ventilation has therefore
implicated TASK-1in sleep apnea™"*. Furthermore, an X-ray crystal
structure of the TASK-1channel hasrecently been reportedin complex
with acompound class of TASK-1inhibitors usedin clinical trials for the
treatment of sleep apnea®. This structure also revealed several unique
features of TASK-1, including a lower ‘X-gate’, a structural motif that
controls opening and closing of the channel pore*.

However, aclear mechanistic link between TASK-1and sleep apnea
remains unproven and is further complicated by the propensity of
TASK-1subunits to co-assemble with related TASK-3 (KCNK9) subunits
to form new heteromeric TASK-1-TASK-3 channelsin cells where both
genes are coexpressed”>?°. Moreover, heterozygous loss-of-function
variants in KCNK3 are associated with a different disorder, pulmonary
arterial hypertension (PAH), an adult-onset, progressive and often
fatal disease characterized by increased pulmonary arterial pressure
inthe absence of the common causes of pulmonary hypertension?; in
addition, loss-of-function variants in the TASK-3 channel (KCNK9) are
associated withaneurodevelopmental disorder, Birk-Barel syndrome®.

In this study, we describe nine probands with de novo missense
mutations in KCNK3 who exhibit global developmental delay, hypo-
tonia, arange of structural malformations and sleep apnea. The muta-
tionsall cluster near the recently identified lower X-gate of the TASK-1
channelandresultinanew gain-of-function phenotype that appearsto
correlate with the severity of the disorder. These results have important
implications for the treatment of these probands and other individu-
als with sleep apnea, as well as for our understanding of the role that
TASK-1channels havein cellular function.

Results

De novo mutations in KCNK3 cause developmental delay with
sleep apnea

Arecentanalysis of 31,058 parent-offspring trios with severe develop-
mental disordersidentified 28 new disease-causing genes with a high
burden of de novo mutations, including a disorder caused by recur-
rent missense variants in KCNK3 (ENST00000302909; NM_002246)%.
Through parent-offspring exome sequencing performed across

four different diagnostic laboratories and research studies, we have
now identified a total of nine probands, each heterozygous for one
of six de novo missense variants in KCNK3 (Methods and Table 1).
These new variants were found to cluster in two regions of the pro-
tein (ENSPO0000306275.3; NP_002237): L122V, L122P, G129D (two
probands) and N133S (three probands) are in the second transmem-
brane helix (M2), while L239P and L241F are in the fourth transmem-
brane helix (M4) (Fig.1a,b).

All nine probands share similar phenotypes that define this new
rare monogenic channelopathy, which we henceforth refer to as ‘devel-
opmental delay with sleep apnea’ (DDSA) (Table 1). All living probands
(8/9, aged 3-25 years) had hypotonia, global developmental delay, cen-
traland/or obstructive sleep apnea, and feeding difficulties that neces-
sitated theinsertion of a percutaneous endoscopic gastrostomy tube.
One proband was terminated at 21 weeks due to abnormalities detected
during routine ultrasound scanning. The majority of probands (7/9) had
major structural malformations, including microcephaly, arthrogrypo-
sis/flexion contractures, scoliosis, cleft palate and bilateral talipes,
with some facial dysmorphology, and the male probands (5/6) had
ambiguous genitalia. Two probands (aged 5 and 25 years) are notably
less severely affected, with feeding difficulties, hypotonia and sleep
apnea, but only mild developmental delay and no structural abnormali-
ties. Intriguingly, these two phenotypically milder mutations (L239P,
L241F) arelocated in the M4 helix of the TASK-1protein, whereas those
inthe more severely affected probands (L122V/P, G129D and N133S) are
alllocated inthe M2 helix. Two of these probands, with arecurrent M2
mutation (G129D), also appear to be the most severely affected with
additional arthrogryposis and pterygia.

All eight living DDSA probands were diagnosed with sleep apnea
following evaluation in a clinical sleep laboratory. Apnea-hypopnea
index (AHI) values and oxygen saturation nadirs are shown for all
probands (Table 1), and examples of polysomnography reports
obtained before treatment are shown in Supplementary Data 1.
Although other developmental disorders have been linked with sleep
disturbances, the universality of sleep apnea in 100% of probands
with pathogenic KCNK3 mutations is unusual. Within the United
Kingdom-based Deciphering Developmental Disorders (DDD) cohort
of >13,500 probands with severe developmental disorders, just 0.6%
of probands have sleep apnea recorded (0.06% with central sleep
apnea). Furthermore, no causal gene (except for KCNK3) has sleep
apnearecordedinevery DDD proband with a diagnostic variant.

Interestingly, in keeping with the observed genotype-phenotype
correlation for M2 versus M4 variants, the two probands with variants
in the M4 helix were only mildly affected with central and/or obstruc-
tive sleep apnea (AHI values, 2-6), while the other six probands with
variants in the M2 helix are severely affected with central sleep apnea
(AHI values, 11-52), requiring ongoing treatment with nocturnal O,
through bilevel or continuous positive air pressure (BiPAP or CPAP) or
pressure-controlled ventilation in the most severe case.

DDSA variants cluster around the X-gate in TASK-1
Most K2P channels are thought to open and close by controlling a
‘gate’ within their K* selectivity filter*° 2, However, a recent structure
of TASK-1revealed anew lower ‘X-gate’ formed by aninteraction of the
pore-lining M4 helices that occludes the entrance to the pore*’. This
isalso consistent with several reports that filter gating may not be the
dominant form of gating in TASK channels®***. Notably, this closed
X-gate structure contains a motif (VLRFMT) previously implicated
in the control of channel activity by volatile anesthetics and GPCRs,
although the mechanisms involved remain unclear®-¢,
Onexamination of the TASK-1 crystal structure (Protein Data Bank
(PDB): 6RV2), we found that, even although the mutated residues are
ontwo different transmembrane helices (M2 and M4), they all cluster
near the X-gateand are involved ininter-and/or intra-subunitinterac-
tions, likely to hold the X-gate closed. Mutation affecting these residues
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Fig.1| DDSA mutations produce a gain-of-function phenotype in TASK-1.

a, Topological model of a TASK-1subunit with the position of the DDSA variants
labeled in red and the X-gate in dark gray. Two subunits co-assemble to form the
K*channel pore. b, Model showing the dimeric structure of TASK-1(PDB: 6RV2),
with one subunit shown in teal and the residues mutated in DDSA shown as red
spheres. K" ions within the selectivity filter are shown in purple. ¢, Representative
TEVC recordings of WT TASK-1and DDSA mutant currents in response to voltage
steps from -120 to +50 mVin 20 mV steps from a holding potential of -80 mV.

d, Current-voltage plot of WT TASK-1 (n =38), L122V (n =39), G129D (n = 44),
N133S (n=55), L241F (n=42) and L239P (n = 57); data are presented as mean +
s.d. e, Currents for homomeric DDSA mutants, and ‘heterozygous’ channels

S
e\n’%

formed from1:1 coexpression of WT TASK-1and DDSA mutants normalized to WT
currentat +50 mV: WT (n =28), L122V (n=32), L122V-WT (n=32),G129D (n = 36),
G129D-WT (n=23),N133S (n=29),N133S-WT (n =23),L239P (n =25), L239P-WT
(n=34),L241F (n=42) and L241F-WT (n = 43), data are presented as mean +

s.d. With the exception of L239P, all mutant currents differ from WT (P< 0.01,
two-paired t-test). f, WT or DDSA mutant TASK-1 coexpressed 1:1 with WT TASK-3.
Currents normalized to WT heteromeric TASK-1-TASK-3 currents: WT (n = 50),
L122V (n=49), G129D (n = 44),N133S (n=53), L239P (n = 41) and L241F (n=30),
dataare presented as mean +s.d. Allmutant currents differ from WT (P< 0.01,
two-paired t-test).

is therefore likely to disrupt the closed state structure and increase
the frequency of channel opening (Fig. 1b and Supplementary Fig. 1).
Given that several of the de novo mutations are recurrent and that
loss-of-function variants in KCNK3 are associated with a completely
differentadult-onset disorder, PAH”, we hypothesized that DDSA may
be caused by a different functional defect.

DDSA mutations produce a gain-of-function phenotypein
TASK-1

Toexamine this hypothesis, we measured the functional activity of these
DDSA mutant channels by heterologous expression of either wild type
(WT) or mutant TASK-1 channels in Xenopus oocytes. Two-electrode
voltage clamp (TEVC) recordings revealed whole-cell K* currents mark-
edly larger than those with WT TASK-1. Only one variant, L239P in the
M4 helix, produced whole-cell currents similar in size to those of WT
TASK-1(Fig. 1c,d and Supplementary Fig. 2a).

The mutant channels all exhibited reversal potentials around
-80 mVinlow external K* concentrations, consistent with K*-selective
channels (Fig. 1d). The L122V variant produced the largest increase in
current compared to WT, consistent with the activatory effect of vari-
antsatthestructurally equivalent positionin many other K2P channels™.
Furthermore, in agreement with the observed differences in disease
severity for the M2 versus M4 variants, those in M2 produced the largest
increase in current compared to WT TASK-1 (3.2- to 6.2-fold), whereas
currents for the two M4 variants were either similar in size to those for
WT (thatis, L239P) or only -2.8-fold increased (that is, L241F; Fig. 1d).

Gain of function in homomeric, ‘heterozygous’ and
heteromeric TASK channels

K2P channel subunits assemble as dimers, and the results described
above were all obtained in homomeric channels, where both subunits
contained the variant. However, the DDSA probands are heterozygous
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forasingle mutation, meaning that a mixture of channels can be created
from co-assembly of WT and mutant subunits (25% WT, 50% ‘heterozy-
gous’and 25% ‘homomeric’ mutant). Therefore, to better replicate this
heterozygous genotype, we co-injected oocytes with WT TASK-1mRNA
plusanequalamount of either WT or mutant mRNA inal:1ratio. Inall
cases, the resulting currents were at least 80% the size of the currents
formed by the homomeric mutant channels (Fig. 1e). Anincrease in
current was also observed for the most common DDSA variant (N133S)
ina‘pure’ heteromeric channel formed from a covalently linked WT-
mutant tandem dimer, which constrains channel stoichiometry (Sup-
plementary Fig. 2b).

TASK-1 can also co-assemble with TASK-3 subunits to form new
heteromeric channels in vivo??°. We therefore co-injected oocytes
with WT TASK-3 mRNA plus an equal amount of either WT or mutant
TASK-1mRNA. In this case, all the mutants, including L239P, produced
larger heteromeric TASK-1-TASK-3 currents than when WT TASK-1
was used (Fig. 1f). This demonstrates that all these DDSA mutations
produce again of functionin heterozygous TASK-1and/or heteromeric
TASK-1-TASK-3 channels. This effect is clearly different from the loss of
function observed for KCNK3 mutations associated with PAH?, includ-
ing the recently characterized missense variant L214R;*® (Supplemen-
tary Fig. 2¢,d). In further support of our findings, we did not observe
any functional effect of a control variant (H141Q) (Supplementary
Fig. 2e). This variant, which is also located in the M2 helix, is present
in 194 individuals in the gnomAD database® and annotated as likely

benign in ClinVar*.

DDSA mutations increase channel open probability

The whole-cell currents (/) described above are a product of the num-
ber of channels in the membrane (N), their individual open probabil-
ity (P,) and single-channel conductance (y). However, trafficking of
mutant proteins to the membrane is normally impaired by mutations
andrarely increased; additionally, membrane traffickingin an oocyte
does not necessarily reflect what happens in more complex native
cells, especially neurons'®*. We therefore measured the properties
of single TASK-1 channels for all of these DDSA variants. Similarly to
previous reports*, we found that the P, of WT TASK-1 was extremely
low (P, of -0.02) with a single-channel conductance of -13 pS. However,
homomeric mutant channels for all of the DDSA mutant channels
exhibited amarkedly increased open probability ranging from 10- to
50-fold greater than that for WT TASK-1, and with the exception of
G129D all had a similar single-channel conductance (Fig. 2a,b, Sup-
plementary Fig. 2f,g and Supplementary Table 1). The increased P,
of the N133S mutant is also consistent with previous reports of other
variants at this position in both TASK-3 and TASK-1 (refs.****) and indi-
cates that changes in the intrinsic gating properties of these DDSA
mutant channels are likely responsible for their increased currents
and gain-of-function phenotype.

DDSA mutations destabilize the closed X-gate in TASK-1
To investigate possible mechanisms by which these DDSA mutations
produce anincrease in channel activity, we examined the structure of
TASK-1. Destabilization of the interactions that hold the X-gate closed
will increase the frequency of channel openings (that is, increase P,)
andis consistent with thelocation of the DDSA variants near this gating
motif. Inparticular, the recurrent N133S variant on M2 involves changes
to an amino acid that participates in a hydrogen bond predicted to
stabilize the X-gate when closed****. To investigate this further, we
examined multiple variants at this position, all of which resulted ina
gain of function, indicating the critical role of this interaction (Sup-
plementary Fig. 3a,b).

In addition, we performed molecular dynamics simulations on
WT and both N133S and L239P mutant channel structures. These struc-
tures were embedded within a lipid bilayer, and multiple repeats of
equilibrium simulations were each run for 500 ns. The results show

that the lower X-gate remained firmly closed in all simulations of the
WT channel, indicating the stability of this structure. However, the
lower gate quickly began to open in simulations of both the N133S
and L239P mutant channels, indicating that both these DDSA variants
destabilize the closed state structure (Fig. 2c). Interestingly, we previ-
ously proposed that a twist and straightening was required to open the
X-gate”, and similar movements were observed in simulations of the
N133S mutant channel (Supplementary Fig. 3¢,d).

The location of these variants around the X-gate combined with
their ability to destabilize the closed state structure together with their
effects on P, strongly suggest that they promote opening of this lower
gate to produce defective ‘X-gating’. These findings are also consistent
with the apparent lack of a dominant filter gate in TASK channels®?*,
However, some regulation of channel activity can occur via the filter
because inhibition by external H* involves titration of a histidine (H98)
adjacent to the filter”®. To exclude the possibility of major effects on
any such filter-gating mechanism, we measured the external pH sen-
sitivity of the mutant channels (Supplementary Fig. 4a). Theseresults
showed that, similarly to WT TASK-1, but unlike H98A pH-sensor mutant
channels, all DDSA mutants still exhibited pronounced inhibition by
H* at an external pH of 6.0, suggesting that this mechanism remains
largely unaffected. However, we cannot exclude the possibility of any
additional allosteric effects these mutants may have on thefilter itself
or any possible coupling between the filter and X-gate.

DDSA mutations cause dysfunctional GPCR-mediated
inhibition

Although the L239P variant resultsinincreased whole-cell currents for
heteromeric TASK-1-TASK-3, it produces similarly sized ‘heterozygous’
WT-L239P currents when coexpressed with WT TASK-1 (Fig. 1d-f). This
indicates that other defects are also likely to contribute to the patho-
genic potential of these DDSA mutations. TASK channels have been
showntobeinhibited in vivo by multiple hormones and transmitters,
including ATP, thyrotropin-releasing hormone, serotonin, glutamate,
catecholamines and acetylcholine, which allact through GPCR signaling
via G proteins of the Ga,, subclass (Ga,)'*'*'**, Furthermore, muta-
tions affectingresiduesin M2 and in the X-gate itself have been shown
toimpair this process®*. We therefore examined GPCR regulation of
the DDSA mutants.

To reflect the heterozygous probands, we coexpressed equal
amounts of WT and mutant TASK-1mRNAs and measured their inhibi-
tion by either carbachol viaendogenous muscarinic receptors or ATP
via a coexpressed P2Y receptor***, We found that GPCR-mediated
inhibition by either approach was markedly impaired in all DDSA
mutant homomeric channels (Supplementary Fig. 4b), as well as in
all ‘heterozygous’ DDSA mutants coexpressed with WT (Fig. 3a-d).
By contrast, GPCR regulation of the ‘benign’ H141Q variant appeared
unaffected (Supplementary Fig. 4c).

The impaired GPCR-mediated inhibition therefore amplifies the
gain-of-function phenotype of these mutants such that, after GPCR
activation, their remaining currents become even greater than with WT
TASK-1. Notably, this defective inhibition also occurred in the heterozy-
gous WT-L239P channel, whose current became ~2-fold larger than that
of WT after receptor stimulation (Fig. 3b,d). This GPCR insensitivity also
affected heteromeric TASK-1-TASK-3 channels that contained mutant
TASK-1subunits (Supplementary Fig. 4d).

Druggability of DDSA mutations
Unlike many other K2P channels that exhibit relatively poor pharmacol-
ogy*’, TASK-1canbeinhibited by arange of potent and highly selective
small molecules, including anumber of clinically relevant drugs*®. The
most potent inhibitor of TASK-1known to date is BAY1000493, which
binds deep within the pore of the channel.

Using our ability to record TASK-1 activity in giant excised
membrane patches, we measured the inhibition of WT TASK-1 by
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Fig.2|Increased channel open probability due to destabilization of the
X-gate. a, Representative single-channel recordings of DDSA mutants ata
holding potential of -160 mV. b, Single-channel P, values for each mutant
recorded at-160 mV.WT (n=3),N133S (n=3),L239P (n=4),G129D (n = 4),L122V
(n=4),L241F (n=4) and L122P (n = 5). Allmutant P, values differ from that for
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each mutant are also reported in Supplementary Table 1. ¢, Plot of the minimum
pore radius at the lower X-gate during three independent repeats of molecular
dynamics simulations of the WT TASK-1structure compared to the N133S and
L239P mutant structures. These variants destabilize the closed X-gate structure,
allowing the channel to open more frequently.

BAY1000493 (Fig. 4a,b); this produced half-maximal inhibition ata con-
centration of <1 nM (ICs, = 970 pM + 250 pM, n =10), making it the most
potent TASK-1inhibitor known to date. ABAY100493 concentration of
10nMwas very slightly less effective on TASK-1N133S and L241F mutant
channels (Fig. 4a), but full dose-response measurements revealed that
allfive DDSA mutants are still highly sensitive to this inhibitor withinthe
low nanomolar range, with IC, values ranging from 5to 23 nM (Fig. 4b).
We also examined a range of other known high-affinity TASK channel
inhibitors on the N133S mutant; these included PK-THPP, A1899, A293
and tetrapentylammonium (TPA)*¢, all of which we found to have similar
IC,, values compared to those for WT TASK-1 (Fig. 4¢). This mutation
also did not affect the reported sensitivity of TASK-1to inhibition by
several drugs already in clinical use, including bupivacaine, carvedilol
and the respiratory stimulant doxapram (Fig. 4c).

Mechanism of GPCR-mediated inhibition

The molecular mechanism of Ga,-mediated inhibition of TASK-1is
unclear and has beenreported toinvolve noncanonical effects of path-
way activation***. Normally, Ga, activates phospholipase C (PLC),
which hydrolyzes phosphatidylinositol (4,5) bisphosphate (PIP,),
alipid that supports the activity of many K2P channels, and so PIP,
degradation usually reduces channel activity'“***%, However, it is the
concomitantincrease indiacylglycerol (DAG) following PIP, hydrolysis
that produces TASK channel inhibition, rather than the loss of PIP,
itself***”*°, DAG has been shown to directly inhibit TASK-3 channel
activity*’, and we now show that the DAG analog DiC8 also directly
inhibits TASK-1with nanomolar efficacy in excised patches. However,
this inhibitory effect is severely impaired by the recurrent DDSA vari-
ant, N133S (Supplementary Fig. 4e). PLC activation can also affect the
levels of many other signaling lipids, including the endocannabinoid
anandamide (AEA), which directly inhibits TASK-1 (ref.*°),and we found

that the N133S variant also impairs the inhibitory effect of AEA (Sup-
plementary Fig. 4f).

Discussion

In this study, we describe a new monogenic channelopathy, DDSA,
resulting from heterozygous de novo gain-of-function mutations in
KCNK3. These mutations result in defective X-gating of TASK-1and
increased K* currents through these channels. Although DDSA s rare,
thisdisorder provides a clear example of how the study of arare genetic
disease canilluminate the biology underlying amore common disorder
andidentify possible therapeutic opportunities for both patients with
DDSA and those with sleep apnea.

Theexpression of TASK-1in many of the chemosensitive cell types
andtissuesinvolved inregulation and mechanical control of breathing
means that this channel haslongbeen regarded as an attractive target
for the treatment of sleep apnea®’. However, until now, a clear link
between TASK-1and sleep apneahas not yet formally been established
and has even been questioned®?. Furthermore, the only known genetic
mutations affecting TASK-1were associated with acompletely different
hypertensive phenotype, PAH?.

In addition to sleep apnea, the DDSA probands identified in this
study also exhibit a developmental disorder, as well as a number of
other cognitive and musculoskeletal phenotypes (Table 1). Other
developmental disorders have been linked with sleep disturbances,
but just 0.6% of probands within the DDD study database have sleep
apnearecorded as one of their phenotypes. Moreover, no causal gene
(except KCNK3) has sleep apnearecordedinevery DDD proband witha
diagnostic variant; the universality of sleep apneain100% of probands
with pathogenic KCNK3 mutations is therefore highly unusual. Itis well
known thatinappropriate spatiotemporal expression of anion channel
can affect the development of many cell types, especially neurons™,
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L241F (n=26); dataare presented as mean ts.d. c¢,d, Equivalent recordings

for WT TASK-1 coexpressed 1:1with each DDSA mutant as indicated and the

P2Y receptor (1:1:4). The current levels shown are before and after addition of
300 uM ATP normalized to the initial WT current. TASK-1 (n =12), L122V (n =13),
G129D (n=12),N133S (n=12), L239P (n =12) and L241F (n = 18); data are presented
as mean + s.d. The GPCR-mediated inhibition of mutant channel currents
isreduced.

and KCNK3is expressed at an early stage, especially in the developing
CNS". The DDSA phenotype could therefore arise via several pos-
sible mechanisms: a general increase in homomeric TASK-1 activity,
increased heteromeric TASK-1-TASK-3 activity and/or the resistance
of these channels to inhibition by Ga,-coupled signaling pathways
(Fig.5). However, therelative contribution of these different molecular
mechanisms may be difficult to dissect.

Despite the many phenotypic features shared by the probands,
the two with variants in the M4 helix were much less severely affected
than those with variants in M2, showing only mild developmental
delay and no structural abnormalities combined with only mild or
borderline moderate sleep apneaaccording to their AHI classification,
which differs in children compared to adults®. Interestingly, these
M4 variants (L239P and L241F) produced the smallest overall increase
in whole-cell currents. This genotype-phenotype correlation might
therefore provide some insight into the mechanisms underlying the
DDSA phenotypes, but further studies are required to confirm this.

Strikingly, centraland/or obstructive sleep apneawas experienced
by all (living) probands, severely in the case of those with variants in
the M2 helix, and theincreased currents and/or lack of GPCR-mediated
inhibition producing again of functionis commonto all these variants.
The mixture of central and obstructive sleep apnea diagnosesinthese
probands may reflect the fact that TASK-1 channels are expressed in
cells and tissue types likely to affect both respiratory drive and hypo-
glossal tone. Therefore, defective TASK-1activity has the potential to

manifestin symptoms common toboth. We also note that, despite the
reported overexpression of KCNK3in atrial fibrillation”, none of these
DDSA probands exhibited any obvious cardiac phenotype.

Our analysis of the functional properties of these mutations pro-
vides further insight into the molecular mechanism of TASK-1 gat-
ing, in particular, how the X-gate opens and how this is regulated by
Ga,-coupled pathways. In the structure of TASK-1, the channel pore
is occluded by the lower X-gate®*. The six residues in M4 that form
this constriction were previously identified as important for channel
regulationby volatile anesthetics and by several Ga,-coupled pathways,
although the mechanisms involved were unclear™®.

Our results reveal that the DDSA mutations all cluster near the
X-gateinits closed conformation and disrupt the stability of the closed
X-gate.In particular, the recurrent N133S variant destabilizes a critical
hydrogen bond that holds the X-gate closed and promotes channel
opening. Likewise, the inhibitory effect of DAG on TASK-1 channels
suggests that it favors stability of the closed state. The fact that all
DDSA mutations produce similar effects in both homomeric and het-
erozygous channels also suggests that disruption of the X-gate within
asingle subunit is sufficient to open the channel.

The increased whole-cell currents generated by these DDSA
mutants result primarily from anincrease in channel P, rather thanan
increased number of channels at the cell surface, and in some cases,
the mutants may even have decreased surface expression; for example,
the L239P mutant has atenfold increase in P, but has similar whole-cell
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or heteromeric TASK-1-TASK-3) channels contributes to the hyperpolarized
resting membrane potential (RMP). This activity can be inhibited by Gay,-
coupled receptor pathways and results in depolarization of the RMP. This gating
process involves the cytoplasmic X-gate of TASK-1. However, in cells witha
single heterozygous DDSA mutation affecting TASK-1, these variants (marked

as X) result in defective closure of the X-gate (marked in red). Consequently,

TASK-1channel activity is increased and/or unresponsive to GPCR-mediated
inhibition that amplifies the underlying gain of function. This increased channel
activity keeps cells hyperpolarized near the RMP and also uncouples them

from regulation by many different GPCR signaling pathways. Notably, mutant

use in the treatment of sleep apnea.

channels retain sensitivity to inhibition by several high-affinity small-molecule
inhibitors, including BAY1000493. This offers a range of possible therapeutic
strategies for these probands and strengthens the rationale for their proposed

Nature Genetics | Volume 54 | October 2022 | 1534-1543

1541


http://www.nature.com/nature genetics

Article

https://doi.org/10.1038/s41588-022-01185-x

currentsto WT TASK-1, an effect that likely results from fewer channels
in the membrane. However, Ga,-mediated inhibition of the L239P
mutant channel is also severely impaired, and so the remaining cur-
rents become ~2-fold larger than those for WT TASK-1, therefore still
representing a gain-of-function effect.

Fortunately, despite their activatory effects, these mutants still
retain sensitivity to a number of small-molecule TASK channel inhibi-
tors, some of which are already in clinical use. This offers a realistic
prospect for therapeutic intervention in DDSA probands that may
improve their quality of life. Nevertheless, it remains to be determined
precisely how TASK-1dysfunction produces the phenotype observed
inDDSA, in particular sleep apnea.
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Methods

Genetics

Four probands wereidentified through the United Kingdom-based DDD
study, which hasbeen described previously®**’. Briefly, probands with
severe, undiagnosed developmental disorders and their parents were
recruited and phenotyped by referring clinical geneticists in 24 regional
genetics services across the National Health Service in the United
Kingdom and Ireland. Saliva and/or blood-extracted DNA samples
were analyzed at the Wellcome Sanger Institute using massively paral-
lel whole-exome sequencing of the family trio using SureSelect RNA
baits (Agilent Human All-Exon V3 Plus with custom ELID C0338371 and
Agilent Human All-Exon V5 Plus with custom ELID C0338371). Enriched
libraries were analyzed by 75-base paired-end sequencing (Illumina,
HiSeq); reads were mapped to GRCh37/UCSC hg19 and variants were
called using the Genome Analysis Toolkit (GATK)° and annotated using
Ensembl Variant Effect Predictor®’. DeNovoGear was used to predict
likely de novo mutations®, and variants were identified for clinical
feedback as previously described®.

Three probands were identified by the United States-based diag-
nostics company GeneDx. Using genomic DNA from the proband and
parents, the exonic regions and flanking splice junctions of the genome
were captured using the Clinical Research Exome kit (Agilent Technolo-
gies) or the IDT xGen Exome Research Panel v1.0. Massively parallel
(NextGen) sequencing was done on an Illumina system with 100-bp
or greater paired-end reads. Reads were aligned to human genome
build GRCh37/hg19 and analyzed for sequence variants. Additional
sequencing technology and the variant interpretation protocol have
been previously described®*. The general assertion criteria for variant
classification are publicly available on the GeneDx ClinVar page (http://
www.ncbi.nlm.nih.gov/clinvar/submitters/26957/).

One proband was identified by the Mayo Medical Laboratories
in the United States. Whole-exome sequencing was performed on
genomic DNA extracted from all samples submitted. The exome
was captured using a custom reagent developed by Mayo Clinic and
Agilent Technologies. Sequencing was performed on an Illumina
HiSeq 2500 Next Generation sequencing instrument, using HapMap
sample NA12878 as an internal control. Paired-end 101-bp reads were
aligned toamodified human reference genome (GRCh37/hg19) using
Novoalign. Sequencing quality was evaluated using FastQC. All ger-
mline variants were jointly called through GATK Haplotype Caller
and GenotypeGVCF, and each variant was annotated using the BioR
Toolkit. Datawere filtered and analyzed to identify clinically relevant
sequence variants. Variants of interest were confirmed by automated
Sanger sequencing.

One proband was identified at the German Institute of Clinical
Genetics, Dresden, Germany. DNA was extracted from blood-derived
lymphocytes using the QIAamp DNA Blood MiniKit (Qiagen). Patient as
well as parental samples were studied in parallel (trio exome strategy).
Exome capture was performed using the IDT xGene Exome Research
Panel. Paired-end sequencing (150 nucleotide) was performed with
amedian target coverage of at least 50-fold on Illumina NextSeq500
sequencing systems. Alignment (mapping to GRCh37/hg19), and vari-
antidentification (single-nucleotide variants and indels), annotation
and filtering were performed using the CLC Biomedical Genomics
Workbench (Qiagen), as described previously®. Variants were filtered
with afocus on protein-altering variants (missense, frameshift, splice
site and premature stop codon) and rarity in public databases (gno-
mAD, allele frequency below 1% and not more than five homozygous
or hemizygous individuals). Additionally, variants were prioritized
based on assumed inheritance patterns.

For all studies, candidate de novo mutations in KCNK3 were visu-
ally inspected using the Integrative Genomics Viewer (IGV)®°. Likely
diagnoses were communicated to referring clinical teams for diagnos-
tic validation (including confirmation by Sanger sequencing where
appropriate) and discussion with the family.

Diagnosing sleep apnea

All living probands with pathogenic KCNK3 mutations were evalu-
ated in a clinical sleep laboratory, where standard diagnostic proce-
dures were followed. AHI and O,/CO, saturation statistics in supine/
non-supine positions are included in Table 1 (excluding the severest
case for whom this was not possible and the mildest case where AHI
values were measured after treatment with BiPAP). All available sleep
reports and polysomnography data obtained before treatment are
reproducedinSupplementary Datal.

Electrophysiology

The WT human TASK-1 gene (KCNK3) was subcloned into a plasmid
vector (pFAW) suitable for in vitro transcription and expression in
Xenopus laevis oocytes®”. Mutations were introduced by site-directed
mutagenesis and confirmed by sequencing. Unless otherwise stated,
avolume of -18 nl of mMRNA was injected into oocytes at a concentra-
tion of 110 ng pl™ for either WT protein or mutants (that is, 2 ng of
RNA per oocyte). TEVC recordings were performed as previously
described®. Briefly, after injection of mRNA, oocytes were incubated
for 22-24 h at 17.5 °C and measured in ND96 buffer at pH 7.4 (96 mM
NaCl, 2 mMKCI, 2 mM MgCl,, 1.8 mM CaCl, and 5 mM HEPES). Unless
otherwise stated, currents were recorded using a 400-ms voltage
step protocol from a holding potential of -80 mV delivered in10-mV
increments between -120 mV and +50 mV and 800-ms ramp proto-
cols from -120 to +50 mV. All recorded traces were analyzed using
Clampfit (Axon Instruments), and graphs were plotted using Orig-
in2019b (OriginLab Corporation). Unless otherwise described, all
results shown are reported as mean + s.d. and were obtained with
oocytes from at least three independent batches with more than 23
recordings per construct for comparison of current levelsand at least
12 recordings for GPCR-mediated inhibition studies. Where relevant,
significance values arereported in the figure legends with associated
Pvalues. Currents of DDSA mutants were compared separately toWT
currents intwo-sample ¢-tests under conditions of normality for data
distribution and equal variance. Normality at a 0.05 level was tested
using a Shapiro-Wilk test.

Single-channel currents in cell-attached patches from Xeno-
pus oocytes were recorded in symmetrical 140 mM KCI solutions
containing 10 mM HEPES (pH 7.4 with KOH). Data were filtered
at 2 or 5kHz and recorded at a 200-kHz sampling rate with the
program Clampex on an Axopatch 200B amplifier. Data analysis
was performed using Clampfit. Channel P, was determined from
single-channel recordings with a duration of 1-4 min, which exhib-
ited only one main open level; each single channel was recorded at
four different membrane potentials (Supplementary Fig. 2g). For
WT TASK-1 channels, P, was estimated from recordings that exhib-
ited only one main open level and in which the number of detected
single openings was >3,000, giving a confidence value P > 0.999 for
having a single channel®®. Comparison of P, values was done using a
two-sample Student’s t-test with assumptions of normality and equal
variance based upon the length of the recordings®. Single-channel
current amplitude of the L239P mutant channels was estimated as
follows: first, a closed level histogram for current values above 0 pA
was approximated as a mirror image of the values below 0 pA and
the resulting histogram was subtracted from the data. The mean
single-channel current amplitude i was then calculated from the
following equation where N, represents the number of openings
withacurrentvalue iy:

t_zk: N,

Giantexcised membrane patch measurementsininside-out con-
figuration under voltage-clamp conditions were made at room tem-
perature 72-120 h after injection of 50 nl of channel-specific mMRNA
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into X. laevis oocytes. Thick-walled borosilicate glass pipettes had
resistances of 0.25-0.35 MQ (tip diameter of ~15-30 pm) and were
back-filled with extracellular solution containing 4 mM KCl, 116 mM
NMDG, 10 mM HEPES and 3.6 mM CaCl, (pH was adjusted to 7.4 with
KOH/HCI). Bath solution was applied to the cytoplasmic side of the
excised giant patches via a gravity flow multibarrel application sys-
tem and had the following composition: 120 mM KCl, 10 mM HEPES,
2 mM EGTA and 1 mM pyrophosphate. Currents were acquired with
an EPC10 USB amplifier and HEKA PatchMaster 2x91 software. The
sampling rate was 10 kHz, and the analog filter was set to 3 kHz (-3 dB).
Voltage ramp pulses (-80 mV to +80 mV) were applied froma holding
potential (V,;) of —-80 mV for 0.8 swithaninterpulseinterval of 9 sand
were analyzed at agiven voltage of +40 mV. The relative steady-state
levels of inhibition for the indicated blocker were fitted with the fol-
lowing Hill equation:

Y base + (max — base)
(%)’
X

where base is the inhibited (zero) current, max is the maximum cur-
rent, x is the blocker concentration, x,is the value of concentration
for half-maximal occupancy of the blocker binding site and H is the
Hill coefficient.

TPenA-HCI, bupivacaine hydrochloride monohydrate, A293
(AVE1231), doxapram hydrochloride and 1,2-dioctanoyl-sn-glycerol
(DiC8) were purchased from Sigma-Aldrich. PK-THPP, A1899, carvedilol
and anandamide (AEA) were purchased from Tocris Bioscience. The
TASK-1K2P-specificinhibitor BAY1I000493 was provided by Bayer AG.
Allcompounds were stored as stock solutions (10-100 mM) at -80 °C
and werediluted inintracellular bath solution to final concentrations
before each measurement.

Molecular dynamics

Simulations were done in GROMACS 2018 using the CHARMM36
force field. Missing atoms in the protein structure (PDB: 6RV2) were
repaired using SWISS-MODEL, with mutants generated in PyMOL.
Each structure was embedded into phosphatidylcholine (POPC)
membranesinindependent triplicates and solvated by aqueous NaCl
at150 mM. Temperature and pressure were maintained at 310 Kand
1bar using the velocity-rescaling thermostat and a semi-isotropic
Parrinello and Rahman barostat, with coupling constants of 0.1 ps
and 1 ps, respectively. Long-range electrostatic interactions were
treated using the particle mesh Ewald method. The integration time
step was 2 fs. Covalent bonds were constrained through the LINCS
algorithm. Pore radii along the channel pathway were determined
using the CHAP program’®,

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The authors confirm that all relevant data are included in the article
and/or its Supplementary Information. For some probands, only AHI
and nadir SpO, values from their original diagnoses are available.
The available sleep reports are reproduced in their original form in
Supplementary Data 1. Where relevant, individual data points for
the functional measurements of channel activity are shown in each
figure. Structural data for TASK-1were obtained from the PDB under
accession number 6RV2.

Code availability
Allsoftware used in the study are publicly available as described in the
Methods and Reporting Summary.
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