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Clinical exome sequencing has yielded extensive disease-related missense single-nucleotide variants (SNVs) of uncertain

significance, leading to diagnostic uncertainty. KCNQ4 is one of the most commonly responsible genes for autosomal dom-

inant nonsyndromic hearing loss. According to the gnomAD cohort, approximately one in 100 people harbors missense

variants in KCNQ4 (missense variants with minor allele frequency>0.1% were excluded), but most are of unknown conse-

quence. To prospectively characterize the function of all 4085 possible missense SNVs of human KCNQ4, we recorded the

whole-cell currents using the patch-clamp technique and categorized 1068 missense SNVs as loss of function, as well as 728

loss-of-function SNVs located in the transmembrane domains. Further, to mimic the heterozygous condition in Deafness

nonsyndromic autosomal dominant 2 (DFNA2) patients caused by KCNQ4 variants, we coexpressed loss-of-function variants
with wild-type KCNQ4 and found 516 variants showed impaired or only partially rescued heterogeneous channel function.

Overall, our functional classification is highly concordant with the auditory phenotypes in Kcnq4 mutant mice and the as-

sessments of pathogenicity in clinical variant interpretations. Taken together, our results provide strong functional evidence

to support the pathogenicity classification of newly discovered KCNQ4 missense variants in clinical genetic testing.

[Supplemental material is available for this article.]

Whole-exome sequencing is rapidly developing and expanding
into the clinic, identifying many disease-related variants, most
of which are missense single-nucleotide variants (SNVs) of
uncertain significance (VUSs) (Collins 1999; Tennessen et al.
2012; Flannick et al. 2013; Lee et al. 2014; McLaughlin et al.
2014). However, because of the complexities and technical con-
straints of functional verification, the function of most missense
variants is not defined. Functional uncertainty will ultimately
lead to obstruction of diagnosis and treatment (Flannick et al.
2013; Manrai et al. 2016). Therefore, it is urgently necessary to
study the function of missense variants in disease-related genes
(Cutting 2014).

Mutations in a variety of ion channel genes can cause chan-
nelopathies, such as Brugada syndrome (BrS), long QT syndrome
(LQTS), and epilepsy (Kass 2005; Ptáček 2015; Skinner et al.
2019). Because of the difficulty of recording ion channel activity,
there is no large-scale functional classification ofmissense variants
of any ion channel genes yet, and only dozens ofmissense variants
in ion channel genes have been evaluated by automated high-
throughput patch-clamp devices, such as KCNB1, KCNH2,
KCNQ1, and SCN5A (Vanoye et al. 2018; Kang et al. 2019; Glazer
et al. 2020; Ng et al. 2020).

Here, we studied human potassium voltage-gated channel
subfamily Q member 4 (KCNQ4), which is crucial to hearing and
can cause inherited deafness when mutations occur (Kubisch

et al. 1999). KCNQ4 variants are linked to an autosomal dominant
form of nonsyndromic progressive hearing impairment: DFNA2 in
humans, a late-onset disease, with high-frequency hearing loss
(Coucke et al. 1994; Van Camp et al. 1997; Kubisch et al. 1999).
The KCNQ4 gene is one of the most commonly responsible genes
for autosomal dominant nonsyndromic hearing loss (Hilgert et al.
2009; Oza et al. 2018). In addition, KCNQ4 variants are also asso-
ciated with age-related hearing loss and noise-induced hearing
loss (Van Eyken et al. 2006; Van Laer et al. 2006; Huang and
Tang 2010; Peixoto Pinheiro et al. 2021). According to the Ge-
nome Aggregation Database (gnomAD) cohort, approximately
one in 100 people harbors missense variants in KCNQ4 (only var-
iants with minor allele frequency< 0.1% were included) (Lek et al.
2016). In the cochlea, KCNQ4 is mainly expressed in the basal
membrane of sensory outer hair cells (OHCs), andKcnq4-knockout
mice show the degeneration of OHCs and exhibit progressive deaf-
ness (Kubisch et al. 1999; Jentsch 2000; Kharkovets et al. 2000,
2006; Beisel et al. 2005).

KCNQ4 variants identified in DFNA2 patients show loss of
function when expressed alone and exert impaired heterogeneous
channel function when coexpressed with wild type (WT) in the
heterologous expression systems (Kubisch et al. 1999; Mencía
et al. 2008; Kim et al. 2011; Gao et al. 2013; Jung et al. 2018). In
this study, we set out to perform a functional classification of all
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possible 4085missense SNVs ofKCNQ4 to support the pathogenic-
ity interpretation of KCNQ4 variants and assist the clinical diagno-
sis of hearing loss.

Results

Functional classification of 4085 KCNQ4 missense SNVs

Variants at multiple sites on the human KCNQ4 have been identi-
fied to be associated with DFNA2. Heterologous expression sys-
tems, such as Xenopus oocytes, HEK293T, and CHO-K1 cells,
have been well established as reliable and convenient methods
for determining the cellular and functional mechanisms of
KCNQ4 variants in DFNA2, and the re-
sults generated in the heterologous ex-
pression systems are highly consistent
with clinical pathogenicity interpreta-
tion (Kubisch et al. 1999; Mencía et al.
2008; Kim et al. 2011; Gao et al. 2013;
Jung et al. 2018). Considering the conve-
nience of the cell culture and minimal
background currents after P/N leak
subtraction,we usedCHO-K1 cells to per-
form functional classification of variants
in KCNQ4 on a large scale (Supplemental
Fig. S1A).

To examine the effects of KCNQ4
variants on channel function, we con-
structed all possible 4085 KCNQ4 mis-
sense SNV plasmids, which is the sum of
about four to seven substitutions for
each of the 695 amino acids (Supplemen-
tal Table S1), and then recorded the
whole-cell currents in CHO-K1 cells
transfected with WT KCNQ4 or KCNQ4
variants (for a description of the overall
scheme, see Supplemental Fig. S2). In
contrast to untransfected CHO-K1 cells,
cells transfected with KCNQ4 (vector:
pIRES2-EGFP; nonfusion EGFP as a trans-
fectionmarker) yielded outward currents
traces under the voltage steps ranging
from−100mV to +40mV,with aholding
voltage of −80 mV (Supplemental Fig.
S1A). Additionally, cells transfected with
KCNQ4-EGFP (fusion EGFP at the C ter-
minus), KCNQ4-Myc (with Myc tag in
the extracellular domain), and KCNQ4-
Myc-EGFP (with Myc tag in the extracel-
lular domain and fusion EGFP at the C
terminus) produced channel properties
comparable to that of KCNQ4 (Supple-
mental Fig. S1). For the convenience of a
potential follow-up study of the subcellu-
lar localization of WT KCNQ4 and vari-
ants, all the variant plasmids used in our
experiments were inserted with a Myc
tag in the extracellular domain as de-
scribed in a previous study (Kim et al.
2011).

Then we performed electrophysio-
logical recordings of all 4085 missense

SNVs at different voltages when expressed alone (in the homozy-
gous state) using patch-clamp recording (Supplemental Fig. S3).
We calculated the two most important parameters for KCNQ4
channels: peak currents and half-maximal activation voltage
(V1/2). To directly compare the channel properties of the WT and
variants, we quantified differences in peak currents recorded
at +40 mV and V1/2 relative to WT channels. The peak currents
normalized to theWT of each variant (Imut/Iwt) were presented ac-
cording to amino acid sequence and indicatedwith different colors
(Fig. 1, left; for data set, see Supplemental Data Set A). Most of the
variants located at the N terminus and C terminus produced cur-
rents similar to WT, whereas most of the variants located around
the pore region showed reduced currents or no current, consistent

Figure 1. Sequence–currents and sequence–V1/2 maps for KCNQ4 missense SNVs. (Left) The average
peak current values (normalized toWT) recorded at +40mVof the 4085missense SNVs when transfected
alone were plotted in a heat map based on amino acid position along the KCNQ4 protein sequence (av-
eraged from n≥3 cells). The bar at the bottom shows the different current values with specific colors. Red
and green indicate that an amino acid change results in low or high currents, whereas blue indicates cur-
rents similar to or close to the WT. The gray background indicates no data. Average normalized currents
recorded at +40 mV summed by amino acid position are plotted to the right, showing the level of toler-
ance for any amino acid substitution. (Right) The shifts of the voltage-dependence of activation: V1/2 of
the 3319 variants with currents enough to determine the V1/2. For 766 variants with severely reduced
currents (<0.25 of theWT value in peak currents), V1/2 cannot be determined. ΔV1/2 indicates the change
of V1/2 after mutation. ΔV1/2 = V1/2 in variants−V1/2 in WT. The V1/2 of WT is −17.10 ±1.15 mV. Red in-
dicates that sites show large shifts in activation V1/2 in the depolarizing direction, and green indicates that
sites show large shifts in the hyperpolarizing direction.
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with the pore region being the most critical part of channel func-
tion. In contrast, among the 3319 variants with an available V1/2,
the V1/2 values of most variants were similar to that of the WT,
and only a few variants showed large shifts in V1/2 in either the de-
polarizing or hyperpolarizing direction (Fig. 1, right; for data set,
see Supplemental Data Set B). Variants with significant shifts in
V1/2 were mainly located in the voltage-sensing region (S1–S4
transmembrane domain), which plays a key role in the regulation
of channel gating.

The normalized currents recorded at +40 mV of all 4085 var-
iants presented bimodal distribution, with one peak around one
(WT) and the other close to zero (null variant) (Fig. 2A). We classi-
fied all variants based on thenormalized peak currentsmeasured at
+40 mV using k-means clustering (Supplemental Methods). All
4085 missense SNVs were divided into three groups and named
“reduced current,” “normal current,” and “enhanced current”
based on the value of each cluster center (Fig. 2B). Each group con-
tains 915, 3127, and 43 variants with the cluster centers of 0.09,
1.00, and 3.16, respectively (Fig. 2B; Supplemental Table S2).
Two cutoffs were generated among these three groups: One cutoff
for dividing “reduced current” and “normal current” was 0.54 of
the WT value, and the other cutoff for dividing “normal current”
and “enhanced current” was 2.08 of the WT value. The current
distribution of 3127 variants classified as “normal current” by
k-means clustering showed a Gaussian-like distribution with one
peak near one, which is similar to the current distribution of WT
KCNQ4 (Supplemental Fig. S4).

V1/2 is an important parameter to reflect the gating properties
of voltage-gated ion channels. Next, we examined V1/2 of all pos-
sible KCNQ4missense SNVs when transfected alone, whichmight
also cause KCNQ4 channel loss of function or gain of function.
Overall, the V1/2 values of all variants showed a unimodal distribu-

tion, with the peak around the WT (Fig. 2C). The variants with
>10-mV shifts in V1/2 relative to the WT channel were considered
to have a strong effect on the channel gating properties, >10-mV
rightward shifts indicating decreased channel function and >10-
mV leftward shifts indicating increased channel function. Repre-
sentative whole-cell current traces and functional properties
from each type of variant are presented in Supplemental Figure
S5. For 766 of 915 current-reduced variants, we did not calculate
V1/2 because of severely reduced currents (<0.25 of the WT value
in peak currents). Of the remaining 149 current-reduced variants
(peak currents between 0.25 and 0.54 of the WT), 112 variants
showed <10-mV shifts in V1/2, 27 showed >10-mV rightward
shifts, and 10 showed >10-mV leftward shifts (Fig. 2C; Supple-
mental Table S3). A total of 2898/3127 variants with normal cur-
rents (peak currents between 0.54 and 2.08 of the WT) showed
<10-mV shifts in V1/2, whereas 153/3127 had >10-mV rightward
shifts and 76/3127 had >10-mV leftward shifts (Fig. 2C; Supple-
mental Table S3). Thirty of 43 current-enhanced variants (peak
currents > 2.08 of theWT) had <10-mV shifts in V1/2, five of 43 var-
iants had >10-mV rightward shifts, and eight of 43 had >10-mV
leftward shifts (Fig. 2C; Supplemental Table S3).

For combined normalized peak currents with activation V1/2,
all 4085 variants were classified as “loss of function,” “normal
function,” and “gain of function” (Supplemental Table S3; Sup-
plemental Methods). Together, we categorized 70.9% (2898/
4085) of missense SNVs as normal function, 26.1% (1068/4085)
as loss of function, and 2.9% (119/4085) as gain of function.

The functional properties of all missense SNVs were also pre-
sented and analyzed based on the amino acid position (Supple-
mental Fig. S6). At the N terminus (covering residues M1-G96,
containing 564 missense SNVs), 88.5% (499/564) of missense
SNVs had normal function, 9.6% (54/564) had loss of function,

A

D E

B C

Figure 2. Functional classification of 4085 KCNQ4 missense SNVs when expressed alone. (A) The distribution of the normalized currents measured at
+40 mV of 4085 variants in the homozygous state. (B) Raw normalized currents ranked for all 4085 KCNQ4 missense SNVs. The red dashed line indicates
0.54 of theWT value; gray indicates theWT value; and green indicates 2.08 of theWT value. Functional classification was based on k-means clustering. The
curve of kernel density estimation is shown on the right. (C) The distribution of ΔV1/2 generated from 3319 variants with available V1/2. (D) The percentage
of each functional phenotype in each domain. The number above each column represents the number of missense SNVs contained in the corresponding
domain. (LOF) Loss of function, (GOF) gain of function. (E) The percentage of each functional phenotype of each type of amino acid after mutation.
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and only 2.0% (11/564) had gain of function (Fig. 2D; Supplemen-
tal Fig. S6C). There was an enrichment of current-enhanced vari-
ants at the end of the N terminus (Supplemental Figs. S3, S6A). In
the transmembrane domain (covering residues W97-F335, con-
taining 1402 missense SNVs), 43.7% (612/1402) of missense
SNVs had normal function, 51.9% (728/1402) had loss
of function, and 4.4% (62/1402) had gain of function (Fig. 2D;
Supplemental Fig. S6C). In the S2–S3 linker, nine variants with sig-
nificantly increased currents were classified as gain-of-function
variants, which may regulate channel conformation (Supplemen-
tal Fig. S6A). In the S4 to S6 transmembrane domain, the number
of loss-of-function variants had significantly increased, which
maybedue to the important rolesof thesedomains inchannel volt-
age sensing and pore forming (Fig. 2D; Supplemental Fig. S6). In
particular, 83.4% (151/181) ofmissense variants in the pore region
had loss of function, whichwas consistent with the important role
of the pore region in ion channels (Fig. 2D; Supplemental Fig. S6);
70.6% (108/153) of variants with normal currents but >10-mV
rightward shifts in V1/2 clustered in the transmembrane domain
S1 to S4–S5 linker, which may participate in sensing voltage (Sup-
plemental Fig. S6B). At the C terminus (covering residues E336-
D695, containing 2119 missense SNVs), 84.3% (1787/2119) of
variants showed normal function, 13.5% (286/2119) had loss of
function, and only 2.2% (46/2119) had gain of function (Fig. 2D;
Supplemental Fig. S6C). Loss-of-functionandgain-of-functionvar-
iants observed at theC terminusweremainly clustered in these key
domains, such as helix A, B, C, and D, which are involved in chan-
nel gating, assembly, or trafficking (Fig. 1; Schwake et al. 2006;
Howard et al. 2007; Haitin and Attali 2008; Chang et al. 2018).

Furthermore, we also classified the function of different ami-
no acids at each site and found that mutating into different amino
acids had varying effects on channel function. For instance, a
change to aspartic acid or proline was most likely to reduce func-
tion,whereas a change tomethionine or threoninewasmore likely
tolerated (Fig. 2E; Supplemental Fig. S7); 96.3% (26/27) of mis-
sense SNVs mutating to basic amino acids with a positive charge
(arginine, lysine, and histidine) in the pore region were loss of
function (Supplemental Fig. S7A).

Structural basis of KCNQ4 missense SNVs

To display the current and V1/2 change trend and bias of KCNQ4
variants with its protein structure, the average normalized currents
and the shifts in V1/2 indicated with different colors for all mis-
sense variants at each amino acid were overlaid on the known
cryo-EM structure of human KCNQ4 (PDB: 7BYL) (Li et al. 2021).
Seventy-one of 89 amino acids in the transmembrane domain
with average normalized currents <0.5 of theWT value were locat-
ed in the S5 domain, pore region, and S6 domain, regions that are
themost important for KCNQ4 channel, showing that amino acid
substitutions in these domains are more likely to be damaging
(Fig. 3A,B; Supplemental Fig. S8A). Thirty-one amino acids with
>10-mV rightward shifts in average V1/2 were located in the
S1–S6 transmembrane domains, of which 16 amino acids were lo-
cated in the S4 transmembrane domain and S4–S5 linker, which
are responsible for channel voltage sensing and gating regulation
(Fig. 3C,D; Supplemental Fig. S8B).

Functional properties of the heterogeneous KCNQ4 channels

Most DFNA2-associated KCNQ4missense variants are present in a
heterozygous state and show decreased heterogeneous channel
function when coexpressed with WT (Kubisch et al. 1999; Kim

et al. 2011; Jung et al. 2018). We further performed research to
mimic the effect of KCNQ4 variants in heterozygous DFNA2 pa-
tients and only studied the variants in the heterozygous state if
they showed significant functional differences fromWT in the ho-
mozygous state, including 1068 loss-of-function variants and 119
gain-of-function variants. Of these variants, 229 variantswith nor-
mal peak currents but >10-mV shifts in V1/2 in the homozygous
state were also tested for the functional properties in the heterozy-
gous state. Although it is unclear whether a large shift in V1/2 can
cause DFNA2, it is also worthy to explore. For example, it has been
found that variants that promote positive or negative effects on
channel gating in KCNQ2 can cause human epilepsy (Soldovieri
et al. 2007;Miceli et al. 2013, 2015;Millichap et al. 2017). It is pos-
sible that KCNQ4 variants could produce DFNA2 by affecting
channel gating.We assessed the functional properties of heteroge-
neous channels by cotransfecting these variantswithWT (KCNQ4-
Myc-mCherry) at a 1:1 ratio in CHO-K1 cells. Cells transfected
with KCNQ4-Myc-mCherry, cotransfected KCNQ4-Myc-EGFP
with vector (WT+vector 1:1), and cotransfected KCNQ4-Myc-
mCherrywithKCNQ4-Myc-EGFP (WT+WT1:1) generated current
magnitudes and V1/2 similar to WT (Supplemental Fig. S1).

First,we cotransfected1068 loss-of-functionvariantswithWT
channels at a 1:1 ratio, including 915 variants with reduced cur-
rents and 153 variants with normal currents but large rightward
shifts inV1/2whenexpressed alone. Theheterozygous channel cur-
rents obtained from coexpressing 915 current-reduced variants
with WT were generally lower than WT currents, showing a uni-
modal distribution (Fig. 4A; Supplemental Fig. S9; for data set, see
Supplemental Data Set C). Then we defined the functional classifi-
cation of heterogeneous channels based on the heterozygous cur-
rent distribution of 25 known pathogenic/likely pathogenic and
28 known benign/likely benign variants. The curation guidelines
for variants as pathogenic/likely pathogenic and benign/likely
benign without our functional data will be introduced in detail in
the next section. We used the normalized current of 0.77 as the
classification threshold, the midpoint between mean currents of
known pathogenic/likely pathogenic (mean=0.50) and benign/
likely benign variants (mean=1.04) in the heterozygous state
(Fig. 4B). A total of 516/915 variants in the heterozygous state
showed reduced or only partially rescued currents (Imut + wt/Iwt + wt

≤0.77) relative to WT, suggesting that these variants inhibited
the function of heterogeneous channels to varying degrees and
may be potentially pathogenic variants, which could be caused
by a variety of factors, such as dominant-negative effects and
haploinsufficiency (Fig. 4C). A total of 399/915 variants in the
heterozygous state showed currents greater than the threshold
(Imut + wt/Iwt + wt > 0.77), indicating that the heterogeneous channel
function can be fully rescued by a functional allele of WT KCNQ4
and these variants may not cause hearing loss (Fig. 4C); 16.7%
(9/54) variants at the N terminus and 35.2% (93/264) at the C ter-
minus showed impaired or only partially rescued heterozygous
channel function,whereas 69.3%(414/597) in the transmembrane
domain showed impaired or only partially rescued heterozygous
channel function (Fig. 4D). Especially, in the pore region, a variant
hotspot inKCNQ4 associatedwithDFNA2 (VanHauwe et al. 2000),
82.1% (119/145) of current-reduced variants showed impaired het-
erozygous channel function. In contrast, the vast majority of V1/2

generated from heterogeneous channels were similar to the WT
(Fig. 4E; for data set, see Supplemental Data Set C). A total of 858/
915 variants had <10-mV shifts in V1/2 in the heterozygous state,
46 had >10-mV rightward shifts, and only 11 had >10-mV leftward
shifts. Likewise, known pathogenic/likely pathogenic and benign/
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likely benign variants in the heterozygous state almost show
similar V1/2 to that of WT, indicating that large shifts in V1/2

may not be a common cause of DFNA2 (Fig. 4F). The results of
electrophysiological recording in vitro alone may not suffice to
down-classify variants with large shifts in V1/2 in the heterozygous
state as a benign or pathogenic category, andmore phenotypic and
human genetics studies are needed for further pathogenicity
classification.

In addition, the peak currents of coexpressing the remaining
153 loss-of-function variants with WT were still similar to that of
the WT, and the V1/2 of 119 variants can be rescued by coexpress-
ing withWT channels (Fig. 4G; for data set, see Supplemental Data
Set D). So far, the pathogenicity for variants with activation curves
shifting towardmore positive potential in the heterozygous state is

unclear, and no carrier has been reported, which requires further
investigation.

Further, we measured the heterogeneous channel function
composed of 119 gain-of-function variants and WT, including
43 variants with enhanced currents and 76 variants with normal
currents but large leftward shifts in V1/2 when expressed alone.
The peak currents of coexpressing 43 current-enhanced variants
with WT were still clustered at more than two of WT+WT
(Fig. 4H, left; for data set, see Supplemental Data Set E). A total
of 4/43 variants had a >10 mV leftward shift when cotransfected
with WT channels, indicating enhanced voltage sensitivity of
the channel (Fig. 4H, right). In contrast, the peak currents and
V1/2 of coexpressing 76 current-normal variants measuring large
leftward shifts in V1/2 with WT were almost normal (Fig. 4I; for
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Figure 3. Structural basis of KCNQ4 missense SNVs. (A) Cartoon diagrams showing three different views of a KCNQ4 monomer denoting specific do-
mains. Currents recorded at +40 mV were mapped onto the monomer structure (covering residues S74-Y367 and D524-G588). Variants were colored
based on currents normalized to WT. The mean current of each amino acid is calculated by averaging the current values of all four to seven missense
SNVs at this site. N-terminal front (M1-S73), S3–S4 linker (T193-A199), helix A–helix B linker (Y368-V523), and C-terminal end (R589-D695) residues
are not available in the cryo-EM structure. Colors indicating the currents were drawn using PyMOL. (B) Normalized currents weremapped onto one subunit
of the tetramer structure. (C) KCNQ4 protein monomer residues were colored by the shifts in activation V1/2. White indicates that the currents of all four to
seven missense SNVs at this site are small, and the V1/2 cannot be determined. (D) Activation V1/2 was mapped onto one subunit of the tetramer structure.
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data set, see Supplemental Data Set F). There is no evidence to
show the phenotypes of humans carrying KCNQ4 variants with
significantly increased currents or large leftward shifts in V1/2,
thusmore genetic or experimental evidence andmousemodel ver-
ification are necessary.

Hearing evaluation of Kcnq4 point mutant mice

To verify the functional classification of heterogeneous channels
and investigate the correlation between the functional properties
of heterogeneous channels in vitro and hearing phenotype in

vivo, we chose five variants (p.G287R, p.L249R, p.D272Y,
p.S201C, and p.A154T) with no channel function when expressed
alone and with varying degrees of reduced currents when coex-
pressed with WT to construct the knock-in (KI) point mutant
mouse strains (Fig. 5A; Supplemental Fig. S10). These five variants
produced successively increasing currents at +40 mV when coex-
pressed with WT, which were 0.47, 0.61, 0.75, 0.92, and 1.04 of
the WT, respectively. Variants p.G287R, p.L249R, and p.D272Y
showed impaired heterozygous channel function based on our
functional classification in vitro, whereas variants p.S201C and
p.A154T produced heterozygous channel function similar to
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Figure 4. Functional properties of loss-of-function and gain-of-function variants in the heterozygous state. (A) The distribution of the normalized peak
currents in the heterozygous state of 915 current-reduced variants. The black dashed line indicates the mean currents of known pathogenic/likely patho-
genic variants in the heterozygous state, and gray indicates the mean currents of known benign/likely benign variants in the heterozygous state. The red
solid line indicates the midpoint between the mean currents of known pathogenic/likely pathogenic and known benign/likely benign variants in the het-
erozygous state. (B) The distribution of the normalized peak currents in the heterozygous state of 25 known pathogenic/likely pathogenic and 28 known
benign/likely benign variants. (P) Pathogenic, (LP) likely pathogenic, (B) benign, and (LB) likely benign. (C) Plots for comparing normalized currents of ex-
pressing 915 current-reduced variants alone and coexpressingwithWT. The reddashed line indicates 0.77 of theWT value. There are 516/915 variants with
normalized peak currents≤0.77 and 399/915 variantswith normalized peak currents > 0.77 in the heterozygous state. (D) The number of variants with nor-
mal or impaired currents in the heterozygous state in each domain. (E) The distribution of V1/2 obtained from 915 current-reduced variants in the hetero-
zygous state. (F) The distribution of V1/2 obtained from 25 known pathogenic/likely pathogenic and 28 known benign/likely benign variants in the
heterozygous state. (G) Normalized peak currents (left) or V1/2 activation (right) for expressing 153 loss-of-function variants (normal currents and large right-
ward shifts in V1/2 when expressed alone) versus coexpressing withWT. (H) Normalized peak currents or V1/2 activation for expressing 43 current-enhanced
variants versus coexpressing withWT. (I) Normalized peak currents or V1/2 activation for expressing 76 gain-of-function variants (normal currents and large
leftward shifts in V1/2 when expressed alone) versus coexpressing with WT.
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WT. Then we introduced these variants (equivalent to mouse
p.G288R, p.L250R, p.D273Y, p.S202C, and p.A155T) into the
mouse Kcnq4 gene, using CRISPR-Cas9 genome editing technolo-
gy (Supplemental Fig. S11; Supplemental Table S4).

To evaluate the hearing ability of the Kcnq4 mutant KI mice,
we performed auditory brainstem response (ABR) analysis in all
five mutant mouse strains at different ages. As expected, for these
five variants with nearly no current in the homozygous state, ho-
mozygous Kcnq4G288R, Kcnq4L250R, Kcnq4D273Y, and Kcnq4S202C KI
mice developed severe deafness from the age of 3 wk, and homozy-
gous Kcnq4A155T mice showed severe deafness with an ABR thresh-
old reaching ∼80 dB SPL from 16th wk compared with WT mice
(Supplemental Fig. S12A).

We further testedwhether the auditory phenotypes of hetero-
zygous mutant mice were correlated with the varied functional
properties of heterogeneous channels in vitro. Two heterozygous
KI mouse strains carrying the equivalents (p.G288R and p.L250R)
of the human p.G287R and p.L249R variants that exerted high de-
grees of inhibiting effects on the function of the heterogeneous
channels in vitro, based on our patch-clamp data, were nearly
completely deaf at an early age of 6 wk across all frequencies (Fig.
5B; Supplemental Fig. S12). A heterozygous KI mouse strain carry-
ing the equivalent (p.D273Y) of the human p.D272Y variant that
exerted mildly impaired heterozygous channel function, showed
progressively declined hearing ability from the age of 8–10 wk
and displayed a significant threshold shift of ∼36 dB SPL at 16 wk
at 16 kHz compared withWTmice of the same age (Fig. 5B,C; Sup-
plemental Fig. S12). No hearing impairment was observed in the

other two heterozygous KI mouse strains carrying the equivalents
(p.S202C and p.A155T) of the human p.S201C and p.A154T vari-
ants, which produced currents comparable to those of WT in the
heterozygous state (Fig. 5B,C; Supplemental Fig. S12). Taken to-
gether, the results of ABR measurement in vivo were consistent
with the results of currents obtained from coexpressing variants
with WT in vitro.

In summary, we observed a strong correlation between the
peak currents measured from coexpressing these five variants
with theWT channel at +40mV and the ABR threshold of the het-
erozygousmice (Fig. 5D; Supplemental Fig. S13). Indeed, the hear-
ing phenotypes of these mutant mice are consistent with the in
vitro functional classification, which provide evidence that vari-
ants with impaired heterozygous channel function may cause
hearing loss in vivo.

Pathogenicity interpretation of KCNQ4 missense variants

observed in the clinic

Next, we tested whether our recording results are consistent with
the clinical pathogenicity classification of KCNQ4 missense vari-
ants and assessed the impact of our patch-clamp data on variant
pathogenicity interpretation. A total of 509 KCNQ4 missense var-
iants were collected from multiple data sources, such as the
Deafness Variation Database (DVD) (Azaiez et al. 2018), ClinVar
(Landrum et al. 2016), the 1000 Genomes Project (The 1000
Genomes Project Consortium 2012), and gnomAD (Lek et al.
2016). Based on the specified American College of Medical
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Figure 5. Correlation between in vitro functional data and auditory phenotypes in Kcnq4 mutant mice. (A) Comparison of the normalized currents of
expressing WT, p.G287R, p.L249R, p.D272Y, p.S201C, p.A154T alone, and coexpressing with WT (n≥3, mean ±SEM). The black dotted line indicates
the WT value, and the red indicates 0.77 of the WT value. (B) ABR measurement of WT and five heterozygous mutant mouse strains at 16 kHz at different
ages. At least three mice were measured in each strain and each age. Data were analyzed by two-way ANOVAwith a Dunnett correction. (∗∗∗∗) P<0.0001,
compared with WT. (C) ABR measurement of WT and five heterozygous mutant mouse strains at the age of 16 wk at different frequencies. (D) Correlation
between in vitro functional data and hearing phenotypes in WT and five Kcnq4mutant heterozygous mouse strains result in R2=0.9398 and P=0.0014 by
Pearson’s correlation.
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Genetics and Genomics/Association for Molecular Pathology
(ACMG/AMP) variant interpretation criteria for KCNQ4 missense
variants, these 509 variants were classified into five categories:
pathogenic, likely pathogenic, VUSs, likely benign, and benign
(Supplemental Fig. S14; Supplemental Methods). Without our
patch-clampdata, 22 variants were curated as benign, sixwere like-
ly benign, 12 were likely pathogenic, 13 were pathogenic, and 456
were VUSs (Supplemental Table S5).

The functional properties of variants curated as benign/likely
benign were functionally normal or near-normal (Fig. 6A–D; Sup-
plemental Fig. S15; Supplemental Table S6). A total of 24/25 vari-
ants curated as pathogenic/likely pathogenic had no current in
the homozygous state and were functionally impaired in the het-
erozygous state (Figs. 4A,B, 6A,C,D; Supplemental Fig. S15; Supple-
mental Table S7). These results were highly concordant with the
clinical pathogenicity interpretation of ACMG/AMP rules. Mean-
while,wealsoverified thatmost synonymousvariants showednor-
mal function and that null mutants showed loss of function and
impaired heterozygous channel function (Supplemental Fig. S16;
data set presented in Supplemental Data Sets G,H). In addition,
most variants curated as benign showed allele frequency exceeding
the maximum cutoff of 0.1% in at least one population, and our
functional data confirmed that variants with higher allele frequen-
cies in the general population aremore likely to function normally
(Fig. 6E). Furthermore, to validate the evidence strength of our
functional data, we calculated the odds of pathogenicity
(OddsPath) presented by the Clinical Genome Resource (ClinGen)

Sequence Variant Interpretation (SVI) Working Group using 25
pathogenic/likely pathogenic and 28 benign/likely benign variant
controls (Brnich et al. 2020). The result showed that our patch-
clamp assay for the KCNQ4 functional testingmet BS3 and PS3 cri-
teria (Supplemental Table S8).

Further, we incorporated patch-clamp data as BS3 and PS3 ev-
idence to reclassify clinical missense variants. Combined with
functional evidence in this study, 28 variants that were initially
classified as benign or likely benign were all reclassified as benign,
and 13 variants that were initially classified as pathogenicwere still
pathogenic, whereas of 12 variants that were initially classified as
likely pathogenic, seven were reclassified as pathogenic, four were
still likely pathogenic, andonewasVUSwithnormal function (Fig.
6F; Supplemental Table S5). Collectively, these results showed that
our patch-clampdata serve as strong functional evidence and exert
important implications for the reclassification of likely benign and
likely pathogenic variants.

Then we analyzed the potential application of our functional
evidence to reclassify all the discovered KCNQ4 missense variants
with unknown significance; 82.9% (378/456) of initially classified
VUSs had normal currents, 16.4% (75/456) had reduced currents,
and 0.7% (3/456) had enhanced currents when expressed alone
(Fig. 6A). Also, 93.7% (369/394) of variants curated as VUSs with
detectable V1/2 showed <10-mV shifts (Fig. 6B). A total of 35/75
current-reduced variants produced impaired heterozygous chan-
nel function (Fig. 6C,D). After incorporating our patch-clamp
data, 40/456 VUSs were reclassified as benign, 47 were likely
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Figure 6. Pathogenicity interpretation of KCNQ4 clinical missense variants with functional data. (A) Violin plots comparing normalized peak currents at
+40 mV when expressed alone for KCNQ4 missense variants observed in the clinic, colored by curated classification based on ACMG criteria without our
functional data (13 pathogenic, 12 likely pathogenic, six likely benign, 22 benign, and 456 VUSs). (B) Distribution of the shifts in V1/2 (ΔV1/2) for six likely
benign, 22 benign, and 394 VUSs with measurable V1/2. (C,D) Violin plots comparing normalized peak currents (C ) and ΔV1/2 (D) for coexpressing variants
interpreted as pathogenic, likely pathogenic, likely benign, benign, and VUSs with WT. The functional properties of VUSs in the heterozygous state only
contained 75 variants showing reduced-current variants in the homozygous state. The red dashed line in C indicates 0.77 of the WT value. (E) Relationship
between maximum minor allele frequency in any population and normalized peak currents recorded at +40 mV for 335 variants found in gnomAD data-
base (p.H455Q with high allele frequency was not included). (F ) Variants were classified based on ACMG/AMP criteria and reclassification with our func-
tional data as BS3 and PS3 evidence. (Top) Variants were classified without our functional data. (Bottom) Variants were reclassified with our functional data.
(G) Pathogenicity interpretation varied with the different gnomAD allele counts.
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benign, 25 were likely pathogenic, and 344 were still VUSs (Fig. 6F;
Supplemental Table S5). Overall, the pathogenicity of 112/456
VUSs (24.6%) were reclassified, and the remaining would be inter-
preted whenmore sequencing data are available and more DFNA2
pedigrees are collected. Also, we found the pathogenicity interpre-
tation results varied according to the frequency in the population,
suggesting that variants with higher allele counts in gnomADwere
more likely to be classified as benign variants (Fig. 6G). Together,
our functional data will be immediately useful to provide strong
functional evidence to support the interpretation of newly discov-
ered KCNQ4 missense SNVs found in the clinic or the general
population.

Conventional computational predictions of variant deleteri-
ousness, such as CADD (Kircher et al. 2014), REVEL (Ioannidis
et al. 2016), and EVE (Frazer et al. 2021), are frequently used in in-
terpreting clinical variants. Pathogenic or likely pathogenic vari-
ants showed relatively high predictive scores, whereas benign or
likely benign variants showed a wide distribution of scores
(Supplemental Fig. S17). Many variants with currents similar to
WT had high predictive scores and were predicted to be deleteri-
ous. These results indicate that computational predictions may
not be highly specific and misclassify many normal function var-
iants as loss of function. Further, these computational methods
cannot predict the heterozygous channel function of KCNQ4 var-
iants and cannot mimic DFNA2 patients’ genotypes.

Discussion

The ACMG/AMP guidelines describe a standard process based on a
series ofweighted criteria that canbe scored to assess the possibility
of pathogenicity for classifying variants into five categories: patho-
genic, likely pathogenic, uncertain significance, likely benign, and
benign (Richards et al. 2015). Functional data (PS3: well-estab-
lished functional studies supportive of a damaging effect; BS3:
well-established functional studies show no damaging effect) are
strong evidence to classify variants. The OddsPath for our patch-
clamp assay in KCNQ4 variants shows that our functional data
are enough to serve as PS3 and BS3 criteria (Supplemental Table
S8). The pathogenicity interpretation of newly discovered KCNQ4
missense SNVs would be deciphered with a series of criteria pro-
posed by ACMG/AMP, with our functional data as strong evidence
PS3 and BS3.We performed functional classificationmainly based
on peak currents, followed byV1/2. In addition to these two param-
eters, functional testingof ion channels alsoneeds to considermul-
tiple other parameters, such as reversal potential, activation
kinetics, and deactivation kinetics. However, pathogenic and
benign variants could be nearly perfectly separated based on the
peak currents, and the hearing phenotypes of Kcnq4 point mutant
mice also support functional classification in vitro, suggesting that
our functional classification mainly based on peak currents is
practicable.

Previous studies have shown that decreased channel currents
in heterologous expression systems are one of the strongest predic-
tors of KCNQ4 variants associated with DFNA2 (Kubisch et al.
1999; Mencía et al. 2008; Kim et al. 2011; Gao et al. 2013; Jung
et al. 2018). Despite the many advantages of functional testing
in a heterologous expression model, there are some limitations.
It is possible that some variants show different properties in cul-
tured cells compared to hair cells. First, at the mRNA level, such
as the splicing effects, overexpressing cDNA in CHO-K1 cells failed
to measure the effects of variants on splicing. Second, at the pro-

tein level, for example, cultured cells may lack protein–protein in-
teractions or post-translational modification in hair cells.

ACMG/AMPguidelines for genetic hearing loss state thatmis-
sense variants in the pore-forming region (amino acids Y270-
R297) of KCNQ4 are eligible for moderate evidence (PM1) (Oza
et al. 2018). Of 165 variants located in residues Y270-R297, 138
variants showed loss of function and 114 showed impaired hetero-
zygous channel function (Supplemental Figs. S3, S9). A total of
∼30% of variants showed no effect on heterozygous channel func-
tion in this region, suggesting that it may not be directly consid-
ered that all variants located in the hotspot regions meet the
PM1 criteria. Variants that do notmeet PM1 criteria can be exclud-
ed based on our functional data.

Patch-clamp recording of large-scale functional testing of var-
iants in ion channel genes is difficult and time-consuming.We are
the first to analyze the function of thousands of missense variants
in ion channel genes. Because of the difficulties and time-consum-
ing nature of patch-clamp recording, the number of recorded cells
for some variants is limited. There may be some limitations in the
functional testing of some variants with mildly reduced or mildly
increased currents, which may overlook some subtle changes in
channel properties because of the small number of recorded cells.

Each KCNQ family member plays an important role in differ-
ent tissues, and variants in KCNQ family genes can cause a variety
of channelopathies (Jentsch 2000; Soldovieri et al. 2011). A large
number of KCNQ1 and KCNQ2 variants have been observed in
the LQTS and epilepsy patients, respectively. The protein sequenc-
es are highly conserved among KCNQ family channels. Our func-
tional classification for all possible missense SNVs of KCNQ4 is
informative to predict the functional changes of the correspond-
ingmissense SNVs in otherKCNQ gene familymembers. The num-
ber of the same missense SNVs for each KCNQ family member at
the corresponding position is 1933 for KCNQ1, 2044 for KCNQ2,
2064 forKCNQ3, and 2519 forKCNQ5. Collectively, the functional
classification of 4085 missense SNVs in KCNQ4 provides a rich re-
source for analyzing the functions of KCNQ4 and KCNQ family
ion channels.

Furthermore, many variants have been found in other volt-
age-gated ion channel genes, which have a high pathogenicity
rate, such as SCN1A, SCN5A, KCNH2, and KCNB1 (Lai and Jan
2006; Kapplinger et al. 2009, 2010; Kang et al. 2019; Symonds
and McTague 2020). Summarily, our work shows the possibility
for the comprehensive functional classification of all potential
missense SNVs in clinically disease-related voltage-gated ion
channels.

Methods

Plasmid constructs and point mutations

Complementary DNAs of human KCNQ4 (NP_004691.2, isoform
a) were purchased from GeneCopoeia (EX-U0210-M98-5). WT
KCNQ4 and variants used in patch-clamp recordings were fused
with EGFP at the C terminus as a transfection marker. For the po-
tential possible study of the subcellular localization ofWT and var-
iants, a modified c-Myc tag was inserted in the extracellular
domain of the KCNQ4 channel as described in the previous study
(Kim et al. 2011). All KCNQ4 missense variant clones used in the
electrophysiological recording were generated from the WT
KCNQ4 CDS with a modified c-Myc tag in the plasmids
EX-U0210-M98-5. For the cotransfection experiment, EGFP was
substituted with mCherry by a homologous recombination meth-
od and verified by Sanger sequencing. Additionally, full-length
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cDNAs encoding WT KCNQ4 were also engineered in the vector
pIRES2-EGFP as a control.

All possible KCNQ4 4085 missense SNVs were calculated
through MATLAB based on the codon sequence of KCNQ4
(NM_004700.4). Point-mutated plasmids were constructed based
on PCR and homologous recombination and were Sanger-
sequenced to confirm that the mutation site was included and
no other mutations were introduced.

Detailed descriptions of the procedures are provided in the
Supplemental Methods (plasmid construct and point mutations).

CHO-K1 cell culture and transfection

Chinese hamster ovary (CHO) cells were cultured in DMEM/F12
medium (Gibco) and supplemented with 10% fetal bovine serum
(Gibco) and penicillin (50 IU/mL)/streptomycin (50 μg/mL;
Gibco) at 37°C with 5% CO2. Cells were transfected with WT or
KCNQ4 variant plasmids using Lipofectamine 3000 reagent
(Thermo Fisher Scientific) according to themanufacturer’s instruc-
tions. Electrophysiological experiments were performed 24 h after
transfection.

Detailed descriptions of the procedures are provided in the
Supplemental Methods (CHO-K1 cell culture and transfection).

Electrophysiological recordings

KCNQ4 currents weremeasured in CHO-K1 cells, using thewhole-
cell patch-clamp technique. Currents were recorded using Axo-
patch 200B and MultiClamp 700B amplifier (Axon Instruments)
and Digidata 1550B (Axon Instruments). Currents were sampled
at 10 kHz. All data were low pass filtered at 1 kHz. Before acquiring
currents, the cellmembrane capacitance (Cm) and series resistance
(Rs) were compensated using a circuit of the patch-clamp amplifi-
er. Series resistances were compensated 70%–90% and no less than
15 MΩ. All current trace data were analyzed using Clampfit 10.6
(Molecular Devices). For whole-cell recording, borosilicate glass pi-
pettes (BF150-86-10, Sutter Instrument) were pulled using a Flam-
ing/Brown micropipette puller (P-97, Sutter Instrument). Patch
electrodes with 4- to 7-MΩ resistance were used. The bath solution
for the whole-cell patch-clamp contained (in mM): 145 NaCl,
4 KCl, 1.8 CaCl2, 0.5 MgCl2, 10 HEPES, 5 D-glucose (pH 7.4),
with NaOH. The pipette solution contained (in mM): 140 KCl, 1
MgCl2, 10 HEPES, 10 EGTA, 1 CaCl2, 4 K2ATP (pH 7.2), with KOH.

The step pulse protocol used for KCNQ4 channel recordings
started from a holding potential of −80 mV, depolarized for 1 sec
from −100 mV to +40 mV with 20-mV increments, and followed
by a tail pulse at −50 mV for 0.5 sec. P/N leak subtraction was per-
formed. The current–voltage relationship was generated by the av-
erage current of the last 25msec of the activation process and fitted
according to the step potential. Continuous curves were generated
by plotting the normalized tail current against membrane poten-
tials using the Boltzmann function I/Imax=1/{1+ [exp(V1/2–Vm)k]},
where I is the magnitude of the tail current, Imax is the maximum
current magnitude, V1/2 is the half-activation voltage, Vm is the
membrane potential, and k=RT/zF is the slope factor.

Detailed descriptions of the procedures are provided in the
Supplemental Methods (electrophysiological recordings).

Data exclusion and repeat criteria for electrophysiological

recordings

Current amplitudes were analyzed from recording cells that satis-
fied the following quality control criteria: seal resistance≥500
MΩ, series resistance≤15 MΩ, and cell capacitance between
5 and 25 pF. The capacitances of the cells we chose to record
were mostly ∼8–15 pF. Data were also removed from the analysis

if the following problems existed: (1) electrically unstable cells
(baselines were unstable); (2) cells with high leak currents resulted
from the loss of seal; (3) cells with reduced currents resulted from
poor cell state (WT as the control); (4) cells with obvious current
run-down.

Detailed descriptions of the procedures are provided in the
Supplemental Methods (data exclusion and repeat criteria for elec-
trophysiological recordings).

Variant functional classification

k-Means clustering was used to divide all 4085missense SNVs into
three groups based on the magnitude of the normalized peak cur-
rent values (Imut/Iwt) recorded at +40 mV of each variant. Two
thresholds (0.54 and 2.08) were obtained to distinguish each
type of variant. Variants with >10-mV shifts in V1/2 relative to
the WT channel were considered to have a strong effect on the
channel gating properties. Combining the normalized peak cur-
rents and half-activation voltage properties, we classified all 4085
variants into three categories: loss of function, normal function,
and gain of function.

Detailed descriptions of the procedures are provided in the
Supplemental Methods (variant functional classification).

Generation of Kcnq4 KI point mutant mice and genotyping

All point mutant KI mice (p.G288R, p.L250R, p.D273Y, p.S202C,
and p.A155T) in a C57BL/6J background were obtained by
CRISPR-Cas9-mediated genome engineering (Cyagen Bioscienc-
es). Mice were genotyped by PCR using tail genomic DNA. All
primers for genotyping are described in Supplemental Table S4.

Detailed descriptions of the procedures are provided in the
Supplemental Methods (generation of Kcnq4 knock-in point mu-
tant mice and genotyping).

ABR measurement

For each genotype group, three to five mice (C57BL/6J) of either
sex were tested by ABR measurement from 3 to 40 wk of age.
After anesthetization with xylazine (i.p., 10 mg/kg) and ketamine
(i.p., 100 mg/kg), mice were placed in a soundproof chamber on a
heating pad (Homeothermic Monitoring System, Harvard
Apparatus) to maintain their body temperature. Subdermal needle
electrodes were placed at the vertex (active), ipsilateral ear at the
same side as stimulus delivery (reference), and base of the tail
(ground). Stimuli were produced by SigGenRZ software, and re-
sponses were recorded by BioSigRZ (Tucker-Davis Technologies).
Scalp potential was band-pass filtered over a 20-msec epoch be-
tween 0.03 and 3 kHz. At each level, 512 responses were averaged.
ABRswere elicited by pure tone pips (5-msec duration, 21 times per
second) and click via a speaker (TDT) placed 5 cm away from the
vertex. ABR wave II was used to determine the threshold from
90 to 0 dB SPL at frequencies of 4 kHz, 8 kHz, 16 kHz, 24 kHz,
and 32 kHz. Thresholds (dB) were determined by reducing the
sound intensity in 5-dB steps until no detectable response.

Classification criteria for variant pathogenicity interpretation

A total of 509 KCNQ4 missense variants were collected from mul-
tiple data sources including the DVD (Azaiez et al. 2018), ClinVar
(Landrum et al. 2016), the 1000 Genomes Project (The 1000
Genomes Project Consortium 2012), and gnomAD (Lek et al.
2016). Following the universal ACMG/AMP variant interpretation
guidelines and expert specification for genetic hearing loss
(Richards et al. 2015;Oza et al. 2018), these 509 variantswereman-
ually classified into five categories: pathogenic (13), likely
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pathogenic (12), uncertain significance (456), likely benign (six),
and benign (22). ACMG/AMP criteria used for KCNQ4 variant
pathogenicity classification are shown in Supplemental Figure
S14. Variant pathogenicity classification pre- and postfunctional
data are presented in Supplemental Table S5.

Detailed descriptions of the procedures are provided in the
Supplemental Methods (classification criteria for variant pathoge-
nicity interpretation).

Statistical analyses

The obtained values were expressed as means± SEM. One-way
ANOVAs and two-way ANOVAs were used to assess statistical sig-
nificance. The data were plotted with GraphPad Prism 8.0.2 and
MATLAB. The peak current value and half-activation voltage of
WT and variants were obtained by customized MATLAB codes
(Supplemental Codes). The k-means clustering was analyzed by
the Statistical Program for Social Science (SPSS).

Data access

All raw data generated in this study have been submitted to
MAVEdb (https://www.mavedb.org) under accession number
urn:mavedb:00000094-a, with data displaying after processing is
complete, and submitted as a Supplemental Data Set. MATLAB
scripts used in this study are available as Supplemental Codes
and provided at GitHub (https://github.com/Yan-lab-KCNQ4/
KCNQ4).

Competing interest statement

The authors declare no competing interests.

Acknowledgments

We thank Fangyi Chen (Southern University of Science and Tech-
nology) and Yuchen Song for helping write the code to calculate
the current value. We also thank Daniel L. Minor Jr., Jing Cheng,
Xiaomei Luo, Binxin Xu, and Wenyong Fan for comments. This
work was supported by funds from the China Brain Project
(2021ZD0203304), Shenzhen Science and Technology Program
(RCJC20210609104631084), National Key R&D Program of China
Project (2021YFA1101302, 2017YFA0103900, 2016YFA0502800),
National Natural Science Foundation of China (31571083,
31970931), Program for Professor of Special Appointment (Eastern
Scholar of Shanghai, TP2014008), Shanghai Municipal Science
and Technology Major Project (No. 2018SHZDZX01), ZJLab and
Shanghai Center for Brain Science and Brain-Inspired Technology,
and the Shanghai Rising-Star Program (14QA1400800).

Author contributions: Z.Y. conceived the project and designed
the experiments. H.Z., X.Y., G.L., W.Z., and F.Y. generated variant
plasmids. H.Z., X.Y., G.L., W.Z., F.Y., and H.L. performed the
patch-clamp recordings. H.L. and S.D. performed the auditory
brainstem response measurement. H.Z., W.Z., and Z.Y. designed
the experiments. H.Z., X.Y., and Z.Y. analyzed the datawith the as-
sistance of G.L., H.L., S.D., and W.Z. Y.L. and H.Y. helped analyze
the interpretation of variants in the clinical databases. L.J. provid-
ed guidance on the project. H.Z., X.Y., S.D., H.L., and Z.Y. wrote
the manuscript. All authors discussed the results and commented
on the manuscript.

References

The 1000Genomes Project Consortium. 2012. An integratedmap of genetic
variation from 1,092 human genomes.Nature 491: 56–65. doi:10.1038/
nature11632

Azaiez H, Booth KT, Ephraim SS, Crone B, Black-Ziegelbein EA, Marini RJ,
Shearer AE, Sloan-Heggen CM, Kolbe D, Casavant T, et al. 2018.
Genomic landscape and mutational signatures of deafness-associated
genes. Am J Hum Genet 103: 484–497. doi:10.1016/j.ajhg.2018.08.006

Beisel KW, Rocha-Sanchez SM, Morris KA, Nie L, Feng F, Kachar B, Yamoah
EN, Fritzsch B. 2005. Differential expression of KCNQ4 in inner hair
cells and sensory neurons is the basis of progressive high-frequency
hearing loss. J Neurosci 25: 9285–9293. doi:10.1523/jneurosci.2110-05
.2005

Brnich SE, Abou Tayoun AN, Couch FJ, Cutting GR, Greenblatt MS, Heinen
CD, Kanavy DM, Luo X, McNulty SM, Starita LM, et al. 2020.
Recommendations for application of the functional evidence PS3/BS3
criterion using the ACMG/AMP sequence variant interpretation frame-
work. Genome Med 12: 3. doi:10.1186/s13073-019-0690-2

Chang A, Abderemane-Ali F, Hura GL, Rossen ND, Gate RE, Minor DL Jr.
2018. A calmodulin C-lobe Ca2+-dependent switch governs Kv7 chan-
nel function. Neuron 97: 836–852.e6. doi:10.1016/j.neuron.2018.01
.035

Collins FS. 1999. Shattuck lecture: medical and societal consequences of the
Human Genome Project. N Engl J Med 341: 28–37. doi:10.1056/
nejm199907013410106

Coucke P, Van Camp G, Djoyodiharjo B, Smith SD, Frants RR, Padberg GW,
Darby JK, Huizing EH, Cremers CW, KimberlingWJ, et al. 1994. Linkage
of autosomal dominant hearing loss to the short arm of chromosome 1
in two families. N Engl J Med 331: 425–431. doi:10.1056/
nejm199408183310702

Cutting GR. 2014. Annotating DNA variants is the next major goal for hu-
man genetics. Am J Hum Genet 94: 5–10. doi:10.1016/j.ajhg.2013.12
.008

Flannick J, Beer NL, Bick AG, Agarwala V, Molnes J, Gupta N, Burtt NP,
Florez JC, Meigs JB, Taylor H, et al. 2013. Assessing the phenotypic ef-
fects in the general population of rare variants in genes for a dominant
Mendelian form of diabetes. Nat Genet 45: 1380–1385. doi:10.1038/ng
.2794

Frazer J, Notin P, Dias M, Gomez A, Min JK, Brock K, Gal Y, Marks DS. 2021.
Disease variant prediction with deep generative models of evolutionary
data. Nature 599: 91–95. doi:10.1038/s41586-021-04043-8

Gao Y, Yechikov S, Vázquez AE, Chen D, Nie L. 2013. Impaired surface ex-
pression and conductance of the KCNQ4 channel lead to sensorineural
hearing loss. J Cell Mol Med 17: 889–900. doi:10.1111/jcmm.12080

Glazer AM, Wada Y, Li B, Muhammad A, Kalash OR, O’Neill MJ, Shields T,
Hall L, Short L, BlairMA, et al. 2020. High-throughput reclassification of
SCN5A variants. Am J Hum Genet 107: 111–123. doi:10.1016/j.ajhg
.2020.05.015

Haitin Y, Attali B. 2008. The C-terminus of Kv7 channels: a multifunctional
module. J Physiol 586: 1803–1810. doi:10.1113/jphysiol.2007.149187

Hilgert N, Smith RJ, Van Camp G. 2009. Forty-six genes causing nonsyn-
dromic hearing impairment: which ones should be analyzed in DNA di-
agnostics? Mutat Res 681: 189–196. doi:10.1016/j.mrrev.2008.08.002

Howard RJ, Clark KA, Holton JM, Minor DL Jr. 2007. Structural insight into
KCNQ (Kv7) channel assembly and channelopathy. Neuron 53: 663–
675. doi:10.1016/j.neuron.2007.02.010

Huang Q, Tang J. 2010. Age-related hearing loss or presbycusis. Eur Arch
Otorhinolaryngol 267: 1179–1191. doi:10.1007/s00405-010-1270-7

Ioannidis NM, Rothstein JH, Pejaver V, Middha S, McDonnell SK, Baheti S,
Musolf A, Li Q, Holzinger E, Karyadi D, et al. 2016. REVEL: an ensemble
method for predicting the pathogenicity of rare missense variants. Am J
Hum Genet 99: 877–885. doi:10.1016/j.ajhg.2016.08.016

Jentsch TJ. 2000. Neuronal KCNQ potassium channels: physiology and role
in disease. Nat Rev Neurosci 1: 21–30. doi:10.1038/35036198

Jung J, Choi HB, Koh YI, Rim JH, Choi HJ, Kim SH, Lee JH, An J, Kim A, Lee
JS, et al. 2018.Whole-exome sequencing identifies two novel mutations
in KCNQ4 in individuals with nonsyndromic hearing loss. Sci Rep 8:
16659. doi:10.1038/s41598-018-34876-9

Kang SK, Vanoye CG, Misra SN, Echevarria DM, Calhoun JD, O’Connor JB,
Fabre KL, McKnight D, Demmer L, Goldenberg P, et al. 2019. Spectrum
of KV2.1 dysfunction in KCNB1-associated neurodevelopmental disor-
ders. Ann Neurol 86: 899–912. doi:10.1002/ana.25607

Kapplinger JD, Tester DJ, Salisbury BA, Carr JL, Harris-Kerr C, Pollevick GD,
Wilde AA, Ackerman MJ. 2009. Spectrum and prevalence of mutations
from the first 2,500 consecutive unrelated patients referred for the
FAMILION® long QT syndrome genetic test. Heart Rhythm 6: 1297–
1303. doi:10.1016/j.hrthm.2009.05.021

Kapplinger JD, Tester DJ, Alders M, Benito B, Berthet M, Brugada J, Brugada
P, Fressart V, Guerchicoff A, Harris-Kerr C, et al. 2010. An international
compendium of mutations in the SCN5A-encoded cardiac sodium

Functional classification of KCNQ4 variants

Genome Research 1583
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276562.122/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276562.122/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276562.122/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276562.122/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276562.122/-/DC1
https://www.mavedb.org
https://www.mavedb.org
https://www.mavedb.org
https://www.mavedb.org
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276562.122/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.276562.122/-/DC1
https://github.com/Yan-lab-KCNQ4/KCNQ4
https://github.com/Yan-lab-KCNQ4/KCNQ4
https://github.com/Yan-lab-KCNQ4/KCNQ4
https://github.com/Yan-lab-KCNQ4/KCNQ4
https://github.com/Yan-lab-KCNQ4/KCNQ4


channel in patients referred for Brugada syndrome genetic testing.Heart
Rhythm 7: 33–46. doi:10.1016/j.hrthm.2009.09.069

Kass RS. 2005. The channelopathies: novel insights into molecular and ge-
netic mechanisms of human disease. J Clin Invest 115: 1986–1989.
doi:10.1172/jci26011

Kharkovets T, Hardelin JP, Safieddine S, Schweizer M, El-Amraoui A, Petit C,
Jentsch TJ. 2000. KCNQ4, a K+ channel mutated in a form of dominant
deafness, is expressed in the inner ear and the central auditory pathway.
Proc Natl Acad Sci 97: 4333–4338. doi:10.1073/pnas.97.8.4333

Kharkovets T, Dedek K, Maier H, Schweizer M, Khimich D, Nouvian R,
Vardanyan V, Leuwer R, Moser T, Jentsch TJ. 2006. Mice with altered
KCNQ4 K+ channels implicate sensory outer hair cells in human pro-
gressive deafness. EMBO J 25: 642–652. doi:10.1038/sj.emboj.7600951

Kim HJ, Lv P, Sihn CR, Yamoah EN. 2011. Cellular and molecular mecha-
nisms of autosomal dominant form of progressive hearing loss,
DFNA2. J Biol Chem 286: 1517–1527. doi:10.1074/jbc.M110.179010

Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. 2014. A
general framework for estimating the relative pathogenicity of human
genetic variants. Nat Genet 46: 310–315. doi:10.1038/ng.2892

Kubisch C, Schroeder BC, Friedrich T, Lütjohann B, El-Amraoui A, Marlin S,
Petit C, Jentsch TJ. 1999. KCNQ4, a novel potassium channel expressed
in sensory outer hair cells, is mutated in dominant deafness. Cell 96:
437–446. doi:10.1016/s0092-8674(00)80556-5

Lai HC, Jan LY. 2006. The distribution and targeting of neuronal voltage-
gated ion channels. Nat Rev Neurosci 7: 548–562. doi:10.1038/nrn1938

LandrumMJ, Lee JM, BensonM, BrownG,ChaoC, Chitipiralla S, Gu B,Hart
J, Hoffman D, Hoover J, et al. 2016. ClinVar: public archive of interpre-
tations of clinically relevant variants. Nucleic Acids Res 44: D862–D868.
doi:10.1093/nar/gkv1222

Lee H, Deignan JL, Dorrani N, Strom SP, Kantarci S, Quintero-Rivera F, Das
K, Toy T, Harry B, Yourshaw M, et al. 2014. Clinical exome sequencing
for genetic identification of rare Mendelian disorders. JAMA Neurol 312:
1880–1887. doi:10.1001/jama.2014.14604

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T,
O’Donnell-Luria AH, Ware JS, Hill AJ, Cummings BB, et al. 2016.
Analysis of protein-coding genetic variation in 60,706 humans. Nature
536: 285–291. doi:10.1038/nature19057

Li T, Wu K, Yue Z, Wang Y, Zhang F, Shen H. 2021. Structural basis for the
modulation of human KCNQ4 by small-molecule drugs. Mol Cell 81:
25–37.e4. doi:10.1016/j.molcel.2020.10.037

Manrai AK, Funke BH, Rehm HL, Olesen MS, Maron BA, Szolovits P,
Margulies DM, Loscalzo J, Kohane IS. 2016. Genetic misdiagnoses and
the potential for health disparities. N Engl J Med 375: 655–665. doi:10
.1056/NEJMsa1507092

McLaughlin HM, Ceyhan-Birsoy O, Christensen KD, Kohane IS, Krier J,
Lane WJ, Lautenbach D, Lebo MS, Machini K, MacRae CA, et al. 2014.
A systematic approach to the reporting of medically relevant findings
from whole genome sequencing. BMC Med Genet 15: 134. doi:10
.1186/s12881-014-0134-1

Mencía A, González-Nieto D, Modamio-Høybjør S, Etxeberría A, Aránguez
G, Salvador N, Del Castillo I, Villarroel A, Moreno F, Barrio L, et al.
2008. A novel KCNQ4 pore-region mutation (p.G296S) causes deafness
by impairing cell-surface channel expression. Hum Genet 123: 41–53.
doi:10.1007/s00439-007-0447-7

Miceli F, Soldovieri MV, Ambrosino P, Barrese V, Migliore M, Cilio MR,
Taglialatela M. 2013. Genotype–phenotype correlations in neonatal ep-
ilepsies caused by mutations in the voltage sensor of Kv7.2 potassium
channel subunits. Proc Natl Acad Sci 110: 4386–4391. doi:10.1073/
pnas.1216867110

Miceli F, Soldovieri MV, Ambrosino P, De Maria M, Migliore M, Migliore R,
Taglialatela M. 2015. Early-onset epileptic encephalopathy caused by
gain-of-function mutations in the voltage sensor of Kv7.2 and Kv7.3 po-
tassium channel subunits. J Neurosci 35: 3782–3793. doi:10.1523/jneur
osci.4423-14.2015

Millichap JJ, Miceli F, De Maria M, Keator C, Joshi N, Tran B, Soldovieri MV,
Ambrosino P, Shashi V,Mikati MA, et al. 2017. Infantile spasms and en-
cephalopathy without preceding neonatal seizures caused by KCNQ2
R198Q, a gain-of-function variant. Epilepsia 58: e10–e15. doi:10.1111/
epi.13601

Ng CA, Perry MD, Liang W, Smith NJ, Foo B, Shrier A, Lukacs GL, Hill AP,
Vandenberg JI. 2020. High-throughput phenotyping of heteromeric hu-

man ether-à-go-go-related gene potassium channel variants can dis-
criminate pathogenic from rare benign variants. Heart Rhythm 17:
492–500. doi:10.1016/j.hrthm.2019.09.020

Oza AM, DiStefano MT, Hemphill SE, Cushman BJ, Grant AR, Siegert RK,
Shen J, Chapin A, Boczek NJ, Schimmenti LA, et al. 2018. Expert speci-
fication of the ACMG/AMP variant interpretation guidelines for genetic
hearing loss. Hum Mutat 39: 1593–1613. doi:10.1002/humu.23630

Peixoto Pinheiro B, Vona B, Löwenheim H, Rüttiger L, Knipper M, Adel Y.
2021. Age-related hearing loss pertaining to potassium ion channels
in the cochlea and auditory pathway. Pflugers Arch 473: 823–840.
doi:10.1007/s00424-020-02496-w
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