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Abstract
The primary cilium is a non-motile sensory organelle that extends from the surface of most vertebrate cells and transduces 
signals regulating proliferation, differentiation, and migration. Primary cilia dysfunctions have been observed in cancer 
and in a group of heterogeneous disorders called ciliopathies, characterized by renal and liver cysts, skeleton and limb 
abnormalities, retinal degeneration, intellectual disability, ataxia, and heart disease and, recently, in autism spectrum 
disorder, schizophrenia, and epilepsy. The potassium voltage-gated channel subfamily H member 1 (KCNH1) gene encodes 
a member of the EAG (ether-à-go-go) family, which controls potassium flux regulating resting membrane potential in both 
excitable and non-excitable cells and is involved in intracellular signaling, cell proliferation, and tumorigenesis. KCNH1 
missense variants have been associated with syndromic neurodevelopmental disorders, including Zimmermann-Laband 
syndrome 1 (ZLS1, MIM #135500), Temple-Baraitser syndrome (TMBTS, MIM #611816), and, recently, with milder 
phenotypes as epilepsy. In this work, we provide evidence that KCNH1 localizes at the base of the cilium in pre-ciliary 
vesicles and ciliary pocket of human dermal fibroblasts and retinal pigment epithelial (hTERT RPE1) cells and that 
the pathogenic missense variants (L352V and R330Q; NP_002229.1) perturb cilia morphology, assembly/disassembly, 
and Sonic Hedgehog signaling, disclosing a multifaceted role of the protein. The study of KCNH1 localization, its 
functions related to primary cilia, and the alterations introduced by mutations in ciliogenesis, cell cycle coordination, 
cilium morphology, and cilia signaling pathways could help elucidate the molecular mechanisms underlying neurological 
phenotypes and neurodevelopmental disorders not considered as classical ciliopathies but for which a significant role of 
primary cilia is emerging.
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Introduction

The primary cilium is a non-motile sensory organelle that 
extends from the surface of most vertebrate cells and trans-
duces signals from extracellular stimuli to cell pathways 
regulating proliferation, differentiation, migration, and 
tissue morphology [1]. The primary cilium is composed 
of an axoneme structure enclosed by a bilayer lipid mem-
brane, protruding from the apical surface of a modified 
centriole, the basal body, and comprising a radial array of 
nine microtubule pairs lacking the central doublet (9 + 0 
structure) [2]. At the base of the primary cilium, protein 
trafficking is regulated through the transition fiber, anchor-
ing the axoneme to the ciliary membrane [3–5].

The vesicles’ trafficking machinery is pivotal for both 
ciliogenesis and proteins’ movement within the cilium. In 
most cell types, including neurons and hTERT-immortal-
ized retinal pigment epithelial cell line (hTERT RPE-1), 
the primary site of vesicles’ formation for both exo- and 
endocytosis localizes at the basal part of the primary 
cilium, within an invagination of the plasma membrane 
known as the ciliary pocket [6].

The dual function of centriole in the basal body and 
the centrosome allows to couple ciliogenesis and ciliary 
signals to cell cycle, leading to cilia assembly in the post-
mitotic G0/G1 phases of the cell cycle and cilia disassem-
bly before mitosis [7].

Mutations in genes impairing ciliary biogenesis and 
functions cause a group of heterogeneous clinical dis-
orders called ciliopathies, characterized by a phenotype 
including renal and liver cysts, skeleton and limb abnor-
malities, retinal degeneration, intellectual disability (ID), 
ataxia, and heart disease, reflecting the complexity of 
ciliogenesis and the crucial role of primary cilia in cell 
development and physiology [8]. The role of primary cilia 
function has also been suggested in neurodevelopmental 
processes through the interplay of several genes whose 
alterations have been proposed to underlie autism spec-
trum disorder (ASD), schizophrenia, ID [9–12], and epi-
lepsy [13, 14], which had not been previously implicated 
in classical ciliopathies.

The potassium voltage-gated channel subfamily H 
member 1 (Kv10.1, H-Eag, KCNH1, MIM *603305) gene 
encodes a member of the EAG (ether-à-go-go) family. 
This member is a pore-forming subunit of a voltage-gated 
non-inactivating delayed rectifier potassium channel that 
is composed of the assembly of four subunits.

KCNH1 is mainly expressed in the adult central nervous 
system (GTEx, www. gtexp ortal. org) and plays a role in 
controlling  K+ flux that regulates resting membrane poten-
tial in both excitable and non-excitable cells [15, 16] and is 
activated at the onset of myoblast differentiation [17]. The 

channel is also involved in cell proliferation and differenti-
ation processes, particularly in adipogenic and osteogenic 
differentiation in bone marrow-derived mesenchymal stem 
cells (MSCs) [18].

The protein has been localized at the plasma membrane 
[19–21], the inner nuclear membrane [22], and intracel-
lular vesicles [23]. It has been recently detected in the 
primary cilium area in hTERT RPE-1 cells and in mouse 
embryonic fibroblasts [24], where it participates in cili-
ogenesis through the interaction with proteins involved in 
ciliary regulation, as Rabaptin-5, cortactin, and Hypoxia-
inducible factors [24].

KCNH1 ectopic expression has been reported in most 
human cancers [25, 26], and its function has also been asso-
ciated with intracellular signaling, cell proliferation, and 
tumorigenesis in a way that appears unrelated to its role in 
ion permeation [26]. Recent studies reported causative de 
novo heterozygous missense mutations involving this chan-
nel in developmental diseases that include Zimmermann-
Laband syndrome 1 (ZLS1, MIM #135500) [27–29], Tem-
ple-Baraitser syndrome (TMBTS, MIM #611816) [30–32], 
syndromic intellectual disability [33] and syndromic devel-
opmental delay, hypotonia and seizures [34]. All those phe-
notypes are characterized by neurological manifestations, 
including ID and epilepsy, suggesting an important role for 
KCNH1 in human neurodevelopment. More recent stud-
ies expanded the phenotype spectrum of KCNH1-related 
encephalopathies to subjects with severe intellectual dis-
ability, mild extra-neurological phenotype, and lacking the 
distinctive features of TMBTS and ZLS1 [35–39].

The biological mechanisms altered by the pathogenic 
KCNH1 mutations, which lead to developmental phenotypes, 
are still poorly understood. Most functional studies relied 
on electrophysiological approaches to characterize the func-
tional effect of pathogenic missense mutations and disclosed 
a gain of function mechanism causing altered properties of 
the channel [27, 30]. However, little is known about channel 
dysfunctions related to its subcellular localization, traffick-
ing, and interactions.

In this work, we studied KCNH1 protein subcellular 
localization, focusing on the primary cilium structure in 
different cell types, by confocal microscopy. As the mecha-
nisms of KCNH1 related to ciliary functions remain largely 
unknown, and the functional effects of pathogenic variants 
have been only partially investigated, we evaluated cilium 
assembly dynamics, cilium morphology, and Sonic Hedge-
hog (SHH) pathway activation in wild-type cells and with 
selected pathogenic variants.

We provided evidence that KCNH1 localizes at the 
base of the cilium in pre-ciliary vesicles and ciliary pocket 
compartments that regulate ciliogenesis dynamics. Moreo-
ver, we investigated cilia assembly/disassembly, morphol-
ogy, and SHH signaling, further supporting a functional 
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role of  K+ channels in ciliary processes and shedding light 
into the molecular bases of  K+ channelopathies.

Material and Methods

Cell Culture and Treatments

Human dermal fibroblasts (HDF) cells were obtained 
from ATCC (PCS-201–012, Sigma-Aldrich). Primary 
skin fibroblasts were obtained from subcutaneous biop-
sies of patients carrying pathogenic KCNH1 variants 
c.1054C > G, p.L352V [27] and c.989G > A, p.R330Q 
[28]. The selected pathogenic variants were chosen as 
they represent two available patient-derived samples, and 
they are reported according to KCNH1 transcript variant 2 
(RefSeq: NM_002238.4; NP_002229.1). We re-analyzed 
the whole exome of both patients to identify further puta-
tive deleterious rare variants altering the coding sequence 
or the splicing mechanism. We did not identify any addi-
tional putative candidate variants that could be associated 
with phenotypes.

Fibroblasts and hTERT RPE-1 cell lines were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) and 
DMEM/F-12, respectively, both supplemented with 10% 
heat-inactivated fetal bovine serum (FBS, EuroClone) and 
1% penicillin–streptomycin, at 37 °C with 5%  CO2.

For KCNH1 localization, cilia count, and morphol-
ogy analyses, fibroblasts and hTERT RPE-1 cells were 
plated onto coverslips and cultured in complete medium 
for 24 h. Then, cells were starved in a serum-free medium 
for 10 min, 20 min, and 48 h before immunofluorescence 
(IF) analysis. To induce cilium disassembly, the serum was 
reintroduced for 1, 2, and 4 h after 48 h of starvation, and 
cells were fixed with 4% paraformaldehyde (PFA).

To induce Sonic Hedgehog (SHH) signaling pathway 
activity, wild-type and mutant fibroblasts were starved in 
serum-free media for 24 h and then treated with a Smooth-
ened, Frizzled Class Receptor (SMO) agonist (SAG; 
Sigma-Aldrich), 100 nM for 24 h.

Immunofluorescence Analysis

Fibroblasts and hTERT RPE-1 cells were washed with 
phosphate buffered saline (PBS) and fixed using 4% PFA 
followed by permeabilization with PBS + 0.1% TRITON 
X-100, blocked in blocking buffer (3% bovine serum 
albumin—BSA—in PBS), and subjected to incubation 
with primary and secondary antibodies (Supplementary 
Table 1). Nuclei were stained with DAPI (Sigma-Aldrich), 

and coverslips were mounted using Fluoromount 
(Sigma-Aldrich).

Image Acquisition and Analysis

Confocal images were sequentially acquired by Olympus’ 
PLAPON 60X OSC2 super-corrected objective confocal 
apparatus. Sequential 0.5-μm-thick z-stacked sections were 
imaged through the entire cell profile using a 60 × objec-
tive lens and were used to create maximum intensity pro-
jections (MIPs) and processed with Fiji (National Institute 
of Health). All images were acquired with the same laser 
intensity before the analysis in Fiji.

For primary cilia count, the proportion of ciliated cells 
in a single field was determined by counting the number of 
cilia and the number of nuclei, and then it was expressed 
as the percentage of the total cell population. This analysis 
was performed for 6 different fields in three different experi-
ments. Statistical significance was determined by unpaired 
Student’s t test (p < 0.05).

Cilia lengths were measured using straight, segmented, or 
freehand lines tool of fluorescent axoneme marker in maxi-
mum Z intensity projected images in Fiji. Cilia were cat-
egorized based on mean + / − standard deviation (sd) values 
calculated of cilia of control (wild-type cells), as follows: 
short cilia < 2.47 μm (mean-sd); normal cilia 2.47–4.05 μm; 
long cilia > 4.05 μm (mean + sd) [40].

Colocalization was quantified using the Pearson’s cor-
relation coefficient (PCC) within the selected areas of the 
images. Briefly, PCC is used to quantify colocalization, with 
values ranging from 1, for two images whose fluorescence 
intensities are perfectly and linearly positively related, to − 1, 
for two images whose fluorescence intensities are perfectly 
but inversely related. Values close to zero reflect distribu-
tions of probes that are uncorrelated. Imaging data from 
the experiments were analyzed using the Coloc 2 plugin 
of the Fiji distribution of ImageJ software (http:// imagej. 
net/ Coloc_2). Before applying a mask and running the 
plugin, individual areas were selected as regions of inter-
est (ROIs). After running the plugin, PCC reported in the 
ImageJ Log window was recorded for each cell and reported 
as mean + standard error mean (sem) on 30 cells.

Quantitative RT‑PCR (qPCR)

Total RNA from dermal fibroblasts of wild-type and 
carrying KCNH1 pathogenic variants was extracted 
using TRIZOL reagent (Invitrogen, Life Technologies) 
according to the manufacturer’s instructions. RNA 
quantity was determined with the Nanodrop 1000 System 
(ThermoFisher Scientific). qPCR was performed in 
triplicate using SYBR Green (Applied Biosystems) 

4827Molecular Neurobiology (2022) 59:4825–4838

http://imagej.net/Coloc_2
http://imagej.net/Coloc_2


1 3

after reverse transcription of 1 µg of total RNA using 
the High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems) with random primers, following the 
manufacturer’s instructions. Relative gene expression was 
calculated by the ΔΔCT method relative to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH)  expression 
levels. Primers for quantitative analysis are listed in 
Supplementary Table 2.

Results

KCNH1 Localizes to Membrane Subdomains 
at the Base of the Primary Cilia of hTERT RPE‑1 Cells

We examined KCNH1 localization through immunoflu-
orescence/confocal microscopy analysis in 48 h serum-
starved hTERT RPE-1 cells to induce primary cilia 
assembly.

The cilium structure was defined by the staining of 
acetylated alpha-tubulin (Ac. Tub), an axoneme marker. 
KCNH1 was detected at the base of the primary cilium, 
close to the cilium base marker, Centrosomal Protein 164 
(CEP164), a centrosomal protein required for primary 
cilia assembly (Fig.  1a), confirming previous results 
localizing KCNH1 in the centrosomal component [24]. 
Immunofluorescence staining using antibody for C-terminal 
Eps15 Homology Domain (EHD) family members 1–4, 
markers of pre-ciliary membranes and the ciliary pocket 
(Fig.  1b), specifically localizes KCNH1 to membrane 
subdomains at the base of primary cilia of hTERT RPE-1 
cells (Fig. 1c), in addition to a diffuse peripheral staining, 
consistent with the previously described pattern indicating 
its localization at the plasma membrane and endocytic 
vesicles [41]. These results define the localization of 
KCNH1 within the primary cilium, for the first time to our 
knowledge, in the ciliary pocket structure and pre-ciliary 
vesicles since the early phases of primary cilium assembly 
(Fig. 1c).

Effect of Pathogenic KCNH1 Variants on Primary 
Cilia Localization

We evaluated whether disease-causing mutations could 
affect the ciliary protein localization. To this aim, we ana-
lyzed fibroblasts of patients carrying  KCNH1L352V [27] 
and  KCNH1R330Q proteins (NP_002229.1) [28], after 48 h 
of serum starvation. As expected, we detected KCNH1 
marked distribution in proximity of Golgi and early endo-
somal compartment (Supplementary Fig. 1) [41].

Additionally, both wild-type and mutant KCNH1 pro-
teins accumulate at the primary cilium base of fibroblasts, 
just below the centrosome protein CEP164 (Fig. 2a, Sup-
plementary video), and in correspondence to the ciliary 
pocket area and pre-ciliary vesicles, colocalizing with 
EHD proteins (Fig.  2b). Localization of both mutants 
at the primary cilium base was also confirmed for Flag-
KCNH1 constructs ectopically overexpressed in hTERT 
RPE-1 cells (Supplementary Fig. 2).

Pearson’s correlation coefficients (PCCs) indicate an 
association between KCNH1 and EHD (PCC = 0.39), 
in control cells, while for mutants, a mild decrease of 
 KCNH1L352V (PCC = 0.32) and a more pronounced 
and significant decrease of  KCNH1R330Q (PCC = 0.25, 
p = 0.01541) to ciliary pocket (Fig. 2c) were observed. 
These results suggest that pathogenic KCNH1 variants 
could moderately affect protein localization to the primary 
cilium.

KCNH1R330Q and  KCNH1L352V Mutants Cause 
Abnormal Ciliogenesis and Cell Cycle Defects

We investigated the role of KCNH1 in ciliogenesis and the 
effect introduced by the R330Q and L352V amino acid sub-
stitutions. As expected, in fibroblasts expressing the wild-
type protein, we observed an increase of cilia number in 
serum-free condition and a decrease after serum stimulation 
(1 h and 4 h) (Fig. 3a). Similar dynamics were observed for 
both patients’ fibroblasts (Fig. 3a). When we compared cilia 
numbers among wild-type and mutant cells, we observed 
that in cycling conditions, both mutants showed a sig-
nificantly higher number of ciliated cells (Fig. 3a). Upon 
serum removal, comparable numbers were observed between 
wild-type and  KCNH1L352V mutant fibroblasts, while 
 KCNH1R330Q mutants showed a small but significant reduc-
tion of ciliated cells. After 1 h and 4 h of serum stimula-
tion, a higher number of cilia was observed in  KCNH1L352V 
fibroblasts, further suggesting a slower dynamics of primary 
cilium disassembly (Fig. 3a).

As ciliogenesis is synchronized to cell cycle [42], we 
evaluated the effect of KCNH1 missense mutations on the 
expression of BCL2 apoptosis regulator (BCL2), a cell 
cycle regulator with anti-proliferative functions which 
facilitates the arrest in G0 [43]. Gene expression analysis 
showed an increase of BCL2 transcript in  KCNH1R330Q and 
 KCNH1L352V cycling fibroblasts compared to wild-type cells 
(Fig. 3b; p < 0.05 in both comparisons). The BCL2 expres-
sion profile of mutant fibroblasts showed a trend similar to 
that of quiescent serum-starved control fibroblasts (Fig. 3b). 
These results suggest that KCNH1 mutations may cause 
defects in cell cycle progression.
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To test the hypothesis of a loss of coordination between 
ciliogenesis and cell cycle, we evaluated the number of cil-
iated-Ki-67 (marker of proliferation Ki-67)-positive cells, 
a marker of cycling cells [44] (Fig. 3c). Both  KCNH1R330Q 
and  KCNH1L352V mutants increased the fraction of cycling 
(Ki-67-positive) cells, and they also significantly increased 

the percentage of ciliated-Ki-67-positive cells (Fig. 3d). 
In detail, R330Q substitution increased by approximately 
3 times (p < 0.05) and L352V about 9 times ciliated-Ki-
67-positive cells (p < 0.05), respectively. These results 
suggest that KCNH1 mutations could reduce the coupling 
between ciliogenesis and cell cycle.

Fig. 1  KCNH1 localizes to the primary cilia pocket of hTERT RPE-1 
cells. (a) Representative images of immunofluorescence (IF) stain-
ing detecting KCNH1 localization (green) to the base of the primary 
cilium. hTERT RPE-1 cells were serum-starved for 48  h and ana-
lyzed by IF microscopy. DAPI (blue) was used to visualize nuclei, 
acetylated tubulin (Ac. Tub) staining (red) detected primary cilium 
axoneme and CEP164 (pink) the centrosome. Images are maximum 

intensity projections of z-stacks. Scale bars 10  µm. (b) Representa-
tive images of EHD family members 1–4 (green) localization to the 
ciliary pocket. ARL13B (red) and CEP170 (red) detected respectively 
primary cilium axoneme and the centrosome. Scale bars 10 µm. (c) 
Representative images of IF microscopy analysis of colocaliza-
tion (yellow) between KCNH1 (red) and EHD (green) after 10 min, 
20 min, and 48 h of serum deprivation. Scale bars 10 µm
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KCNH1R330Q and  KCNH1L352V Mutations Alter Cilia 
Length and Morphology and Affect Ciliary Transport

We tested cilia length and morphology of wild-type and 
mutant fibroblasts, and we found significant differences in 
 KCNH1R330Q mutant cells. Cilia of wild-type cells were 
3.26 ± 0.79 μm in length, whereas mutant cells had cilia of 
2.91 ± 0.57 μm and 3.15 ± 0.23 μm, in  KCNH1R330Q and 
 KCNH1L352V mutant fibroblasts, respectively (Fig. 4a). 

Specifically, cilia of  KCNH1R330Q mutant cells were 10.7% 
shorter than controls (p < 0.05), and the number of cells with 
short cilia (i.e., < 2.47 μm), were increased by 14.5% than 
controls (p < 0.05; Fig. 4b). Cilia length of  KCNH1L352V 
did not show significant differences compared to wild-type 
(Fig. 4a and b).

On morphological evaluation of primary cilium structure, 
using ADP ribosylation factor like GTPase 13B (ARL13B) 
as cilium marker, we observed marked structural and 

Fig. 2  Disease-causing KCNH1 
missense mutations affect 
ciliary pocket localization. 
Wild-type  (KCNH1WT) and 
patients’ fibroblasts carrying 
 KCNH1R330Q and  KCNH1L352V 
mutations were serum-starved 
for 48 h and analyzed by IF. 
DAPI (blue) was used to visual-
ize nuclei, acetylated tubulin 
(Ac. Tub) staining detected 
ciliary axoneme, CEP164 
the centrosome and EHD the 
ciliary pocket. Images are 
maximum intensity projections 
of z-stacks. Scale bars 10 µm. 
(a) Representative images of IF 
staining detecting  KCNH1WT, 
 KCNH1R330Q, and  KCNH1L352V 
(green) localization to the 
base of the primary cilium 
(CEP164 pink, Ac. Tub. red). 
(b) Representative images of 
colocalization (yellow) between 
KCNH1 (red) and EHD (green). 
(c) Quantification of b. For 
each experimental condition, 
Pearson’s correlation coefficient 
(PCC) was calculated within 
the areas of colocalization using 
Fiji. PCC was recorded for each 
cell and reported as mean + sem 
on 30 cells. Differences between 
two groups were analyzed 
by unpaired Student’s t test. 
*p = 0.01541 vs wild-type
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numerical cilia defects in some mutant fibroblasts, with seg-
mented axoneme and bulbous distal tips in  KCNH1R330Q 
fibroblasts and multiple cilia/cell in  KCNH1L352V fibroblasts 
(Fig. 4c). Similar structural defects were observed in hTERT 
RPE-1 cells overexpressing Flag-KCNH1 constructs carry-
ing R330Q or L352V mutations (Supplementary Fig. 3; 4). 
No structural or numerical anomalies were detected in wild-
type fibroblasts.

The multiple primary cilium defects of  KCNH1R330Q 
and  KCNH1L352V mutants suggest a possible perturbation 
of transport along the cilium. To evaluate this aspect, we 
analyzed the localization of Intraflagellar Transport 172 
(IFT172), a member of the IFT-B complex, involved in 
anterograde transport along cilium [45]. Both  KCNH1R330Q 
and  KCNH1L352V mutant fibroblasts displayed a marked 
accumulation of IFT172 around the base of the cilium and 
at the tip, with apparent bulging (Fig. 4d and e) compared 
to a staining pattern around the base and along the entire 
shaft of the cilium in control cells. The observed bulbous 
morphology suggests an impaired retrograde transport, as 
observed in several cilia-related mutants [46].

KCNH1R330Q and  KCNH1L352V Mutations Induce Basal 
SHH Pathway Activation

To evaluate the possible effect of  KCNH1R330Q and 
 KCNH1L352V mutations on the SHH signaling pathway trans-
duced by the primary cilium [47], we analyzed gene expres-
sion of the SHH-responsive genes GLI Family Zinc Finger 
1 (GLI1), SMO, and Patched 1 (PTCH1). As expected, the 
expression of GLI1, SMO, and PTCH1 in wild-type cells 
significantly increased upon SAG treatment, a SMO agonist 
and a SHH pathway activator. Differently, in KCNH1 mutant 
fibroblasts, a marked and significant increase of those genes 
was detected already at basal conditions (p < 0.05; Fig. 5a).

SMO localization pattern in the cilium structure in the pres-
ence of SAG showed that SMO localizes along primary cilium 
in both wild-type and mutated fibroblasts upon SAG activation 
(Fig. 5b).

In SAG stimulated cells, a significant number of 
 KCNH1R330Q (37%; p < 0.05) and  KCNH1L352V (11%; 
p < 0.05) fibroblasts cilia compared to wild-type showed an 
altered morphology, characterized by a fragmented axoneme 
(p < 0.05; Fig. 5c). Moreover, when looking at cilia length, 

Fig. 3  KCNH1 mutations cause abnormal ciliogenesis and cell cycle 
defects. (a) Quantification of the number of ciliated cells in wild-type 
and patients’ fibroblasts carrying  KCNH1R330Q and  KCNH1L352V 
mutations. (b) BCL2 mRNA expression was measured by qPCR 
from wild-type and patients’ fibroblasts carrying  KCNH1R330Q and 
 KCNH1L352V mutations. GAPDH was used as a reference gene for 
normalization. (c) Representative images of IF analysis of Ki-67 (red) 

and acetylated tubulin (Ac. Tub) (green) of 48 h serum-starved wild-
type and patients’ fibroblasts carrying  KCNH1R330Q and  KCNH1L352V 
mutations. Scale bars 10 µm. (d) Quantification of c. Data are repre-
sented as mean + sem. Differences between two groups were analyzed 
by unpaired Student’s t test. *p < 0.05 is reported vs the same condi-
tion of wild-type unless otherwise indicated with bars
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we observed a significant difference for both mutant fibro-
blasts compared to the cells without SAG treatment (p < 0.05; 
Fig. 5d). These results suggest that mutants’ cilia anomalies 
might be at least amplified by SHH pathway stimulation.

Discussion

In this work, we studied the localization and function of 
the human KCNH1 (MIM *603305), a voltage-activated 
potassium channel, in human dermal fibroblasts and hTERT 
RPE-1 cells. We characterized the effect of pathogenic mis-
sense mutations on ciliogenesis and SHH pathway regula-
tion, unraveling a multifaceted role of the protein.

Recently, KCNH1 has been localized to primary cilium 
during the G2/M transition of mammalian cells, and a role 
in cilium disassembly and cell proliferation has been pre-
liminarily demonstrated [24]. In that work, the unexpected 
location of the full-length KCNH1, which is supposed to 
be a transmembrane protein, in the centrosomal component 
was explained as a residual ciliary membrane vesicle or, 
alternatively, attributed to the localization in the membranes 
of vesicles at the pre-ciliary compartment. Our immuno-
fluorescence analyses support the localization of KCNH1 
within the primary cilium and further refine the localization 
in the ciliary pocket structure and pre-ciliary vesicles, thus 
providing an explanation of the results mentioned above. 
Indeed, we demonstrated a clear colocalization with EHD 

Fig. 4  KCNH1 mutations alter 
cilia length and morphology 
and affect ciliary transport. 
(a) Graph of cilia length 
measurements of  KCNH1WT, 
 KCNH1R330Q, and  KCNH1L352V 
fibroblasts. (b) Percentage of 
cells with cilia of different 
lengths. *p = 0.03511 vs wild-
type. (c) Representative images 
of morphological anomalies of 
primary cilia of  KCNH1R330Q 
and  KCNH1L352V fibroblasts 
stained with ARL13B antibody 
(red). Scale bars 10 µm. (d) 
Representative image of IFT172 
staining (green) of  KCNH1WT, 
 KCNH1R330Q, and  KCNH1L352V 
fibroblasts. CEP170 (red) was 
used to visualize the primary 
cilium base. Scale bars 10 µm. 
(e) Quantification of d. Data 
are represented as mean + sem. 
Differences between two groups 
were analyzed by unpaired 
Student’s t test. *p < 0.05 is 
reported vs the same condition 
of wild-type

4832 Molecular Neurobiology (2022) 59:4825–4838



1 3

proteins, four known components of pre-ciliary vesicles and 
ciliary pocket [48] since the early stages of ciliogenesis. 
EHD proteins coordinate crucial stages at the onset of cil-
ium assembly [49]. Specifically, EHD1, the most ubiquitary 
member of the family, is well known to localize to pre-
ciliary membranes, regulating their centrosomal traffick-
ing, and is indispensable for ciliary vesicles’ formation and 
recruitment of transition zone proteins and IFT transport 
machinery at the M-centriole during early cilium assembly, 
facilitating fusion of the ciliary vesicles from distal append-
age vesicles [49].

The ciliary pocket is a specialized membrane origi-
nated from an invagination of the ciliary membrane near 

the proximal part of the cilium and with crucial signaling 
functions. In particular, this region regulates ciliary mem-
brane homeostasis and the assembly of multicomponent 
signaling complexes, representing a major site for vesicles’ 
exo- and endocytosis [6]. Hence, it could be hypothesized 
that KCNH1, besides the known subcellular localization, 
localizes in early cilium membrane structures where it 
could play a role in regulating early ciliary functions in 
primary cilium assembly/disassembly dynamics. This was 
supported by the occurrence of abnormal cilia morphol-
ogy that we observed in human mutant fibroblasts, with 
a significant percentage of cells carrying cilia with dys-
morphic features.

Fig. 5  KCNH1 mutations 
induce basal SHH pathway acti-
vation. (a) Histograms show the 
expression levels of target genes 
of the SHH pathway (GLI1, 
PTCH1, and SMO) in fibro-
blasts from patients carrying 
 KCNH1R330Q and  KCNH1L352V 
mutations compared to control 
cells. Fibroblasts were serum-
starved for 48 h and treated 
with SAG 100 nM. GAPDH 
was used as a reference gene 
for normalization. Data are 
represented as mean + sem. Dif-
ferences between groups were 
analyzed by one-tailed Student’s 
t test. *p < 0.05 is reported vs 
the same condition of wild-type 
unless otherwise indicated with 
bars. (b) Representative images 
of IF analysis of ciliary localiza-
tion of SMO (red) and ARL13B 
(green) in SAG treated wild-
type and patients’ fibroblasts 
carrying  KCNH1R330Q and 
 KCNH1L352V mutations. Scale 
bars 10 µm. (c) Percentage of 
cells with cilia of different mor-
phology (normal, fragmented, 
and bulbous). (d) Graph of 
cilia length measurements of 
 KCNH1WT,  KCNH1R330Q, 
and  KCNH1L352V fibroblasts 
in control and SHH pathway 
activation condition. Data are 
represented as mean + sem. 
Differences between two groups 
were analyzed by unpaired 
Student’s t test. *p < 0.05 is 
reported vs the same condition 
of wild-type unless otherwise 
indicated with bars
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Mutations in KCNH1, whose oncogenic properties were 
reported in several studies and which is largely overex-
pressed in different cancers [50, 51], have been recently 
reported as causative of developmental diseases. To date, 
45 patients with 24 KCNH1 mutations have been reported 
with a phenotype characterized by a remarkable clinical het-
erogeneity, from mild to severe developmental delay and/or 
ID and epilepsy [27–39, 52].

Those phenotypes include Zimmermann-Laband 
syndrome 1 (ZLS1, MIM #135500), Temple-Baraitser 
syndrome (TMBTS, MIM #611816), syndromic intellectual 
disability and syndromic developmental delay, hypotonia 
and seizures. More recent studies broaden the phenotype 
spectrum to epilepsy and also to severe intellectual 
disability, mild extra-neurological phenotype, but lacking 
the distinctive features of TMBTS and ZLS1. Emerging 
evidence suggests a lack of correlation between the location 
of the affected residues and the clinical diagnosis [27, 33].

Most functional studies aimed to characterize potentially 
deleterious missense mutations, focused on channel elec-
trophysiological properties, using patch-clamp electrophysi-
ology experiments on Chinese hamster ovary (CHO) cells 
[27], Xenopus oocytes, and human HEK293T cells [30]. 
For nine missense mutations, a gain of function effect has 
been suggested based on a remarkable shift in the activation 
threshold to more negative potentials, producing dramatic 
increases in whole-cell K + conductance in the negative-
potential range [27, 30].

In our study, we selected two pathogenic mutations 
localizing in different domains of the channel, L352V and 
R330Q (NP_002229.1). The L352 residue maps in the S5 
pore helix [27], patch-clamp experiments showed strong 
negative shifts in voltage-dependent activation [27], and 
homology model analyses disclosed that the Leucine 352 
residue forms a tight hydrophobic cluster with I467 and 
V356 in the open structure of the channel, which rearranges 
in the closed conformation suggesting that perturbations of 
these residues could affect the closed-open transition. The 
L352V mutation has been associated with ZLS1 in one 
patient with ID, seizures, coarse face, gingival enlargement, 
hypoplastic nails and terminal phalanges, scoliosis, and 
hypertrichosis [27].

The Arginine 330 residue localizes in the voltage-sensing 
domain (S4) of the channel, and the R330Q mutation has 
been reported in 7 cases  [28, 33, 34, 37], with a phenotype 
including developmental delay, severe ID, absence/hypo-
plasia of great toe nail, neonatal hypotonia, gingival hyper-
plasia, and epilepsy starting in infancy. A further mutation 
was reported in the same residue (R330P) in one patient with 
syndromic developmental delay and infantile seizures [34]. 
No functional data are available on the R330P and R330Q 

variants that currently involve the most frequently mutated 
residue of KCNH1.

We observed that both considered pathogenic variants 
impaired ciliary structures, causing decreased length, frag-
mented axoneme, bulbous tips, and a multiciliated cell 
phenotype, with different degrees, as reported for several 
ciliopathies. Shorter cilia with abnormally bulged tips have 
been, in fact, associated with dynein-2 complex and centro-
some proteins defects [40, 53], while cells with mutations in 
Meckel syndrome type 1 protein (MKS1) and Meckel syn-
drome type 3 (MKS3) genes causing Meckel syndrome show 
a multiciliated phenotype [54].

We might speculate that R330Q and L352V mutations 
cause different alterations in the primary cilium morphol-
ogy, which may partially converge to the same pathways as 
IFT transport and SHH pathways, thus correlating with quite 
overlapping clinical phenotypes. Indeed, we demonstrated 
that both mutations cause a defective accumulation at the 
ciliary tip of IFT172, a component of the ciliary antero-
grade transport IFTB complex, and ectopic activation of the 
SHH signaling [24], a key pathway regulated by the ciliary 
pocket [6] and whose dynamics are closely reliant on IFT 
machinery [55, 56]. We suggest that observed altered SHH 
activation could be a consequence of the observed IFT172 
mislocalization, probably causing abnormal ciliary traf-
ficking. SHH pathway stimulation would induce additional 
morphological defects of cilia, which we observed in both 
mutants that showed excision of primary cilia tips. This fea-
ture resembles the recently discovered process named cili-
ary decapitation, used by primary cilia to release vesicles 
into the extracellular environment to promote quiescence 
exit through mitogenic SHH signaling [57], thus correlating 
with aberrantly SHH signaling activation.

KCNH1 confers accelerated cancer progression through 
molecular mechanisms such as regulation of cell cycle, pro-
liferation, and ciliogenesis [51]. In this regard, conforma-
tional changes accompanying gating constitute a significant 
part of the KCNH1 oncogenic signal. Our results showed 
that KCNH1 mutations favoring the opening state induced 
ciliary SHH signaling and a significant increase of ciliated 
cells compared to wild-type protein without the induction 
of quiescent state. Increased ciliogenesis correlates with 
observed upregulation of BCL2 expression, which has an 
anti-proliferative function and facilitates G0 arrest [43] so 
that we might speculate that a significant fraction of mutant 
fibroblasts is in a different phase of the cell cycle, possibly 
G0, compared to control fibroblasts.

On the contrary, by using Ki-67 as a proliferation marker, 
we observed that KCNH1 mutations increased the fraction 
of ciliated-proliferating cells, reducing the coupling between 
ciliogenesis and cell cycle and supporting previous results 
obtained in KCNH1-knockdown cells [24]. We also showed 

4834 Molecular Neurobiology (2022) 59:4825–4838



1 3

that, upon reintroduction of serum, cilium disassembly 
is impaired in fibroblasts with  KCNH1L352V mutation, as 
observed previously in KCNH1-knockout cells [24].

These findings suggest a role of voltage-gated potassium 
channels as regulators of ciliogenesis, possibly through 
the influencing of membrane function or vesicle transport 
adjacent to the transition zone or at the ciliary pocket, as 
firstly reported for Potassium Voltage-Gated Channel 
Subfamily Q Member 1 (KCNQ1), Potassium Inwardly 
Rectifying Channel Subfamily J Member 10 (KCNJ10), 
Potassium Voltage-Gated Channel Modifier Subfamily F 
Member 1 (KCNF1), and Chloride Voltage-Gated Channel 
4 (CLCN4) [58], which localize to primary cilia, exert a 
role in ciliogenesis, and, when mutated (KCNQ1), cause 
defects in cilia structure, resulting in ciliopathy phenotypes 
in vitro [58].

KCNH1 has been proposed as a regulator of cilia assem-
bly/disassembly dynamics through the modulation of 
Ca2 + concentration and phosphatidylinositol-4,5-bisphos-
phate (PIP2) accumulation at the base of the cilium, allow-
ing lateral diffusion of ciliary components [59]. The patho-
genic KCNH1 variants would confer a gain of function effect 
with increased channel activity that, in turn, would induce 
primary cilia disassembly and cause altered cilia structure 
[24]. Some clinical features of KCNH1-related phenotypes, 
as facial and digital malformations, which are included in 
the phenotype spectrum of some ciliopathies, have been con-
sidered as caused by perturbations of signaling pathways, 
as the SHH, which is involved in morphogenesis processes 
[24, 59]. Further functional studies are required to clearly 
link ciliary phenotypes to clinical phenotypes caused by spe-
cific gain-of-function KCNH1 mutations impacting different 
domains.

The phenotypic spectrum of KCNH1 pathogenic muta-
tions includes a wide range of symptoms, from syndromic 
neurodevelopmental disorders to epilepsy. To date, epilepsy 
is the most recurrent disorder among the subjects carrying a 
KCNH1 mutation and, interestingly, 3 cases of somatic vari-
ants were reported in subjects with epilepsy, one detected 
in the resected brain tissue of a patient with focal cortical 
dysplasia [39] and in two subjects, mothers of children with 
TMBTS, who have epilepsy but are otherwise healthy [30].

Epilepsy is reported in subsets of ciliopathy patients 
indicating the occurrence of neural circuit dysfunction as 
a consequence of primary cilia anomalies [60, 61]. Sev-
eral observations indicate that primary cilia signaling are 
involved in the development and differentiation of cortical 
progenitors, neurons, and glia and that perturbation of this 
mechanism could underlie neurobehavioral or epilepsy phe-
notypes [14]. Therefore, it could be hypothesized that this 
phenotype could partly correlate to primary cilia signaling 
dysfunction in those cells.

The recent identification of gain-of-function mutations 
in two other  K+ channels in individuals with syndromic 
developmental disorders (Potassium Two Pore Domain 
Channel Subfamily K Member 4 (KCNK4) in Facial Dys-
morphism, Hypertrichosis, Epilepsy, Intellectual/Devel-
opmental Delay, and Gingival Overgrowth (FHEIG) 
syndrome and Potassium Calcium-Activated Channel 
Subfamily N Member 3 (KCNN3) in Zimmermann-Laband 
syndrome-3 (ZLS3) [62, 63]) led to suggest a new sub-
group of rare potassium channelopathies, which comprises 
ZLS1, ZLS3, TMBTS, and FHEIG syndromes, caused by 
mutations in three genes KCNH1, KCNN3, and KCNK4, 
with KCNH1 representing the most frequently mutated 
channel.

This prompted the interest in cellular dysfunctions 
related to potassium channels’ alterations causing disor-
ders with overlapping clinical features, as developmental 
delay, ID, coarse facial features, gingival hypertrophy, nail 
and digital hypoplasia, and hypertrichosis [27].

As the biological mechanisms through which potas-
sium channels mutations cause complex developmental 
phenotypes are still poorly characterized, the study of 
KCNH1 localization and its functions related to primary 
cilia and the alterations introduced by mutations in cili-
ogenesis, cell cycle coordination, cilium morphology, and 
cilia signaling pathway could help elucidate the molecu-
lar mechanisms underlying neurological phenotypes and 
neurodevelopmental disorders not considered as classical 
ciliopathies, but for which a significant role of primary 
cilia is emerging.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12035- 022- 02886-4.

Acknowledgements We are grateful to patients that participated in this 
study and their families for their valuable effort and cooperation. We 
thank Dr. Alvaro Cravenna and Dr. Simona Coppola for their support in 
microscopy colocalization analyses. We thank Dr. Giulia Guarguaglini 
for providing hTERT RPE-1 cell line.

Author Contribution Conceptualization: CP, VC, GN. Methodology: 
CP, GN, NP, AT, CCa, SL. Formal analysis and investigation: CP, GN, 
VP, FP, AG, TM. Writing—original draft preparation: VC, CP, GN. All 
authors contributed to writing—review and editing. Funding acquisi-
tion: VC, AP. Resources: VC, CP, CCo, MT, MC, AP. Supervision: VC, 
CP, CCa, CCo, AP. All authors read and approved the final manuscript.

Funding Open access funding provided by Università degli Studi di 
Roma La Sapienza within the CRUI-CARE Agreement. This work was 
supported by Telethon Exploratory Project 2016 (GEP15102) to V.C.; 
“Ricerca di Ateneo” (2017 and 2018) Sapienza University of Rome to 
V.C.; Italian Ministry of Health (Ricerca Corrente 2022–2024) to A.P.; 
“5 × 1000” voluntary contribution to T.M.

Data Availability Authors confirm that all relevant data are included in 
the article and its supplementary information files. Any other data that 

4835Molecular Neurobiology (2022) 59:4825–4838

https://doi.org/10.1007/s12035-022-02886-4


1 3

support the findings discussed here are available from the correspond-
ing author upon reasonable request.

Declarations 

Ethics Approval This study was performed in line with the principles 
of the Declaration of Helsinki. Biological samples were obtained from 
2 unrelated patients after written informed consent was provided. This 
project was approved by the local Institutional Ethical Committee of 
the Ospedale Pediatrico Bambino Gesu` (1702_OPBG_2018), Rome.

Consent to Participate Informed consent was obtained from all indi-
vidual participants included in the study.

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Wang B, Liang Z, Liu P (2021) Functional aspects of primary 
cilium in signaling, assembly and microenvironment in cancer. J 
Cell Physiol 236(5):3207–3219. https:// doi. org/ 10. 1002/ jcp. 30117

 2. Malicki JJ, Johnson CA (2017) The cilium: cellular antenna and 
central processing unit. Trends Cell Biol 27(2):126–140. https:// 
doi. org/ 10. 1016/j. tcb. 2016. 08. 002

 3. Gherman A, Davis EE, Katsanis N (2006) The ciliary proteome 
database: an integrated community resource for the genetic and 
functional dissection of cilia. Nat Genet 38(9):961–962. https:// 
doi. org/ 10. 1038/ ng0906- 961

 4. Marshall WF (2008) Basal bodies platforms for building cilia. 
Curr Top Dev Biol 85:1–22. https:// doi. org/ 10. 1016/ S0070- 
2153(08) 00801-6

 5. Reiter JF, Blacque OE, Leroux MR (2012) The base of the cil-
ium: roles for transition fibres and the transition zone in ciliary 
formation, maintenance and compartmentalization. EMBO Rep 
13(7):608–618. https:// doi. org/ 10. 1038/ embor. 2012. 73

 6. Pedersen LB, Mogensen JB, Christensen ST (2016) Endocytic 
control of cellular signaling at the primary cilium. Trends Bio-
chem Sci 41(9):784–797. https:// doi. org/ 10. 1016/j. tibs. 2016. 06. 
002

 7. Breslow DK, Holland AJ (2019) Mechanism and regulation of 
centriole and cilium biogenesis. Annu Rev Biochem 88:691–724. 
https:// doi. org/ 10. 1146/ annur ev- bioch em- 013118- 111153

 8. Reiter JF, Leroux MR (2017) Genes and molecular pathways 
underpinning ciliopathies. Nat Rev Mol Cell Biol 18(9):533–547. 
https:// doi. org/ 10. 1038/ nrm. 2017. 60

 9. Lee JE, Gleeson JG (2011) Cilia in the nervous system: link-
ing cilia function and neurodevelopmental disorders. Curr Opin 

Neurol 24(2):98–105. https:// doi. org/ 10. 1097/ WCO. 0b013 e3283 
444d05

 10. Louvi A, Grove EA (2011) Cilia in the CNS: the quiet organelle 
claims center stage. Neuron 69(6):1046–1060. https:// doi. org/ 10. 
1016/j. neuron. 2011. 03. 002

 11. Marley A, von Zastrow M (2012) A simple cell-based assay 
reveals that diverse neuropsychiatric risk genes converge on pri-
mary cilia. PLoS ONE 7(10):e46647. https:// doi. org/ 10. 1371/ 
journ al. pone. 00466 47

 12. Guo J, Otis JM, Higginbotham H et al (2017) Primary cilia sign-
aling shapes the development of interneuronal connectivity. Dev 
Cell 42(3):286-300.e4. https:// doi. org/ 10. 1016/j. devcel. 2017. 07. 
010

 13. Loucks CM, Park K, Walker DS et al (2019) EFHC1, implicated in 
juvenile myoclonic epilepsy, functions at the cilium and synapse 
to modulate dopamine signaling. Elife 8:e37271. https:// doi. org/ 
10. 7554/ eLife. 37271

 14. Wang EJ, Gailey CD, Brautigan DL et al (2020) Functional altera-
tions in ciliogenesis-associated kinase 1 (CILK1) that result from 
mutations linked to juvenile myoclonic epilepsy. Cells 9(3):694. 
https:// doi. org/ 10. 3390/ cells 90306 94

 15. Bauer CK, Schwarz JR (2018) Ether-à-go-go K+ channels: effec-
tive modulators of neuronal excitability. J Physiol 596(5):769–
783. https:// doi. org/ 10. 1113/ JP275 477

 16. Urrego D, Movsisyan N, Ufartes R et al (2016) Periodic expres-
sion of Kv10.1 driven by pRb/E2F1 contributes to G2/M progres-
sion of cancer and non-transformed cells. Cell Cycle 15(6):799–
811. https:// doi. org/ 10. 1080/ 15384 101. 2016. 11381 87

 17. Occhiodoro T, Bernheim L, Liu JH et al (1998) Cloning of a 
human ether-a-go-go potassium channel expressed in myoblasts 
at the onset of fusion. FEBS Lett 434(1–2):177–182. https:// doi. 
org/ 10. 1016/ S0014- 5793(98) 00973-9

 18. Zhang YY, Yue J, Che H et al (2014) BKCa and hEag1 channels 
regulate cell proliferation and differentiation in human bone mar-
row-derived mesenchymal stem cells. J Cell Physiol 229(2):202–
212. https:// doi. org/ 10. 1002/ jcp. 24435

 19. Gómez-Varela D, Kohl T, Schmidt M et al (2010) Characteri-
zation of Eag1 channel lateral mobility in rat hippocampal cul-
tures by single-particle-tracking with quantum dots. PLoS ONE 
5(1):e8858. https:// doi. org/ 10. 1371/ journ al. pone. 00088 58

 20. Kohl T, Lörinczi E, Pardo LA et al (2011) Rapid internalization 
of the oncogenic K+ channel K(V)10.1. PLoS One 6(10):e26329. 
https:// doi. org/ 10. 1371/ journ al. pone. 00263 29

 21. Jiménez-Garduño AM, Mitkovski M, Alexopoulos IK et al (1838) 
(2014) Kv10.1 K(+)-channel plasma membrane discrete domain 
partitioning and its functional correlation in neurons. Biochim 
Biophys Acta 3:921–931. https:// doi. org/ 10. 1016/j. bbamem. 2013. 
11. 007

 22. Chen Y, Sánchez A, Rubio ME et al (2011) Functional K(v)10.1 
channels localize to the inner nuclear membrane. PLoS One 
6(5):e19257. https:// doi. org/ 10. 1371/ journ al. pone. 00192 57

 23. Ninkovic M, Mitkovski M, Kohl T et al (2012) Physical and func-
tional interaction of KV10.1 with Rabaptin-5 impacts ion chan-
nel trafficking. FEBS Lett 586(19):3077–3084. https:// doi. org/ 10. 
1016/j. febsl et. 2012. 07. 055

 24. Sánchez A, Urrego D, Pardo LA (2016) Cyclic expression of the 
voltage-gated potassium channel KV10.1 promotes disassembly 
of the primary cilium. EMBO Rep 17(5):708–723. https:// doi. org/ 
10. 15252/ embr. 20154 1082

 25. Wang X, Chen Y, Zhang Y et al (2017) Eag1 voltage-dependent 
potassium channels: structure, electrophysiological character-
istics, and function in cancer. J Membr Biol 250(2):123–132. 
https:// doi. org/ 10. 1007/ s00232- 016- 9944-8

 26. Urrego D, Tomczak AP, Zahed F et al (2014) Potassium channels 
in cell cycle and cell proliferation. Philos Trans R Soc Lond B 

4836 Molecular Neurobiology (2022) 59:4825–4838

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/jcp.30117
https://doi.org/10.1016/j.tcb.2016.08.002
https://doi.org/10.1016/j.tcb.2016.08.002
https://doi.org/10.1038/ng0906-961
https://doi.org/10.1038/ng0906-961
https://doi.org/10.1016/S0070-2153(08)00801-6
https://doi.org/10.1016/S0070-2153(08)00801-6
https://doi.org/10.1038/embor.2012.73
https://doi.org/10.1016/j.tibs.2016.06.002
https://doi.org/10.1016/j.tibs.2016.06.002
https://doi.org/10.1146/annurev-biochem-013118-111153
https://doi.org/10.1038/nrm.2017.60
https://doi.org/10.1097/WCO.0b013e3283444d05
https://doi.org/10.1097/WCO.0b013e3283444d05
https://doi.org/10.1016/j.neuron.2011.03.002
https://doi.org/10.1016/j.neuron.2011.03.002
https://doi.org/10.1371/journal.pone.0046647
https://doi.org/10.1371/journal.pone.0046647
https://doi.org/10.1016/j.devcel.2017.07.010
https://doi.org/10.1016/j.devcel.2017.07.010
https://doi.org/10.7554/eLife.37271
https://doi.org/10.7554/eLife.37271
https://doi.org/10.3390/cells9030694
https://doi.org/10.1113/JP275477
https://doi.org/10.1080/15384101.2016.1138187
https://doi.org/10.1016/S0014-5793(98)00973-9
https://doi.org/10.1016/S0014-5793(98)00973-9
https://doi.org/10.1002/jcp.24435
https://doi.org/10.1371/journal.pone.0008858
https://doi.org/10.1371/journal.pone.0026329
https://doi.org/10.1016/j.bbamem.2013.11.007
https://doi.org/10.1016/j.bbamem.2013.11.007
https://doi.org/10.1371/journal.pone.0019257
https://doi.org/10.1016/j.febslet.2012.07.055
https://doi.org/10.1016/j.febslet.2012.07.055
https://doi.org/10.15252/embr.201541082
https://doi.org/10.15252/embr.201541082
https://doi.org/10.1007/s00232-016-9944-8


1 3

Biol Sci 369(1638):20130094. https:// doi. org/ 10. 1098/ rstb. 2013. 
0094

 27. Kortüm F, Caputo V, Bauer CK et al (2015) Mutations in KCNH1 
and ATP6V1B2 cause Zimmermann-Laband syndrome. Nat 
Genet 47(6):661–667. https:// doi. org/ 10. 1038/ ng. 3282

 28. Guglielmi F, Staderini E, Iavarone F et al (2019) Zimmermann-
Laband-1 syndrome: clinical, histological, and proteomic findings 
of a 3-year-old patient with hereditary gingival fibromatosis. Bio-
medicines 7(3):48. https:// doi. org/ 10. 3390/ biome dicin es703 0048

 29. Mastrangelo M, Scheffer IE, Bramswig NC et al (2016) Epilepsy 
in KCNH1-related syndromes. Epileptic Disord 18(2):123–136. 
https:// doi. org/ 10. 1684/ epd. 2016. 0830

 30. Simons C, Rash LD, Crawford J et al (2015) Mutations in the 
voltage-gated potassium channel gene KCNH1 cause Temple-
Baraitser syndrome and epilepsy. Nat Genet 47(1):73–77. https:// 
doi. org/ 10. 1038/ ng. 3153

 31. Mégarbané A, Al-Ali R, Choucair N et al (2016) Temple-Barait-
ser syndrome and Zimmermann-Laband syndrome: one clini-
cal entity? BMC Med Genet 17(1):42. https:// doi. org/ 10. 1186/ 
s12881- 016- 0304-4

 32. Wang H, Zhang X, Ding H (2021) Temple-Baraitser syndrome 
with KCNH1 Asn510Thr: a new case report. Clin DySMOrphol 
30(1):27–31. https:// doi. org/ 10. 1097/ MCD. 00000 00000 000345

 33. Bramswig NC, Ockeloen CW, Czeschik JC et al (2015) “Split-
ting versus lumping”: Temple-Baraitser and Zimmermann-Laband 
syndromes. Hum Genet 134(10):1089–1097. https:// doi. org/ 10. 
1007/ s00439- 015- 1590-1

 34. Fukai R, Saitsu H, Tsurusaki Y et al (2016) De novo KCNH1 
mutations in four patients with syndromic developmental delay, 
hypotonia and seizures. J Hum Genet 61(5):381–387. https:// doi. 
org/ 10. 1038/ jhg. 2016.1

 35. Zou D, Wang L, Liao J et al (2021) Genome sequencing of 320 
Chinese children with epilepsy: a clinical and molecular study. 
Brain 144(12):3623–3634. https:// doi. org/ 10. 1093/ brain/ awab2 33

 36. Aubert Mucca M, Patat O, Whalen S et al (2021) Patients with 
KCNH1-related intellectual disability without distinctive features 
of Zimmermann-Laband/Temple-Baraitser syndrome. J Med 
Genet medgenet-2020–107511. https:// doi. org/ 10. 1136/ jmedg 
enet- 2020- 107511

 37. Gripp KW, Smithson SF, Scurr IJ et al (2021) Syndromic disor-
ders caused by gain-of-function variants in KCNH1, KCNK4, and 
KCNN3-a subgroup of K+ channelopathies. Eur J Hum Genet 
29(9):1384–1395. https:// doi. org/ 10. 1038/ s41431- 021- 00818-9

 38. Rochtus A, Olson HE, Smith L et al (2020) Genetic diagnoses 
in epilepsy: the impact of dynamic exome analysis in a pediat-
ric cohort. Epilepsia 61(2):249–258. https:// doi. org/ 10. 1111/ epi. 
16427

 39. von Wrede R, Jeub M, Ariöz I et al (2021) Novel KCNH1 muta-
tions associated with epilepsy: broadening the phenotypic spec-
trum of KCNH1-associated diseases. Genes (Basel) 12(2):132. 
https:// doi. org/ 10. 3390/ genes 12020 132

 40. Kessler K, Wunderlich I, Uebe S et al (2015) DYNC2LI1 muta-
tions broaden the clinical spectrum of dynein-2 defects. Sci Rep 
5:11649. https:// doi. org/ 10. 1038/ srep1 1649

 41. Toplak Ž, Hendrickx LA, Abdelaziz R et al (2022) Overcom-
ing challenges of HERG potassium channel liability through 
rational design: Eag1 inhibitors for cancer treatment. Med Res 
Rev 42(1):183–226. https:// doi. org/ 10. 1002/ med. 21808

 42. Ishikawa H, Marshall WF (2011) Ciliogenesis: building the cell’s 
antenna. Nat Rev Mol Cell Biol 12(4):222–234. https:// doi. org/ 
10. 1038/ nrm30 85

 43. Zinkel S, Gross A, Yang E (2006) BCL2 family in DNA damage 
and cell cycle control. Cell Death Differ 13(8):1351–1359. https:// 
doi. org/ 10. 1038/ sj. cdd. 44019 87

 44. Sun X, Kaufman PD (2018) Ki-67: more than a proliferation 
marker. Chromosoma 127(2):175–186. https:// doi. org/ 10. 1007/ 
s00412- 018- 0659-8

 45. Gorivodsky M, Mukhopadhyay M, Wilsch-Braeuninger M et al 
(2009) Intraflagellar transport protein 172 is essential for primary 
cilia formation and plays a vital role in patterning the mammalian 
brain. Dev Biol 325(1):24–32. https:// doi. org/ 10. 1016/j. ydbio. 
2008. 09. 019

 46. Shaheen R, Jiang N, Alzahrani F et al (2019) Bi-allelic mutations 
in FAM149B1 cause abnormal primary cilium and a range of cili-
opathy phenotypes in humans. Am J Hum Genet 104(4):731–737. 
https:// doi. org/ 10. 1016/j. ajhg. 2019. 02. 018

 47. Goetz SC, Ocbina PJ, Anderson KV (2009) The primary cilium 
as a Hedgehog signal transduction machine. Methods Cell Biol 
94:199–222. https:// doi. org/ 10. 1016/ S0091- 679X(08) 94010-3

 48. Kukic I, Rivera-Molina F, Toomre D (2016) The IN/OUT assay: a 
new tool to study ciliogenesis. Cilia 5:23. https:// doi. org/ 10. 1186/ 
s13630- 016- 0044-2

 49. Lu Q, Insinna C, Ott C et al (2015) Early steps in primary cilium 
assembly require EHD1/EHD3-dependent ciliary vesicle forma-
tion. Nat Cell Biol 17(3):228–240. https:// doi. org/ 10. 1038/ ncb31 
09

 50. Ouadid-Ahidouch H, Ahidouch A, Pardo LA (2016) Kv10.1 K(+) 
channel: from physiology to cancer. Pflugers Arch 468(5):751–
762. https:// doi. org/ 10. 1007/ s00424- 015- 1784-3

 51. Cázares-Ordoñez V, Pardo LA (2017) Kv10.1 potassium channel: 
from the brain to the tumors. Biochem Cell Biol 95(5):531–536. 
https:// doi. org/ 10. 1139/ bcb- 2017- 0062

 52. Rossi M, El-Khechen D, Black MH et al (2017) Outcomes of diag-
nostic exome sequencing in patients with diagnosed or suspected 
autism spectrum disorders. Pediatr Neurol 70:34-43.e2. https:// 
doi. org/ 10. 1016/j. pedia trneu rol. 2017. 01. 033

 53. Shimada H, Lu Q, Insinna-Kettenhofen C et al (2017) In vitro 
modeling using ciliopathy-patient-derived cells reveals dis-
tinct cilia dysfunctions caused by CEP290 mutations. Cell Rep 
20(2):384–396. https:// doi. org/ 10. 1016/j. celrep. 2017. 06. 045

 54. Stayner C, Poole CA, McGlashan SR et al (2017) An ovine hepa-
torenal fibrocystic model of a Meckel-like syndrome associated 
with dySMOrphic primary cilia and TMEM67 mutations. Sci Rep 
7(1):1601. https:// doi. org/ 10. 1038/ s41598- 017- 01519-4

 55. Huangfu D, Liu A, Rakeman AS et al (2003) Hedgehog signal-
ling in the mouse requires intraflagellar transport proteins. Nature 
426(6962):83–87. https:// doi. org/ 10. 1038/ natur e02061

 56. May SR, Ashique AM, Karlen M et al (2005) Loss of the retro-
grade motor for IFT disrupts localization of SMO to cilia and 
prevents the expression of both activator and repressor functions 
of Gli. Dev Biol 287(2):378–389. https:// doi. org/ 10. 1016/j. ydbio. 
2005. 08. 050

 57. Phua SC, Chiba S, Suzuki M et al (2019) Dynamic remodeling 
of membrane composition drives cell cycle through primary cilia 
excision. Cell 178(1):261. https:// doi. org/ 10. 1016/j. cell. 2019. 06. 
015

 58. Slaats GG, Wheway G, Foletto V et al (2015) Screen-based iden-
tification and validation of four new ion channels as regulators of 
renal ciliogenesis. J Cell Sci 128(24):4550–4559. https:// doi. org/ 
10. 1242/ jcs. 176065

 59. Urrego D, Sánchez A, Tomczak AP et al (2017) The electric fence 
to cell-cycle progression: do local changes in membrane potential 
facilitate disassembly of the primary cilium?: timely and localized 
expression of a potassium channel may set the conditions that 
allow retraction of the primary cilium. Bioessays 39(6). https:// 
doi. org/ 10. 1002/ bies. 20160 0190

 60. Canning P, Park K, Gonçalves J et al (2018) CDKL family kinases 
have evolved distinct structural features and ciliary function. Cell 
Rep 22(4):885–894. https:// doi. org/ 10. 1016/j. celrep. 2017. 12. 083

4837Molecular Neurobiology (2022) 59:4825–4838

https://doi.org/10.1098/rstb.2013.0094
https://doi.org/10.1098/rstb.2013.0094
https://doi.org/10.1038/ng.3282
https://doi.org/10.3390/biomedicines7030048
https://doi.org/10.1684/epd.2016.0830
https://doi.org/10.1038/ng.3153
https://doi.org/10.1038/ng.3153
https://doi.org/10.1186/s12881-016-0304-4
https://doi.org/10.1186/s12881-016-0304-4
https://doi.org/10.1097/MCD.0000000000000345
https://doi.org/10.1007/s00439-015-1590-1
https://doi.org/10.1007/s00439-015-1590-1
https://doi.org/10.1038/jhg.2016.1
https://doi.org/10.1038/jhg.2016.1
https://doi.org/10.1093/brain/awab233
https://doi.org/10.1136/jmedgenet-2020-107511
https://doi.org/10.1136/jmedgenet-2020-107511
https://doi.org/10.1038/s41431-021-00818-9
https://doi.org/10.1111/epi.16427
https://doi.org/10.1111/epi.16427
https://doi.org/10.3390/genes12020132
https://doi.org/10.1038/srep11649
https://doi.org/10.1002/med.21808
https://doi.org/10.1038/nrm3085
https://doi.org/10.1038/nrm3085
https://doi.org/10.1038/sj.cdd.4401987
https://doi.org/10.1038/sj.cdd.4401987
https://doi.org/10.1007/s00412-018-0659-8
https://doi.org/10.1007/s00412-018-0659-8
https://doi.org/10.1016/j.ydbio.2008.09.019
https://doi.org/10.1016/j.ydbio.2008.09.019
https://doi.org/10.1016/j.ajhg.2019.02.018
https://doi.org/10.1016/S0091-679X(08)94010-3
https://doi.org/10.1186/s13630-016-0044-2
https://doi.org/10.1186/s13630-016-0044-2
https://doi.org/10.1038/ncb3109
https://doi.org/10.1038/ncb3109
https://doi.org/10.1007/s00424-015-1784-3
https://doi.org/10.1139/bcb-2017-0062
https://doi.org/10.1016/j.pediatrneurol.2017.01.033
https://doi.org/10.1016/j.pediatrneurol.2017.01.033
https://doi.org/10.1016/j.celrep.2017.06.045
https://doi.org/10.1038/s41598-017-01519-4
https://doi.org/10.1038/nature02061
https://doi.org/10.1016/j.ydbio.2005.08.050
https://doi.org/10.1016/j.ydbio.2005.08.050
https://doi.org/10.1016/j.cell.2019.06.015
https://doi.org/10.1016/j.cell.2019.06.015
https://doi.org/10.1242/jcs.176065
https://doi.org/10.1242/jcs.176065
https://doi.org/10.1002/bies.201600190
https://doi.org/10.1002/bies.201600190
https://doi.org/10.1016/j.celrep.2017.12.083


1 3

 61. Grochowsky A, Gunay-Aygun M (2019) Clinical characteristics 
of individual organ system disease in non-motile ciliopathies. 
Transl Sci Rare Dis 4(1–2):1–23. https:// doi. org/ 10. 3233/ 
TRD- 190033

 62. Bauer CK, Calligari P, Radio FC et  al (2018) Mutations in 
KCNK4 that affect gating cause a recognizable neurodevelop-
mental syndrome. Am J Hum Genet 103(4):621–630. https:// doi. 
org/ 10. 1016/j. ajhg. 2018. 09. 001

 63. Bauer CK, Schneeberger PE, Kortüm F et al (2019) Gain-of-
function mutations in KCNN3 encoding the small-conductance 
Ca2+-activated K+ channel SK3 cause Zimmermann-Laband 
syndrome. Am J Hum Genet 104(6):1139–1157. https:// doi. org/ 
10. 1016/j. ajhg. 2019. 04. 012

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

4838 Molecular Neurobiology (2022) 59:4825–4838

https://doi.org/10.3233/TRD-190033
https://doi.org/10.3233/TRD-190033
https://doi.org/10.1016/j.ajhg.2018.09.001
https://doi.org/10.1016/j.ajhg.2018.09.001
https://doi.org/10.1016/j.ajhg.2019.04.012
https://doi.org/10.1016/j.ajhg.2019.04.012

	Potassium Channel KCNH1 Activating Variants Cause Altered Functional and Morphological Ciliogenesis
	Abstract
	Introduction
	Material and Methods
	Cell Culture and Treatments
	Immunofluorescence Analysis
	Image Acquisition and Analysis
	Quantitative RT-PCR (qPCR)

	Results
	KCNH1 Localizes to Membrane Subdomains at the Base of the Primary Cilia of hTERT RPE-1 Cells
	Effect of Pathogenic KCNH1 Variants on Primary Cilia Localization
	KCNH1R330Q and KCNH1L352V Mutants Cause Abnormal Ciliogenesis and Cell Cycle Defects
	KCNH1R330Q and KCNH1L352V Mutations Alter Cilia Length and Morphology and Affect Ciliary Transport
	KCNH1R330Q and KCNH1L352V Mutations Induce Basal SHH Pathway Activation

	Discussion
	Acknowledgements 
	References


