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Allele-specific regulation of primary cilia function by
the von Hippel–Lindau tumor suppressor
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Patients with von Hippel–Lindau (VHL) disease often develop VHL�/� kidney cysts, which possibly
progress into clear-cell renal carcinomas (ccRCCs). Recent data link the VHL gene product to formation of
the primary cilium, an organelle that extends apically into the renal lumen. Exactly how VHL induces
ciliogenesis or function is unknown. Here, we demonstrate that ciliary assembly and mechanotransduction
is rapidly restored in VHL�/� ccRCC cells upon ectopic reconstitution of wild-type – but not variant alleles
of – VHL. These data support and expand recent studies implicating a role for VHL in the initiation of
ciliogenesis. Furthermore, reduction of cellular levels of VHL in this cell system was associated with fewer
ciliated cells, suggesting a role for VHL in ciliary maintenance.
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Introduction
Heterozygous mutations in the von Hippel–Lindau gene

(VHL, OMIM 608537) predispose patients to a variety of

tumors and cysts.1,2 Similarly, kidney-specific inactivation

of VHL in conditional knockout mice results in cyst

development.3 The role of VHL as a global gatekeeper of

cellular growth in the kidney is further supported by the

occurrence of biallelic somatic VHL mutations in 70% of

conventional kidney cancer.2,4

Many lines of research have linked the VHL gene product

to regulation of the hypoxia inducible factor (HIF).5 We

and others have also described new functions for VHL in

microtubule dynamics and regulation of the primary

cilium.6–10 Here, we provide the first evidence that cilia

function in renal carcinoma cells is dependent on two

domains in VHL: residues 1–53, constituting an acidic

domain, and residues 95–123, previously implicated in

microtubule binding and tumor suppression.11,12

Materials and methods
Cell culture

Primary mouse kidney cells were isolated from 4-day-old

mice and cultured in DMEM supplemented with antibio-

tics and 20% fetal calf serum; all other cell lines were

cultured in 5% fetal calf serum. KC12TR and KC12TR/VHL-

TO cell lines were generated and induced with 1mg/ml

doxycycline (Sigma-Aldrich, St Louis, MO, USA) as pre-

viously described.10 Transfections were performed using

Fugene-6 (Boehringer Mannheim, Ingelheim, Germany)

(HEK293T) or by electroporation (KC12 cells: 270V,

1.0mF).

Cilia detection

Cells were cultured to confluency, then received serum-free

medium for an additional three days. Immunofluorescence
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was performed with: a-VHL (Ig32, 1:500; BD-Pharmingen,

San Diego, CA, USA), a-acetylated tubulin (1:20 000, Sigma-

Aldrich), a–g-tubulin (1:500, Sigma-Aldrich), or a-Vsv
(1:400, Abcam, Cambridge, UK). Secondary antibody was

goat-anti-mouse Alexa568, goat anti-rabbit Alexa633

(1:400, Molecular Probes, Eugene, OR, USA) or goat anti-

rabbit 488, (1:400, DAKO, Glostrup, Denmark). Secondary

antibody controls revealed no aspecific staining. As

indicated, VHL constructs were cloned into pEGFP-C1/2

(Clontech, Palo Alto, CA, USA) and transfected into KC12

cells (VHL�/�) before being seeded onto coverslips. One

thousand interphase nuclei (as determined by 4’-6-diami-

dino-2-phenylindole (DAPI)) were scored for the presence

of cilia without knowledge of sample identity. Z-stack

images of every 20th cell validated the presence of cilia.

Experiments were performed on at least two different days

and the data combined. Staining was visualized on a Zeiss

LSM510 confocal imaging unit (Jena, Germany). Cilia

length was measured with the ruler function of LSM Image

Browser (Zeiss).

Western blots

Standard western blots13 were immunostained either with

a-VHL (1:500, Ig32, BD-Pharmingen), or with a–b-actin
(1:10 000; Sigma Aldrich) followed by rabbit a-mouse HRP

(1:20 000; Pierce, Rockford, IL, USA).

Ca2þ microfluorimetry

Cells were grown to full confluence and then cultured an

additional three days in serum-free medium on uncoated

24�60mm glass coverslips. KC12TR/VHL-TO cells were

treated with doxycycline for 24h prior to some experi-

ments. As indicated, four million KC12 cells were trans-

fected by electroporation with 10mg appropriate plasmid

and 1 mg pBABE-puro before seeding. Twenty-four hours

after transfection, cells were selected on puromycin. The

experimental setup for flow has previously been described

in detail.14 Briefly, we incubated cells for 30min with the

Ca2þ sensitive probe Fura-2/AM (5 mM) at 371C. We then

washed cells three times to remove excess Fura-2/AM and

placed them in a perfusion chamber in 20mM HEPES buffer

(pH 7.4) containing 132mM NaCl, 4.2mM NaHCO3, 6mM

KCl, 1mM MgSO4, 1.2mM KH2PO4, and supplemented

with 5mM glucose, 1mM CaCl2, and 0.5% human serum

albumin. We captured images every 4 s at excitation

wavelengths of 340nm and 380nm, and detected the

signal emission wavelengths at 512nm. After equilibration

of the cells in media for at least 5min, we applied a fluid

shear stress of 0.75 dyn/cm2 to the cells. Freshly diluted

thrombin (1 mM) was used to validate the potential for

[Ca2þ ]i response after each flow experiment.

Results
VHL-mediated cilia function

We performed immunofluorescence and confocal micro-

scopy to confirm endogenous VHL localization to ciliary

structures in primary cells derived from murine kidney

tissue. In addition to diffuse cytoplasmic staining, VHL

clearly localized to cilia extending form basal bodies

stained with g-tubulin (Figure 1a). To confirm the effect

of VHL on ciliogenesis in our preferred cell system, we used

a stable cell line derived from a VHL patient engineered to

re-express empty vector (KC12TR) or VHL (KC12TR/VHL-

TO) upon induction by doxycycline10 and observed rapid

assembly of cilia (Figures 1b–c). Because the kinetics of

VHL-dependent cilia growth is unknown, ciliary assembly/

extension in induced KC12TR/VHL-TO cells was measured

over time. We observed an 80-min doubling time

(Figure 1d), consistent with published growth rates.15 We

next asked what the effect might be of doxycycline

withdrawal on ciliated KC12TR/VHL-TO. Cellular levels

of VHL dropped significantly by 72h after the removal of

doxycycline, which was followed by a drop in ciliated cell

frequency (Figure 1e).

When cultured kidney cells are subjected to flow, they

rapidly demonstrate a cilia-related calcium increase.16 To

explore whether the mechanotransduction events trig-

gered by flow are sensitive to levels of VHL, confluent

cultures of KC12TR/VHL-TO cells treated with or without

Figure 1 von Hippel –Lindau (VHL) regulates renal cilia maintenance and function. (a) Endogenous VHL localizes to the primary cilium of primary
mouse kidney cells. Immunofluorescent g-tubulin staining (green) indicates the position of the basal body at the base of the cilium. VHL (red) is seen to
be diffusely cytoplasmic with brighter staining along hair-like structures (arrows) extending from the basal bodies. Size bar, 5 mm. The nucleus is
stained with 4’-6-Diamidino-2-phenylindole (DAPI) (blue). (b) Re-expression of VHL in KC12 renal cell carcinoma cells derived from a VHL patient
restores cilia. KC12TR/VHL-TO cells were untreated (�VHL) or induced to express VHL with doxycycline (þVHL), then immunostained for acetylated
tubulin (red) and for g-tubulin (green, upper panels only). Nuclei are DAPI stained (blue). Lower panels depict a z-axis 3D projection generated from a
confocal z-stack of a representative cell field at 63� . Arrows indicate cilia; size bar indicates 5 mm. (c) Frequency of cilia in 1000 KC12TR cells and
KC12TR/VHL-TO cells untreated (w/o dox) or treated with doxycycline for 24 h. Y-axis shows absolute number of ciliated cells. (d) Dynamics of VHL-
induced ciliogenesis. KC12TR/VHL-TO cells were grown to confluency and VHL expression was induced with doxycycline. The upper panel shows a
western blot analysis of whole cell lysates analyzed for VHL-protein expression after 0, 2, 4, 6 h, and overnight (o/n) induction of VHL expression by
doxycycline. The lower four panels show representative figures of cilia length at each time point. Arrows indicate cilia stained for acetylated tubulin
(red); size bar, 5 mm. (e) VHL regulates cilia maintenance. Withdrawal of doxycycline from ciliated KC12TR/VHL-TO cells for 0 (þ ), 24, 48, 72, 96 h and
uninduced control (�) were scored for ciliated cell frequency (4500 cells scored), after doxycycline removal. Error bars represent SDs. Below each time
point are western blots of VHL and b-actin protein levels. (f) Re-expression of VHL in VHL�/� cells restores ciliary mechanotransduction. KC12TR cells
and KC12TR/VHL-TO cells were treated with or without (w/o) doxycycline (dox) and used to measure intracellular calcium ([Ca2þ ]i) concentrations in
response to flow (turned on at arrow). Data shown are experiments performed in triplicate or quadruplicate from a single representative day; however,
all elements of these data were repeated on multiple days with similar results. Error bars represent SDs.
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doxycycline for 30h were incubated with fluorescent Fura-

2/AM and placed in a perfusion chamber under flow as

previously described.14 We observed that only KC12 cells

re-expressing VHL were capable of responding to flow by

mounting a rapid increase in intracellular Ca2þ concentra-

tions (max. 539–612nM) as compared to the same cells

stably transfected with empty plasmids (KC12TR) and

induced with doxycycline (max. 78–90nM) or uninduced

cells (max. 123–133nM; 56 cells) (Figure 1f), demonstrat-

ing significant changes in the area under the curve (AUC,

P¼0.004). These data are the first to demonstrate that

VHL-induced cilia function normally in the mechano-

transduction characteristic of primary cilia.17

Allelic variants of VHL do not localize to the renal
cilium

No one has yet determined whether VHL alleles unable to

initiate ciliogenesis are capable of ciliary localization. To

this end, we transfected GFP-tagged VHL variants into

HEK293T cells and then immunostained for cilia with anti-

acetylated tubulin. Like endogenous VHL, GFP-VHLp30

clearly localized to cilia. By contrast, GFP-VHLp19, a

naturally occurring VHL isoform lacking the acidic do-

main, was not observed to be present in the cilium.

Similarly, VHL variants such as VHL disease type 2A

GFP-VHL-Y112H, and GFP-VHL-D95–123, both of which

affect the microtubule-binding domain showed diffuse

Figure 2 Variant alleles of von Hippel –Lindau (VHL) do not localize to the cilium (arrows). Confocal image projections of ciliated kidney cells
expressing GFP-VHLp30 (green), GFP-VHLp19, GFP-VHL-D95–123, and GFP-VHL-Y112H, and counterstained for acetylated tubulin (red). Nuclei are
stained with DAPI (blue). Cilia are indicated by arrows. Size bars in the overlay/DAPI column indicate 5 mm.
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cytoplasmic staining and no particular overlap with anti-

acetylated tubulin (Figure 2).

Natural and patient-associated alleles fail to form
functional cilia

Whether these VHL-allelic variants could reconstitute cilia

in VHL-deficient KC12 cells was addressed by transfecting

GFP-VHLp30, GFP-VHLp19, GFP-VHL-Y112H or GFP-VHL-

D95–123 into KC12 cells (Figure 3a). Most of the KC12

cells transfected with GFP-VHLp30 produced cilia;

however, GFP-VHLp19, GFP-VHL-D95–123, and GFP-

VHL-Y112H were unable to recapitulate the efficacy of

full-length VHL (Figure 3a). To analyze whether VHL

variants could stimulate cellular calcium influx character-

istic of cilia bending, we reconstituted KC12 cells with

pBABE-puro and Vsv-tagged VHL-allelic variants before

measuring the intracellular calcium response of these cells

to fluid flow. Vsv-VHLp30 recapitulated 85% of the

response observed in Figure 1f (41 cells). Measuring the

AUCs, we observed that the level of response was

significantly decreased in cells expressing Vsv-VHLp19

(P¼0.004, 58 cells), Vsv-VHL-D95–123 (Po0.001, 77 cells)

or Vsv-VHL-Y112H (Po0.001, 69 cells). After the experi-

ment, we confirmed 490% transfection efficiency by a-Vsv
immunostaining. Similarly, a-acetylated tubulin/g-tubulin
staining confirmed that the cilia frequency correlated with

Figure 3a. We, therefore, conclude that the reduction of

calcium influx in VHL variants is probably a result of

reduced cilia frequency.

Discussion

Our data support and expand upon recent findings

establishing a role for VHL in cilia regulation.6–9 However,

discrepancies between the five studies, including ours, are

evident. For example, Esteban et al6 claim HIF responsible

for the development of cilia, whereas we and others fail

to find this connection.7–9 The KC12 cells we use here

are devoid of HIF1/2a10 and subsequently do not show

upregulated mRNA levels of HIF targets VEGF and GLUT1

in RT-PCR experiments (unpublished data), arguing that

cilia regulation is indeed a HIF-independent function of

VHL. Furthermore, our data support the notion put

forward by the Krek group8 that regulating primary cilia

requires residues 95–123, previously implicated in micro-

tubule stability.12 The Burk and Benzing labs do not

observe this connection in their cell systems.7,9 In different

cells, Lutz et al7 report cilia regulation by the murine-short

isoform of VHL, Vhlh-p18; however, we observe no human

VHL-p19 localization in the cilium, and significantly

reduced functioning of this organelle in our calcium-flow

experiments. Thus, our data suggest that cilia function in

renal carcinoma cells is dependent on two domains in

VHL, residues 1–53, known as the acidic domain, and

residues 95–123, previously implicated in microtubule

binding and tumor suppression.

Note added in proof
Since the acceptance of this manuscript, we have published

that VHL binds microtubules through the kinesin-2 motor

complex; VHL residues 1–53 and 95–123 mediate this

interaction (Lolkema et al: The von Hippel-Lindau tumour

suppressor interacts with microtubules through kinesin-2.

FEBS Letters 2007).

Figure 3 von Hippel–Lindau (VHL)-mutant alleles fail to recon-
stitute functional cilia. (a) One thousand interphase nuclei were scored
in three experiments to determine the frequency of cilia in GFP-
expressing cells. Variant alleles of VHL all show significantly decreased
cilia frequency compared to GFP-VHLp30: GFP-VHLp19 (P¼0.007),
GFP-VHL-Y112H (P¼0.006), and GFP-VHL-D95–123 (P¼0.005). (b)
Variant alleles of VHL reduce calcium influx in response to flow.
Intracellular calcium concentrations ([Ca2þ ]i) were determined by
influx assays on KC12 cells reconstituted with Vsv-VHLp30, Vsv-
VHLp19, Vsv-VHL-D95–123, or Vsv-VHL-Y112H variants. Experiments
were performed in quadruplicate on at least two independent days.
Error bars represent SD.
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