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Cyclic expression of the voltage-gated potassium
channel KV10.1 promotes disassembly of the
primary cilium
Araceli Sánchez, Diana Urrego & Luis A Pardo*

Abstract

The primary cilium, critical for morphogenic and growth factor
signaling, is assembled upon cell cycle exit, but the links between
ciliogenesis and cell cycle progression are unclear. KV10.1 is a volt-
age-gated potassium channel frequently overexpressed in tumors.
We have previously reported that expression of KV10.1 is tempo-
rally restricted to a time period immediately prior to mitosis in
healthy cells. Here, we provide microscopical and biochemical
evidence that KV10.1 localizes to the centrosome and the primary
cilium and promotes ciliary disassembly. Interference with KV10.1
ciliary localization abolishes not only the effects on ciliary disas-
sembly, but also KV10.1-induced tumor progression in vivo. Conver-
sely, upon knockdown of KV10.1, ciliary disassembly is impaired,
proliferation is delayed, and proliferating cells show prominent
primary cilia. Thus, modulation of ciliogenesis by KV10.1 can
explain the influence of KV10.1 expression on the proliferation of
normal cells and is likely to be a major mechanism underlying its
tumorigenic effects.
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Introduction

Cellular functions of voltage-gated potassium channels include the

regulation of the resting membrane potential in both excitable and

non-excitable cells, modulation of cellular volume, and proliferation

[1]. KV10.1 (KCNH1, Eag1) is a voltage-gated potassium channel

widely expressed in the human brain, but practically undetectable

in peripheral tissues. Interestingly, KV10.1 is frequently up-regulated

in human cancers, where its expression contributes to tumor

progression and correlates with poorer prognosis in several tumor

types [2]. Tumor cells expressing KV10.1 appear to acquire selective

advantages such as resistance to hypoxic environments [3] that

allow them to sustain chronic proliferation. The exact mechanism

responsible both for KV10.1 aberrant expression and its impact on

the pathophysiology of cancer cells is not well understood.

In tissues, quiescent cells assemble a primary cilium. This is an

antenna-like microtubule-based structure that senses chemical or

physical stimuli from the extracellular milieu [4]. Signaling activity

at the primary cilium can regulate cell proliferation, and its assem-

bly/disassembly might also influence cell cycle entry. In postmitotic

cells in G0/G1, the mother centriole differentiates into the basal

body, attaches to the plasma membrane, and nucleates the primary

cilium [5]. During mitosis, release of the mother centriole from the

cilium is a prerequisite for the centrosome to play its role as micro-

tubule-organizing center for the spindle. Therefore, resorption or

disassembly of primary cilium is thought to be required prior to

mitosis (reviewed, e.g., in [6]). Improper formation or absence of

primary cilia impair the cellular responses to differentiation signals,

leading to a group of diseases collectively termed ciliopathies, that

show common clinical features, such as visceral cysts, defective

digits, oral anomalies, cognitive impairment, and tumors (e.g.,

[7–11]).

The exact mechanism that coordinates the timing of cilia assem-

bly/disassembly with the cell cycle is still unclear. Cell cycle regula-

tors (e.g., APC, cyclin B1, and Aurora A [12–14]), Rab GTPases

contributing to vesicle transport [15,16], and proteins implicated in

actin cytoskeleton architecture and dynamics [17] are all important

for ciliary disassembly prior to mitosis [18–20].

We have previously shown that KV10.1 interacts with proteins

that participate in ciliary regulation, such as Rabaptin 5 (RabEP1)

[21], cortactin (CTT) [22], and HIF (through VHL) [3], and we

and others have observed that KV10.1 transcription is transiently

activated in response to E2F1 activity in cells undergoing cell divi-

sion [1,18]. KV10.1 expression occurs therefore when the primary

cilium must be disassembled for cells to divide. We show here

that expression of KV10.1 induces ciliary disassembly. Conversely,

inhibition of KV10.1 expression causes aberrant ciliogenesis in

actively proliferating cells. These results account for the sustained

growth observed in cells aberrantly expressing KV10.1 [23]. They

also explain the fact that gain-of-function mutations in KV10.1

lead to developmental alterations akin to ciliopathies (Temple–

Baraitser and Zimmermann–Laband syndromes among others)

[24–26].
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Results

KV10.1 overexpression reduces the occurrence of primary cilia

Actively proliferating cells do not normally bear a primary cilium

[27], because cilium resorption starts as soon as cells reenter the cell

cycle [14]. While studying the influence of KV10.1 in cell cycle

progression, we intended to use the presence of a primary cilium as

indication of quiescence. We then noticed that in serum-starved

cultures of NIH3T3 cells transfected with KV10.1 fused to EGFP,

those cells overexpressing KV10.1-EGFP (fixed and stained with anti-

acetylated a-tubulin), were always devoid of cilia (Fig 1A). To

achieve a quantitative measurement of this phenomenon, we studied

the frequency of ciliation in cultured NIH3T3 mouse fibroblasts

actively proliferating in the presence of FCS, which amounted to

37.4 � 23% (N = 35; acetylated a-tubulin immunostaining; Fig 1B).

Serum withdrawal for 24 h arrested the cell cycle and thereby

doubled the fraction of ciliated cells (67.3 � 22.7%, N = 37; Fig 1B).

As expected, subsequent reintroduction of serum (for 4 h) to induce

reinitiation of the cell cycle decreased again the fraction of ciliated

cells (to 46.6 � 23%, N = 36). In cells transfected with KV10.1 under

the control of a strong promoter (CMV), the fraction of ciliated cells

decreased under all tested conditions (Fig 1B, red bars).

The effect was not cell-type specific; similar results were

obtained in hTERT-RPE1 (immortalized retinal pigmented epithelial

cells [28]) upon overexpression of KV10.1 (Fig 1C). Transfection of

another potassium channel, KV10.2, which is very similar to KV10.1

from a functional point of view and shares 73% homology at the

primary sequence [29–31], did not induce a reduction in the abun-

dance of ciliated cells (inset in Fig 1C), indicating that not all potas-

sium channels share this property. Finally, the same result was

observed using any of the cilium markers anti-acetylated a-tubulin
(Fig 1C), anti-Arl13B (Fig 1D), or anti-detyrosinated tubulin, indi-

cating that it is a genuine change in the abundance of cilia.

KV10.1 knockdown induces aberrant ciliogenesis in
proliferating cells

hTERT-RPE1 cells express significant endogenous levels of KV10.1

(Fig EV1). In exponentially growing cultures, the low frequency of

ciliated cells in complete medium was not significantly decreased by

overexpression of KV10.1 (Fig 2B). However, in cells starved for

24 h, partial knockdown of KV10.1 (Fig EV1) induced ciliogenesis in

a large fraction of cells (Fig 2A–C) and increased the length of the

cilia therein (5.12 � 3.21 vs. 4.18 � 2.51 lm, P < 0.001, two-way

ANOVA, see Fig 2D). Upon reintroduction of serum, the control

cells immediately started ciliary disassembly and the number and

length of cilia decreased rapidly (Fig 2C and D). Both the number

and length of cilia increased again after 5 h, which could obey to a

second wave of re-ciliation in late G1/S as described in [12,32]. We

observed increased frequency of ciliated cells at all times tested, as

well as in the continuous presence of serum; we therefore cannot

exclude the implication of KV10.1 in either of the two waves of cilia-

tion. KV10.1-knockdown cells maintained both the abundance and

the length of their cilia for significantly longer periods

than untreated cells, indicating that the presence of KV10.1 acceler-

ates ciliary disassembly. This conclusion was reinforced by the

observation that pharmacological blockade of KV10.1 using

astemizole (10 lM; [33]) also delayed deciliation (Fig 2E). Further-

more, typically non-ciliated cells like HeLa [34] (but see also [35]),

whose cell cycle is slowed down by KV10.1 knockdown [1], showed

cilia upon transfection with KV10.1 siRNA (Fig EV2).

The effects observed upon overexpression of KV10.1 (Fig 1) are

not exactly opposite to those described in Fig 2, but rather a combi-

nation of acceleration of disassembly and inhibition of reciliation.

The latter effect is mechanistically different (e.g., it does not depend

on permeation of potassium, Fig EV3). For the sake of clarity, we

will focus our discussion on ciliary resorption from now on and

refer the reader to the Expanded View information in Fig EV3 for

further details.

Consistently with the experiments in Fig 2, when we tested the

presence of cilia in primary mouse embryonic fibroblasts (MEFs),

we also observed a clear increase in the number of ciliated cells in

MEFs from KV10.1 knockout mice [36] in comparison with wild-type

controls (Fig 3A; data from ten embryos each from two litters).

Transfection of human KV10.1 rescued the phenotype, and the

number of cilia decreased strongly (Fig 3B); in cells co-transfected

with KV10.1 and mVenus, the presence of Venus fluorescence

(indicating successfully transfected cells) and primary cilia were

mutually exclusive (Fig 3C) indicating that the increase in ciliated

cells in knockout MEFs is directly attributable to the absence of

KV10.1.

Gain-of-function mutations of the gene encoding for KV10.1

(KCNH1) cause Temple–Baraitser and Zimmermann–Laband

syndromes [24,25]. Both diseases show orofacial and digital

abnormalities (together with severe mental retardation), and their

morphological features are highly reminiscent of ciliopathies. We

generated a mutant KV10.1 (L352V) described in Zimmermann–

Laband patients. The ion channel is activated at much more nega-

tive potential than the wild type (Fig EV4) and is therefore active at

rest. We transfected the mutant channel into wild-type MEFs and

tested its effect on ciliary resorption (as above, by serum starvation

and subsequent reintroduction of serum for 4 h). Wild-type KV10.1

dramatically reduced the percentage of cells showing cilia, and as

predicted, the mutant further reduced the amount of ciliated cells

(Fig 3D).

Among the signaling pathways where integrity of the primary

cilium is important, sonic hedgehog (SHH) [37] is a relevant factor

for a variety of cancers [38]. It is well established that SHH signaling

is spatially confined to the primary cilium. In the absence of the

SHH ligand, the downstream Gli transcription factors are processed

at the primary cilium to render their repressor forms. Therefore, an

increased number of cilia reinforce activation by SHH (e.g., [39]).

To test the activity and integrity of the SHH pathway, we deter-

mined the abundance of mRNA for Gli1, which reflects activation of

the pathway. Cells were serum-starved for 48 h in the presence or

absence of recombinant human SHH; cells obtained from knockout

mice showed much higher sensitivity to SHH pathway activation

(Fig 3E). Using a RT–PCR array for the SHH pathway, MEFs from

knockout mice under serum starvation showed a significant increase

of basal levels (compared to wild-type MEFs) of a number of genes

implicated in SHH signaling (such as Gas1, Smo, Gli2, Sufu, Zic2,

Disp2, and Shox2) and in pathways that cross talk with SHH: TGFb/
BMP (Bmp7), Wnt (Wnt2, 2b, 4, 5b, and 6, Wif1), and Hippo

(Stk3) (Fig EV5). Addition of SHH for 48 h induced an increase

in the levels of markers for SHH activation, in many cases
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significantly stronger for KO MEFs and most intensely in the case

of (besides Gli1) Hhip and Ptch1 (Fig EV6). Altogether, our data

indicate that the SHH pathway is hyperactive in KV10.1 knockout

MEFs.

Since KV10.1 is implicated in cell cycle progression [1,40], induc-

tion of ciliogenesis by channel knockdown could be secondary to

cell cycle arrest. Flow cytometry DNA/RNA measurements with

acridine orange [41] revealed that one-half of the cells are in G0

after 24-h serum starvation, and approximately 60% of the cells

were ciliated, reflecting again the coupling between ciliogenesis

and cell cycle exit. In contrast, in the presence of serum, KV10.1

knockdown increased the fraction of ciliated cells from 18 to 44%,

while the fraction of cells in G0 only increased from 0.5 to 10%

(Fig 4A). Therefore, the increase in the fraction of cells in G0

induced by KV10.1 knockdown was not enough to explain the

frequency of ciliated cells, and therefore, a significant fraction of

ciliated cells must have left G0. This result suggests that KV10.1

knockdown reduces the coupling between ciliogenesis and cell cycle.

This could imply that upon KV10.1 knockdown, ciliated cells can

leave G0 before cilia resorption takes place. In control cells, double

immunolabeling with the cell proliferation marker Ki-67 and

acetylated tubulin to detect cilia revealed that, as expected, most

A

C

D

B

Figure 1. KV10.1 overexpression impairs ciliogenesis.

A NIH3T3 cells transfected with KV10.1-EGFP did not show primary cilia. Cells were transiently transfected, after 24 h serum was removed for additional 24 h to induce
ciliogenesis, and finally cells were stained with anti-acetylated a-tubulin. While most cells were ciliated, those showing green fluorescence were devoid of cilia. Scale
bar: 10 lm.

B NIH3T3 cells transfected with KV10.1 (red bars) showed markedly less cilia than control cells (empty vector, white bars). Subconfluent cultures grown in the presence
of FCS were serum-starved for 24 h to induce ciliogenesis. Cilia were stained with anti-acetylated a-tubulin antibody. To determine ciliary disassembly, cells were
starved for 24 h and then incubated for 4 h in FCS to induce cell cycle reentry and ciliary resorption.

C Similarly, hTERT-RPE1 cells transfected with KV10.1 also showed less cilia. Ciliogenesis and ciliary disassembly were induced as in (B), and cilia were stained using
anti-acetylated a-tubulin as in (A) and quantified. The inset shows the equivalent experiment using the structurally related potassium channel KV10.2, which did not
alter the frequency of expression of cilia.

D Examples of fields of view of hTERT-RPE1 cells transfected with KV10.1, serum-starved for 24 h and cilia revealed with anti-Arl13B antibody (arrows). A majority of
control-transfected cells showed cilia, while KV10.1 transfected did not. Scale bar: 10 lm.

Data information: Data are presented as mean � SEM. *P < 0.05, ***P < 0.001, and ****P < 0.0001 (two-way ANOVA).
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(approximately 80%) Ki-67-positive cells were not ciliated. KV10.1

siRNA reduced the fraction of Ki-67-positive cells by approximately

20%, but it also significantly increased the percentage of Ki-67-positive

cells that were at the same time ciliated (Fig 4B and C). The use of

an alternative method to label proliferating cells, EdU incorporation,

led to similar observations. After KV10.1 knockdown, many cells

were double positive for primary cilia and EdU (Fig 4D), while cells

treated with scrambled siRNA were either positive to EdU or

ciliated, as also described by others [42]. Taken together, these data

indicate that KV10.1 affects ciliogenesis independently of the effects

of the channel on cell cycle, since KV10.1 knockdown causes a loss

of coordination between ciliogenesis and G0/G1 progression, such

that ciliated cells can proceed into the cell cycle, in a similar way as

do cells where the actin cytoskeleton has been destabilized [43].

KV10.1 localizes to the primary cilium

We next tested the localization of KV10.1 in ciliated cells. KV10.1

localizes to the plasma membrane of neurons and cancer cells, but

it is also found to be associated with intracellular structures, includ-

ing the inner nuclear membrane [44] and endocytic vesicles [21].

However, the localization of the channel had always been studied in

actively proliferating (i.e., non-ciliated) cells. To fill this gap, we

used human foreskin fibroblasts (HFF), which display a large ciliary

A

C D E

B

Figure 2. KV10.1 knockdown induces ciliogenesis.

A Representative images showing hTERT-RPE1 grown in the presence of serum and stained with anti-acetylated a-tubulin antibody. There were more ciliated cells
after treatment with siRNA against KV10.1 (KV10.1 KD), as compared to scrambled siRNA-transfected cells, which were devoid of cilia (control). Scale bar: 10 lm.

B Quantification of the effect depicted in (A) for the number of images indicated at the base of the columns.
C Time course of ciliary disassembly. hTERT-RPE1 cells were serum-starved for 24 h, fixed at the times indicated after serum reintroduction, and stained with anti-

acetylated a-tubulin to reveal cilia. While in the presence of scrambled siRNA the abundance of cilia decreased rapidly (black line), it remained virtually unchanged in
cells where KV10.1 was knocked down (red). N = 8–13.

D Time course of ciliary shortening after serum reintroduction. In the same experiments as in (C), the length of the remaining cilia was measured automatically
using ImageJ (FIJI). While ciliary length decreased with a similar time course in the siRNA-treated cells as in controls, cilia were longer in KV10.1-knockdown cells.
A re-elongation of cilia was evident in both populations after 6 h. Numbers of analyzed cilia were between 62 (control, 4.5 h) and 308 (both groups, 1.5 h).

E Blockade of permeation through the K+ channel altered the speed of deciliation. After serum starvation, medium containing serum and astemizole (10 lM) was
added, and cells were fixed and stained at the indicated time points (N = 12).

Data information: Data are presented as mean � SEM. **P < 0.01, ***P < 0.001, and ****P < 0.0001 (two-way ANOVA).
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pocket [45]. We starved HFF for 24 h to induce ciliogenesis and

stained them with an antibody against an extracellular epitope of

KV10.1 and a centrosomal marker (pericentrin) or Arl13B. In these

experiments, the anti-KV10.1 antibody stained elongated structures

whose base was pericentrin-positive, as well as Arl13B-positive

structures highly suggestive of primary cilia (Fig 5A).

KV10.1 expression is not constant in all phases of the cell cycle

[1]. To increase the fraction of cells expressing KV10.1, hTERT-RPE1

cells that had been starved for 24 h were stimulated with FCS for 4 h

to reinitiate the cell cycle. Immunostainings were then performed

with a mixture of monoclonal anti-KV10.1 antibodies directed against

an extracellular epitope [46] and a rabbit monoclonal anti-acetylated

a-tubulin. Figure 5B shows that KV10.1 staining using monoclonal

antibodies localizes to a discrete region at the edge of the cilium that

is devoid of acetylated microtubules.

Similar experiments were performed on MEFs from wild-type or

KV10.1 knockout mice. The monoclonal antibody used (mAb62) did not

stain cells from the knockout animals, confirming specificity (Fig 5C),

nor any evident para-ciliar structures (Fig 5D), but did recognize areas

close to and at the primary cilium in wild-type MEFs (Fig 5E).

A

C

D E

B

Figure 3. Lack of KV10.1 increases the fraction of ciliated cells in primary culture from knockout mice.

A Quantification of the amount of ciliated cells in primary embryonic fibroblasts from KV10.1 knockout mice. Actively growing cultures, cultures after 24-h serum
starvation, and 4 h after subsequent serum reintroduction were stained for the presence of cilia using anti-acetylated a-tubulin. An increase in frequency of cilia in
the knockout cells was evident under all conditions, but especially marked in the ciliary resorption test (4 h after serum reintroduction), indicating an influence of
KV10.1 expression on deciliation.

B Exogenous expression of human KV10.1 reverted the phenotype in MEFs. Cells obtained from three animals were transfected with KV10.1 or empty vector (mock),
serum-starved for 48 h, and cilia were revealed by immunocytochemistry using anti-acetylated a-tubulin in the indicated number of images. KV10.1 expression
decreased the frequency of ciliated cells.

C MEFs from knockout mice did not show primary cilia when transfected with KV10.1. Cells were co-transfected with human KV10.1 and mVenus, serum-starved for
48 h and then fixed and stained for cilia (AcTub). Venus-positive cells did not show cilia. Scale bar: 25 lm.

D In wild-type MEFs, transfection with KV10.1 reduced the presence of primary cilia. When a gain-of-function mutant (L352V) that originates developmental defects in
human patients was transfected, the frequency of cells with cilia was further reduced.

E Sensitivity to SHH signaling was significantly increased in primary fibroblasts from KV10.1 knockout mice, in agreement with the higher abundance of primary cilia.
Cells were serum-starved, and SHH was stimulated for 48 h by addition of culture supernatant of SHH-expressing HEK293 cells. Expression of mRNA for Gli1 was
used as reporter of SHH activation by qRT–PCR.

Data information: Data are presented as mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (A–D, two-way ANOVA; E, non-paired t-test).
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KV10.1 is localized in centrosomes

The structures observed in Fig 5B are reminiscent of the pericen-

trosomal preciliary compartment (PCC) described by [17], which

hosts ciliary membrane proteins. When we performed stainings

with an anti-KV10.1 antibody of hTERT-RPE1 (Fig 6A) that had

been serum-starved for 48 h and then allowed to resume the

cell cycle by reintroduction of serum for 2 h, KV10.1 colocalized

with pericentrin, a centrosomal marker. We observed similar

pericentrin-positive structures in cells transfected with a construct

that encodes the full-length KV10.1 fused to a C-terminal fluorescent

reporter, under the control of the endogenous promoter of

A

C

D

B

Figure 4.
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KV10.1, which therefore only drives a mild overexpression of the

tagged channel (Fig 6B).

To validate the localization of endogenous KV10.1 at the centro-

somes, we purified centrosomes in density gradient centrifugation

experiments; Western blot using a polyclonal anti-KV10.1 antibody

(Fig 7A) revealed a band of the expected size in those fractions that

were also positive for centrosomal markers such as Aurora A (phos-

phorylated or not) and c-tubulin. There was no co-sedimentation

with a cytosolic marker (14-3-3b), and there was also no detectable

KV10.1 signal in fractions positive for transferrin receptor, a plasma

membrane marker. The lack of detectable signal in the plasma

membrane fractions can be attributed to dilution of KV10.1 at

this location. When the cytoplasmic fraction was ultracentrifuged

to sediment the microsomal compartment and concentrate

membranes, immunoblot detected KV10.1 also in the microsomes

(Fig 7B). Immunoprecipitation using a mouse antibody different

from the rabbit polyclonal used for immunoblot gave positive

signals in both the microsomal and the centrosomal fractions

(Fig 7B, lanes labeled IP). Importantly, the Western blot revealed

that the detected band in the centrosomal fraction has a size that

corresponds to full-length KV10.1, which is expected to be a trans-

membrane protein.

The ciliary localization signal is required for KV10.1-induced
changes in ciliogenesis and for tumorigenesis

It is well established that targeting of proteins to the primary cilium

shares mechanism with nucleo-cytoplasmic transport. In particular,

targeting of proteins to the primary cilium implicates the same

signals involved in nuclear import/export, including the participa-

tion of importins [47]. Consistent with the targeting of KV10.1 to the

cilia, its C-terminus carries a canonical nuclear localization signal

[44], predicted to bind to a-importin (using NLS mapper [48];

Fig 8A). We therefore wondered whether this sequence functions as

a ciliary localization signal (CLS). Deletion of this sequence

(KV10.1
ΔCLS) did not abolish the electrophysiological activity of

KV10.1 (Fig 8B and C). cRNA encoding the mutant channel gave rise

to voltage-gated potassium currents (Fig 8C) similar to wild-type

KV10.1 when injected into Xenopus oocytes.

In immunocytochemical experiments, we found no evidence of

colocalization of KV10.1
ΔCLS with primary cilia. Consistently, over-

expression of KV10.1
ΔCLS was not able to reduce the fraction of

NIH3T3 or hTERT-RPE1 ciliated cells upon serum starvation and

subsequent serum reintroduction (Fig 8D).

KV10.1 expression is known to promote tumor growth, but the

process is mechanistically unclear. Prompted by our observations

above, we hypothesized that the role in ciliogenesis could underlie

the implication of KV10.1 on tumorigenesis. If this were the case,

impairment of the effects on ciliary resorption by deletion of the

CLS would also influence tumorigenesis. We previously showed that

implantation into the flank of nude mice of CHO K1 cells overex-

pressing KV10.1 induced the generation of tumors [23]. CHO K1

cells expressing the KV10.1
ΔCLS mutant caused smaller tumors than

wild-type KV10.1 expressing cells (Fig 8E). This indicates that the

KV10.1 nuclear localization signal, which is essential for cilia resorp-

tion (but not for ion permeation), is also required to mediate tumori-

genesis.

Rescue of the effect of KV10.1 knockdown by activation
of cortactin

We have previously reported that KV10.1 interacts physically with

cortactin (CTTN) in vivo [22] via its C-terminus. CTTN is required

for the correct plasma membrane localization of the channel in

proliferating (non-ciliated) cells. CTTN is directly implicated in

tumor cell invasion (e.g., [49]), but it also inhibits ciliogenesis

[50]). We therefore tested whether the actions of KV10.1 on ciliary

resorption are mediated through its interaction with CTTN. Over-

expression of CTTN counteracted the effect of KV10.1 knockdown

on ciliary resorption (Fig 9A), indicating that CTTN participates in

the control of ciliogenesis exerted by KV10.1. Furthermore, over-

expression of a KV10.1 mutant where the residues responsible for

interaction with CTTN had been deleted (KV10.1
Δ705–755) did not

affect the fraction of cells showing cilia (Fig 9B).

Importantly, the levels of phosphorylated (active) CTTN were

increased in MEFs from KV10.1 knockout mice, as compared to

wild-type mice (Fig 9B), indicating that CTTN can compensate the

absence of KV10.1.

Taken together, our results suggest a temporally restricted cross

talk between KV10.1 and CTTN that appears to be required for the

correct disassembly of the primary cilium prior to mitosis.

Discussion

In this paper, we describe a role of the voltage-gated potassium

channel KV10.1 in stimulating primary cilia disassembly. We

propose KV10.1 as a regulator of ciliogenesis, based on its

Figure 4. The effect of KV10.1 knockdown on ciliogenesis does not obey solely to cell cycle retardation.

A Actively proliferating hTERT-RPE1 cells were transfected with scrambled or KV10.1 siRNA, and cell cycle distribution was determined using acridine orange staining.
Knockdown of KV10.1 induces an increase in cells with DNA/RNA content compatible with G0 (rectangle). However, the quantitative increase (to approximately 10%)
was insufficient to explain the abundance of ciliated cells (over 40%)

B The proliferation marker Ki-67 frequently coexists with primary cilia in KV10.1-knockdown cells. Exponentially growing cells were stained for acetylated a-tubulin (red,
AcTub) and Ki-67 (green). Nuclei were counterstained with Draq5 (blue). Scale bar: 10 lm.

C Quantification of the effects observed in (B). Although the positivity for Ki-67 (proliferating cells) and the presence of cilia were not always excluding each other even
in cells transfected with control siRNA, KV10.1 knockdown increased the frequency of ciliated cells, while it reduced the amount of Ki-67-positive, actively proliferating
cells. Of those cells presenting a cilium, the fraction of simultaneously Ki-67-positive cells was much larger upon KV10.1 knockdown.

D Primary cilia were present in cells actively synthesizing DNA (measured by EdU incorporation). Cells were transfected with siRNA against KV10.1 and 24 h later were
incubated in the presence of EdU for 4 h before fixation. KV10.1 knockdown resulted in the presence of abundant EdU-positive and simultaneously ciliated cells,
suggesting a decoupling between deciliation and cell cycle progression. Scale bar: 10 lm.

Data information: Data are presented as mean � SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (two-way ANOVA).
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subcellular localization and the impact that manipulation of its

expression has on ciliation in multiple cell types. Work form our

group indicates that extra-cerebral expression of KV10.1 occurs not

only in tumor cells, but also in normal cells shortly during G2/M

phases in the cell cycle [1], which coincides with the time of disas-

sembly of primary cilia [14].

A

C

D E

B

Figure 5.
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The functional role of KV10.1 in ciliogenesis is firstly suggested

by the dramatic alteration in the frequency of expression of cilia

upon modification of the levels of KV10.1. Knockdown of KV10.1

markedly slowed down ciliary resorption after reinitiation of the

cell cycle (Fig 2), and primary fibroblasts of KV10.1 knockout

mice produced more cilia than wild type (Fig 3). Conversely,

overexpression of KV10.1 reduced the frequency of ciliated cells

(Fig 1).

Additionally, the localization of KV10.1 also suggests a role in

ciliary physiology. KV10.1 is associated with the centrosome and the

primary cilium. We observed that KV10.1 immunofluorescence colo-

calizes with pericentrin (Fig 6) shortly after cells reenter the cell

cycle. Density gradient fractionation of cell extracts shows that

KV10.1 co-sediments with the centrosomal fraction (Fig 7).

Because the centrosome is a cytosolic organelle, it would be an

unexpected location for an integral membrane protein, but the size

of the centrosomal KV10.1 corresponds to the one found in

membrane fractions (Fig 7B) and therefore to the full-length protein

rather than a fragment. There are several circumstances when

centrosomes are tightly associated with membranes that could host

KV10.1 protein. The channel could be targeted to the residual ciliary

membrane vesicle that segregates together with the mother centriole

during cell division [51]. Alternatively, KV10.1 could be embedded

in the membranes of vesicles at the PCC compartment described in

[17] after treatment with cytochalasin D. This could be the reason of

the remarkable abundance of KV10.1 in the centrosomal prepara-

tions, which are obtained from cytochalasin-treated cells. In this

case, the channel would be associated with the PCC.

Figure 5. Localization of KV10.1 to the primary cilium.

A An anti-KV10.1 antibody directed against an extracellular epitope labels a structure related to the centrosome (pericentrin-positive) and positive for Arl13b with an
appearance suggestive of the primary cilium in HFF (human foreskin fibroblast) cells. Cells were serum-starved for 24 or 48 h, fixed, blocked (10% BSA), and then
stained without permeabilization with anti-KV10.1 antibody recognizing an extracellular epitope. Immunostaining for pericentrin was performed after subsequent
permeabilization and additional block. Scale bars: 10 lm (pericentrin), 20 lm (Arl13b).

B Anti-KV10.1 antibodies recognize ciliary structures in hTERT-RPE1 cells. After serum starvation for 48 h, serum was reintroduced for 4 h to induce KV10.1 expression
and ciliary resorption. Cells were then fixed and stained with a mixture of anti-KV10.1 mouse monoclonals and a rabbit monoclonal anti-acetylated a-tubulin. Scale
bar: 2 lm.

C Specificity of the monoclonal anti-KV10.1 (mAb 62) as revealed by staining MEFs from wild-type (left) or knockout animals (right). Scale bar: 50 lm.
D Images from primary cilia of MEFs from KV10.1 knockout mice obtained using mAb62 and a rabbit polyclonal anti-acetylated a-tubulin antibody. No recognizable

structures were stained by mAb62. Scale bar: 1 lm.
E In contrast, mAb62 did stain ciliary-related structures (acetylated-tubulin-positive) in wild-type mice. Scale bar: 1 lm.

A B

Figure 6. Expression of KV10.1 at the centrosome.

A KV10.1 localizes to pericentrin-positive structures during ciliary resorption. After short (4 h) reintroduction of FCS in serum-starved hTERT RPE1 cells, the signal of
anti-KV10.1 antibody colocalized with pericentrin. Scale bar: 25 lm.

B Cells expressing a KV10.1-mVenus fusion under the control of the endogenous promoter to render a mild overexpression were fixed and immunostained for
pericentrin. Venus fluorescence colocalized with pericentrin-positive structures. Scale bar: 5 lm.
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A requisite for both alternatives is that the channel is actually

associated with the primary cilium while the cell is ciliated. KV10.1

has been detected in the plasma membrane [52–54], the inner

nuclear membrane [44], and intracellular vesicles [21]. Besides those

locations, immunofluorescence in ciliated cells detected the channel

close to the edge of the primary cilium (Fig 5B and E), and in HFF

cells, which show a large ciliary pocket, an elongated structure

stemming from the centrosome and Arl13B-positive was detected

(Fig 5A).

KV10.1 is required for normal ciliary resorption when the cell

cycle is reinitiated. Inhibition of permeation through the channels

(Fig 2E) or reduction in the abundance (Fig 2) or absence of the

protein (Fig 3) all impair deciliation. Additionally, a putative CLS in

the C-terminus of KV10.1 appears to be required to induce disassem-

bly of the primary cilium (Fig 8). Importantly, the role of KV10.1 in

inducing ciliary resorption appears to be relevant for the action of

the channel in tumorigenesis, because the deletion of the CLS

reduces the oncogenicity of transfected cells as compared to cells

transfected with the wild-type channel (Fig 8).

If KV10.1 is implicated in ciliary resorption, one would speculate

a developmental phenotype in the presence of channel hyperactivity

related to impaired ciliogenesis. This is indeed the case for Temple–

Baraitser and Zimmermann–Laband syndromes, recently identified

as gain-of-function mutations in KV10.1 [24,25]. Both diseases

show orofacial and digital abnormalities (together with severe

mental retardation), and their morphological features are highly

reminiscent of ciliopathies. Indeed, expression of a mutant identified

in Zimmermann–Laband patients exacerbated the effect of KV10.1

on ciliary resorption.

There are several alternatives to explain mechanistically the

action of KV10.1 on deciliation. Given that K+ permeation is

required, the effect should be associated with local hyperpolariza-

tion of the membrane, which would have several effects. First, it

would increase the driving force for Ca2+ entry, a phenomenon that

has been long known to be important for deciliation [55]. Addition-

ally, local changes in potential would influence the phospholipid

composition of the membrane [56]; more specifically, it would

reduce nanoclustering of PIP2, which influences the competence of

the permeation barrier at the transition zone of the primary cilium

[57]. Interestingly, a recent report noticed that another voltage-gated

potassium channel (KV7.1, KCNQ1) has the opposite effects in

the mouse kidney [58], because its absence impairs ciliogenesis,

A

B

Figure 7. KV10.1 co-purifies with centrosomes.

A Density gradient centrifugation of hTERT-RPE1 cell extracts followed by immunoblot revealed the presence of KV10.1 in the same fractions as Aurora A, phospho-
Aurora A, and c-tubulin (centrosomal fractions).

B KV10.1 is also present in microsomal fractions. Cytoplasmic fractions obtained as in (A) were ultracentrifuged to sediment membranes. In those preparations,
immunoprecipitation revealed the presence of full-length KV10.1 in both the centrosomal and the microsomal fractions (obtained by ultracentrifugation).

Source data are available online for this figure.
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indicating that K+ permeability alone is not responsible for the

effects we report here, and that the spatiotemporal control of expres-

sion and/or interactions with other proteins are required. Interac-

tions of KV10.1 with CTTN appear crucial for the regulation of

ciliogenesis by the channel (Fig 9). CTTN overexpression has been

reported to reduce ciliogenesis, in a similar way as KV10.1 does

[50]. Overexpression of CTTN rescued the effects of KV10.1 knock-

down, suggesting that both proteins share a common pathway. It is

known that actin branching has inhibitory effect in ciliogenesis [43],

and this would be influenced by CTTN through Arp2/3 [17] and

CTTN is also important for centrosomal separation at the G2/M

transition. Remarkably, phosphorylated CTTN localizes to the

A

B
D

C

E

Figure 8. The CLS sequence in the C-terminus of KV10.1 is required for accelerating deciliation.

A C-terminal amino acid sequence of KV10.1, indicating the predicted importin-a recognition sequence (bold) and the deleted fragment n KV10.1
DNLS (red).

B Deletion of the CLS does not preclude functional expression at the plasma membrane. Two-electrode voltage-clamp recordings from Xenopus oocytes injected with
cRNA for a KV10.1 channel lacking the CLS at the C-terminus revealed voltage-gated currents after stimulation using the potential depicted in the inset. The
conductance/voltage relationship of the deleted channel was similar to that of wild type (shown for comparison as a solid line).

C In the absence of serum, the C-terminus of KV10.1 reduced the number of cilia (maintained cells deciliated) also after deletion of the CLS (data for controls are
reproduced from Fig 5A)

D The CLS is required to induce deciliation. When hTERT-RPE1 and 3T3 cells transfected with KV10.1 or KV10.1
DCLS were serum-starved, and serum was reintroduced

after 24 h for 4 h, KV10.1
DCLS failed to reduce the fraction of ciliated cells.

E The CLS is required for KV10.1-induced tumorigenesis. CHO cells were transfected with the indicated constructs and implanted into the flank of nude mice. KV10.1
DCLS

transfected cells did not induce larger tumors than the control.

Data information: Data are presented as mean � SEM. *P < 0.05 and ***P < 0.001 (two-way ANOVA).
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centrosome [59]. CTTN overexpression is very effective in comple-

menting lack of KV10.1, and its hyperactivation in knockout MEFs is

also compatible with this scenario. Nevertheless, other candidates

as mediators of the actions of KV10.1 on ciliary resorption can at this

point not be discarded. Additionally, MEFs from KO mice show

alterations in pathways that are related to ciliary structure and func-

tion, such as Wnt [60], TGFb [61], and Hippo [62], and KV10.1

interacts with additional candidate regulators of ciliogenesis, like

RabEP1 [21,63].

Our working hypothesis, in summary, is that the participation of

KV10.1 in ciliary resorption would lead to two types of alterations,

depending on the developmental stage. During development, excess

activity of KV10.1 would induce malformations, and in already

developed tissues, it would favor tumorigenesis. Taken together,

our results prompt for a mechanistic answer for the long sought link

between voltage-gated potassium channels and cell proliferation, dif-

ferent from a general or diffuse variation in membrane potential

induced by changes in potassium permeability, and involving a more

specific participation in the cell biological process itself. Further

work should get deeper into the role of local K+ flow in the process

of ciliary disassembly, as it is the case for Ca2+ [64]. This has

important consequences also when approaching the design of ther-

apy strategies with these channels as targets.

Materials and Methods

Cell culture and lysis

hTERT-RPE1 (ATCC CRL 4000), NIH 3T3 (DSMZ ACC 59), CHO-

K1 (DSMZ ACC 110), and HFF (a gift from S. Christensen,

University of Copenhagen) cells were grown following the indica-

tions of the suppliers. For imaging experiments, cells were grown

on glass coverslips. Depending on the particular experiments,

cells at approximately 70% confluence were transfected using

Lipofectamine siRNAMax, Lipofectamine 2000, Lipofectamine LTX

Plus (Thermo Fisher Scientific, Darmstadt, Germany), or nucleo-

fection (Lonza Amaxa, Basle, Switzerland). Imaging experiments

were performed 48–72 h after transfection. To induce ciliogenesis,

the cells were incubated in serum-free medium for 24 or 48 h,

and serum was reintroduced for 4 h to measure cilium disassem-

bly. At the end of the incubation period, cells were washed with

TBS and fixed using Accustain (Sigma, Munich, Germany; 8 min

at 4°C) and permeabilized with 0.5% Triton X-100 (Calbiochem,

Darmstadt, Germany). Non-specific binding sites were blocked

with 10% BSA and stained using anti-acetylated a-tubulin
(ab24610, Abcam, Cambridge, UK or Rabbit mAb #5335, Cell

Signaling Technologies, Danvers, MA), anti-pericentrin (Abcam

4448), Anti-Arl13B (17711-1AP; Proteintech, Chicago, IL), and

AlexaFluor 488, Alexa Fluor 546, or AlexaFluor 647 secondary

antibodies (Thermo Fisher Scientific). Nuclei were stained with

ToPro3 (Thermo Fisher Scientific) or Draq5 (Biostatus, Shepshed,

UK).

Ki-67 antibody (556003, Becton Dickinson, Heidelberg,

Germany) was used to assess actively proliferating cells.

5-ethynyl-20-deoxyuridine (EdU) incorporation was determined by

incubating cells for 4 h in medium containing 10 lM EdU. The

cells were subsequently fixed, permeabilized, and EdU was

detected using Click-iT EdU Alexa Fluor 488 imaging kit (Thermo

Fisher Scientific) after the recommendations of the manufacturer.

The subsequent immunocytochemical staining was performed as

described above.

To prepare lysates, cells were washed twice with 4°C PBS,

scraped, pelleted at 600 g for 5 min, and resuspended in 3 volumes

of lysis buffer (50 mM Tris–HCl pH 7.4, 300 mM NaCl, 5 mM

EDTA, 1% Triton X-100, with cOmplete protease inhibitor (Roche

Applied Science, Mannheim, Germany). After 15 min on ice, the

lysate was cleared by centrifugation (15 min, 14,000 g, 4°C).

Finally, the supernatant was homogenized through a 0.45-mm

needle. Protein concentration was determined by BCA (Thermo

Fisher Scientific); samples were stored at �70°C.

For assessing SHH activity, cells were serum-starved for 48 h

and stimulated with a culture supernatant of HEK293 cells express-

ing human SHH (a gift from H. Hahn, University of Göttingen) in

0.5% FCS. The cells were subsequently harvested, and the abun-

dance of Gli1 mRNA was measured by qRT–PCR.

Centrosomal purification

hTERT-RPE1 cells were treated with cytochalasin D (1 lg/ml) and

nocodazole (0.2 lM) for 1 h. Cytochalasin D promotes ciliogenesis

on its own, but it requires longer periods of time to affect cilia [43].

Cells were then lysed in lysis buffer (1 mM HEPES pH 7.2,

A B

C

Figure 9. Cross talk with cortactin.

A Overexpression of cortactin compensated for the knockdown of
KV10.1 in ciliary disassembly (4-h serum reintroduction after
starvation).

B Deletion of the domain of KV10.1 responsible for interaction with cortactin
abolished the effects of KV10.1 overexpression on the abundance of cilia.

C In mouse embryonic fibroblasts, active (phosphorylated) cortactin is
increased as compared to wild type, possibly compensating the lack of
KV10.1.

Data information: Data are presented as mean � SEM. **P < 0.01 and
***P < 0.001 (ANOVA).

Source data are available online for this figure.
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0.5% Nonidet P40, 0.5 mM MgCl2, 0.1% b-mercaptoethanol)

supplemented with protease inhibitors. Cell lysates were subjected

to gradient centrifugation, and centrosomal fractions were purified

using a discontinuous sucrose density gradient centrifugation as

described in [65] (40, 50, and 70% sucrose). The fractions were

further analyzed by Western blot.

Cell cycle analysis

Acridine orange RNA/DNA differential staining was performed after

reference [41]. In brief, cells resuspended in 200 ll PBS + 1% BSA

at 1 × 106 cells/ml were permeabilized under acidic conditions (by

addition of 0.4 ml 0.1% Triton X-100, 80 mM HCl, 150 mM NaCl)

for 15 s and immediately stained by addition of 1.2 ml 37 mM citric

acid, 126 mM Na2HPO4, 150 mM NaCl, 1 mM Na2EDTA, and 6 lg/ml

acridine orange (Thermo Fisher Scientific). Thereafter, staining was

measured in a BD FACS Aria flow cytometer (BD Biosciences,

Heidelberg, Germany). AO was excited with the 488-nm laser line,

and emission was recorded at 530 nm (DNA) and over 630 nm

(RNA). Only single viable cells (as determined by forward–sideward

scatter) were gated and further analyzed. Data were analyzed with

FlowJo (TreeStar, Ashland, OR) and Kaluza (Beckman-Coulter,

Brea, CA) software.

Immunoprecipitation/Western blot

Lysate samples containing 200–600 lg cell were precleared using

25 ll protein G magnetic beads (New England BioLabs, Frankfurt,

Germany); after 1-h incubation and removal of the beads, the

precleared lysate was incubated with 3 lg mAb33 anti-KV10.1 anti-

body for 1 h, and 25 ll clean protein G magnetic beads were added

and incubated for 1 h. The recovered beads were then washed with

50 mM Tris–HCl pH 7.4, 300 mM NaCl, 5 mM EDTA, and 0.1%

Triton X-100. Bound proteins were eluted with PAGE loading buffer.

Samples were separated in 3–8% or 4–12% gradient polyacrylamide

precast gradient gels (Thermo Fisher Scientific), transferred to nitro-

cellulose membranes, and immunoblotted with polyclonal anti-

KV10.1 antibody (9391).

For Western blot of additional proteins, the following antibodies

were used: pan-14-3-3 (sc-629, Santa Cruz Biotechnology, Santa

Cruz, CA), Actin (I19, Santa Cruz), phospho-Aurora A (#3079,

Cell Signaling Technologies, Danvers, MA), Aurora A (#12100; Cell

Signaling), Calnexin (ADI SPA 860, Enzo Life Sciences, Lörrach,

Germany), Cortactin (ab81208, Abcam), phospho-cortactin

(Y466, SAB4504373, and Y421, SAB4504372, both from Sigma),

c-tubulin (sc7396, Santa Cruz), and human transferrin receptor

(612125, BD).

Animal experiments

Two million CHO cells transfected with KV10.1, KV10.1
DCLS, or

empty vector were injected into the flank of male athymic nude

mice (NMRI-Fox1nu/nu) maintained in a sterile environment in

special cages with filter huts. The group size was chosen as for

[3,23]. Due to the objective nature of the experiment, no randomiza-

tion or blinding was necessary. Four weeks after implant, the

tumors were dissected and weighted. No invasion of surrounding

tissues was observed in any case. Animal manipulation was

performed in accordance with guidelines of the State of Lower

Saxony and the University Medicine Göttingen.

Real-time PCR

Quantitative PCR was performed in a LightCycler 480 (Roche) on

cDNA obtained from total mRNA using SuperScript III First-Strand

Synthesis System (Invitrogen). SYBRGreen system was used mouse

Gli1 (50-TACATGCTGGTGGTGCACATG and 50-ACCGAAGGTGCGTC
TTGAGG) and TaqMan probes for KV10.1 (Primers 50-TCTGTCCTG
TTTGCCATATGATGT, 50-CGGAGCAGCCGGACAA, and probe: FAM-

AACGTGGA-amino C6 dT-GAGGGCATCAGCAGCCT). Housekeeping

genes were mouse actin for Gli1 (50 ATGGATGACGATATCGCTG

CGCTGG and 50 CTAGAAGCACTTGCGGTGCACGATGG), and trans-

ferrin receptor for KV10.1 (primers: 50 GACTTTGGATCGGTTGGTG

C, and 50-CCAAGAACCGCTTTATCCAGAT, and probe: JOE-TGAAT

GGCTAGAGGGA-TAMRAdT-ACCTTTCGTCCC).

Alternatively, an array containing 84 genes involved in SHH

pathway and 5 housekeeping genes (RT² Profiler PCR Array Mouse

Hedgehog Signaling Pathway, cat. PAMM-078Z, Qiagen) was used

to detect changes between KO and WT MEFs before (serum-

starved) and after SHH stimulation. cDNA from cells in each of the

conditions was applied directly to the commercially available

plates.

Electrophysiology

Two-electrode voltage-clamp recordings were performed at room

temperature 2–5 days after injection of 50 nl cRNA, using a Turbo

TEC-10CD amplifier (NPI electronics). The intracellular electrodes

had resistances of 0.5–1.0 MΩ when filled with 2 M KCl. The extra-

cellular measuring solution contained 115 mM NaCl, 2.5 mM KCl,

1.8 mM CaCl2, 10 mM HEPES/NaOH, pH 7.2. For recordings in high

extracellular K+, like those used for Fig 8B and C, KCl was

increased to 60 mM substituting NaCl.

Data acquisition and analysis were performed with the Pulse-

PulseFit (HEKA Electronics) and IgorPro (WaveMetrics) software

packages.

Microscopy

Images were obtained on a LSM 510 Meta confocal laser-scanning

microscope with Zen software (both from Zeiss, Göttingen,

Germany) at room temperature using an oil-immersion Zeiss Plan

Neofluar 63× (NA 1.25) or on a Nikon-Andor spinning disk

microscope and NIS software. Fluorochromes are indicated in

each image. Only linear corrections and Gaussian blur were

applied to the images offline using FIJI [66]. To determine the

fraction of ciliated cells, a z-stack spanning the thickness of the

cell layer was recorded to detect cilia located at different levels in

the preparation. Displayed images correspond to z-projections of

the stack.

Statistical methods

All experiments were performed at least three times. At least three

biological replicates were evaluated for each experiment. The

number of images analyzed for each condition, or when appropriate
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the number of independent experiments is indicated in bar diagrams

by a number at the base of each bar. Data were analyzed using

Prism 6 (GraphPad Software, La Jolla, CA). Non-paired, two-sided

Student’s t-test, one-way ANOVA, or two-way ANOVA were used as

appropriate. Unless otherwise stated, all data are reported as

mean � SEM. Asterisks indicate P values of < 0.05 (*), < 0.01 (**),

< 0.001 (***), and < 0.0001 (****), respectively.

Expanded View for this article is available online.
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